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BILINEAR SPACE-TIME ESTIMATES FOR
HOMOGENEOUS WAVE EQUATIONS

DAMIANO FOSCHI AND SERGIU KLAINERMAN

ABSTRACT. — In this paper, we pursue a systematic treatment of the regularity theory for products
and bilinear forms of solutions of the homogeneous wave equation. We discuss necessary and sufficient
conditions for the validity of bilinear estimates, based on L? norins in space and time, of derivatives
of products of solutions. Also, we give necessary conditions and formulate some conjectures for similar
estimates based on LY L7, norms. © 2000 Editions scientifiques et médicales Elsevier SAS

RESUME. — Dans cet article, nous effectuons une étude systématique de la régularité nécessaire pour
obtenir des estimations de type produit ou formes bilinéaires de solutions d’une équation d’onde homogene.
Nous formulons des conditions nécessaires et suffisantes a la validité de telles estimations, dans le cas
de normes L? en espace-temps, pour des dérivées de produits de solutions. De plus, nous donnons des
conditions nécessaires et posons diverses conjectures pour des estimations similaires basées sur des normes
LIL7;. ©2000 Editions scientifiques et médicales Elsevier SAS

1. Introduction

The goal of this paper is to investigate bilinear space-time estimates for solutions to
homogeneous wave equations. The main part of the paper concerns L? estimates where we give
a complete set of necessary and sufficient conditions for their validity. In the second part of the
paper we discuss more general estimates in L] L”. spaces for which we find necessary conditions.
These lead us to make a few selected conjectures concerning estimates for quadratic null forms
whose solution, we feel, will be important in applications to nonlinear wave equations. We expect
however that the complete solution will require an entirely new set of techniques than those now
available.

Consider two solutions, ¢ and 1, of the homogeneous wave equation in R!*7,

(1) 06=0, 0p=0, (0=-02+A, tcR zeRY),
subject to the initial conditions at t = 0,

(2) ¢(07 ) = ¢0a at¢(07 ) = ¢1’ 7;[}(0’ ) = 1/)0, Btw(()’ ) = ,ll)l .
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212 D. FOSCHI AND S. KLAINERMAN

We want to investigate the space-time regularity properties of the product ¢ in terms of
the regularity of the initial data (g, ¢1) and (t09,%;). In particular we want to find the set of
exponents oy, @z, 5o, B+, F— € R for which we have the estimate: 1

| D% D5 DE= (¢ 2 iony
3 S (ID* @oll L2@ny + 1D~ b1 || L2y ) (1D %ol 2wny + D91 || 2@y -

Here, D and D, are homogeneous “elliptic” operators of fractional differentiation on R™ and
R!'*™, corresponding to the multipliers |¢| and (|| + |¢]), with 7 € R and £ € R,

Def©) = [¢*F(©),
DIF(r,6) = (7] + [¢]) F(r,6).

The operator D_, instead, corresponds to the degenerate symbol ||7| — |€]||, and reflects the
“hyperbolic” features of the wave operator O,

(D2FY (r.€) = [|7| = [¢]|"F(7.).
With the signs ~ and ~ we denote the Fourier transform in R™ and in R!*™, respectively.

When n = 3, the case ¢ =1, oy = ap = 1/2, By = B+ = - = 0 reduces to the classical
inequality of Strichartz [18],

8]l Legi+s) S 1DV 2ol 2@y + 1|1 D721 || rows)-

Bilinear homogeneous estimates similar to (3) have first appeared in [6] and formulated as
estimates for null forms. That paper contains some estimates of type (3) in dimension n = 3,

corresponding to cases where S_ = 1/2 or f_ = 1. In [11], Klainerman and Machedon have
proved the following symmetric cases of (3):
-1
n>3  a—am="liB T ogco =4 =0,
4 2 2
3 g 1 1
n=2, a]:a2:§+7+, —7<B+<0. H=0, p=7

In [14], Klainerman and Selberg have obtained, and made use of, the following cases:

n>2 o =0, a2=§, Bo=p+=0, f-=13,

1

n>2  a=0 =1 fi=1-Z, G =

Further special cases > of estimates of type (3) have appeared in [8-10,13,12,15]. In this paper

we pursue a systematic analysis of the estimates (3), which can be summarized in the following
theorem.

THEOREM 1.1.— Let n > 2. Let ¢, be the solutions of (1), (2). Then the estimate (3) holds
if and only if a1, a2, Bo, B+, B— satisfy the following conditions:

1 For an explanation of the notation see Section 2.
2 See also the work of Beals and Bezard in [1].
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@ ﬂo+ﬁ++ﬁ_=a1+a2—“—;1,
n—23
(5) ﬂ— >_ 4 B
—1
6) ﬂo>—nT,
) m<h+ T =12,
1
® a1+ >3,
O) (0, ) # (”—r“—”—;é) i=12,
1 -3
(10) (a1 + o, B-) # (E,—@T‘>

Remark 1.2. — The necessity of Eq. (4) follows easily by a straightforward scaling argument.
This restricts our parameters to a four dimensional polyhedral region in the (a1, a2, 8o, B+, 8-)
space.

Remark 1.3. — The best way to understand the structure of the conditions in Theorem 1.1 is
to start by fixing the values of S_ and (3 in the range allowed by (5) and (6). With these values
fixed, the conditions (7) and (8) constrain the pair (a1, ay) to stay inside the triangle determined
by the vertices

Ao-——-(ﬁ_—!—n_l,ﬁ_—l—n—l),

2 2
AII(IB—_*'E;_I’ _ﬂ—-_n;2>’
Af:Cﬁ_—3§35_+";l)

Finally, for (o), ;) fixed, we determine 3, from the scaling condition (4). The sides of the
triangle are allowed, except in the most critical case when we have equality in (5), f- =
—(n — 3)/4. In that case the sides are entirely forbidden by the conditions (9) and (10).

A2 a2 A0
12
L7 12 al
Al

Fig. 1. Allowed region for a1, a.
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214 D. FOSCHI AND S. KLAINERMAN

Remark 1.4. - In applications to nonlinear wave equations the most useful cases seem to be
those with 3_ = 0 or 8_ = 1/2. These appear in connection with nonlinear equations which
contain null bilinear forms [7-10,12,14,15].

In particular, when n = 3 the value B_ = 0 is critical and the range for the parameters a;, o
is restricted to the interior of the triangle,

—l < <1 + > !
3 ay, 2 » QT @ 7
In the case 3 = 1/2 the sides of the corresponding triangle are also included,

—“1<a,m<s:, gt

[\SYRON]
N =

Notice that for n = 2 the value 5_ = 0 is ruled out, we need in fact 5_ > 1/4 > 0. This is
related to the fact that in the case of the classical Strichartz inequality,

— 2
162l s+ < (1D doll 2@y + 11D | eey)

the L norm is optimal, i.e. it cannot be replaced by a LP norm with p < 3.

On the other hand, estimates with negative values for G_ are allowed when n > 3, they
have not appeared in the previous literature. They are important to treat generic nonlinear wave
equations whose nonlinear terms contain derivatives.> Consider for example the equation

(11) Ou = | Dul?,

with initial data in H®. Our estimates give a precise description of the regularity of the
corresponding first iterate u;, which satisfies the equation Ou; = | Dug|?, where uq solves the
homogeneos wave equation with data in H*. Indeed, for 6 > 1/2 we have

[will e s S DD w2 S || DS DO (Duo)?|| 00

and we can use our bilinear estimates with _=0—-1,08,=s—1,a1=ap <s—1, 1o
control the first estimate v, in terms of the initial data, whenever s — n/2 > 6 — 1/2 > 0 and
6 > —(n — 7)/4. This suggests that the correct range for the wellposedness of (11) should be *
s >max{n/2,(n+5)/4}.

The paper is organized as follows:

Section 3 contains some preliminary remarks concerning the L? theory. Section 4 contains
some simple lemmas which are repeatedly used in the following sections.

In Section 5 we discuss the basic counterexamples, which show the necessity of the conditions
(5)—(8). In Section 6 we provide more refined counterexamples in frequency space to justify the
need for the exceptions (9), (10) and the strict inequality in (6).

The proof of the L? estimates is broken down into several cases according to different types
of interactions of solutions, this is done in Sections 7-11. The techniques used here refine, and at
the same time simplify, those contained in [6,11] and [14]. In Section 12 we discuss the dyadic
version of these estimates. The importance of these lies in the fact that they hold even in those

3 And don’t satisfy the null condition.
4 Recently this was proved by Tataru [22].
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BILINEAR SPACE-TIME ESTIMATES FOR HOMOGENEOUS WAVE EQUATIONS 215

exceptional cases excluded by the conditions (9) and (10). On the other hand they imply most of
the cases covered by Theorem 1.1, with the exception of some limiting cases. Such estimates have
recently appeared also in [21]. In Section 13 we will apply Theorem 1.1 to study L? estimates
for null forms.

In Section 14 we take on the question of the existence of similar estimates in LP spaces. We
find a set of inequalities for the indices q,7, a1, a2, Bo, B+, O— € R, which are necessary for the
validity of estimates of the type,

1% D% D2 ()| .,
(12) S (1D ollz2 + 11D~ éull12) (1D 4ol 2 + D™ o 12),

and raise the question whether these condition are also sufficients (modulo borderline cases).
These lead us to some specific conjectures concerning estimates for null quadratic forms.> The
special case of (12) with ¢ = 0o and r = 2 is relatively easy and is treated in Sections 15 and 16.

Finally, for completeness, we conclude the paper with a section on the so called bilinear
restriction conjecture,® which generalize the restriction theorem of Stein and Tomas [23]. As
the restriction theorem is intimately tied to the Strichartz inequalities, in a similar fashion we
expect that the solution of the bilinear restriction conjecture, which is much easier to formulate,
will shed light on the above mentioned bilinear conjectures for the wave equation.

2. Notation

To simplify the expression of our inequalities, we will use the symbols <,~, > to denote
relations <, =, > up to a multiplicative constant, which may depend on n, oy, a2, 8o, 8+, 3—, but
not on the initial data ¢, 1o (or the L? functions £, g). Also, if X <Y and X =Y we will write
X ~ Y. If in the inequality < the multiplicative constant is, or can be, much smaller than 1 then
we use the symbols <; similarly, if in 2 the constant is, or can be, much greater than 1 then we
use >.

By S* we denote the k-dimensional unit sphere, canonically imbedded in R**+!, and by dS its
standard volume element.

Fourier transforms on R™ and R!*” are denoted by ~and -
fo= f et f(x)yde,  F(r,0)= / e O p(t, ) dz dt.
R™ R!+n

The LP? norms are defined in the usual way,
» 1/p
1l = ( [lropa) ", 1<p<,
R’Vl

and since we mostly deal with L? theory, we will often suppress the subscript and simply write
Il£Il =11 f|l 2. We also write (f,g) = [ f(z)g(x)dz for the inner product on L?, while with z - y
we denote the standard scalar product of vectors in R".

3 Some particular cases of these conjectures were first considered in [6]. See Section 14 for precise references.

6 The conjecture, which surfaced in discussions between Klainerman and Machedon many years ago, was first
announced by Klainerman at a conference on Harmonic Analysis and Applications to PDE’s at MSRI, Berkeley, July
1997.
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216 D. FOSCHI AND S. KLAINERMAN

By LIL" we denote the Lebesque space with mixed exponents defined through the norm

+oo

, q/r 1/q
1Plzgsz = ([ ([ IFeolan) ar)

—00 Rn

With $(z) and 3(z) we denote the real and imaginary parts of the complex number z.

3. Preliminaries

The solutions to (1) and (2) can be decomposed into their (+) and (=) parts: ¢ = ¢+ + ¢,
where

FE(r,6) = 8(r F [€]) 6E (©),

where ¢(:,t are linear combinations of ¢y and D~'¢;, and similarly for 1. The product then
decomposes into four pieces:

=9t + oty +o YT + oY,

By symmetry, it is enough to prove the estimate only for the (+ +) and (+ —) cases, since the
(— —) becomes (+ +) reversing the direction of time and (— +) becomes (+ —) exchanging ¢g
with 1.

Fourier transforms of products become convolutions, and we have:

(13) GO0 / §(r— Il — 1€ — nl) é3 bt € — mydn,
(14) S (r,6) = / 5(7 — n| + 1€ — nl) &g Gy (€ — md.

The two integrals look similar but have different behaviors: (13) is an integration over the
ellipsoid of revolution with foci at 0 and &,

(15) ErO={neR™ In|+|—n|=1},

which is a compact manifold; (14) is an integration over the hyperboloid of revolution with foci
at 0 and &,

(16) H(r,&)={neR™ |n|— | —n|=T},

which is an unbounded manifold with infinite volume. Also, notice that ¢+1+ is supported on
the region 7 > |£|, while ¢+~ is supported on the region |7| < [¢].

Remark 3.1.—The delta functions in the integrals (13) and (14) can be viewed as the pull-
backs of standard delta distributions, or equivalently as measures supported on hypersurfaces
(see [4, Theorem 6.1.5]). Let S be the hypersurface defined by ¢(x) = 0, where ¢ is a smooth
function with V¢(x) # 0 for z € S N supp f, and denote by d.S,, the induced area element on S,
then we have

(17) / F@)6(d(@))dz = / )35
S

V()|
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BILINEAR SPACE-TIME ESTIMATES FOR HOMOGENEOUS WAVE EQUATIONS 217

Observe also that if g is a smooth function which doesn’t vanish on S then, as a consequence of
(17), we have

(18) §(d(@)) = g(@)é (g(@)P(z)).

By Plancherel’s theorem, the main estimate (3) will follow from the following estimates in
frequency space,

€% (171 + 16D lirl = 1€l 670 &) 12 S llInl* o] lIcI =] ..
which are equivalent to the L? boundedness of the bilinear operators
By 4y, Bh—y: L*(R™) x L*(R™) — L*(R'*™),

defined as the inverse Fourier transforms of

|&|PorP+ (7 — |€])P-

(19) Bt (fog)T. )= / 5(r— Inl - € - nl) Fg(E — nydn,

1] — nl*
~ Bo+B+ _ B
20 By (f,9)T.6) = / 5(7 — Il +1¢ —nl) & e ff'_ nl’;') g€ —mdn.

Remark 3.2. — Since these are positive operators, in the sense that B(Jri)( f,9)=0when f >0
and g > 0, we can always assume, without loss of generality that f > 0 and g > O are non-
negative functions. This will simplify the notation and we won’t have to worry about absolute
values.

To construct counterexamples it will be useful to consider also the representation of the
operators B4 ) in physical space:

@ Biri(fog)(t2) = / / EPEETOW L (1 0) F()g(C) dndC,
(22) px(t,z;n, O =t(Inl £[¢]) + =+,
Bo B _ o
o N (R i R Vs
In|er|§ — |

In+ ¢|P+P+(In+¢| — ||| — [¢|DP-
24 W_(n,{)= .
@9 Q) [n|er|§ — n|*

4. Integration on ellipsoids and hyperboloids
In this section we collect various results about the geometry of the ellipsoids and hyperboloids

defined in (15) and (16), which will be needed in the sequel.
To deal with integrations over the ellipsoid £(, £) we introduce a convenient parameterization.

LEMMA 4.1. - Consider the integral

I(F)r,€) = / 5(r — Il — I — 1) F (Inl. I€ — nl) dn.

ANNALES SCIENTIFIQUES DE L'ECOLE NORMALE SUPERIEURE



218 D. FOSCHI AND S. KLAINERMAN

1

(25) I(F)(T g)N T _lgl / (T+|£I$ T 2le>(7_2_|£|2x2)(1_:1:2)"T_3dx
-1

Proof. — Using formula (18) we can multiply the argument of the delta function by the quantity
7=l +1€—mnl,

8(r = Inl =& —nl) = (r =l + £ = nl)8((r = [n)* — 1§ —nl*)
=2(r — [nl)8(r* = [¢ — 27In| +2¢ - 7).
Introduce polar coordinate for 1, p = |n|, w = n/|n|, then dn = p"~1dS,, dp; set also the cosine
a=uw-&/|€|, then dS, = (1 — a?)*TdS,,da. With these transformations our integral becomes

I(F)(T,6) ~ / / F(p,7— p)(r — |€[2 = 2p + 2I¢|pa) (7 — p)p™ (1 — a») T dadp.

0 —1
We use the delta function to set the value of a to

2 —[¢)* —27p
(26) 0=——7",
2[¢lp

with the condition —1 < a < 1 that forces (7 — [€])/2 < p < (T + |€])/2,

l&l

2 2_2 2 nT_3
B9 = o / Flp,7 — p)(T = p)p™~ 2[1— (T—'f'lap—”’) ] dp.

=&l

2

With a little bit of algebraic manipulation we see that this is

r+lél
2 1eER G _ 2zl
I(F)(T,é)z(T—lz%fl_g— / F(p,T-p)(T—p)pK%l—g—'—p)(p—r—zﬁﬂ dp.
—1€|

As a last step, performing the change of variable p — = = (2p — 7)/|¢| we reduce the integral to
the form (25). O

As a byproduct of this proof, notice that inverting formula (26) we have the following polar
coordinate representation for n € £(7, §):

2 _ g2 _
0 p=|n|:2(TT_§|§|w)e [T 2I£|’TJ;|£|]'

LEMMA 4.2.— Let a € R and m > —1. Define

1 1/
H: () = / A+ t)2t™ dt = \atmH / (1+s)*s™ds
0 0

4¢ SERIE — TOME 33 — 2000 — N° 2
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for X>0. Then

A2, as A — oo;
HZ ()~ { Amint@+m+10 - g9 X 0, ifa+m+1#£0;
[log Al, asA—0,ifa+m+1=0.

In particular, if a < b then H2(\) > H2 ()\) as A — 0.

Now we are ready to determine the precise asymptotic behaviour of the integrals on £(7,£) as
7/]€| — 1, which we will be needed in the following sections.

PROPOSITION 4.3.— Let a,b € R, and T > |{|. Define the integral

8(r—n|— ¢ nl)
"“’92/ Inll ale— |nl” d

We have the following estimate for I:

(28) I(r, o ~74(r— €))%,

where

A=max{a,b,nT+1}—a—b, B:n—l—max{abnzl},

except when max{a,b} = "T“ in which case we have

(29) I(r,&) mr=mintab) (7 — ¢]) s <1 + log(—T —Tlﬁl ))

Proof. — We use Lemma 4.1 with F(s,t) = s~*t~° and we reduce to

wss [/ 1 l—a, 1-b s
I(r,&) = |27 (72 — [¢]*) 7 /<I_€T+x> (E—az) (1-2%)7 dz.
-1

Split the integration in two pieces, fil = ffl + fol . On the interval -1 < 2 <0, sett=1+z
and use

T T
‘| — 1)+t, — TR, 1 -2~ t;
I | (lfl 14 14

whileon0 <z < 1,sett =1 — z and use

L+xwl L—x~<i~1>+t 1-2?~t
1€l [I.TY €] ’ '

We obtain

I, ~ [Pt (7~ 6P) T

G () (7))

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



220 D. FOSCHI AND S. KLAINERMAN

and to conclude use Lemma 4.2 with A = (7/|£]) — 1. Indeed, when 7/|¢| is large we have

n=3 [ l—a+1-b
I, &)~ P (2 = |¢)*) 7 <E) o g 1-a-b,

while when 1 < 7/|¢| < 2, suppose max{a, b} = a, we deduce that

n-—3

I(r O~ P (P =P T [H;;;@) + HoZ5 O]

n

st ey s (1),
2z T
The behavior of the function H is then determined by the sign of the quantity

-+ 2=

according to the statement of Lemma 4.2. 0O
We can try to prove a similar proposition for integrations over the hyperboloids H(T, £).

LEMMA 4.4. - Consider the integral

Iwwnozjkv—mrwaﬂmFumm—nDM,

defined in the space-time region |7| < |€|, then

oo

(30) I(F)(7,8) ~ (|¢? --7'2)7%3 /F<|§|x+7, |§|x2——r) (j€2a? — 72) (a2 — 1)"—2‘4 dz.
1

2

Proof. — The proof follows precisely the same steps as in the proof of Lemma 4.1. We only
observe that Eq. (26) remains unchanged,

_ P = +27p
26lp

except that now we have the restriction 7/|¢{| <a < 1. O

€2V a

Inverting (31) we obtain the polar coordinate representation for n € H(7, £):

P—7 e+

The analog of Proposition 4.3 for H(7,£) is possible only if we restrict the integration on
the “elliptic” portion of the hyperboloid. More precisely, if 7 € H(7,£) is in the region where
|n| < |€| then the geometry of H(r, £) near 7, in terms of curvature, is not too different from that
of an ellipsoid.

PROPOSITION 4.5.— Let a,b € R and |7| < |£|. Define the integral

8 — |nl + 1€ — nl)

I . =
"0 mlelE = P

[nl+I€—nl<2¢]

dn.

4° SERIE — TOME 33 — 2000 — N° 2
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We have the following estimates for I in the region where 0 < T < ||,

(33) I, &) ~ e (€| - 7)°,

where
Azmax{b,n_zi_l}—a—b, B:n—l—max{b,nT-H},

except when b= (n + 1)/2, in which case we have

6o Imox -0 (10 ) )

similarly, in the region —|&| < 7 <0,

I, & ~ ¢4 (1€l +7)°,

A:max{a,n—;;—l}—a—b, an—l-max{a,nzl},

except when a = (n + 1)/2, in which case we have

where

35) O e (R (1+l°g<|§|‘iT)>'

Proof. — We use Lemma 4.4 with F(s,t) = s~*t~? and we reduce to

/2 NS s
I(r, £)~t£|2 (g - 1) ( ) (w——) (z*—1) 7 dz.
J H l€]

Let’s assume 7 > 0. Set t =x — 1 and use

We obtain

I, ) = [P0 (1) - ) n_;éHg (1 - |€_l)

and to conclude use Lemma 4.2. 0O

5. Basic examples
Throughout this section L will denote a large positive parameter, L > 1. If £ = (&,...,&,) €
R™ is a generic point, we will use the notations &' = (&, ...,&,) € R Land £ = (&, ...,&,) €
R™~2 (if n = 2 then ¢’ = &, and £" = )

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



222 D. FOSCHI AND S. KLAINERMAN

x2

L i x1

2l [ ]

Fig. 2. Example 5.1.

The basic idea behind the examples below is to choose appropriate sets F' and G in R", take
as data f = xr and g = x¢ their characteristic functions, and then restrict B4 4, B4—), with
the representation given by (21), to the largest possible sets in ¢,z for which the corresponding
exponential factors are essentially constant.

Example 5.1 (Necessity of (5)). — We first check the estimates (3) by testing the boundedness
of B;+) when the data f and g concentrate along the same direction and in the same frequency
scale. We consider the function B = B4 4+)(xr, xc), Where F' and G are the sets (see Fig. 2):

F={n:L<m<2L, 1<m<2,|n"| <1},
G={¢L<G<2L, -2<{< -1, [¢" <1}
Take 1 € F, ( € G and let 0 be the angle between 7 and (, then we have
ml=[C|~n+C|=nl+[¢l~L  6~L7
|77||<| 92%11—1’
Il + ¢
n'? - I¢'?
R e A TR

T
m+G =L, I +¢'1 ST

Inl +1¢| = n+¢|~

~ L7,

From (21) we have
Bta)= [ [ e =now, o0 dnc.
F G

The weight W given by (23) is then of order

LA LP+ L5~ _ [ PotB—Bo—c—on _ [ 28— 5!
T LeiLe '
We write the phase function (22) as

i =t(Inl+I¢) +z-(+0
=t(lnl—m+1¢ = C) +E+zDm +C)+2 - (0 +¢)
=tO(L™") + (¢t +21)OL) + ' - O(L).

It is then possible to choose a region R in R!*", defined by the conditions
HSL ol SLTL RIS,
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such that we have || < m/3, whenn € F, { € G and (¢, z) € R. Therefore we can neglect the
oscillating factor, since in that case |e?#+ — 1] < 1/2 and R(e*®+) > 1/2. Thus we have

1 noi
B, )| > R(B,2) > 5 / / Wi (1,0 dnd¢ 2 L= |F||G,
F G

whenever (¢, z) € R. Consequently

HBH ZL—w*‘"T_l|F|1/2|G|1/2|Rl1/2=L_2ﬂ‘_nT_]L-
Ixrlllixcll

We let L — oo and therefore, to have the desired inequality we need,
n—1
-28_ ———+1<0,
2
which is equivalent to (5).

Example 5.2 (Necessity of (7)).— We still look at the (+ +) case, but this time we stretch
only one of the data along one direction, keeping the other fixed. We consider the function
B = B4 (xF, Xc), where now F' and G are defined as follow (see Fig. 3):

F={np L<m<2L, 1<m<2,|9"|<1},
G={¢1<0<2, -2<G<-1L[¢"|<1}.
Take n € F, ( € G and let 6 be the angle between 7 and (, then we have

nl~+{=nl+Kl=L, (=1,  O=1,

Inli¢]
Inl + ¢ = In+ ¢~ 0"~ 1,
Il + (€]
/A — '
| —m =~ ~L7,  [l-G=T =],
In| I¢]
m+a=L, "+ <1
The weight W, is then of order
[PotB+—au :Laz—ﬁ——nT”_
x2
20
N
AL T L X1
2| [d]

Fig. 3. Example 5.2.
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We write the phase function as

ey =t(nl+ ) +z-(+0
=t(Inl—m+|¢—¢)+E+azdm+C)+a" -0 +¢)
=tO(1)+ (t+ 1) O(L) + 2’ - O(1).

It is then possible to choose a region R in R'*™, defined by
< ol ST, RIS

on which, as in the previous example, we can make the oscillating factor e+ as close to 1 as we
want. Thus we have

|Bit.)| 2 L=~ |F|G,
whenever (¢, z) € R. Consequently
“B” ZLaz—ﬂ__iz__‘|F|]/2|GII/2|RII/2%Laz_ﬁ'—nT_l.
Ixellixel

Taking the limit L — oo, we find the necessary condition,

-1
012—ﬂ——n—2—<0~

Similarly, exchanging the role of F' and G we get

n—1
2

041—/8——

<0.

Hence, we obtain the necessity of condition (7).

Remark 5.3. - Condition (7) follows also by considering a slightly different scaling, with F’
obtained by a parabolic rescaling (instead of a linear rescaling along one dimension) and G still
fixed:

F={n L<m<2L VL<m<2VL, In"| <1},
G={¢1<(<2, 2<G<—1,[¢" <1}

This example implies the same condition in the contest of L? norms, but will provide different
information when we shall consider the LP theory later on.

Example 5.4 (Necessity of (6) with >).— Again look at the (++) case and this time
consider the interaction of data supported in opposite directions. We consider the function
B = B +)(xF, Xc), where F' and G are the balls of radius 1/4 centered at n* = (L, 1,0) and
¢*=(—L,1,0) (see Fig. 4).

Take n € F, ¢ € GG, we have

==l +IC~L, — In+(~1,
Il +1¢l = In+ ¢~ L,
n[=In"ISL K-S L
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x2

Fig. 4. Examples 5.4 and 5.5.

The weight W is then of order

Lﬁ++/5— —ar—on L—ﬁo—"T*] .

We subtract from the phase function an innocuous term that doesn’t depend on 7 or (,
e —t(IC+ 1) =t(Inl = [+ 1] = 1) +2 -+
=t0(1)+z - O(1).

As in the previous examples, it is possible to choose a region R in R!*", defined by

on which we can make the oscillating factor e*#+~#I<"I+1¢"]) a5 close to 1 as we want. Thus we
have

|B(t.a)| 2 L™~ *T |F||Gl,
whenever (¢, x) € R. Consequently

MBI g2t |F|'?|G|'?|R|V/? ~ L P01
Ixellixel

We let L — oo and we get the necessary condition,

n—1

~fo——

g 07
which is a non sharp version of (6).

Example 5.5 ((8)). — This time we look at the (+ —) case when the data concentrate along
opposite directions. Consider the function B = B _y(xF, x¢), Where F’ and G are the balls of
radius 1/4 centered at (L, 1,0) and (— L, 1,0) (see Fig. 4).

Take n € F, ( € G and let 6 be the angle between 1 and —(, then we have

Inl~|¢|~L, |n+¢l=~1, O=~L7",

|77||C| 2
— 1|7l = I¢]| = 0" ~1,
In+<l = [Inl = <] i+ (]
A — I¢'?
~L =~
In| ra~Tg

m+a~1, '+ <1

o 71
~L

In| —m =~
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Fig. 5. Example 6.1.

The weight W_ given by (24) is then of order L~'~%2. We write the phase function as

o =t(Inl—KI) +z-+0)
=t(Inl—m =] =¢) +C+z)m+CD)+2" -0 +¢)
=tO(L7") + (t+2)O) + - O(L).

It is then possible to choose a region R in R'*", defined by
<L ft+xm|SL o 2| SL
on which we can control the phase ¢_. Thus we have
|B(t,z)| 2 L~ ~*|F||G|,
whenever (¢, x) € R. Consequently

“B” Z L—al—az|Fll/2lG|1/2|Rll/2 — L““’”‘”l/z.
Ixrellllxcl

We let L — oo and we get the necessary condition,

1
—al—a2+§<0,

which is (8).

6. Counterexamples for the critical cases

The counterexamples in the previous section were easy to find in physical space, however for
the critical cases (9) and (10) it is essential to take into account the interaction between different
frequency scales. This is easier to do in frequency space, where we have the advantage of working
with quantities which are, essentially, positive.

The following example is a straightforward generalization of the counterexample given in [6]
adapted here to any dimension n > 2.

Example 6.1 (Necessity of (9)). — Assume that

n+1 —3
(36) ay = 4 a2:/60+ﬁ+, ﬁ—z_n——.
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Consider the function B = B, 1,(f, g), with

xe(€)
e+

f©= 9(&) = x&(&),

where E is the interior of the ellipsoid £(1 + 2¢2,(1,0,...,0)). We can compute the norms of f
and g with the aid of Proposition 4.3. Use (29) with a = (n + 1)/2 and b =0 to get

aw s 1,0,...,0
n ://(T—Inl—l(, SERU Rk [
1

ntl n+l

Lol In|="
1+42€?
~ / (7'—1)nT4|log(T—l)ldee”_1|log5|;
1
use (28) with a = b =0 to get

14-2¢* 14-2¢2

&
37 /dn: / /5(7’—[7)‘—-‘(1,0,...,0)—7’,')dnd7—z / (7_1)%4d7z5n—1.
E 1 1
We obtain
n—1 n—1
Il ~e™T loge|'?, lgll=eT.

Let E’ be the interior of the ellipsoid £(1 +£2,(1,0,...,0)) and consider the region

1 2
D={(T,€)3 EEF, |£l>§, %<T—l£|<62}.
We have £(7,&) C E for every (1,€) € D. Indeed, if n € £(7, ) then

Inl +|(1,0,...,0) — n| <|n| + € —n| +|(1,0,...,0) — ¢|
= (1 — €]+ (1] +](1,0,...,0)— &)
<e’+ (14e) =1+2%
When (7,€) € D we have || ~ 7~ 1 and 7 — |£| ~ €2, hence, using Lemma 4.3 with
a=mn+1)/2>b= [0+ B+, we find

Blr.£)m e 6(r —nl — 1€ —nD dn ~ e loge|.
’ || % |€ — nPo+B+

By a computation analogous to (37), the measure of D is of order e>c™~! and hence

n-3 ntl
HB” > € l10g5|E 2 :|log€|]/2,

n—1

IfIllgll ™ g™ ™5 |1oge|!/2
which becomes unbounded as € — 0.

The next example proves the necessity of condition (10). This is, essentially, the example given
first in [2] for the case of dimension n = 3.
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// \\

2O
®0-® 000000
mk 5 m m; K

Fig. 6. Example 6.2.

Example 6.2 (Necessity of (10)). — Assume that

n—1 n—73
4 ’

1
(38) 041+012=§, Bo+ By =~

Let B(7,§) = l§’(+_)(f,g)(7', &), with f =g = Zsz—N Xk, Where, for each integer k, xj is
the characteristic function of the ball By of center (k,1,0,...,0) and radius 1/4. We have
[£1l=llgll~ N2,

The support of B _y(xx,X;) is contained in the ball of center (k + 7,2,0,...,0) and radius
1/2. Summing over all such disjoint balls, by orthogonality we have

(39 BIP=>_ IG.km),  IG,km)= (B Xk Xm—t) Bis - (X5 X=3))»

j.k,m
where the indices in the sum are restricted by the condition
(40) —-N<k,k—m,j,j+m<N.

Each addendum in the sum in (39) is positive, hence we get a lower bound if we further restrict
the indices to a subset of (40). R
Let’s look at a single term I(j, k,m) (see Fig. 6). From the definition (20) of B4 _, we have

. _ 5(Inl + I¢| = 1€ = n| — [€ = ¢Pd€dndC
k= [[f ERG
: nEBy

— |l = |& = nID*T nlea]€ — ploalg — ¢ler|¢les
—NEBm—k

§—CEBm+;
¢eB_;

If we require that 1 < 2m < j < k then we have the following estimates,
ml~[E—nl=k  [E-C=IC~5  lElrm, €= |l —nl[=m

Also, let B, i, be the ball of center (£, 1,0,...,0) and radius ¢, where ¢ is a positive constant to
be fixed later, and B}, be the ball of center (m,2,0,...,0) and radius 1/8. If ¢ < 1/8, then

NEBck, (E€EB:_j,6€B, >n€ B, {—NEBy_k, §—(E€Bpyj, (€B_j,
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and we obtain the lower bound

1
1ok 2 = [ [ [ sl 1= le=nl =l = caganac.

WEBE.k
CEBe,—;
¢eB),

We use now formula (17). In our case ¢(&) = |n| + || — |§ — 1| — |€ — ¢| = 0 defines a surface
&(n, ), which is the ellipsoid of revolution with foci at 1 and  that contains the origin. We have

e _@_g)/
N e e e R e
%anglebetweené—nand(—§%}+%%l.

Using (17) we obtain

) 1]'1/2
I(G, k,m) 2 Y} // < / ng) dndc.
Be,k X BE,—j S(W’C)NB;*,L

LEMMA 6.3.— It is possible to choose €, A €10,1/2] and a constant C' > 0, independent of
N, such that, if (j, k,m) belong to the set

<J<

NN
42

Sk<N, 1<m<>\j},

>| =

(41) JN,)\= {(j’k’m):

and 1 € B i, ( € Be _j, then the intersection of the ellipsoid £(n, () with the ball B}, has an
area greater than C'

inf / dSe > C > 0.
(J.km)EJIN A
NEBe k Em,ONBY,
CEBe,—j

With this lemma we can fix ¢ and A, and for large values of N we have

1Beof ol = Y IG.km)

J.km)EJIN A
SIS SIEC S
1/A<G<N/4 N/2<k<N 1<m<Aj
2NN jl0g(j) 2 N log N.
1/ALGSN/4
This shows that
B — B
1B (f, 9l > (log N)'/2,
£ 1Hlgll

and as N — oo disproves the estimate for the choice (38).

Proof of Lemma 6.3. — Let (j, k,m) € Jy  and 1) € Bc j, ¢ € B. _;. To prove the lemma it is
enough to show that, for £ and ) small enough, the ellipsoid £(n, {) intersects the ball of center
(m,2,0,...,0) and radius 1/16.
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First, we verify this when = (k, 1,0,...,0)and { =(—7,1,0,...,0). Since 1 <2m < j <k,
it follows that the point (m,2,0,...,0) lies inside & = £(n, ¢). The plane tangent to & at the
point (0,2,0,...,0) makes an angle « = 1/j with the &; direction, hence it intersects the ball
B?* of center (m,2,0,...,0) and radius 1/32, if m/j < X for some positive constant A. Thus
B contains also points that are outside &y, so it must intersect &.

Then, when n = (k,1,0,...,0) + O(e) and { = (—7,1,0,...,0) + O(e), the distance of each
point of & from £(), ¢) is at most of order €, and we can choose ¢ small enough to make it less
than 1/32. O

Example 6.4.— The following example is a refinement of that given by Example 5.4 and shows
that the estimate (3) is in fact false when we have equality in (6). Assume that

n—1
ﬂOZ—Tv By + B =01+ .

Let B(7,£) = B(++)(XF,X0)(T,§), where F' and G are the sets

F={n:|m—-1<e n|<e},
G={C |G +1] <2 || < 2e},

with ¢ a small positive parameter. We have || xr|| = |F|'/? ~ & and ||x¢| = |G|} ~"F.

The conditions n € F, £ —n € G and 1 € £(7,£) imply that

i~ —n~T~7-|¢|~1,  [{|Se,

and in particular we have

Bro~le= s [ o(r—pi—l¢—nl)n
ner
§—neG
The support of B contains the region D defined by
D={(7.9: &< €| <e, |7 —2| <}
If (1,6) € D and n € E(7,€) N F then we have ( =& — n € G, since
G+ <&+ -m+1[ <2 (< IE]+ 0] < 2e.

Hence, when (7,&) € D we have

n—l n-l ds
B(r,&)~ ¢~ T /6(T—In|—|§—nl)dn=lﬁl‘ ? / v (ln|+7|7€—77[)|'
ner E(T,eNF K

The gradient in the denominator doesn’t create any problem, indeed we have

lvn(lﬁ|+|§—7?|)‘ = % - |g:zl‘Rsanglebetwecnnandf—nw1,
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The intersection £(7,£) N F is a set of measure ~ ¢"~!, indeed the conditions (7,£) € D,
ne€ &(r,€) and || < € imply n € F, since we have

Inl—m<e®,  J—nl-m<e, |+ —nl-2| < =]2m -] <&
We obtain that for (7,£&) € D we have
B(r,§) 2 || ",

and consequently,

sz [ f g2 / / | Gervey=ae

2—¢?2 0 [¢'|Ke

We compute the innermost integral with the help of Lemma 4.2,

€ 1
d¢’ r2dr / t2dt I—n (51 ) ’ (51 ) ‘
~ = =H = =l =11
/ (€] + &Hn—T / (r+&)n-1 J (t—i—%)n_l n-2| og -

€<

Hence, for small values of £ we have

52

Bl 220 v
0

log(gl ) ’ déy ~ 2D logel.

We finally obtain

1Bl eliogel > 1
~ ntl ntl —| ogel
”XFHHXG” £ 2 £ 2

which diverges logarithmically as € — 0.

7. Proof for the (++)

In this section we prove the estimate for the (4 +) case. We consider the operator By 1)
defined in (19). In this case we don’t need to consider the conditions (8) and (10) which, as
we have learned from the examples discussed in the previous sections, are relevant only for the
(4 —) case.

The support of B4 ) is contained in the region where || < 7, we divide it into two part: the
region near the light cone, where |£| ~ 7, and the inner region, where |£| < 7. Looking at the
corresponding symbols we see that near the light cone the operator D behaves like D, while
D_ degenerates along null directions. On the other hand, in the inner region D degenerates along
the time direction, while D and D_ behave both as time derivatives.

PROPOSITION 7.1.— We have the estimate

(42) 1Bt (-9l 12z < e1cm S 1122191l 2
whenever oy, ay, Bo, B+, B— verify conditions (4), (5), (7) and (9).
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Proof. — By a simple application of Cauchy—Schwarz relative to the measure 6(7 — || — | —
7n|) dn we have

(43) | Besoy ()T O S AT, ) / FAmg* (& —ms(T —|n| — € —nl) dn,

where

6 — — —
A& = [6PRr (r €)™ / (|Tn|2a|'n||f —|§I2a?l) "

Integrating (43) in 7 and £ gives us (42), provided that we can show that the quantity A(7,¢&)
is uniformly bounded for 7/4 < |£| < 7. To do so we use Proposition 4.3 with a = 2«; and
b=2a,. Since 7/4 < |¢| < 7, if max{a;, a2} < (n+ 1)/4, using (28), (4) and (5) we have

e\ 28—+
AT, ) ~ (%'5') <L

if max{ay,az} > (n+ 1)/4, using (28), (4) and (7) we have

Sh

)

) —2max{aj,a2}+28-+n—1

Ao~ (=

if max{ay,as} = (n + 1)/4, using (29), (4), (5) and (9) we have

28 +253
A(T,8) ~ (T_T‘él> log(T—_Tm> <1. O

Remark 7.2. — The proof of Proposition 7.1 works fine also for the inner region if Gy > 0,
since in that case |£|% is not singular and we can use |¢| < 7. To obtain sharp results with Gy < 0
we need however a different argument.

PROPOSITION 7.3.— We have the estimate
(44) Bt (s Dl g1 < 2y S 1F N2 llg 2,

whenever oy, az, By, B+, B verify conditions (4) and (6).

Proof. — The conditions 7 = |n| + |£ — n| and |¢| < 7/4 imply that |n| =~ | — 5| =~ 7. In this
region we have

B 1) (f, )7, &) = [¢|ForPeth-mai=es / Fg& —mé(r — |n| — |€ —nl) dn.

The vectors i and £ — 7 are essentially of the same magnitude and their sum is comparatively
small, hence they have almost opposite directions, in the sense that the angle 6 between 7 and
—(& — m) has to be less than a small fixed constant, say § < 6y < /4. This means that, by
decomposing f and g into a finite number of pieces, we reduce to the case of f and g supported
in opposite conical regions.

Indeed, decompose the unit sphere into a finite number of disjoint components, S*~! =
U;.Vzl §2;, so that the angle between two unit vectors belonging to the same piece {2; is always
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less than 6. Then define the cones I; = {£ € R™\ 0: £/|¢| € §2;} and let x; be the characteristic

function of I;. Write f = Zj\]:  fj» where f; = x;f, and similarly for g. By the above
observation we have

“B<++>(f7g)||Lz(|§|<%) < Z||B(++)(fj»gk)HqugK%y
7.k

with the sum restricted to the pairs of indices (j,k) for which there exists a cone I" of
aperture 26, such that I; C I" and Iy C —1I'. Since it is a finite decomposition, we also have
>k Ifilllgell < 1 £1llgll. Hence, we can assume f supported in a conical region I” of aperture
26, and g supported in —1I".

We now compute the L? norm of B, using the so called doubling technique. This method,
introduced first in [11] for the (+—) case, consists of writing the square of B, as a double
integral,

| B (f, )T, ) & |¢[Moor 20+ +0-—n—oa) / / Fg€ —mfE—Og0)
x8(r—n| =€ —=nl)é(r — € = ¢| = [¢]) dndc,

and then perform the integration with respect to 7 and £. Recall that by (4) we have 84 + G- —
o — o = —f — %51. We obtain

1Baolegecs

Jmg(Q) f(E€— g€ — )
< 8
<
n

i =6 (Inl = ¢+ 1€ = nl = |§ = ) dnd{dE.
|&] =250 || Pot 55| (| ot 57 (I )

ce-r

€] <Inl~I¢]
We apply now Cauchy—Schwarz to separate the pair f(1)g(¢) from f(& — {)g(€ — (),

S(lnl — Tl — e~
1Banlbaens [[[ Pod© Ul = I€1 516 = nl = 1€ = €D 4 46 g,

n—1 nt
AT R N
l€l<Inl=[<]

and we only have to prove the boundedness of the quantity

B — PN [
)\—2,@0——77,+1 / (|77| |C| -"_glg_zgz?l |§ CI) d.f,

[El<A

uniformly for |n| = || = A, with p € I" and ( € —I". By a rescaling we can take A = 1.

The delta function in the last integral restricts ¢ to a hypersurface H(n,(), which is a
hyperboloid of revolution around the line through 7 and ¢ with foci at  and ¢, which contains the
point 4 ¢. The fact that i) and ¢ are almost opposite points implies a uniform upper bound on
the curvature of H(7, ¢) and allows us to treat H(7, {) as if it were a hyperplane. More precisely
we have

|Vg(|§ —nl—|¢- C|)| ~ angle between £ —nand £ — ( ~ 1.
Moreover, £ is confined on a bounded region of H(n, ¢) by the condition |£| < 1, so we don’t have

to worry about divergencies coming from the unboundedness of H(7, {). Parametrizing H (7, )
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by a projection on a hyperplane orthogonal to 17 — {, we check that

olnl =16l + 1€~ nl~ 1€~ Dy, ase _ a’
/ R 3 [ s [ grw

le]<1 EEHN.Q) gern!
lel<1 le'1<1

which is a bounded quantity whenever —2G, <n—1. O

8. Proof for the (+ —) case

Now we turn our attention to the (+ —) case. We consider the operator B4y defined in (20).
Since By is supported in the region where |7| < || we have D =~ D, and we can replace

the operator DﬁODéi+ by D?, 3= By + B4. It is convenient to split the integration over the
hyperboloids H(T, ) into two parts: B_y = By, + By, where

B(lE| — 17)5-
Br(f.9)(7.8) = / 8(r = Inl + 1€ —nl) %J‘(n)y(i —ndn,
[nl+1€—nl<2¢|
B(IEl — 1r])B-
Bu(f,g)(1,§) = / §( —Inl + If—nl)%ﬂn)g@—n)dn-
In|+1€—nl>2l¢]

The low frequency part By, can be treated as in the (+ +) case, since the integration is restricted
to the “elliptic” portion of H(7, §).

PROPOSITION 8.1.— We have the estimate
(45) | Bo(f> 9| S 1l

whenever ay, ay, Bo, B+, B verify conditions (4), (5), (7) and (9).
Proof. — By a simple application of Cauchy—Schwarz with respect to the measure §(7 — || +

|€ — n|) dn, we have

(46) |BL(f, )T, )| < A(7,6) / | f@|* g€ = 26 (r — In] + |€ —n]) dn,

where

Ot — Il + 1€ —n))
[n[?er|€ — n|?e

A(r,©) = €8 (1] — |71)**
[n]+1E—n|<2[€|

Integrating (46) in 7 and & gives us (45), provided that we can show that the quantity A(7,§) is
uniformly bounded for |7| < |£|. To do so we use Proposition 4.5 with a = 2a; and b = 2c,. By
symmetry, we can assume 7 > 0. Using (33), (4) and (5) we have

B
4y

AnO~ ( @
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if ap > (n + 1)/4, using (33), (4) and (7) we have

- B_4n—1
€] —r) -
L2 < ];
14

if ap = (n + 1)/4, using (34), (4), (5) and (9) we have

(=TT €l
w0 (Bg7) T (rem(gis)) s

The high frequency part By is more delicate and requires the use of the doubling technique.

Ao~ (

PROPOSITION 8.2.— We have the estimate

@) 1B, S 171l

whenever ay, az, o, B+, B— verify conditions (4), (5), (8) and (10).

Proof. — Observe that n € H(7,&) and |n| 4 | — n| > 2|¢| implies |£| < 2min{|n|,|{ — 0|}
and |n| & |£ — n|. In particular we can assume that a; = i, since || |€ — n|** = |n|*|€ — n|*,
for a = (a1 + a2)/2, and the conditions (4), (5), (8) and (10) depend only on the sum «a; + ax.
Recall also that we may assume, without loss of generality, that f and g are positive functions.

If we proceed by a direct application of the Cauchy—Schwarz inequality, as in the (4 +) case,
we encounter the difficulty that the surface H(7,£) is unbounded. We circumvent this difficulty
by using the doubling technique, as it was introduced in [11]. This allows us to rewrite the
L? norm Bpy(f,g) in a way which transforms the integration over hyperboloids to one over
ellipsoids.

To calculate the L? norm of By (f, g) we first write | By (f, 9)(T, €)|? as a double integral and
then integrate over 7, £. After applying the Fubini—Tonelli theorem and rearranging the integrand,
we derive:

Bult.olf < fmg(© fE€—g€—mn)
IBaol < [ [ S e

|€]<2min{|n|,|¢]}
x €28 (1] = 7))~ 6 (r — Il + 1€ = n])8(r — € = ¢| +|¢]) dr dg dndC.

Now the important step is to apply Cauchy—Schwarz correctly. As it is suggested by the way we
wrote the integrand, we separate the pair f(7)g(¢) from the pair f(§ — {)g(§ — n), then apply
Cauchy—Schwarz with respect to the measure

28_
EPC (1€l = 7)™ 6(r = Inl + 1€ = ml)6 (7 — |€ = ¢| + [¢]) dr dg dndC.
After an obvious change of variables we derive,

€12 le] — )~
|n|?[¢]>*

1Bu(f 9l < / / / / g

|§]<2min{|nl.|<]}
x 8(r = [nl + 1€ = nl)8(7 — |€ = ¢ +[¢]) dr dg dndC.
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From this we see that (47) will follow, if we can show that the quantity

P2 (€] - Ir])*

0= nPalcpa

|€]<2min{|nl.|¢[}

§(1 — Inl + 1€ = nl)8(r — 1€ — ¢| + |¢]) dr de,

is bounded uniformly in 7 and (. The proof of the boundedness of I(7, () requires several steps
and it will be treated in the following three sections. O

9. Another parameterization for ellipsoids

The integral defining I(7, ¢) corresponds to an integration on the ellipsoid of revolution

Em.O={& Inl+I¢l=1€ —nl+ 1€ -},

with foci at 1 and (, that contains the origin.

To study I(n,() we introduce polar coordinates. Write £ = rwy, 1 = pwi, { = ow,, with
|7] < 7 < 2min{p,o} and wy,w;,w; € S*~!. Also define the cosines a = w; - wo, b = w; - wo,
C=Wp*wW7.

To deal with the delta functions, introduce the auxiliary variables

X=r—Inl+|§—nl=7—p+r*—2rpa+p?
Y=1—|(-(|+[{|=T7+0—Vr?—2rob+ o>

The system X =0, Y = 0 is equivalent to say that n € H(7, &), ¢ € H(—T,£), and, using formula
(32) for the parameterization of our hyperboloids, we have

P22 P22

G e A )

From these two equations we infer that (—7 + ra)p = (7 + rb)o. Hence

48) T=70,
where
49) vzpa—ab_ n—_

= - Wo-
pto  Inl+I[¢
Substituting for 7 in the formula for p we find that r = 2p(—v + a)/(1 — v?), which, using (49),
simplifies to
4po U
p+o 1—v?’

(50) T=

where

at+b witw
51 = = —
(5D u 2 5

w0>0.
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We need also to compute the jacobian of the transformation (7,7) — (X,Y),

a_X 8_X 1 -g-—n'wO
J:la(x,m | B |_| Tl
AR RcAdch ) [
or  or € —¢|
_ r—pa+r—ab _|r(p+0) —T1(pa —ab) — pa(a +b)
lp—-T  o+T| (p—7)No+71) '

To simplify this expression observe that by (48), (49), (50) and (51) we have
4pouv?

4pou
r(p+0):1p T2

T2 T(pa — ob) =

po(a+ b)=2pou,

hence r(p + o) — 7(pa — ob) — po(a + b) = 2pou and

_ 2pou
C(p—no+7)

Since we know that in the region of integration p— 7= | — |~ |p|=pand o+ 7=|{ — (| =
|¢| = o, the above jacobian simplifies to

52) J:‘ﬁ(X,Y)

a(r,r)

X=0
Y =0

Now we are ready to rewrite (7, {) using polar coordinates and formulas (48), (50), (52) (keep
in mind that by (4) we have 28 +26_ +n — 1 =4a):

28(m _ [-[\28— dar1 _ |\26—
I(n,g)z/—r (r 1D r"‘lJ“ldSwoz/—T A=) i,

pZao-Za p2ao-2au
[ Aee N[ At
“\(p+o? (1 —v2)te w0

4a—1

2a
~ 4po / u dS.,,
(r+ 07 (I~ [o])*a=25-

with the integration always restricted to the region of the unit sphere corresponding to the points
wp such that r = r(wp) < 2min{p, o }. From identity (50) we see that this condition is equivalent
to say that v < 1 — |v|. Hence,

(53) 1( O"’( 4po >2a / Ldg
T\ ot o0r (1= [o]yta—28- e

UJ()ES"_I
u<l—|v|

10. The case 3_ > — 23

We prove the boundedness of I(n, () first in the case where we have strict inequality in (5),
which means
n—3

/6—>_—4—’ a>

=

ANNALES SCIENTIFIQUES DE L'ECOLE NORMALE SUPERIEURE



238 D. FOSCHI AND S. KLAINERMAN

Using the fact that u < 1 — |v|, we can simplify the numerator with the denominator in the
integrand of (53) and we have,

03 / - |v|)1 =5

To estimate this last integral we write v = Aw where

B 1/2
n—¢ :<1_ 4po21+c> <l w=
Il +1¢] (p+or 2

then, using the notation of Lemma 4.2,

: w07

7’].—
In — ¢l
1 _ 1

(a- N m__,/ (1—w)™ T
/(1 - |U|)l 26* (1 — Mw|)'—26- dw~ A J (1_7\& (1 — w))l—26- dw

(54) =>\25"‘Hfff;“(1')‘),
=z A

which is bounded, since (26_ — 1) + ﬂ;—3 +1>0.
11. The case 3_ = — 23

Now we look at the more delicate cases where we have equality in (5), which by (10) implies
an inequality in (8),

— 1 1 -1
/8~:—n 3’ 0‘>Z» B:2a—n+ n

i 7T T4

These cases have already been established for n =2 and n = 3 in [11], where it was taken
advantage of the fact that 5_ is nonnegative. That method doesn’t apply when 5_ < 0 and we
need a more precise asymptotic control of the integral defining I(n,() in terms of the angle
between the vectors 77 and —( when this tends to zero.

To simplify the problem, observe that by symmetry and scaling invariance we can assume
[€| < In] = 1. As it will become clear later, the quantity I(n,() then depends essentially
on two parameters: o = |¢|, which measures the ratio of the magnitudes of ¢ and 7, and
€ = |w1 +ws|/2 = /(1 + ¢)/2, which measures the angle between 7 and —(. Both parameters,
¢ and o, are contained in the interval [0, 1].

Remark 11.1. - We can also assume that

<a<

’

ENT
M| —

since otherwise we can use the inequality u < 1 — |v| to reduce simultaneously the powers in the
numerator and denominator of the integrand in (53).

We have to prove the boundedness of the quantity
u4a—l

1— da+ 22
ul1—|v| Ivl) '

I(U,€)=O'2a dSuJoa
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where
w1 +wr wp; — 0wy
U=—"-Wuwp )= —
2 ’ 140

If we follow the same steps as in the previous section, we obtain an upper bound that diverges
for ¢ — 0. Indeed, with our assumptions we have v = Aw, with

1/2
n—_ 4o¢e
A= =(1--2Z_) |, 1-)\~oe
‘Inl+|<l‘ ( <1+o>2) e

wo-

and we can always assume 1/2 < A < 1, otherwise the estimate becomes trivial. By a
computation similar to (54), using v < 1 — |v|, we find

1
—w? 27__31 n—1 _n-l —
I(o,e) < oo / L‘)n_l < oo (IL)TI_I dw =~ Uza)\_THn_32 (u)
d—juh—= g, (1= MNw)™= = A

~ 0% [log(1 — )| ~ £72%(0¢)**|log(oe)| S €722,

which shows that I(o,¢) is bounded uniformly in o if € is bigger than a positive constant, but
diverges logarithmically as € — 0.

It remains to see how to control the integral I(o,€) when ¢ is small.

Assume n > 3. We can always choose a coordinate system so that

wi = (V1-¢%e,0,...,0),
wy = (—=V1—-¢€%¢,0,...,0),
wo = (z,y, V1 - 22 — y2"), 4+, W eSS

It follows that

1—
u= ey, v=+v1-€z+ sz,

1+0
dS,, =1 - o yz)nT_“ dS,» dzxdy.

It is convenient to use polar coordinates for the pair (z,y): £ = Rcosf, y = Rsinf, with
0<R<1,0<0<m Then

(55) u= Resind,
(56) v=RQ, Q=+1—¢e%cosf+ i__i_Zesim‘), QI <1,
(57) dS., = R(1 — R dS,,» dRd6.

With this parameterization, we have

T 1
41 _ P2y (in f)de—1
1(0,6)502‘”6““_1//R (U= BH™ 6™ g
0 0

(1= R|Qye+*

dRdf

T 1 n—
< yragtant [ (DO / (1-R)T
J

~ ) |Q|4a¢+”T_3 1|‘(|2|Q| +1 _‘R)4a¢+"T_3
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™
(58) =<4 a'2ag4a-1 (Sin9)4a_l —40‘—HT—3 (1 — IQ[) do.
S Qe e @l
‘We use Lemma 4.2, the fact that
n—3 n-—4 n—4
—4a——2—+T+1<0 and T>—1,
to reduce to
T e myda—1
(59) I(0,6) < g2ogia—t [ _in6)

B —T)
) a-leh=-t

We split the last integral into two pieces: the contribution coming from the region where |Q| <
which is easily bounded, and that where |Q)| > %, which needs more attention.

sin@)*>~!
Il — 02a€4a—1 / ( ) do < 0.2a84a—1 < 1’

1
27

(1= [Qhtez ™
Q1<
et [ O
(1 - [Qyt2
Q>4
From its definition
(60) Q=QO)=+1—¢2cosh + :I_Zasine.

If ¢ is small enough the condition |@Q| > 1/2 requires | cos 6| to be close to 1. In particular ) and
cos 6 have the same sign, hence

e avdact T e mda—1
61) I < g2egho! Ell_a)“__——lde—i_ %‘“dg )
J 1-@)*2 1+
3

LEMMA 11.2.- Let

3

I (sin@)to! L T (sinfylo-!

Then we have J, < (ce)~*t! and J_ <4t

Using this lemma, (61) becomes
Iz < o,2a64a—1((0.€)—4a+1 +€—4a+1) ,\N_,al—zo‘ < 1,

which is bounded in view of the assumption made in Remark 11.1.

Proof of Lemma 11.2. — Let’s look first at J_, which is easier. When 6 € [§7r, ] we have

1+Q>1++V1—-¢c%cosf~1— (1—e*)(cosh)
(62) =e?+ (1-¢€?)(sinf)* ~ (¢ +sin ).
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Hence,

3 1
[ (sin@)**—1 dg zto-ldy

J-3 (e +sin@)3a—1 ~ (5 + g)8e—1
0

H—8a+1(5) ~ 6—4a+1 .

When 6 € [0,7/3] we have

1-Q=(1—esind—+/1—e2cosh) + ssm@
(63) ~ ((1 —esind)® — (1 —*)(cos 0)2) + oesinf = (e — sin#)? + oesin .

Hence

z

1
J </ (sin9)4"‘ 1d0 </ x4a ld:IZ
o s ((e —sin0)? + gesinf)*e—1 ~ ) (e — 2)? + gexyo—t

To understand which term is dominant in the denominator. of the last integral, observe that
(e — z)? < oex if and onlyif x_ <z <z, where

=§(2+0:I:\/40+02)z5

and notice that

1/2¢, Ty — € ~ol/%e.

Ty —T_RO
We have
1 T4 1
/ x4a—l dz < / 4a 1 dz / 4a ld.’b N / x4a—1 dz
(e — xR +oex)**=3 7 ) (cex)te—3 (e — z)bo! (x — )bl
0 T T4

The first integral in the right hand side is easily estimated,

— (0_6)-—4044-1.

T4
/ rroe—lqr €4a_1(0'1/2€)

(oexyta3 (oe2)ta—1

For the second, since 8& — 1 > 1, we have

r x4a—1 dx < ] 4a 1 dx / €4a—1 dz
(5 _ x)Ba—l ~ ) 68& 1 ((E — SL'_) + (CL'_ _ x))Ba—l

x_/2

dy

< l—da 4a—1

Se T te /(0.1/2€+y)8a—1
0

_ 4 +€1—4a/( - _?_tt)sa—l ~el~a(] +0_%(1—8a+1)) ~ (o) 4o+,
g
0

The third is treated in a similar way,
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1 21:+
4a lda: .T4a_1d$ N €4a_1d37
(x — el s rda-l (x —z)+ (x4 — )8!
T+ z4
f d
< l—da | _Aa—1 Y ~ —dat]
Se +€ /(y—|—0’1/28)8°‘_1 (o¢) .

This completes the proof when n > 3.
When n = 2 the above procedure can be simplified. We can always choose a coordinate system
so that

wy = (V1-gke), wr = (—V1-¢€2¢,0), wo = (cos B, sinf), 0 €[0,n].

We have

u=csinf, v=0Q= \/1—52c059+

s sin6, ds,, =dé.

‘We obtain

4a—1 H 4a—1
I(U, 6) — 0,2(! / _u___l dSw() < 0-20‘640‘ 1 —(Sllﬁ)—T_T de’
2 (I— QD%

and we already know from the analysis above that the last integral is bounded.

Remark 11.3.-If we compare the formulas, we can see that the above calculations, in
practice, reduce the problem in dimension n > 3 to that of dimension n = 2.

12. Frequency localized estimates

There is another way of proving Theorem 1.1, with the exception of some limiting cases, by
using dyadic decompositions. This is done by following the steps below:

(1) Decompose the functions, and their product, into dyadic pieces relative to the frequency
space.

(2) Obtain sharp estimates for the product of solutions corresponding to data supported in
different dyadic regions.

(3) Sum the pieces together exploiting the orthogonality properties of the convolution
structure.

Step 1: decomposition. Since we deal with L? theory we don’t need any refined Littlewood—
Paley theory, we can simply cut the frequency space into disjoint dyadic shells. Let y be the
characteristic function of the region {\ < |£| < 2\} and define the operator S} : f — fy, where

AE = (SAFY (€)= xa&)f(©).

Each function can be decomposed into dyadic pieces, f = ), .,z fx. Throughout this section,

sums in A and p will always be taken over dyadic values, } , =, 2.
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If u and v are solutions of the homogeneous wave equation, Ou = Ov = 0, with initial data’
w(0) = f, d;u(0) = 0 and v(0) = g, H;v(0) = 0, then we can write the product uv as the sum?® of
three pieces, uv = X)) + X, + X3, where

21: Z UN\Vy, 22= Z UV, 232 Z UNVy-

A pe2” et A ue2?
B MR u>A

The sums %) and X5 contain the interactions between high and low frequencies and, as it
was made clear by Example 5.2, their control is more critical when «; or oy are close to their
maximum values allowed by (7). The sum X, instead, takes into account of the interactions
between same frequency levels and, as it was made clear by Examples 5.4 and 5.5, its control is
more critical when 3y or a;; + «, are close to their minimum values allowed by (8) and (6).

Step 2: dyadic estimates. This is really the main step. We prove the following:

THEOREM 12.1.— Let 0 < u < Aand v 2 —(n — 3)/4. Take f and g to be functions whose
Fourier transforms have compact supports and let u and v be the solutions of the homogeneous
wave equation, Ou = Ov = 0, with initial data u(0) = f, 0;u(0) = 0 and v(0) = g, O;v(0) = 0.
We have the following dyadic estimates:

o suppose supp f C (|€] ~ X} and supp§ C {|€] < 1), then

(64) DY wo)|| S 7 | £l gll;

® suppose supp f, supp g C {|€| = A}, then

=1

(65) | DY Su@ )| S T (I £ gl
(66) | DY St o) S A (| £l gl
Proof of (64). — We have to prove that

n—1
Sl
L7

7] - [€]” / §(r — |l F | — nl) Fma(€ —mydn

[€—nlSp

Applying Cauchy—Schwarz, as in the proof of Proposition 7.1, this reduces to show that

2 -
suplfr — I [ 8(r bl = nl)an
T,
[€=nl<p
The case p ~ )\ is easy and can be treated precisely as in the proof of Proposition 7.1 or
Proposition 8.1, by using Lemma 4.3 or Lemma 4.5 with a = b = 0. Assume instead that p < A,

then |n| =~ A, | — 1| S p imply |7| = [£]| = A and ||7| — ||| < p. What we need is then the
following lemma, together with the condition 27y + (n — 3)/2) > 0. O

7 For simplicity and without loss of generality we take ¢ = f, ¢; = 0 and ¥y = g, 1; = 0.
8 This way of decomposing a product is essentially the main ingredient used in paradifferential calculus.
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LEMMA 12.2.- Let || > p. Then
< s
S(r—InlFlE=nl)dnS|Ir| =€l 7 w2
[€—nlSk

Proof. — Consider the case of integration over the ellipsoid. We make use of formula (25) in
Lemma 4.1 with F(|7], ¢ —nl) = x(1§ =1l < ),

I(1,§)= / 6(r—1Inl—1€—nl)dn

le=nl<n
n-3 n-3
— (7_2 _ |£|2) 2 / (7.2 _ |€|2$2)(1 _ x2) Z dx.
—1<z<1
T—|¢lz<p
We are in a situation where 7 ~ |£| and
Tl o op
0<l—z< <=,
€l 14

hence
n=3 np_ n—
IS (=€) TTI,U, / (l—x)Tzdx

0<l—z<p/l¢|

n—1
T\ % n=3  n4g n=3  pyg
~() - S )T
The case of integration over the hyperboloid is done in a similar way using Lemma 4.4. 0O

Proof of (65). — The case p =~ A is already contained in (64), hence we can assume p << A. If
In| =~ |€—n| =~ A> pu=|€|, then 7 =|n| + | —n| > |€] and the D becomes essentially \” and
doesn’t create any problem (in this case 7y can take any value). More over, in this case the vectors
1 and £ — 7 must occupy almost opposite positions and, since the interaction ¢ takes place on a
set of size 41, we can reduce to the case where f = fo) and g = g—) have supports contained
in opposite cubes () and —(@Q of size ~ y at a distance ~ A from the origin.

Indeed, let {Q}geco be a family of cubes of size p that covers the supports of f and g.
Decompose f =3 fg and g =}, 9o, where fo = xqf with X the characteristic function
of the cube Q). Let ug and vg be the solutions of the homogeneous wave equation corresponding
to initial data fg and gg. Then S, (uv) =35 o, Su(uq,vq,) and the sum can be taken over just
the pairs of cubes @1, Q2 € Q such that Q; + @), is contained in the region {|£| < 5u}. For each
fixed @; € Q there is at most a finite number, depending only on 7, of cubes (), € Q so that the
pair (@1, (») has that property. This implies that

> e lllgall S ANgll-

Q1.Q:€Q
Qi1 +Q2C{|EI<5u)

Moreover, for each of these pairs of cubes is always possible to find a cube @ of size 10y such
that @ € @ and @), € — Q. Hence, we just have to prove
.

1
Hu(+Q)v(tQ)”Li£(|§|zu) ST I follg-oll
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If we apply directly Cauchy—Schwarz we reduce to show that
sup / (1 —nl = 1€ —nl) dn S u™",
T
[El=p InleQ
which is a consequence of the following lemma. O
LEMMA 12.3. - Let [£| < T and Q be a cube of size 1. Then
[ o= ni =l = an s
neqQ
Proof. — We have

ds
/5(T—|’7|‘|§—’7|)d’7= /Q RACERE=]

neqQ E(T.6N

The vectors 7 and £ — 7 are almost opposite, hence

£-n
€ —n

The condition |£| < T forces the shape of the ellipsoid to be close to a ball of radius much bigger
than s, hence |E(7,6)NQ| <p™ . O

Proof of (66). — As for the proof of (65), we can suppose that ;1 < A and f = fo) and
g = g(—¢) have supports contained in opposite cubes () and —@) of size u at a distance A from
the origin.

To treat the resulting expression we have to use again the doubling method discussed in
Proposition 8.2. This procedure works in any dimension.® However, as it was recently observed
by Tataru in [21], there is a somewhat simpler proof of the dyadic estimate (66) in dimension
n = 2, which we sketch below for completeness.

The observation is that, in this case, we can follow the same pattern of proof as in the previous
estimates. We can in fact apply directly Cauchy—Schwarz and reduce to show that

~ 1.

ol = |
[V (Inl + 1€ = nl)| ’Inl

) (1= 1) [ 6~ Inl +1e =) dn S 2
Q

Compute the gradient of the quantity inside the delta function,

Ve = Inl +lg =) =~ — =k

From the equation 7 = || — | — 7| we infer that

2P
~Inlle =l

§—n
€ =]

2
Il

9 For a discussion of the doubling method in the particular case of n =2 see [11] as well as [14].
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Hence, using formula (17) and the fact that we are integrating on a piece of a curve of length
QNH(T, O < k.

—1/2
/ §(r — [nl + € - nl) dn = (&> =)V / Inl! 1€ — /24,
Q QNH(T,€)

-1/2 _
S (16l = Irl) ™ Ay,

and, since |£| — |7| < u, we obtain the desired bound in (67) when 2 > 1/2.
Now assume n > 3. This time we perform a Cauchy—Schwarz inequality only after the
doubling of the integral, and reduce to prove that

/ (1€l = 171) 28 (r = In| + 1€ = )8 (r + ¢ = |€ = ¢|) drdé S AuPr+7=2
[El=p

Using the fact that || — |7| < p, it is enough to look at the most critical case v = —(n — 3)/4.
By scaling invariance we can also fix u = 1. We have to show that

) ! / / o7 = Inl 1€ = mDSC + K =16 = D g g <.
Al (¢l ==

This is an integral restricted to the ellipsoid £ = £(n,(), of a type that we have already
encountered.

We first observe that this integral is much simpler to treat in dimension n = 3, since the
denominator in (68) disappears, and therefore we have

1 1 dsS.
1=5 [ eta+ic-te-nl-te-cpag=5 [ Tt Stz
<)

[€l~1 §EEM,
1€l~1

Now, from the equation || + |¢| = |€ — 7| + |€ — (] it follows that

Il +n-¢=1E=nll§—¢l+E—m- €0
and we have

_ 2l 0O Imlicle® 1
l€=nllE=¢ 1E=nllE-¢ N

Ve (€ —nl+ 16 = ¢))|°

where 6 ~ A\~ is the angle between n and —(. Hence, since the region of integration has diameter
comparable to 1, we have

I~ / dS&Sl.

£eEMLQ)
|€]~1

In general for n > 3 it is not so easy to adapt this geometric argument, we opt instead for
a more analytic approach, with the help of the parameterization for £(7, {) used in Section 11.
Choose a coordinate system so that
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n_ (V1—-¢€2,¢,0,...,0),

|
I%:pﬂh—afanm,

lfl = (Rcosf, Rsinf,v/1 — R%"), 0<R<1,0<0< 7, ' e s 3.

By the same calculations which led to (58), taking o = 1/4, we have

<//R(I—R) = dRd6
L) a-RiehT

with the quantity @ still defined by (60) with

1
R -t

2l I Il

The integration is restricted to the region D C {0 < R < 1,0 < 6 < 7} corresponding to
Em, O N {|€] = 1}. Using formulas (50), (55) and (56) the condition |£| ~ 1 becomes equivalent
to

(69) 1 — R|Q| ~ \eRsin®,

which is the key to proving the desired estimate.
In the region D; where R < 1/2 or |Q| < 1/2 there is no singularity in the integrand and

// R(1 - R)*T deO
I = <1
] a-map=

Consider the region D, where R > 1/2, |Q| > 1/2. From (69) we have

max{1—R,1 —|Q|} <1— R|Q|~ Aesind
and it follows that we must have sinf < Ae, since, repeating the argument of (62) or (63), we
have
(e £sinf)? <1 —|Q| < Aesind.

We compute first the integral with respect to R over 0 < 1 — R < Aefl and then estimate the
integration with respect to 8 over 0 < sinf < min{ e, 1},

— df =~ Sl o
(\esinf)“z (Ae)l/2

I_/ (1-R)*T dee / Qesing)*T  min{)e, 1}!/2
(1 - RIQD*T

Step 3: summing up. We now use the estimates proved in Step 2 to sum the pieces together.
We start with estimating X. Since the Fourier transform of the piece py = > ) UAUp has
support in a region where |£| &~ A, we infer that {p)} oz is a sequence of almost orthogonal
functions, therefore

| D% D D 51| 2 3 N0 X254 | Dy .
A
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Using the dyadic estimate (64) of Theorem 12.1 with v = F_ we have

IDZpall < D lluavall S D w55 A= w2 | D% £y | D% g
pnEA pnA

By (4) and (7) we have that

-1
5:—(ﬁ0+ﬂ+_al):ﬁ—+?2—-a2>0»

hence

£ 2
|p#02 051 P s S sIF( 3 (%) 1D
A

)
/J// 2e
ST IDAP S 10 Y () -
A pnA wLA

To ensure the boundedness of the last geometric series we need € > 0, which requires a strict
inequality in (7). In that case,

ID% D D~ 5 |[* £ S 1D P Y D% g, 12 = D £ D g
A B

The term X3 can be estimated exactly in the same way.
Now consider X,. First decompose X, into orthogonal dyadic pieces

2
DD D25~ Y02 5,2 5 S (T D syl
7 H A2

To be rigorous, we should have written uy > vy Un instead of uyvy, but we can forget about
this detail since the operators S ﬁ\ =Y vy Sn behave essentially like the Sy’s, indeed we have

STUSAFP=D" ST ISn FIP 2 D IS FIP = 1 £
A A NmA A
We have to treat the (+ +) and (+ —) cases differently because of the different behavior of the
operator D . In the (4 +) case, D corresponds to 7 =~ A and using (65) we find

IDZ D2 Suuavn)|| S X+ X w T A== D £y D22 g .
In thé (4 —) case, D corresponds to |£| =~  and using (66) we find

n—2
D% D% Suupva)|| S uf+ AP~ +75 A=e1=e2 | D £y || D g, .

|
In both cases, using the scaling condition (4) and setting € = 3y + 92‘—1 for the (+ +) case and

€ =0y + a; — § for the (+ —) case, we reduce to
| B B 51 |12 #\* ?
I~z 02 5l s (X (5) 1D flip=aal)

BAZp
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To estimate an expression like this we write the square of the sum over A doubling the sum, and
interchange the order of summation,

€ 2 2e
Z(Z (%) a,>\b)\) =Z( Z )\i}\a>a,\lb>\,a>\2b,\2
BAZu Ade NpSmin( A} 172
Z(min{Al’)‘z})Ea by asb
=~ i\ N 1 A0 AN, 0N,
= max{A; Az}

(S < (1) (59)

Here to ensure the convergence of the geometric series in p we had to require that € > 0; this is
equivalent to (6) in the (4 +) case, while it requires a strict inequality in (8) for the (4 —) case.
With this assumption we finally obtain

|D% D% DP- 5|2 < ST 1D faP S 1D gl = 1D £2I D™ g2
A ©

Remark 12.4. - Using the dyadic estimates of Theorem 12.1 we have been able to reprove
Theorem 1.1 except for the cases which correspond to equality in (7) and (8). These correspond
to the boundary of the triangle AgA; A, of Fig. 1 and we know that they are allowed, in view of
our previous proof, for 3_ > —(n — 3)/4.

On the other hand the estimates (64), (65), (66) of Theorem 12.1 show, roughly, that for
frequency localized data the estimate (3) is true even in the exceptional cases (9), (10) and also for
Bo = —(n— 1)/2. This explains why the examples of Section 6 had to take into consideration the
interactions among several different frequency levels to produce a weak logarithmic divergence.

13. Null form estimates

Theorem 1.1 has its roots in the study of the improved regularity properties for solutions of
nonlinear wave equations with a special null structure. Typically this structure can be described
in terms of null bilinear forms. In general a null quadratic form is an expression of the form
Q(¢, 1) whose symbol g(7,&; A, ) vanishes whenever the space-time vectors (7,&),(A,n) are
null and parallel. We give below some of the main examples of bilinear null forms which have
appeared so far in the study of Lagrangean field theories, such as the Wave maps and Yang—Mills
equations.

Consider first a generic bilinear form Q(¢, 1)) whose symbol is given by ¢(7,&; A, 7). In other
words,

Q)T €)= / q(r = N E =AM — A € — )b\, m)dAdn.

Under the assumption that ¢ and 1) are solutions of the homogeneous wave equation, using
the notation of Section 3, we can take

p=0" Y=y~
Then the space-time Fourier transform of () can be written in the form

QG )T ) = / =€ — 08 (r — 0] F 1€ — 1l) GolmTa(€ — m)dn,
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where ¢*(n, & — 1) = q(|€ — n|,& — n; £|n|,n) will be called the reduced symbol of the bilinear
form Q.

DEFINITION 13.1. - We define the null forms Qo, Q;;, Qoj by

Qo(d, ) = =010 + V3¢ - V1,
Qij(#,Y) = 09051 — 000, 1<i<j<n,
Qoj(p, ) = 0190 — 0;90h, 1< j<n.

Their correspondent reduced bilinear symbols are

g, O ==£nl[¢|—n-¢
05, = —n:lj +n;Gi,
0,1, ) = —Iml¢; £ my1¢].

These are the null forms that appear in the nonlinear structure of important lagrangean field
theories, like Wave Maps and Yang—Mills equations. Indeed, a good model problem for the
equations of wave maps is given by the equation (see [6,14])

Ou = Qo(u, u),

and the Yang—Mills equations, with an appropriate choice of a gauge condition, have a nonlinear
structure with a quadratic part that is well described by the model system of equations (see [8,
151)

EIUI = c{,KD_lQij(u", UK) -+ C5KQ,'J'(D—1UJ, UK).

These equations have better regularity properties than a semilinear wave equation with a generic
quadratic nonlinearity, like

Ou = |Dul*.

The main cancellation properties of the above null quadratic forms are summarized in the
following lemma.

LEMMA 13.2. - Let 1 and { be two vectors in R™. Then we have:

(1) for Qo,
(70) [I¢I = mn- ¢~ (Inl+ 1<) (Inl + 1< = [ +<]),
(71) ¢l +mn- ¢+ <l(In+ ¢ =1l = [<1);
(2) for Qsj,
(72) In ACIS InlY2(¢1?n + ¢V (Inl + 1<) = I+ ¢) 2,
(73) I A CIS I 21¢1 2 n + ¢1E (In+ ¢ = llml = <1 %
(3) for Qo;,
(74) 1nl¢ = ¢lml] = nl 21172 (inl + 1<) (1nl + I¢) = 1 + <)%,
(75) |19I¢ + ¢l | = 1nY21¢1 2 m + 12 (jn + ¢| — [Inl — [¢11) 2.
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Proof. — Inequalities (70) and (71) follow immediately from the identities

2(Inlict =n-¢) = (Inl + ¢+ [n+ 1) (Inl + I¢I = I +<1)s
2(Inli¢t+m-¢) = (In+ ¢+ [l = 1<) (In +¢| = Inl +[¢]).-
Inequalities (72) and (73) follow from the identity

InACIE = (Inll¢t+n-¢) (Inli<l—n-¢)
= 2+ €l Inl = 1€1) (im €1 = bl +1¢1) Gl + €1+ I+ €1) G + 1l = -+ 1),

indeed, assume |7| > ||, then we just have to notice that
(In+<l+ =) ~m+<¢l (In+ <= Inl+<l) S
(Inl+ 1Kl + I+ =Ml (Inl+1¢I = In+¢l) SI¢l-
Inequalities (74) and (75) follow in a similar way from the identities
2
|1n1¢ = 1¢1nl]™ = Il (Il + €]+ 17+ ¢[) (nl + <] = I +<1)s

nl¢ + 1¢lnl|)* = [lIcin + <L+ Il = 1Eh(n+ ¢ = Il +1¢1). O

Let n > 2. Let ¢, 9 be the solutions of (1), (2), and for simplicity take ¢; = 1); = 0. We have
the following corollaries of Theorem 1.1.

COROLLARY 13.3. — The estimate
||D'30Df.+ Dé_ QO(¢’ 'l/))“Lz(]an) S.« ”Dal¢0”LZ(R") ||Da2'l/)0”L2(]R"),

holds when o, oz, Bo, B+, B— satisfy the following conditions:

n+3
ﬂo+ﬁ++ﬂ—=a1+az——2—-,
n+1 n—1
_2__—’ _—’
B 2 Bo > 2
1 n+1
011+042>§, ai<ﬂ—+_2“,
1 n+1 n+l1l n+1
(a1 +ap,B.) # (5,——4—), (0, 8-) # <T—T)

Proof. — We could use (70) and (71) to argue at the level of symbols, but in this case we can
just use the identity

2Q0(9,¥) = O(¢Y) — (OP)Y — H(O),

to deduce that Qo(¢, 1) behaves like D D_(¢)). More precisely, let ¢’ and 1)’ be the solutions
of the homogeneous wave equation with data ¢, and /g, where

$6(&) = |po(€)

. PO =Po©)],
then |Qo(#, ¥)| S (D1 D_(¢'y"))" and
| D% DY D~ Qo )| S |ID* D D H ¢y
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Also | D* ¢y || = | D* ¢o|| and || D*24pj|| = || D*29)o||. The result then follows from Theorem 1.1
with ;. and G_ replaced by B4 + 1 and 5 + 1.

COROLLARY 13.4. — The estimate
IIDB0D£+DE_ sz(¢’ d))”Lz(RH“") SI ”‘DaI ¢0'ILz(R")l|Da2¢O'ILZ(R")a

holds when oy, oy, Bo, B+, B— satisfy the following conditions:

n+3
,30+ﬁ++ﬁ—:041+a2—7,
n+1 n—1
- >
ﬁ0> 2 ) /8 = 4
1
(11+0¢22§, ai<ﬂ_+$, i=1,2,
2 2
3 n-1 n+3 mn-—1
(a1+az,ﬂ—)#<§,——4'—), (Clz',ﬂ—)i"é(-T”,—-—4 )

Proof. — The inequalities (72) for the (+ +) case and (73) for the (+ —), on the level of
symbols, allow us to replace Q;;(¢,v) by D'/ 2DY2(D1/2¢DV/2h), and then we can apply
Theorem 1.1 with 8y, 5_, a; and o, replaced by

L
2’

1 1 1
ﬁ_-l-i, a—= and ay— =.

Bo + 5 5

Doing in this way we would obtain the estimate valid in the range above except for the condition
on 3y, for which we would have only 3y > —n/2. But recall that the condition on 3y becomes
relevant only in the (4++) case when we are in the region where |£| < 7. (See Example 5.4
and Proposition 7.3.) There we can use the fact that | A ¢| < |n]'/?|¢|'/?|n + ¢|, which is a
consequence of (73), to replace Q;;(¢, ) by D(D'2¢D'/?4)) and therefore gaining another
half power for 5y. O

COROLLARY 13.5. — The estimate
1D DL D2~ Qoi (6, W) paggimy S 1D S0l L2y | D00 2

holds when o, oz, Bo, B+, B— satisfy the following conditions:

n+3
50+ﬂ++ﬁ—=041+6¥2—T,
n—1 n—1
- —2_——9
Bo > 5 B 2
3 n+1
a1+az>§, OtiSB—-i-T,
3 n-—-1 n+3 n-1
(al +a2,ﬂ—);é (55_ 4 )9 (azn@—)# (T,_T)

Proof. — Using inequalities (74) for the (+ +) case and (75) for the (+ —), on the level of
symbols, we can treat Qo;(4,v) as if it were Dir/le_/ 2(D'/2¢D/2y)), and then we apply
Theorem 1.1 with 8, B_, areplacedby B+ + 1/2, 8- +1/2and ap — 1/2. O
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Remark 13.6. — The conditions on the exponents 3o, 3+, 83—, a1, @, in Corollaries 13.3, 13.4
and 13.5 are not only sufficient but also necessary for the validity of the estimates. One can see
it using the same examples given in Section 5 and 6 and applying Lemma 13.2 to the symbols of
the null forms. The only thing to notice is that for the null forms @);; our examples correspond
to the region where we can use (72) and (73) with < replaced by ~.

14. Conjectures for LIL" estimates

Now that the L? theory is completely understood, it makes sense to investigate the possible
generalization of these bilinear estimates to the LP context. The starting point in this respect are
the classical Strichartz inequalities which we can cast in a bilinear form as follows (see [3] and

[5D:
(76) (169l 52y S (1D*oll @y + 1D 1 [l Lomy) (1D %ol L2y + (1D 41| L2y -
They hold whenever ¢, 7, & satisfy the conditions

1 1 1 1
- < — —_ = = — - _—— .
.S 2 (1 ) 2a n<1 T> 7 (g,m,n) # (0, 1,3)

T

In view of the L? bilinear estimates presented above, it makes sense to consider generalizations
of the type

B+ 18-
| DD D29
D S (ID* ol + 1D 61l eey) (1D %0l L2y + 1D 901 || 2@y )
where by L] L" we denote the Lebesque space with mixed exponents defined through the norm

e ar \V1
1 FllLacr = ( / (/|F(t,x)|rdx> dt) )
—o0 Rn

Some estimates of this type, with 8y = f_ = 0 and [y < 0, have been recently proved, and
made use of, in [15].

THEOREM 14.1 ([15]). — The estimate

||Dﬁ(¢1/))||L3L; S (D% ol ey + 11D 1l Lo@my) (1 Dol Loy + 1D 1 || Loy

hold when
TonsUG Y panston(i-h), as i sco
q 2 r q T 2q

The proof is based on the Littlewood—Paley decomposition and some sharp dyadic version of
the classical Strichartz inequalities.

Remark 14.2. — The investigation concerning the L{L" bilinear estimates was motivated by
the hope that such estimates could give further insight into the problem of optimal regularity for
nonlinear wave equations. As an example, consider a system of equations of the form

Ou = Q(u,u),

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



254 D. FOSCHI AND S. KLAINERMAN

where @ stands for an arbitrary null form (see Definition 13.1). In [6] one has used L?L? bilinear
estimates

HQ(¢’ ¢)||L2(R1+n) 5 ”¢0” . ntl ||w0||H1(R")’

H™7 (Rn)

for two solutions, ¢ and 1), of the homogeneous wave equation with data ¢(0) = ¢y, 1(0) = ¥y,
0:p(0) = 9:1(0) = 0, together with the standard Duhamel’s principle, to prove H m+1/2 well-
posedness results. Duhamel’s principle suggets, however, that an estimate of the type

”Q(¢’ ¢)“LiLz$ S ||¢0”H"‘l(R")”wOHHO‘Z(R")’

with optimal choices of o and «; might imply a better result. Unfortunately, Example 14.14
shows that this approach fails. Nevertheless, we suspect that the general form of bilinear L{L"
estimates may turn out to be very useful.

Let’s discuss now the estimates (77). The following condition follows easily by a straightfor-
ward scaling argument:

1 n
(78) 50+ﬁ++5——5—;:a1+012—n-

Using the techniques of Section 5 we want to find other necessary conditions for the exponents
q, 7, Bo, B+, B—, ai, oz, involved in (77).

The algorithm is still the same:

(1) We have to check the boundedness of the operators

By, By—y: L*(R™) x L*(R™) — L{LT,

defined in (21), (22), (23), (24).

(2) We test it relative to the characteristic functions of two sets F' and G which may depend
on a small parameter €.

(3) We choose F' and GG in an appropriate way, corresponding to the geometry of the
singularity of the weight W_... We want also to be able to estimate the order of magnitude
of the weight W in terms of parameter € whenn € F and { € G, let’s say Wi.(n, () = W,
for some constant W, = W, (¢).

(4) To each choice of F' and G there corresponds a region R in physical space, depending on
g, so that, whenn € F, ( € G and (¢, z) € R the phase ¢ (¢, z;7, () is essentially constant
(or we can subtract from it a function of (¢, z) to make it essentially constant).

(5) This set R will span a time interval of length T}, = T,(¢) and all its sections at fixed ¢ will
have the same measure, say equal to X, = X.(¢).

(6) Putting these ingredients together we obtain that

1 Btsllzorr

AN e W*IF|1/2|G|1/2T*1/qu/T
IxFllclixellz: ™

(7) All the quantities on the right hand side will be estimated in terms of power of our
parameter ¢. The resulting combination will be of order £ for some exponent d which
depends on the quantities ¢, r, «., §..

(8) For the estimate (77) to be true, €2 has to be uniformly bounded as € — 0, therefore d > 0.
This implies a necessary condition on the parameters g, r, &1, @, 8o, B+, 5—.
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We classify the examples into two categories, the first contains those with data supported on
the same dyadic shell in frequency space, the second contains those with interaction between
high and low frequencies.

Interactions of the data at the same frequency level
Example 14.3. — Consider the (+ +) case. Take
F={n1<m<2e<m<2,|n'|<e}, |F|=e""!,
G={C1<(<2 -26<G<—¢|"|<e}, |G|~e".

Looking back at (23) and estimating each of the factors |¢|%, Tf, (T — |€))P-, |n|® and |¢|°2,
we have

15018+ (£2)B-
W, W, = IET

let] e

28—
Now write the phase as follows
pr=t(Inl —m + ¢ = &) +E+z)m + )+ (0 +¢)
=t0(e%) + t +z) O(1) + 7’ - O(e).

Hence, we can choose
R={(tz):t=0(c?),z1=-t+0(1), 2’ =0(c7")}, Tu=e?  X,~e D

Then

n—1 n-—1 2 n—1 d

L1
W*|F|%1G|%T*"X*’ ~ePe T e T eTuieT T =¢

and we obtain the condition
2 1
(79) d:2[3_—a+(n—1) 1—; >0.

Example 14.4. — Consider the (+ +) case. Take
F={n:|m—-1<e,e<m<2,|n'|<e}, |F|~e",
G={C|G+1<e —2e<G<—¢|¢"| <€}, |G|~em.

We have

_ 018+ 18-

Wi r W, = =¢h

leijee 77
or —2t=t(n] = 14+[¢| = 1) +zim — 1+ G+ D +2' - (o + ') =t0() + z - Oe).
Hence, we can choose
R={(t,2): t=0(e""),z=0(c"")}, T, ~e !, X,~e™™
Then

L 1
W*|F|%|G|%T*“X*T ~efoeteteTiemF =g,
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and we obtain the condition
1 1

(80) d=0Fy——+nll1—-=|>=0.
q r

Example 14.5. - Consider the (++) case. Take
F={n|m-1<ee<m<2e|n’|<e}, |F|~e"t,
G={¢|G+1]<e, -2e<G<—¢ |¢"|<e}, |Gl=e™t.

We have

oy —2t=t(In|—1+[¢|=1)+z1(m =1+ G+ D+2'-(f +{') = tO(e*) + 21 O(?) +2’-O(e).

Hence, we can choose
R={(t ) t=0(5“2),a:1 =O(€_2),z'=0(s_l)}, T, ~e2, X, ~e~ (D,

Then

n+l n+l

L 1
WL | FIHGITE X] o™ e™F e = ¢4,

and we obtain the condition
2 1
(81) d2ﬂ0—5+(n+1) 1—; >0.

Example 14.6.— Consider the (+ +) case. Take
F={n:|m—1|<e ;| <&, In"|<e}, [|F|~e"t?
G={¢ |G| <&, |G —1<e [("|<e}, |Gl=e™t2

‘We have

Bo1B+18-
WirW, = 1—1% =1,
p- =2t -z~ =t(In| = 1+ [¢| = 1) +ai(m — 1+ )+ 22+ & — D+2" - (" +¢")

=10(e?) + 21 0(e?) + 2, 0(e?) +2” - O(e).
Hence, we can choose

R={(t,x): t=0(5_2), x1 =O(5‘2), 2 =O(5_2), " =0(e7")},

T, ~ec72, X, ~e ("2,
Then
W*IFI%IGI%T*%XE ~ e e T e =€,
and we obtain the condition
®2) d=—§+(n+2)(1—%)20.
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However, condition (82) is not sharp and can be improved with a more refined choice of the
sets F' and G. The following example was communicated to us by T. Tao.

Example 14.7 ([19]). — Consider the (+ +) case. Take
F={n:|m-1l<e m—-1<e n"|<e}, |F|=e",
G={¢|a—-1|<e |G+1]<e (" <e}, |G=e™t,

When 7 € F and ¢ € G we have:

P = (14— D)+ (14— D)’ + 7" =242m — 1) +0(?),
P = (14— D)+ (-1 + G+ D)’ +I¢"P=2+2G — 1) +O().
Taking square roots we find

14161 =2VZ+ s = 146 = D+ 0(&).

Hence

Y- — 2\/5t — 2z

=t0(e?) + (Lt—kxl)(m —1+G-D+z2p—1+G+D+2" (" +¢")

V2
=10(e?) + 21 0(e) + 22 0(%) + 2 - O(e)

and of course we have
16018+ 18-
W W= Hae =
We can choose the region R according to our decomposition of the phase,
R= {(t,x): t= 0(5_2), T = O(a_'), Ty = 0(5_2), — O(E_l)},
T, ~ec72, X, ~ e~ D,
Then
1 1L L ntl ntl _2 _ntl d
WF|Z|GI2TEX) ~e 2 €2 ¢ ag” 7 =g,

and we obtain the condition
2 1
(83) d=_5+(n+l) 1—; > 0.

Observe that in the above example all weights corresponding to the differential operators
are essentially like 1. Hence condition (83) is due solely to the geometric properties of cones
and to the bilinear structure of the product. There is an analogous example in the simpler
contest of bilinear restriction problems for the sphere, which we will discuss in Section 17 (see
Example 17.5).

Example 14.8.— Consider the (+ —) case. Take

F={n:|m—-1l<e e<m<2e,|n'|<e}, |F|~e,
G={C¢[G+1]<e —2e< < —¢, ("] <e}, |G|~e™
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We have

_ gPot+B+ B

W_ =W, = — Eﬂo+ﬁ++,@—’

lerfen
o_=t(Inl—m—I¢| = &) +E+z)m+ D+ - +¢)
=t0(e?) + (t + 21) Oe) + 2’ - Oe).

Hence, we can choose
R={(t,z): t=0(e7?), 2y =—-t+0(c7 "), o =0(e")}, T, ~e72, X, ~e ™
Then

W*|F|%|G|%T*$X*% S P e P

and we obtain the condition
2 1
(84) d:ﬂo+ﬂ++ﬂ_—a+n 1—; >0.

There is another example for the (+ —) interaction at the same frequency level which is
associated to an unusual quadratic-cubic scaling and, for some values of g and r is sharper than
Example 14.8.

Example 14.9 ([19]). — Consider the (+ —) case. Take
F={n|m-1|<e |m—el<e&, |n'|<e}, |F|~e™,
G={¢ |G +1|<e |G —e| < [("<e?}, |G| ~e™

We have
+ _
W~ W, = ePot+B+ B _ PotBatBe
T lon]en '
Before estimating the phase, observe that for n € F' we have
2 2 % 2 2
n , In”l n 4 e 1 4
|77|=771<1+—+——) =m+z=—+0(")=m+—+—+0(e
P 2, + O 7 TOE)
2 2

€ €
=m+5 - (m — 1)7 +0(e%),

and similarly, for ¢ € G,

g2 g2
l==G+F+m+D3 +0(eh).

This implies that
2

€
=1 =m+ (1= 3 ) + 0.
The phase can then be written as
2

o —2ex, =10(c*) + [t(l - %) +x1} O(e) + 2, 0(e%) + 2" - O(e?).
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Hence, we can choose
2

R:{mmm=0@4ya=—%}—%)+o@*)m=o@4yﬂzo@4ﬁ,

which corresponds to T, ~ ¢~* and X, ~e~2". Then

l n
W, |F|}|GPTE XT ~ efortbetfgneng—4 % _

5

and we obtain the condition
4 1
(85) d=ﬂo+ﬁ++ﬂ_—a+2n I_F >0.

Condition (85) is sharper than (84) when g and 7 belong to the region where

l > E 1-— l
q 2 r)
The last example for the (4 —) interaction at the same frequency level is an adaptation of an
argument of Selberg [16].

Example 14.10. - Consider the (+ —) case. Take

F={n1l<m<2 |f|<e}, |F|=e",
G={¢1<[¢|<2 |Kl+a-1]<e}, |G~

Since the angle between n € F' and —( € —G remains large, we have

1B80+B+ 18-
W_ ~ W* =

1ol
Observe that for n € F and ¢ € G we have
(Inl = 1¢1) = m + ¢+ 1= (Inl =m) = (I¢] + &1 = 1) =O(e?).
Hence we can write the phase as
Q- +t=t0(e?) + (t+z1)O(1) + 2’ - O(1),
which corresponds to T, ~ &2 and X, ~ 1. Then
W*|F|% |G|%T*%Xj ~1e"TeleTil = ¢4,
and we obtain the condition
n+1l 2
_ ; -2z

Condition (86) is relevant only when n = 2.

(86) d
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Interactions of the data at different frequency levels

Example 14.11 ([19]). — Consider the (++) case. Let L = ¢! and define

F={nL<m<L+1,1<m<2,|n"|<1}, |F|~1,
G={¢al<1, —2<&G<—-1,[¢" <1}, |G| ~1.
We have

LPBo[B+18-
Wi m W= —oqe

o —Lit+z)=t(n|—L+|) +zim =L+ )+ - (0 + )
=t0(1)+ z; 0(1) + 2’ - O(1).

— Lﬂo+5+—0<1

Hence, we can choose
R={(t,z): t=0(1), z=0(1)}, T, ~1, X, ~1.

Then
WL F|}GIF T XF o~ [oortBs—oa — [~d.

and, in the limit L — oo, we obtain the condition
&7 d=—0Fy— P+ +a; =20.

Example 14.12. - Consider the (+ +) case. Define

n+41

F={n L<m<2L,VL<mn<2VL,|n"|<VL}, |F|~L"%,
G={¢|GI<1, -2<G<-1,[¢"|<1}, |G]~1.
We have
LPo[P+18-
T Ll
or=t(nl—m+1¢—G)+¢t+z)m+C)+2" 0 +¢)
=tO(1)+ (t+ 1) O(L) + 2’ - O(L'/?).

WyrW,= — Lﬁo+ﬁ+-a1,

Hence, we can choose

R={(tx):t=0(1),z1=—t+0(L7"), 2’ =0(L""*)}, T.~1, X,~L 7.

Then
WL|FH QTS XF o Lorts—en [ -5 _ [ ~d,

and we obtain the condition

(88) d=—ﬂo—ﬂ++a1——(———)>0.
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Example 14.13. — Consider the (+ +) case. Let L = ¢~! and define
F= {n: L<m<2L,L<m<2L, |n"|<L}, |F|~L"
G={¢|Gl<l, 2<G<~1[¢"|<1}, |G|~1.

We have

LA LB+18-
Wi s W= =

oy =t(Inl+¢]) + -+ ) =tO(L) + z - O(L).

— Lﬁo+ﬂ+—0tn,

Hence, we can choose
R={(tz):t=0(1),z=0(L7")}, T.~1, X.~L™"
Then
W, F} |G TS XF o [ortbe—on L3 [~5 % — [,
and we obtain the condition

1 1 1
(89) d:—ﬁo—ﬂ++a1+——n<———)20.
q 2 r

The last example that we present was also communicated to us by T. Tao.

Example 14.14 ([19]). — Consider the (+ +) case. Let € be a small positive number and define
F={n |Inl+m—2e| <& Iml<e/2}, |Fl=emt,
G={¢|G+1<e || <e}, |G]~e™

We have
18018+ B~
Wy m W, = ———— = [f-o,
Eallaz
and for the phase
or+(A =20t —z =t(Inl+m -2+ [¢|+ ) + @ —Dm+ G —D+z"- (0 +¢)
=tO0(e?) + (1 —t)O(e) + 2’ - O(e).

Hence, we can choose
R={(t ) t:O(s“2),x:O(€_')}, T, ~e72, X, ~e ™
Then
WL F|HGITS XF o ef-ont 2P +8-3-2 _ a4

and, in the limit € — 0, we obtain the condition

1 ‘
(90) d=—on+ 8.+ —3+n(1—1)>o.
2 q r

Making use of the scaling condition (78), we rearrange and summarize the various conditions
that we have found so far in the following proposition.
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PROPOSITION 14.15.— Let n > 2 and 1 < q,7 < 00. If the estimate (77) is true then the
parameters q,1, a1, @2, Bo, B+, B— must verify the following conditions:
o Scaling invariance:

1 1
ot Bt B =ar ot -1 1))

Geometry of cones:

[ ]

S
N

(o)

Q

2
g

=
3

N

2,
)

3
&

3

g

S
&
N

Q

S
S

3

]

Low frequencies in (4 +) interaction:

5021_71(1_1)9

q ‘s

ﬁo?z—(n-l-l)(l—l);
q ™

Low frequencies in (+ —) interaction:

al+ax >

’

(1-2):
q T

Interaction between high and low frequencies:

W Q| =

ap+az >

n

ai<ﬂ—+§"

aigg__,_ﬁ_l_‘_n__l(l_l),
2 q 2 2 7

aiéﬁ—+2—l+n(l—l>,
2 q 2 r

n 1 1 1 1 1
<Pt = .
a; <p +2 q—|—n<2 r>+(2 q)

CONJECTURE 14.16.— The estimate (77) is true '° when the parameters q,r, a1, o2, fo, B+,
B— satisfy the conditions of Proposition 14.15, with the exception of some borderline cases
corresponding to equality in the above conditions. !

10 This and the following conjectures have more the flavor of open questions. They reflect our current understanding of
the problem. It is conceivable that the list of counterexamples and necessary conditions presented above is not complete.
In particular, in the region where g and 7 are very different our conjecture seems far to be optimal. For ¢ = r we believe
our conjecture are sharp up to borderline cases.

1T Very recently we fgund out that T. Wolff has proved a significant part of this conjecture for the case ¢ = r, see [24].
He claims that when ¢ and 1) are supported on disjoint and transversal subsets of the positive null cone at the same

frequency level, then estimate (77) holds in the sharp range for ¢ = r > (n + 3)/(n + 1), leaving open only the question
of the endpoint.
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We extrapolate from this conjecture also some conjectures about null forms. Again, for
simplicity we set ¢, =1, =0.

CONIJECTURE 14.17.— Letn > 2 and 1 < q,r < 0. Let ) be any of the null forms Qo or Q;
introduced in Section 13. The estimate

”Q((ﬁ’ w)”Lng 5 “Da¢0“L2“Dad)0”L2’

is verified whenever q,r, a verify the following conditions:

q
1 n+1 1 n+l1 n—1 1 1 n 1
_< i 1__ ’—_—’—_— ——’_ e 1__ M
q mln{ 2 ( r) 4 2 +r 3+3( r)}

In the particular case where ¢ = r = p the above conjectures reduce to

(91) ”Q(¢? w)HLp(RI-I—n) S ”Da¢0“L2”Daw0”L2’

for

n—+3 1 n+1 1
> —_— = — _— — = ].
p/n+l and « 2—|— 2 (1 p)

Estimates of the type (91) were first considered in [6]. There it was shown, using essentially
the Example 14.6, that the exponents p = (n + 1)/n, a = 1 are not admissible for dimensions
n=2,3.

CONJECTURE 14.18.—Letn > 2 and 1 < q,r < 00. The estimate
||D_1Qij(¢,¢)”LgL; + ||Qij(D_1¢,¢)I|L§L; S Dol 2| D*%ol| L2

is verified whenever q,r, a verify the following conditions:
1 n 1
1—- —(1--],
( q) "2 ( T)

1 . [n 1 n n—3 1 n+l
<-< =|(1-=-),n=1-= -, .
q\mm{3( r) n r 2 +r 4 }

In the particular case where ¢ = r = p the above conjecture reduces to

o=

1-—

I3 =

D' Qij(o, ¢)||Lp(Rl+n) +|Qi; (D', ’Q/J)HL,,(R.M) S 1D%oll 2l D¥ol| L2,

for

1 1 1
a="T(1--), o <p<ntl
2 D n—1

when n > 3.

15. The case ¢ = co, 7 =2

Another situation where it is possible to completely verify Conjecture 14.16 is for energy-type
norms, when ¢ = oo and r = 2.

ANNALES SCIENTIFIQUES DE L’ECOLE NORMALE SUPERIEURE



264 D. FOSCHI AND S. KLAINERMAN

THEOREM 15.1. — Let n > 2. Let ¢, be the solutions of (1), (2). Then the estimate
B+ nB-
D% D2 D)1

92 S (ID* ¢olla@ny + 1D b1l Lawmy) (1 D40l Loy + 1D 1 [l 2@y
holds if and only if ou, oz, Bo, B+, B— satisfy the following conditions:

n
(93) ﬁo+ﬁ++ﬁ—=a1+az—§,

n—1

s =7

(94) B> T

n
(95) ﬂ0>—§,
(96) ai<[3_+%, i=1,2,
97 a; +az >0.

Proof of the sufficient part. — By the usual decomposition of ¢ and 1) into their + and — parts
it is enough to prove the estimate for ¢, and ¢ 1. Observe that we have

98) DP D+ DP~ (¢ p1)(t,x) = DP DY D (¢ 44 )(0,2),

where ¢* and 9! are solutions of the homogeneous wave equation with initial data given by

=g, RO =G0, j=0,1.

Since the exponential factors don’t change the norm of the initial data, once we have a bound for
the L? norm in z of the expression (98) at time ¢ = 0, then we automatically get a uniform bound
for all times. Hence the estimate (92) is equivalent to the boundedness of the bilinear operators

By:I?x L*— L2
defined by

Bi(f.g)0) = / Wia(,€ — ) f (g€ — m)dn,

where W are still given by (23) and (24).

More over, as we did for the proofs of Theorems 1.1 and 12.1, it is convenient to look
separately at the contribution coming from the interaction of comparable frequency levels and
the contribution coming from the interaction of different frequency levels. Thus, we decompose
the operators B4 as the sum of

99) BY(f.g)(€) = / Woa (n,€ — ) f()g(€ — m)dn,
Inl<|E—nl=|€|

(100) BL(f.9)©) = / Wa(n.€ — ) f (g€ — mdn,
Inl=|€—n]>|€]

(101) BA(f.g)() = / Wa(n. € — ) f(m)g(€ —m)dn.
[n]>16—n|~|€|
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Obviously the properties of B3 are analogous to those of BY, because of the symmetry f « g,
oy < ap. Also we can always assume that f and g are non-negative functions.
We assume first that we have a strict inequality in (94):

n—1
(102) B— >—T.

The cases with

will be considered in Section 16.

Estimates for BY.. Consider BY. If we apply Cauchy—Schwarz directly, we reduce to prove
the boundedness of the quantity

sup / W2 (n,& —n)dn.
: [n|<|E—nl=|€|

In the region where |n| < |£ — 7| =~ |£| we have

_ a2 _ 2

where 6 is the angle between 1 and —&. Hence,
Wi (.6 — ) = [g| 0+ 2| o= m g6,
and we have

Wi, & —mn)dn S [gEFA = / [P P-~209*~ dn
[nI<|€—nl=|£] [nI<|€]
€] ™
< |§|2(ﬂo+ﬂ+—az)/pZ(ﬁ——a1)+n—ldp/946_+n—2d9_
0 0

The last two integrals are bounded when 43_ +n —2> —1and 2(6- — o))+ n — 1> —1,
which are ensured by (102) and (96). The scaling condition (93) then ensures that the result is
uniformly bounded in &.

The estimate for B® is obtained in a similar manner.

Estimates for B}. In the region where || ~ |{ — | > |£| we have |n| + | — n| — |€| = |n|
and, by (93),

Win,&€—n)~ |§|50|n|ﬁ++ﬁ——a1—az — Iﬂﬁo'nl—ﬁo—%_

By the now familiar doubling technique and Cauchy—Schwarz inequality, we find

280
1B [ ln’ﬁ’ﬁm () dE dndc.

1€l<Inl|
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The integral in £ is bounded if 23, > —n, which is ensured by (95), and we have

R

|n|2Botm ~

[€1<nl

Observe that here the proof of the boundedness of B}r works also for the case S = —(n — 1)/4,
which is not critical in this region.

Estimates for B! . In the region where |n| ~ |¢ — 1| > |¢| we have

€l = |Inl = 1€ = nl| =~ Wgﬁ ~ [¢|(sin6)?,

where ¢ is the angle between 7 and nn — £ and 0 is the angle between £ and 7. Indeed, from
|€] < |n| it follows that ¢ is small, in particular ¢ =~ sin ¢, and by geometric considerations we
have

sin¢ sin 6

el le—nl
Hence,
ﬁ0+ﬁ++ﬁ— a|+oc2—%
W_(n,§—m= L%U_lm(sm 0)*- = %&z—(sin 0)%-.

We then perform the doubling and apply Cauchy—Schwarz. We obtain

Aoyt on)—n(q; 0 43 _
18405 [ [ [ S — Fand o and.
l€l<In

The integral in £ is bounded if 2(a; + ap) —n > —n and 45_ > —n + 1, which are ensured by
(97) and (102), and we have

[nl m
|§|2(al+°‘2)_"(sin 0)4:3— 1 2(a+az)—1 : 48_+n—2
lan(a1+a2) de = |7l|2(a1+az) prETET dp [ (sin6) T

[€l<Inl 0 0

The proof of the sufficient part of Theorem 15.1, under the assumption (102), is now
complete. O

The necessity of conditions (95), (96) and (97) with non-strict inequalities, follows from the
examples in Section 14. It remains to show counterexamples to exclude the cases of equality in
those conditions.

Example 15.2.— Assume we have equality in (95), fo = —n/2. Take f = xr and g = x¢,
where F is the ball of center (1,0,...,0) and radius 1/2 and G is the ball of center (—1,0,...,0)
and radius 1/2. When |¢| < 1/4 we have

Bo(f, 9O ~ |¢| 2 / dn > le| 2.

neF
£—neG
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Hence, B, (f, g)is not a L? function.

Example 15.3. - Assume we have equality in (96), a; = _ + n/2. Take

xF(n)
[n|™/2[log|nl|’

where F is the ball of center 0 and radius 1/2 and G is the ball of center (1,0,...,0) and radius
1/2. The function f is in L? when a > 1/2.
When |£ — (1,0,...,0)| < 1/4 we have

fm) = 9(¢) = xc(0),

(In] + 1€ = n| — |€))5- 628~
Bi(f. g/~ / . anz L dn
- [n|**7% [log|nf|e ]2 =F-|log n||*
ner [n|<1/4
£—neq
[n|™|log [n||*
In|<1/4

As before, 0 is the angle between n and —¢. The last integral is bounded only if @ > 1, hence,
we obtain a counterexample by choosing 1/2 < a < 1.

Example 15.4.— Assume we have equality in (97), o; + az = 0 and consequently Gy + B+ +
B— =—n/2.Take f = xr and g = x ¢, where F is the ball of center (1,0,...,0) and radius 1/2
and G is the ball of center (—1,0,...,0) and radius 1/2. When |¢| < 1/4 we have

B_(f,g)(€) ~ |¢|PotP+ / (1] = |Inl — 1€ = nI|)*~ dn

neF
§—neG

R [efrees / 6%~ dn 2 €] ",
[n—(1,0,....0|<1/4

Here 6 is the angle between 7 and &. This shows that B_(f, g) is not a L? function.

16. Removal of a logarithmic divergence

To complete the proof of Theorem 15.1, it remains to show the boundedness of the operators
BY and B!, defined in (99) and (100), under the assumption that

To prove this critical case it is convenient to perform a dyadic decomposition of the data in
frequency space. Using the summation techniques already seen in Section 12, the estimates can
then be obtained from their frequency localized versions as stated in the following proposition.

PROPOSITION 16.1.— Let 0 < u S A Take f and g to be functions with compact support. We
have the following dyadic estimates:

e suppose supp f C {|{| ~ p} and supp g C {[§| S A}, then

oe(4)| )15t

(103) ||Bi<f,g>||5(§) 4 (1+
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e suppose supp f,suppg C {|€| = A}, then

ata;
(104) I5.BL(f.9)| S (ﬁ) (1 +

oe(4) )70t

If we apply the procedures of the previous section we would obtain logarithmic divergencies
in the integration of the angular variables. A refined application of the doubling technique will
allow us to transfer the logarithmic loss from the angular variables to the radial ones, for which,
in view of the strict inequalities in (96) and (97), we may allow a loss of € in the exponent.

Proof of (104). — Because of the scaling invariance condition (93), we may assume that
@ =1 < A. Moreover, by the same procedure described in the proof of (65), we can assume
that f and g are supported in opposite cubes, ) and —(Q), of size ~ 1 at a distance ~ A from the
origin. In the region where || ~ |£ — | > |£| we have

€] |l — 1€ = nl| ~ l—g%ez@,—m,

where 6(§, —n) is the angle between the vectors £ and —7. Under our hypotheses the operator to
be estimated is then

fmg€—n) dn.

S1BL(fi@) g—@)(€) = AT~ 0" (€, —n)

7,
[nl<|€—nl
in the region where |£| & 1. By doubling the integral we need to show that

I:// fmg(€ —n) fn )g(g_n)dndnldﬁ,S(l+10g>\)||f||2||g||2,
(ps

0T (& —mO*T (€ —1)
where the region of integration is

Q={mn,:nn—&n'n —€E€Q, €] =1}

We split the integral I = I; + I by decomposing the region {2 into two parts. The first is the
subset {2 defined by the conditions

min{6(¢, —n), 0, —n")} S A0, 7"),
min{0(£,& — ), 06,6 — 1)} SAE —n.E—1n');
the second is the subset {2, on which we have
M(n,n') < min{0(&, —n), 6, —1)},

(It is possible to adjust the constant in the above inequalities so that £2 C §2; U §2,.)
For I; we apply Cauchy—Schwarz pairing f(n) with f(n’) and g(§ — n) with g(¢ —n’). We find

2 2(n/ 206 —mg2(é —n'
Ik//e fsmf () d§dndn’-// g €—mg"€—n) de dndry.
.Q| .Q]

ST, —mOTT (€, —1)) 07 (&, —mO™T (€, —17')
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In the right hand side, the second integral becomes similar to the first if we perform the change
of variables (n,7/,£) — (¢,(’,§') = (£ — 0, & — n', ). Since we have that

/ ()15 » - S1+logh,
2
0, —m)<A6(n.n") (5 - &=)

0(&,—n")SA0(n.n")
|€|~1

it follows that

I S (1 +log M| flllgll-
For I, we apply Cauchy—-Schwarz pairing f(n) with g(§ —n) and f(n’) with g(¢ —n’), We find

FAmg*E—n) FA)g* (€ — n) )
g | [ ey e // iy 1T

2

For fixed 7 the intersection of Q with the set of points 1’ such that 8(n,7") < A has a volume
which is < (AA)"~!. Thus

1
en-l(ga —77)
0(n,n")< Lo
n'eqQ

dn' <1,

which implies
LS fgll o

Proof of (103). — As before we can assume ¢ = 1 < A. Let’s look at the (4+ +) case. In the
region where |n| < |€ — 7| = |€| we have

[0l + 1€ — 1l — €] = In|6*(n, € — ).
The operator to be estimated is

f (n)g(E ) an,

BY.(f,g)(€) ~ A /
* 1,6 — 1)

=~1

[€—nl=I¢|

in the region where |£| ~ . Now the situation is different from before since f and g are supported
on regions at different frequency scales. This fact will cause us some problems if we try to
proceed using the doubling technique at this stage. Instead, we will first observe that, by duality,
is enough to prove that

(105) J(£,9:m) S X7 (A +Log V)| gl 121l
where J is the trilinear expression

f (n)g(C )h(n +¢ )

(1, 0) dnde.

J(f.9.h) = / BY(f, 9(©RE) dE m X~ "F /
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But we can view (105) also as the duality formulation of the L? boundedness for the bilinear
operator

9(Oh(n+ Q) d

B'(g, h)() = A2~
077 (0,0

[CI=In+¢I=A

¢

on the region |n| = 1. More over g and h can be restricted to be supported in the same cube Q of
size 1 at frequency level A. The proof for the boundedness of B’ now can follow the same line
as in the proof of (104). (Changing ( — —¢ and ¢g({) — g(—() we get to estimate precisely the
same operator.)

The proof in the (+ —) case for B?, is analogous to that of the (+ +) case for BY. The only
change is to replace 7y by —n and f(n) by f(—n). O

17. Bilinear restriction conjecture

In trying to solve Conjecture 14.16, which we expect to be hard whenever ¢ < 2 or r < 2,
it helps to consider a simpler version of it which makes sense in the classical context of the
restriction theorem for the unit sphere S = S"~! in R".

Define the Stein operator to be the adjoint of the Fourier restriction operator R f = f |ss

Sf@) = R* f(@) = / €€ £(£)dSe ~ (f dS)V (@),

N

Recall that the classical Stein—Tomas restriction theorem (see [23,17]) can be formulated as
follows.

THEOREM 17.1. - Let f € L*(S) and

2(n+1) <p<
n—1
Then Sf € LP(R™) and
(106) IS fllLe@ny S N fll Lacs)-

The Strichartz inequalities (76) are proved by using the same methods which are used to prove
Theorem 17.1. As the bilinear estimates (77) are a generalization of (76), it makes sense to ask for
some version of a bilinear extension of the Stein—-Tomas theorem. In particular we may consider
the following bilinear forms,

B(f,9)=Sf-9g,

Q(f,9)=Q:j(Sf,S9)=0;Sf-0;S9 — 0;Sf - 0:iSg.

Observe that the symbol of Q(f,g), 0(&,n) = & A n vanishes precisely when &, are aligned,
this corresponds to the worst behavior of the product S f - Sg. It is reasonable, then, to ask what
happens with S f - Sg if the supports of f and g are not aligned, in other words they have disjoint
projectivised supports. This leads to the following:

CONJECTURE 17.2.— Let {21, {2, two disjoint subsets of S such that
dist(£2y, £2;) > 0, dist(21, —82,) > 0.
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Then
(107) HB(f,g)HLp(Rn) S I iz 9l 2y,

for all f supported in §2, and g supported in (2,, whenever

n+2
—

(108) p=

This is intimately connected to the following:

CONJECTURE 17.3.— For arbitrary f,g € LAS), p > (n +2)/n and

QUf.9)=Qij(Sf,S9)=0;Sf-0;S9—0;Sf-0;Sg
we have,

(109) QU D o@ny S I1fllz29) 19l 2s)-

Remark 17.4.—The case p > (n+ 1)/(n — 1) is already contained in Theorem 17.1, since
applying Holder we immediately have

[ BU 9| Loy < NS lz2v@n[Sgllzv@ny S Il pasn—1llgl L2gn-1,s
forallp > (n+1)/(n—1).

The Knapp example shows that this is sharp. Consider in fact f = g = x¢., where C. is the
cap defined as the intersection of the sphere S and the rectangular box

D.={¢eR™ |6 —1|<e, |¢|<e},
for a small € > 0. We write
Sf(x)=e® /e”'(g“l)exl'gldSE,
Ce
and observe that it is possible to choose a region R, defined by
R.={z €R"™: |z <e % 2’| < 6—1},
such that |S f(z)| 2 |C:| when x € R.. Therefore

+1

2 2| p |2/2 .
”B(f,g)”[,p - ”Sf”[,zp > ICEI |Rsl P _ lCSHR&‘ll/p:Sn_l_T'

I£llzellglze — NG~ IC]

In the limit € — 0 an inequality like (107) implies p > (n + 1)/(n — 1).

Clearly the Knapp example is not relevant to the case of projective disjoint supports. If we
try to consider a modification of it, where we take f and g to be the characteristic functions of
two disjoint spherical caps, then we are lead to the condition p > n/(n — 1). However, this is
not a sharp result, as it shown in the next example, which is one of the main justifications for
Conjecture 17.2.
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Example 17.5. - Define, for some small € > 0, two rectangular regions in phase space as
Dy={¢eR™ |& — 1| <& |&| < |¢" <&},
Dy={£eR™ |g] <&, | — 1] <& |¢ <&}

Let now f = xsnp, and ¢ = Xsnp,, then
£ 2@ = 9l o) = 1SN Dy |/ & €™/,
It is then possible to fix a region R in physical space, defined by
[zl Se™ a2l Se™h RIS
such that for x € R we have
Sf@) 2580 D1 1g@)] > 5180 Dl

This implies that

IB(f.9)|Lr
I[f1l2llgll 2

For small values of €, an estimate like (107) will necessarily require n — (n + 2)/p > 0, which is
possible only if p > (n + 2)/n.

m+2)

>SN Dy 2SN Dy 2RV g™ .

The Conjectures 17.2 and 17.3 can be easily proved when n = 2. This is due to the fact that,
in that case, the optimal exponent is p = (n + 2)/n = 2. This fact allows us to apply Plancherel’s
theorem and make use of the simple convolution structure of the Fourier transform of B(f, g).

Indeed,

B(f,9)(€) =~ (f dS) * (gdS)(€) = / §(1— € =n)6(1 = Inl) £& —mgn)dn,
R2

and applying Cauchy—Schwarz with respect to the measure 6(1 — | — n|)6(1 — |n|) dn we find

(110) |B(f, )©)° < BA,DEOB(17 197 (©.
It is not difficult to verify that

—-1/2

B, D@ = [¢]7" (4 [€7)

When we integrate (110) with respect to £ we obtain

6(1 — € —nDéC1 — |n))
”B(f’g)“iz(Rz) N // |£||(4 —nl|§|2)1/2 In |f(£ - 77)|2|g(77)|2d77d§-

Change variable, £ — ( = £ — 7, and observe that when |n| = |¢| = 1 we have
€l =In+¢l=+n-O"
(4=l =@ =+ )2 =a=-n-0',
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hence

F©OPlgm?
| B(f. g)IILz(Rz)N//(l_(I Igoz)l'ﬂ ds, dS;.

This is an interesting formula. Observe that if the supports of f and g on S! are projectionally
disjoints, i.e. don’t contain points in the same direction, then the quantity 1 — (1 - ¢)? is bounded
below by a positive constant and in this case we obtain the bilinear restriction estimate

HB(f’ g)“LZ(RZ) 5 ||f“L2(§‘)Hg“L2(S')'

In the same way, using the structure of the symbol o(§,n) = £ A 7, we prove,

QU D] ey S Wl 2y gl asy)-

As was mentioned in the introduction the Conjectures 17.2 as well 17.3 have surfaced in
discussions between Machedon and Klainerman many years back. They were motivated by their
interest in bilinear null estimates for solutions to homogeneous wave equation. The conjectures,
as well as their simple proof for n = 2, were discussed in a conference at MSRI in July 97.

Recently, Tao, Vargas and Vega [20] were able to make some progress on Conjecture 17.2 in
dimension n = 3. In particular, for n = 3 they could prove (107) forp > 2 — 65—9.
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