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1 Introduction

In this paper we undertake a systematic review of results proved in [21, 22,
25, 26, 27] concerning local well-posedness of the Cauchy problem for certain
systems of nonlinear wave equations, with minimal regularity assumptions on
the initial data. Moreover we give a vastly simplified and unified treatment of
these results and provide also complete proofs for large data. The key ingredi-
ent throughout the survey is the use of space-time bilinear estimates; they are
intimately tied to the null structure of the equations we consider. The simplest
type of bilinear estimates are of L? type; they transfom, by Plancherel’s identity,
to bilinear L? convolution estimates in Fourier space. This leads naturally to
weighted L? spaces; in view of their similarity to the Sobolev H* spaces we de-
note them H*?, and propose to call them Wave-Sobolev spaces!. Though these
spaces play a fundamental role, in most applications they need to be refined.
In this survey we do this by taking their intersection with suitable weighted
LI(L") type spaces. These spaces are described in detail in section 4. The main
bilinear estimates are summarized in section 2, the spaces H*? are discussed in
section 3. The main nonlinear results are stated below and proved in sections
7-9. In section 10 we discuss some of the main open problems and provide some
historical remarks.

On the Minkowski space-time R x R™ ~ R!*" we use coordinates (¢,z) =
(2°,...,2"), and indices are raised and lowered relative to the metric m,, =
diag(—1,1,...,1). The summation convention is used in some sections. We
write 0, = O,» and 0y = 0p.

We are interested in the Cauchy problem for systems of the type

Au = N(u),

where A = —07 + A is the standard wave operator on R x R", A = 3717 is
the Laplacian on R", u = u(t, ) takes values in RV for some N > 1 and N is

! These spaces have apppeared before in PDE, in connection with questions of propagation
of singularities for nonlinear wave equations. In the context of bilinear estimates and optimal
well-posedness of the Cauchy problem they appear first in [4], in the study of periodic solution
to KdV and nonlinear Schrodinger equations (see also [14]), and in [18] in connection with
semilinear wave equations satisfying the null condition. See section 10 for more complete
historical remarks.



an operator which is local with respect to the time variable (i.e., N'(u)(¢,-) only
depends on u(t',-) for ¢’ in any neighborhood of t).
Cauchy data are prescribed on the initial hypersurface {0} x R™* ~ R™:

(uaatu)|t:0 = (fag) € H” x HSil

where H® = {f : (I — A)*/?f € L?}.

1.1

Statement of Main Results

We shall in fact concentrate on systems of the following types:

(i)

(i)

(iii)

(iv)

Wave Maps Type:

(WM) Au® + ZFﬂK(u)Qo(UJ,UK) =0.
J K

Here, u! denotes the I-th component function of u, the FgK are smooth
functions from R" into R and Qy is the null form

Qo(¢, %) = > 000" = —0updptp + Y 9; 6051
j=1

n=0
Yang-Mills Type:
(“YM”) Au=D7'Q(u,u) + Q(D™'u,u),

where D = (=A)®/? and Q stands for any bilinear operator of the fol-
lowing type: Given vector-valued functions u and v, the I-th component
function of Q(u,v) is a linear combination, with constant, real coefficients,
of Qij(u’,v¥) for all 1 <i < j < n and all J, K, where Q;; is the null
form
Qij (9, %) = 0;605¢) — 0ip0;1).

(The two @’s on the right hand side of (“YM”) may represent two different
such operators.)

Mazwell-Klein-Gordon Type:

{Au = D~'Q(v,v),

“MKG”
(MKG") Av = Q(D~"u,v),

where u = (u',...,u™), v = (v',...,o™), N = N; + N, and Q has the
same meaning as before. Thus (“MKG”) is a special case of (“YM”).

Wave Maps Model Problem:

N
wan M = 3 ah G’ ),
J,K=1



where the al; are real constants,
Qb v) = 0;(RoR;é v — ¢+ RoRj)
j=1
and R, = D719,.

The following theorem summarizes the main well-posedness results proved? in
[21, 22, 25, 26, 27].

Main Theorem. (a) (/21, 26].) If n > 2 and s > 3, then (WM) is locally
well-posed for initial data in H® x H5'.

(b) ([25, 27].) If n >4 and s > 252, then (“MKG”) and (“YM”) are locally

well-posed for initial data in H® x H5'.

(c) ([22].) If n > 3 and s > 252, then (WMM) is locally well-posed for initial
data in H® x H* ',

By locally well-posed we mean that for all (f,g) € H® x H*"! there exist
T >0 and
ue C([0,T], H*) nC([0,T), H*™)

such that u solves the equation on (0,7) x R™ in the sense of distributions, and
such that the initial condition is satisfied. Moreover, T is bounded below by a
strictly positive and continuous function of || f|| 5. + |||l s=1, the map (£, g) —
u is locally Lipschitz®, and u is unique in some subspace of C([0,T], H*) N
C1([0,T], H*~1). Moreover, any additional regularity of the initial data persists
in time, but for simplicity we ignore this issue.

1.2 DMotivation of the Equations

With the exception of (WM), the equations we work with are model prob-
lems derived from the actual Maxwell-Klein-Gordon, Yang-Mills and wave maps
equations. Here we review these equations and discuss how our model problems
relate to them.

Wave Maps

A wave map from the Minkowski space-time into a Riemannian manifold (M, g)
is a map v : R — M which is a critical point with respect to compactly

2Strictly speaking most of these results were proved only for sufficiently small data. Large
data recquire some technical considerations discussed in this paper.

31n fact, the solution depends smoothly (or even analytically in most of the above examples)
on the data, in the sense that if £ — (f=, g<) is a smooth map into H® x H3~! for |¢| < £, and
if ue is the solution corresponding to the initial data (fc,ge), then € — uc is a smooth map
into C([0,T], H%) N C'([0, T], H5~1) for some T" > 0. This is because the solution is obtained
by a Picard iteration procedure; see [34].



supported variations of the Lagrangian

1
Llu] = 5/1+n (du,du) dtdz,

where (du,du) = ZZ:O dab Gav0,u0"u’ in local coordinates on M. The
Euler-Lagrange equation for this variational problem is exactly of the form
(WM), in local coordinates on M, with I'J .. the Christoffel symbols of M in
the local chart and N = dim M (see, e.g., Shatah-Struwe [36]).

Maxwell-Klein-Gordon Equations

In the following discussion, the summation convention is in effect. Greek indices
are summed from 0 to n, roman indices from 1 to n. Recall that indices are
raised and lowered relative to the Minkowski metric m,, = diag(-1,1,...,1).
For example, A = 9#9,, and A = 870;. We denote by i the imaginary unit.

The unknowns of the equations are a one-form A,dz" (the gauge potential)
and a scalar ¢, both defined on the Minkowski space-time:

A, R 5 R,
¢:R'" = C.

The electromagnetic field is the two-form F),, = 0,4, — 0, A,. The covariant
derivative relative to the gauge potential is

D,¢p=0,0+iA,0.
We are looking for critical points of the Lagrangian

1 1
(——F,“,F’“’ - §DM¢DM¢> dt da.

cand= [ (-

Ri+n»

The corresponding Euler-Lagrange equations are

(MKG&) 8uFuu = _%(¢D—U¢)7
(MKGb) DD, =0,

where 3z denotes the imaginary part of z.
Let x be a real-valued function on R'*™, and consider the transformation

(Aua ¢) — (Zua ‘E) given by

Ay =A, —0ux,
¢ = e,

Clearly, the electromagnetic field is left unchanged by the gauge transformation
A, — A, and a simple calculation reveals that if (4,,, ¢) verifies (MKG), then

so does (Z,,, ¢) (keep in mind that D, depends on A,,). This gives an equivalence



relation on the set of pairs (4,,¢) verifying (MKG), and by a solution of the
latter, we understand an equivalence class of such pairs.

Thus, we have gauge freedom; i.e., we are free to choose any representative
of a given solution (equivalence class), and we may stipulate a condition that
the gauge potential should satisfy. The traditional gauge conditions are:

e Lorentz: O*A, =0,
e Coulomb: BjAj =0,
e Temporal: Ay = 0.

(MKG) in Lorentz gauge. Coupling the Lorentz condition with (MKG)
yields the system

(1.1a) AA, = —3(68,0) + |¢|° A,
(1.1b) Ap = —2iA"0, ¢ + A* A, ¢,
(1.1c) "A, =0.

Now observe that if (4, ¢) satisfies (1.1a) and (1.1b) with initial data
(1.2a) Au|t:0 = ay, atAu|t:0 = by,
(1.2b) = ¢o, 0|,y = P

s
it
o

|

satisfying the constraints

(1.3) bo=0%a;,  Aag— |¢o|” ao = 07b; — (o),

then (1.1c) is automatically satisfied. For by (1.1a) and (1.1b), u = 9" A, solves
Au = |¢[*u,

and by (1.2a) and (1.3), u|t:0 = 8tu|t:0 = 0. By uniqueness of solutions, u = 0.

Thus, (1.1c) is equivalent to the constraint (1.3) on the initial data, so we are
left with (1.1a) and (1.1b). Therefore, (MKG) in Lorentz gauge is schematically
of the form Au = udu + u®. Unfortunately?, generic equations of this type do
not have good local regularity properties, so the Lorentz gauge is not very useful
for our purposes.

(MKG) in Coulomb gauge. Coupling the Coulomb condition with (MKG)
gives

(1.4a) Ado = =S3(¢0:9) + | Ao,

(1.4b) AA; = —S(08;8) + |o|” Aj — 9;8; Ao,

(1.4c) Ap = —2iA70;¢ + 2iAgOsp + i(0p Ag)d + A A,
(1.4d) DA =0.

4See our discussion concerning the first iterate in section 1.3 below.



Here we have split the gauge potential into its time component Ag and its spatial
component A = A;dz?. We prescribe initial data at time ¢t = 0:

(15&) AJ‘
(1.5b)

:aj, atAj|t:0 :bj,
- ¢07 at¢|t:0 = ¢1-

=
it
o

|

No initial condition is imposed on Agp; if we set ag = Ag

Aag — |90’ a0 = ~S(dody).-
Equation (1.4d) is automatically satisfied if the data are divergence-free:

then by (1.4a),

|t=0’

(16) Bjaj = ijj =0.

For if (Ao, A, ¢) satisfies (1.4a)—(1.4c), then u = 87 4; solves Au = |¢> u, and
if (1.5) and (1.6) are satisfied, then u|t:0 = Btu|t:0 =0.

We are then left with the equations (1.4a)—(1.4c). The first of these, being
an elliptic equation, is relatively easy to handle, so we leave it out of our model

equations. The two remaining equations have terms of three types on the right
hand side:

e “Elliptic terms” involving Ag; these are collectively denoted by €.
e Cubic terms in A; and ¢; these are collectively denoted by C.
e Quadratic terms with a null-form structure.

The terms falling into the latter category are —S(gb%) and —2i479;¢. We
now uncover the null-form structure inherent in these expressions (due to the
Coulomb condition).

Split ¢ into its real and imaginary parts: ¢ = u + ¢v. Then

—S(gb%) = ud;v — voju,
so (1.4b) reads, as an equation of (time-dependent) one-forms on R™:
AA = udv —vdu + C — d(0: Ao).

Apply d to both sides:
A(dA) = 2du A dv + dC.

But 1
du A dv = §ij(u,v)d:nj A dz*,

whence
AFjr = Qjk(u,v) + 0C.

The Coulomb gauge condition implies that 0¥ Fj;, = —AA4;, so we have

—AAA; = 8%Q ik (u,v) + 8°C.



Thus, modulo Riesz operators,
(1.7) AA =D 'Q(Re,S¢) +C,

where @) is some linear combination of the null forms® Q;x. Since the cubic
term C is easier to estimate, we leave it out of our model problem.
Now consider equation (1.4c). Separating real and imaginary parts, we have

Au=24A-Vo+C+E€,
Av=-24-Vu+C+E.

(Here we consider A as a vector field by raising its indices; V denotes the
gradient in the space variables.) We claim that the terms A - Vu and A - Vv
have a null-form structure, due to the fact that A is divergence-free (by the
Coulomb condition). Let Bj; be the unique solution of

(1.8) ABj, = 0; A, — OpA;
(with appropriate regularity assumptions). By the Coulomb condition,
(].9) ABijk = AAk, which implies Bijk = Ak.
Thus,
A-Vu= BJBjkBku = §ij (u, Bjk).
The above equations for u = R¢ and v = ¢ can therefore be rewritten
AR = Qi (3¢, BI*) +C + &,
ASo = Qi (B*, Re) +C +&.

But in view of (1.8), B is of the form D~ A modulo Riesz operators. Combining
this with (1.7) and discarding the terms C and £ throughout, we obtain a system
of the form (“MKG”), which is our model for (MKG).

Yang-Mills Equations

Let G be one of the classical, compact Lie groups of matrices (such as SO(k, R)
or SU(k,C)), and let g be its Lie algebra. The unknown is a g-valued one-form
A, dz* on R'™™. The corresponding covariant derivative is

D,H =90,H + [A,, H],

where H is any g-valued tensor field on R!™" and [-, -] is the matrix commutator.
The curvature is the g-valued two-form

Fu = 0,4, — 0,4, + [A,, A].

5To be precise, the j-th component of Q is r BkQjk, where Ry, = D~ 19% is the k-th
Riesz operator. Since we work with norms which only depend on the size of the Fourier
transform, we ignore the Riesz operators.




The Lagrangian is
1
L[A,] = —Z/(F,“,,F””) dt dzx,

where (-,-) is the inner product on g inherited from the ambient space (e.g.,
SO(k,R) embeds in R’“Z, so its Lie algebra can be viewed as a subspace of the
latter). The Euler-Lagrange equations are

(YM) D"F,, =0.
Let O be a G-valued function on R!*7". Consider the gauge transformation
A, — A,, given by _
A, =0A4,07" - 09,007
A calculation shows that the curvature then transforms into
F,, =OF, 0.
Denoting by 13,, the covariant derivative corresponding to Z,“ we then have
D"F,, = OD"F,, 07,

so (YM) is invariant under gauge transformations. We therefore have gauge
freedom, and may impose a gauge condition on A4,,.

(YM) in Coulomb gauge. Relative to the Coulomb condition 874; = 0,
(YM) takes the form (see [20])

(1.10a) AAg = 2[07 Ag, Aj] + [A7,0: A;] + [AT, [Ao, A]],

(1.10b) AA; + 0:0;40 = —2[A’“,6kAj] + [Ak,ajAk] + [0r Ao, Aj] + 2[Ag, O0: Aj]
— [Ao, 0;A0] — [Ak, [Ak, A;]] + [Ao, [Ao, 45]],

(1.10c) OIA; =0.

Unfortunately, assuming the existence of a global Coulomb gauge forces a re-
strictive smallness assumption on the initial data. In [20] this difficulty was
resolved by using local arguments. Following [27], we ignore this complication,
and derive our model equation from the system (1.10).

As in the discussion of (MKG), (1.10c) reduces to a constraint on the initial
data. The equation for Ay is elliptic, so we ignore it. As for (1.10b), we only
retain the first two terms on the right, since the other terms either involve Ag
(for which we expect to have better estimates than for A;), or are cubic.

Now write (1.10b) as an equation of time-dependent, g-valued one-forms on
R™ (ignoring all but the first two terms on the right):

AA +d(9,49) = S + T,

where A = A;dz?, S = —2[A* 0y A ]dz’ and T = [A*,0;Ax]dx?. Apply the
exterior derivative d to both sides:

AdA =dS +dT.



Let B be the two-form (in this case g-valued) determined by equation (1.8).
Thus
AABjk: = ajsk - aij + Bka - Bij.

By (1.9), it follows that

—AAA; = 0% (9;Sk — OkSj + 0, Tk — KTy),
so for the purposes of estimates in frequency space, we may replace (1.10b) by
(1.11) AA =S+ D™'dT.

It remains to identify the null form structure hidden in S and dT'. To begin
with, we have

1
S; = [0k B*,9,4;] = 5[@3’” — 8 B™*,9,4;]

([0x B, 014;] — [8:BM, 9, A;))

— N~

3 (0xB¥0,A; — ;B 0y Aj + 0y A;0, B — 9,A;0,B*) ,

so each entry of the matrix S; is a linear combination of terms of the form
Qu(A, B), where A and B stand for any two entries of A; and By;. But by
(1.9), we may replace B by D! A. Schematically,

(1.12) S ~Q(A,D7"A).
Now consider the one-form T'. We calculate:

(dT) jx = 0;[AL, 01 A1) — Ok[A!,0; 4]
= [0; A1, 0, A1) — [0 AL, 0; A1)

Thus, each entry of the matrix (dT'); is a linear combination of terms of the
form Q;x(A, A’"), where A and A’ stand for any two entries of 4;, 1 <1 < n.
Combining this with (1.12) and (1.11), we arrive at the model (“YM”) for the
Yang-Mills equations.

Wave Maps Model Problem

The (WMM) equation arises from a simple reformulation of Wave Maps whose
target manifold has a bi-invariant Lie group structure. Let G be a Lie group,
and let g be its Lie algebra, identified with the tangent space T.G, where e is the
unit in G. For any a € G, we denote by L, and R, the left and right translation
operators on G, given by L,(g9) = ag and R,(g) = ga. Their derivatives are
denoted by L, and R, respectively.

Assume that G is endowed with a Riemannian metric A which is bi-invariant;
ie, h(LyX,LoY) = h(X,Y) and h(R. X, RoiY) = h(X,Y) for all a € G and
all tangent vector fields X and Y.



Let w : R"™ — G. Then for all 0 < p < n and (t,z) € R'"™, d,u(t,z)
is a vector in the tangent space T),(; )G, and we move this vector into the Lie
algebra T.G by left translation. More precisely, we define a g-valued one-form
A, dz* by

Alt = Lufl*(a,,u),

where u~! denotes the group inverse.
It turns out that u is a wave map if and only if A, dz* satisfies

oA, =0,

1.13
(1.13) OuA, — 0,A, = —[A,, A,

where [, ] is the Lie bracket. The advantage of this formulation of the wave
maps problem is that it avoids the use of local charts in the target manifold.
See Christodoulou and Tahvildar-Zadeh [5] for an application of this system to
prove global regularity of spherically symmetric wave maps for n = 2.

First, let us see how the model equation (WMM) arises from this system. We
start by transforming the variables, using the nonlocal operators R, = D~'9,,.
We assume that g is a Lie algebra of matrices, and that [-, -] is the usual matrix
commutator. Set

Ai = A; + RoR; Ag.

Then it follows from (1.13) that the one-form Agdz® + A;dz’ satisfies

AAg = 8'[Ag, A; — RoR; Ao)
84, =0
9;A; — 0jA; = [A; — RoRj Ao, A; — RoR; Ag).

Since the spatial part A; satisfies an elliptic Hodge system, it is easier to estimate
than the temporal part Ay, and therefore we ignore it. In other words, we set
A; = 0 in the equation for Ay, which gives the model problem (WMM).

We remark that if we set Ay = 0, then the above system describes a time-
independent wave map (a harmonic map) u : R™ — G. This formulation of the
harmonic map problem was used by F. Hélein [8] to prove regularity of weakly
harmonic maps in dimension n = 2.

We now outline the derivation of the system (1.13). Following [5, Section
3.1], we first choose an orthonormal basis Q; of g, and we let w’ be the dual basis
of left-invariant one-forms on G. Let el be the structure constants, defined by

[QJ, QK] = eﬂKQI.
Express A, relative to the basis:
A, =l9r.
Since dyu = Lyx A, it follows that

(1.14) @/}i(t, x) = wi(t7x) (Buu(t, z)),

10



which gives the precise dependence of ¢! on u and Ju.
Recall that the wave map Lagrangian is Lu] = [ L dt dz, where

L(u,0u) =

1 1 1 1
5 (du, du) = Sh(B,u,0"u) = Sh(A,, A*) = 23 ()"
I

Here we used the left invariance of h. Using the last expression for L(u,0u),
together with (1.14) and the Cartan structure equations

1
dw!’ = —iengJ AWk,

a calculation reveals (see [5] for the details) that the Euler-Lagrange equation
takes the form

(1.15) oMt = efep Ty
J,K

A direct calculation also gives

0l = 0, = = ehru vk,

JK

Observe that the last equation is equivalent to the second equation in (1.13).
We claim that (1.15) is equivalent to

O1A, = [AF, A,

Since the right hand side vanishes, we obtain the first equation in (1.13).
To prove the claim, we only have to note that, because of the assumption
that the metric on G is bi-invariant, the structure constants satisfy

I _J
€JK = €KI-

Equivalently,
h(Qr, [, Qk]) + h(Q,[Qr,Qk]) = 0.

To see this when G is a group of matrices, let eX denote the exponential map,
where X € g. Fix X, Y, Z € g. By the bi-invariance of h,

h(eXve X, e Ze™tX) = h(Y, Z).

Since

d ixv o —tx
E(e Ye )|t:0:XY—YX:[X,Y],
it follows that

d _ _
SR XY X X 7o) | = (X, Y], 2) + BV, [X, Z]) =0,

which proves the claim.

11



1.3 Motivation of the Main Theorem

Consider the system
(1.16) Au = F(u,0u),

where v : R — RN, Ou = (yu, O1u, . ..,0,u) and F is a smooth RN -valued
function satisfying F'(0) = 0. For this equation one has the following standard
existence and uniqueness result (concerning the proof, see Example 5.2).

Classical Local Existence Theorem. Equation (1.16) is locally well-posed
for initial data in H® x H*"*(R") for all s > % +1.

This result is far from being sharp insofar as the regularity assumption on
the initial data is concerned.

To understand better the issue of optimal local well-posedness, in the context
of our examples (wave maps, Maxwell-Klein-Gordon and Yang-Mills equations),
we need to define the critical well-posedness (henceforth abbreviated WP) ex-
ponent s.. All our equations have a natural scaling associated to them, and s,
is the unique value of s for which the H* x H* !-norm of the initial data is
invariant under this scaling. For example, if u solves (WM), then so does

ux(t, z) = u(At, Az),

for any A > 0. Since [Jux(t)|| 7. = A2 7% ||u(\t)|| -, the critical WP exponent
for (WM) is s. = 3.

The same principle works for (MKG), (YM) and (WMM). In fact, they all
have critical WP exponent s, = "T_Q

With this definition we formulate the following, taken from [16]:

General WP Conjecture. (i) For all basic field theories the initial value
problem is locally well posed for initial data in H® x H5', s > s,.

(ii) The basic field theories are weakly® globally well-posed for all initial data
with small H% x H%~1-norm.

iii) The basic field theories are ill posed for initial data in H® x H*™1, s < s,.
(iii)

Our Main Theorem establishes part (i) of this conjecture for the equations
in section 1.1. We prove local existence by Picard iteration in a suitable Banach
space, as discussed in section 5. The 0-th iterate uy corresponding to a Cauchy
problem

Au=N(),  (u,0m)|,_, = (f9)

is just the homogeneous part of the solution:

Aug =0, (u, Bpw)|,_, = (f,9)-
6The solutions may fail to depend smoothly (analytically) on the data.

12



The subsequent iterates are given inductively by
wjpr = uo + A7 N (uy)

for 7 > 0, where A~' is the operator which to any sufficiently regular F assigns
the solution v of Av = F with (v,atv)|t:0 =0.

If we are to prove existence of a local solution of Au = A (u) with initial data
in H® x H*~! by iteration, we must be able to prove that the iterates remain
in the data space:

(1.17) feH! geH"' = w;(t)e H*, Owu;(t)e H !

for all j > 0 and all ¢ in some interval (0,7). For j = 0, (1.17) is trivial, but the
case j = 1 already offers valuable insights. We will say that the first iterate is
WP for initial data in H?® if (1.17) holds for j = 1 and all (f,g) € H* x H*" .

1.1. Example. Consider the model problem
Au = (Bu)?,

where u is real-valued. This equation has the same scaling properties as (WM),
hence the WP-exponent is s = 7. We want to find the lower bound for the
set of s such that the first iterate u; is WP for initial data in H°. A simple
calculation involving Duhamel’s principle, done in the Appendix, shows that

this reduces to proving an estimate of the type

gy [ K AOamh(e + ) ddn Sl ol 0

for all f,g,h € L>(R™), where

E+n) !
1.19 K(&n) = ——1— ,
(-19) (& O " (1+AL(&n)
(1.20) Ap =g+l —1E+nl,  A_=|¢+nl—]lE - nl]-

Here we use the notation () =1+ ||
In the Appendix we prove the following result concerning integral estimates
of the type

f(©gmh(€ +n)

(1.21) /R"xR" ©“ ()" (1+Ax(E,n)

zd€dn | fllz= llgllzz (1Pl
where Ay are given by (1.20).

1.2. Proposition. Let a,b,c > 0. Then (1.21) holds if a +b+c > % and
c< ot

13



It should be remarked that the estimate fails if a +b+c¢ < § or ¢ > "T_l,
although we do not prove this here.
The kernel (1.19) clearly satisfies (assuming s > 1)

K (@7 +m)' ) (1+Asem) ™

for any 0 < a < 1. In view of Proposition 1.2, we must have a < ”T71. In order
for the other hypothesis of Proposition 1.2 to be satisfied, we need

n—1 n
-1 inl1. —= _
S +m1n<, 1 >>2,

i.e., s > max (ﬂ ”—*5)

20 4

Thus, for the model equation Au = (G;u)? in dimension n = 3, the above
example shows that the first iterate is WP for initial datain H® if s > 2 = s.+ %;
in fact, one can show that this fails to be true if s < 2. This should be compared
to the counterexamples of Lindblad [28] in dimension n = 3, which show that
there are equations of the type Au = ¢(du), where ¢ is a quadratic form on R*,
which are ill posed for data in H? x H'(R?). However, if the quadratic form ¢
is of null form type, one can go almost all the way to the critical WP-exponent
s.. The next two examples verify this at the level of the first iterate.

1.3. Example. Consider the equation”
Au = Qo(u,u),

where u is real-valued. Again the question of WP of the first iterate leads to the
problem of proving an estimate of the type (1.18), but because of the special
null structure of the operator Qg, the singular factors Ay cancel out completely
from the denominator of the kernel. In fact, K is given by

K&n =€ "+m ",

so by Proposition 1.2, the first iterate is WP for data in H®, s > s. = 3.

1.4. Example. Consider the equation
Au = Q(u,u),

where u is vector-valued and @ (u, ) is a vector whose I-th component is a linear
combination of Q;;(u”’,u®) for all i,j,.J and K. As in the preceding example,
there is a cancellation due to the null strucure of @);;, but in this case we only
get rid of half a power of Ay. In fact, K is now given by

—st1 —s+1 _1
K(n) = (77 +()7"%) (1+As(em)
"The equation below can in fact be trivially solved and analyzed, see the first page in the
introduction of [18].
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so the first iterate is WP for data in H®, s > max (g, ”1'3).

By an obvious modification, if we cons1der instead the equation
Au=Q(D uu),

we find that the first iterate is WP for data in H®, s > max (252, 21).

The preceding examples are worked out in more detail in the Appendix.

1.4 Notation

Throughout the paper, p . ¢ means that p < Cq for some positive constant C'.
Similarly, ~ means = modulo a positive constant. The notation p ~ ¢ means
pb.q.p.

If X is a separable Banach space, LP(R*, X) denotes the usual LP space,
relative to Lebesgue measure on R¥, and we write LP(R¥) = LP(R¥,C). If
(a,8) € R¥ x R!, we define the mixed norm ||f(a,ﬁ)||an(LE) by first taking
the L"(R')-norm in j, followed by the L?(R¥)-norm in a. Thus, L%(L}) =
L9 (RF, L"(R)) if r < oo.

The space of Schwartz functions on R* is denoted by S(RF), and its dual,
the space of tempered distributions, is written S'(R¥). If u € S'(R'*") and it
makes sense to restrict u to any time-slice {t} x R", we write u(t) instead of
u(t,+). The Fourier transform of a tempered distribution u is denoted by Fu or
@, in any space-dimension. In frequency space we use coordinates (1,&) = = =
(2°,...,E1), where 7 € R and £ € R™ correspond to the time variable ¢ and the
space variable x respectively. The Lorentzian inner product on R!'*" is denoted
by (Z,E). Thus

(35) =Y 5,2 = —E°§°+§:Ef'§j,
p=0 j

and the symbol of the wave operator A is — (Z,2) = 72 —|¢]>. By |Z| we always
mean the Euclidean norm.
Let A%, A} and A2 be the multipliers given by

Ref(e) = (1+ €)% Fo),
ATu(E) = (1+ 5] )“/%),

/2

—
=

[I]

e

@(E):( =

Observe that these operators are isomorphisms of S(R'T") as well as S'(R!*").
Moreover, A% may also be regarded as an isomorphism of S(R"™) and S'(R"),
since it only acts in the space variable.
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We also need homogeneous versions of these operators: Let D, D¢ and D%
be the multipliers with symbols

€1, (rl+1en,  [irl = lel|”

respectively.

If u,v € §" and @, v are tempered functions, we write u < v iff |u] < v, and
- means < up to a constant. If u = (u',...,u") and v = (v!,...,v"), then
u < v (resp. u - v) means u! < vl (resp. ul -v!) for I =1,..., N.

If X is a normed vector space of tempered distributions such that @ is a
tempered function whenever u € X', then we say that the norm on X depends
only on the size of the Fourier transform if ||u|| = ||v|| whenever [a| = |v], and
we say that the norm is compatible with the relation < if ||u|| < ||v|| whenever
u < v.

The solution of the homogeneous wave equation Au = 0 with initial data
(u,atu)|t:0 = (f,g) can be decomposed into half waves: u = uy + u—_, where
uy(t) = et*PL(f £i7'D~'g). We shall often restrict ourselves to the reduced
initial value problem Au = 0 with data (u,0;u = (f,0); the general case
can easily be reduced to this.

The symbol — means continuous inclusion. For example, we have the
Sobolev embeddings

)|t:0

(1.22) H>"%(R") = LP(R") iff 2<p < oo,
(1.23) H® < L®R") iff s> g

If X,),Z are normed function spaces, then X - ) < Z means that ||uv||; .
llul| x [|vlly, for all (u,v) € & x Y. More generally, if B(u,v) is some bilinear
operator on X x ), we shall write B(X,)Y) < Z to mean that B is bounded
from X x ) into Z.

2 Estimates for the Wave Equation

Here we review some of the well known estimates for solutions of the homoge-
neous wave equation Au = 0 which will be needed throughout the paper.

Without loss of generality, we restrict ourselves to the reduced initial value
problem

(2.1) Au =0, (u, Btu)|t:0 = (£,0).

Estimates for the general case (u, Oyu) | +—o = (f,g) can easily be deduced from
this.
We start by recalling the Strichartz type estimates

(2.2) ||U||L;1(L;) |11

Hs s
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where u solves (2.1) and || f||gs = ||D®f||2. Scaling considerations impose the
condition

(2.3) §=— — — — = .

2 1 1
(2.4 2sy<oo, 2sr<o S<mon(3-1).

q
For the proof of the next result, and further references, see [10]. The case
g, =4, n = 3 corresponds to the original inequality of Strichartz [39].

Theorem A. The estimate (2.2) is satisfied by the solution of (2.1) for all
f € Hs iff (2.3) holds and (q,r) is wave admissible.

The next result is a generalization of Theorem A to bilinear estimates of the
type

(2.5) 1D~ o) or2 272, - 1

Hs1 |g||HS2 )

where v and v solve
(26) Au=Av = 07 (uaatu)|t:0 = (fa 0)7 (’U,at’l))|t:0 = (ga 0)

Note that if 0 = 0 and s; = s2 = s, then (2.5) reduces to (2.2) by Holder’s
inequality.

The following theorem was first proved by Klainerman-Machedon [23] in the
case ¢q,r = 4; the general statement was proved by Klainerman-Tataru [27].

Theorem B. Assume that n > 2, the pair (q,r) is wave admissible, i.e.,
2 1 1
2§q§oo, 2ST<007 _S(n_]‘) 5 >
q

and that the last inequality is strict if ¢ = 2. Assume also that

2 4
0<a<n——n——,

n n 1
0<sl,52<§————,

2n 2
S1+Sot+to=n————.
r q

Then (2.5) holds for all solutions of (2.6).

In practically all our applications of the above theorem, s; = s. It should
be remarked that in the asymmetric case s; # sa, the above conditions on sy, s2
are not optimal (cf. the proof of (8.29) in section 8.1).
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Now consider more general bilinear estimates, of the form

(27) ||D’YD:Y|_+DZ_ (U’U)HL;ZM(L;M) . ||f||H51

|g| Hs2

where u and v solve (2.6). In the case ¢, = 4 all such estimates are known.
Special cases of the following theorem have appeared first in [18] and later in [23,
26, 25]. The complete solution was carried out recently by Foschi-Klainerman
[7], see also [41].

Theorem C. Letn > 2 and v,vy—,7v+, 51,52 € R. The estimate

||D7D1+D17 (UU)||L2(R1+n) . ||f| Hs1 ||g||H52

is satisfied by the solutions of (2.6) for all f, g iff the following conditions hold:

n—1
YFEYV++Y- =851+ 52— 5
S n—3
7-2 1
S n—1
Y 9
-1
i<y o i=1,2,

3 Wave-Sobolev Spaces

We define the space H*?, which is adapted to the wave operator on R*™ in
the same way that H® is adapted to the Laplacian on R", and we show that
the estimates in Theorems A, B and C for solutions of the homogeneous wave
equation imply corresponding estimates for elements of H*.

3.1. Definition. For s,0 € R, define

H ={ueS : AN uel?}
with norm ||ull, , = ||ASA0_u||L2 (see section 1.4 for the definition of the opera-
tors A° and A? ).

Since A*A? (S) = S and S is dense in L?, it is immediate from the definition
that S is dense in H*?.
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There is a remarkably simple connection between H*®? and the space of
solutions of the homogeneous wave equation with data in H®. In effect, every
u € H%? is of the form

L[ ePuy(t)
1 = — _— H?-val i 1
(3.1) u(t) o /ﬂo s |)\|)9d>\ (H?-valued integral)
where {ux}reR is a one-parameter family of solutions of (2.1) with data in
H?; ie., Auy = 0 and (uA,BtuA)|t:0 = (f»,0), where A\ — f\ belongs to
L?(R, H®). Moreover, ||u||§’9 = [l il dA. This is a slight simplification (a
precise description is given below), but for most practical purposes it will suffice.
An important consequence of (3.1) is the following:

3.2. Principle. A linear or multilinear space-time estimate for solutions of the
homogeneous wave equation with data in H® implies a corresponding estimate
for elements of H*’.

This is made precise in Proposition 3.5 below. To illustrate this principle,
let us interpret Theorem A in terms of H%?. Assume that the hypotheses of
Theorem A are satisfied, and take the L{(L")-norm in (3.1). By Minkowski’s

integral inequality,
o fluallparry
wllracrey - ——1 2 d],
H “Li(Lz) /_Oo (1+|>\|)0
and by Theorem A, |[uxlly¢(fr) - [|fall g« Thus, if 6 > 1/2,

[e'e} f s %
/ %dx <Cy </||fx||irs dA) =Collullyo

whence ||u||L3(L,) Nlullg g- We summarize:
;

Theorem D. The embedding

holds whenever (q,r) is wave admissible and 6 > 1/2.

Theorem D may be viewed as an analog for H*? of the Sobolev embedding
(1.22) for the standard Sobolev spaces.

Just as in the linear case, via (3.1) we can interpret the bilinear estimates
of Theorem D in H*?.

Theorem E. If n > 2 and q,r,s1, s> and o satisfy the hypotheses of Theorem
D, then

1077w yors o, - Nl o el

provided 6 > 1/2.
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The crucial observation is that since D~ does not involve the time variable,
the integral formula (3.1) implies

zt()\1+>\2)D (’U,}\ U) )(t)
e 1 2 .
@) = 1= // (T+ AD?(1+ [A2])? i

Take the LZ/ 2(L;/ %)-norm, use Minkowski’s integral inequality, Theorem D and
finally the Cauchy-Schwarz inequality to obtain the estimate in Theorem E (see
Proposition 3.5 and Remark 3.6 for the details).

Theorem C, in contrast to Theorem B, does not have an obvious interpre-
tation in terms of H*? via the integral representation (3.1), since the operator
(u,v) = DYD" D~ (uv) acts in both space and time. Nevertheless, if we set
74+ = 0, Theorem C does have an H*?-analog, but with D”~ replaced by the
operator RY~ appearing in the following lemma.

3.3. Lemma. If a > 0, then
D% (uwv) - (D%u)v + uD%v + R*(u,v),

for all w and v with nonnegative Fourier transforms, where R* is the symmetric
bilinear operator given by

FR(u,v)(Z) = / [r(E - 252N 4(E - 2)0(E") d=',
Ri+»
+ + if ™A >0,
I (RN S T A
E+al = [lEl =] i TA<oO.
Moreover, the same estimate holds with D replaced by A% .
Proof. Tt is enough to show that
1T+ Al =€+ nl] < [I7] = [€l] + [IAL = Inl] + (7, & A m).

The proof splits into four cases, corresponding to the four quadrants of the
(1, A)-plane. For example, if 7, A > 0, then

[T+ A =& +nl| = |7 =&+ X =l + ¢+ In| — |€ +nl|
< | = 1El| 4+ |X=Inl| + €] + Inl = € +nl,

and the remaining cases are similar. Finally, note that the symbol of A_ is
comparable to 1+ ||T| - |f|| O

We now state the H*?-version of Theorem C.

Theorem F. If n > 2 and 7,v_,s1 and sy satisfy the hypotheses of Theorem
C with v+ = 0, then

IDYR™ (u, 0)|| o Rimy - 1D uillg g 1D 0]]g 4

provided 6 > 1/2.
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To prove this result we need the precise version of the integral representation
(3.1). First note that any u € H*? has a unique decomposition

(3.2) U=Up +u_
where u, and u_ belong to H*? and have Fourier transforms supported in
[0,00) x R™ and (—00,0] x R™ respectively. Moreover,
2 2 2
llulls,p = llutllsp + llu-lls -

The notation in the decomposition (3.2) is intentionally the same as the one
used in the decomposition of a solution of the homogeneous wave equation into
half-waves (see section 1.4).

3.4. Proposition. Ifu € H*?, there exist f,,f_ € L>(R, H®) such that

0 _it(\+D)
(3.3) wa () = % /_ ) %&%9) A\ (H*-valued)

and [lutll, o = [If+ll 2R me)-
Thus, elements of H*Y may be thought of as superpositions of half-waves

with data in H®. In fact, fi is given by

L+ D AN+ [¢],€) i A+ (g >0,
0 otherwise,

F{f+N}E) = {

and f_ has a similar definition. It is then easy to verify (3.3) by applying the
spacetime Fourier transform (see [33]).

The following is the precise statement of Principle 3.2.
3.5. Proposition. Assume that T : H**(R™) x --- x H**(R") — H°(R") is
k-linear, and let 8 > 1/2.

(a) Fiz a k-tuple e € {—1,1}*. If

B4) [T P frse s e P )| o gy Nl e Il
for all (f1,..., fr) € H®* x --- x H%  then
(3.5) ||T(U1(t),---,Uk(t))(w)HLg(L;) < Collully, g+ lluklly, o

for all (uy,...,u) € H9 x . x H*Y such that

[0,00) x R™ if €5 =1,

3.6 ; C
( ) suppu; - {(—O0,0] x R" if gj = —1.

(b) If (3.4) holds for all e € {—1,1}* and all (f1,...,fr) € H® x --- x H®,
then (3.5) holds for all (ui,...,ug) € H*0 x -.. x HY,
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Proof. By proposition 3.4 and the condition (3.6), which is equivalent to

b — Uj4 if €5 = 1,
= : _
uj— if g5 =-1,

there exist f; € L>(R, H®) for j = 1,...,k such that

00 it e;itD £,
uj = / e L) gy
—o (LHAD?

and [|ujl,. o = Ifill p2(R gres)- By linearity,

T(ul(

/ / NPT (P f ), e PR OW)

(T4 )7 (T4 [Ax])?

so by Minkowski’s integral inequality, (3.4) and the Cauchy-Schwarz inequality,

T (s -y i)l po )

A izer - IOl e
d\ -d\
/ / T+ )@+ e

<cC ”fl“LZ(R,HSl) T ||fk||L2(R,H5k) .

This concludes the proof of part (a), and to prove part (b) we simply write
uj = uj4+ + uwj_, use the multilinearity of T, and apply part (a). O

3.6. Remark. Theorems A,B and C remain true with u and v replaced by any
of their half-waves (in fact, this is how the estimates are proved). Thus, part
(b) of Proposition 3.5, applied to Theorems A and B, proves Theorems D and
E respectively. Notice also that Theorems D and E remain true when H*? is
replaced by the space with norm ||DSA9_u||L2. The reason is that any estimate
of the form (2.7) may be rewritten as follows:

||D’YD1+D17 (D_SluD_SQU)”L;;/z(L;/z) . ||f||L2 ||g||L2 .

This fact will be used freely in the rest of the paper.

3.7. Definition. Let S§ and S% be the symmetric bilinear operators given by
FS2(£.0)(€) = [ (1€=nl-+ bl = )" Fl& = mata) dn,
FS2$0)©) = [ (€1~ 116 =l = nl)* Fie = mglo

The relation between the above operators and D% and R is given in the fol-
lowing lemma. Keep in mind that the latter two operators act on functions
defined on the space-time. If u,v are two such functions, then S(u,v) denotes
the function (¢,z) — S(u(t),v(t))(z), where as usual we write u(t) = u(t,-).
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3.8. Lemma. Let f,g be defined on R™ and u,v on R**". Then
(a) D~ (eith . eiith) — S:?: (eith’ eiith)7
(b) Ra(u,v) = S—?—(u+vv+) + SE(u+,v_) + Sg(u—vv+) + Sﬁf(u_,v_).

Proof. We prove (a) for Sy; the proof for S_ is similar. We have

F0f-e=10)(r6) = [ 67 = I =l = [aD i€ = n)aln) dn.
whence
FAD(Pf - e g }(7,€)
=il =lell* [ ar =1 =l = )& = matn) dr
= [0 =l = al = lal) (1€ = nl + In] = €)" 7€ = n)alo) .
But the last expression equals
F{SL(e"P f,e*"Pg)}(7,€).
As for (b), using the decomposition (3.2) and the bilinearity of R*, we have
R*(u,v) = R*(u4,vy4) + R*(us,v-) + R*(u_,v4+) + R*(u—,v_),

so it suffices to prove R*(u4,vy) = S§ (uy,ve) and R*(u—,vg) = S (u—,vs).
We will only prove the case

(3.7) R%(ug,vy) =S¢ (uy,vq).

The Fourier transform of the right hand side, at fixed ¢, is

(€= nl-+ 1l = )i 0 = i ()

and applying the Fourier transform in ¢ yields the following expression for the
space-time Fourier transform at (7, &) of the right hand side of (3.7):

[ €= a1+ 10l = 1) @ = A6 = ) ) dx

But the latter is, by the definition of R, equal to the space-time Fourier trans-
form of the left hand side of (3.7). The remaining cases are proved in a similar
manner. O

We can now prove Theorem F. If the hypotheses of the theorem are satisfied,
then by Lemma 3.8(a) and Theorem C, we have (cf. remark 3.6)

|DYST (P D= f,e P D=2 g)|| Ly £l 2 Nlgll 2
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for all f,g € L>(R™), so by Proposition 3.5(a),
(3-8) |D7SE (D™ ws, D720 | 1o - Ml llg g 1ol g
for all u,v € H%? where § > 1/2. A similar argument gives
(3.9) |DYST (D™ u, D7) 1 - llu=llo g [l llo,6 -
By (3.8), (3.9) and Lemma 3.8(b), we conclude that

[DYR (u,v)|[ > - 1D ully 4 1D 0]l 4,

8o Theorem F is proved.

The following embedding is an easy consequence of the integral formula (3.3)
and the dominated convergence theorem for H*-valued integrals. We omit the
details. Here Cy(R, H?) denotes the space of bounded, continuous maps from R
to H?, with the supremum norm.

3.9. Proposition. H>? < Cy(R, H?) if § > 1/2.
Associated to H*? we have the following space.

3.10. Definition. For s,0 € R, define
H = {u:ue H* and dyu € Hsfl’e}
with norm |u|, o = ||ull, , + [|Ocull,_ 4-
3.11. Remark. An equivalent, but less intuitive definition is
HYP ={ueS AN N uwe L7}

with norm [u], y = [[A*"'Ay A% u||,,. We will use these two definitions of 7%
and its norm interchangeably.

The following embedding is a corollary to Proposition 3.9.

3.12. Proposition. %%’ < C,(R, H*) N C} (R, H*™') if 6 > 1.

4 The Space L{(L])

Optimal local well-posedness for (WM) (part (a) of the Main Theorem) will
be proved by iteration in the space %, defined in the previous section. An
attempt to prove the corresponding results for (“MKG”)/(“YM”) (part (b) of
the Main Theorem) and (WMM) (part (c) of the Main Theorem) by iteration
in the same space, leads to estimates which are false. It turns out that the
iteration works out if we replace H*? with the subspace defined by a norm

lull = lul, g + [|AYAZ 0 o 0 »
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where the choice of exponents v,v_, ¢ and r is dictated by the specific equation
under consideration.

However, since we want a space whose norm only depends on the size of
the Fourier transform, the space LI(L") must be modified. To motivate the
following definition, recall that if u € S’ and 1 < q,7 < oo, then

lull gz = sup (0] = sup (@, 5]
v v

where the supremum is over all v € S such that ||v]|, @y = 1 (¢ and 7'
t Ed

being the dual exponents of ¢ and r respectively). Of course, if @ is a tempered
function, then (@,0) = [R4. U0.

4.1. Definition. If1 < q,7 < oo, u € S’ and U is a tempered function, set

||u||53(£;) = sup {/Run [u(E)|v(E)dE:veS, v >0 and HUHL;?'(L;’) = 1} ,

where ¢' and ' are the conjugate exponents of q and r respectively; i.e., 1 =
% + % and 1 =1 + L Let L](LT) be the corresponding subspace of S'.

Clearly, ||| £s ) is a translation invariant norm on £{ (L), it is compatible
with the relation <, and it only depends on the size of the Fourier transform.
Note that £2(£2) = L?(R}*™). Observe also that

(4.1) lullga(ery < llullparyy  whenever @ > 0.

The above definition is inspired by the norms introduced in [24, 25]. Another
way of modifying the norm on L] (L") so that it only depends on the size of the
Fourier transform can be found in [27].

4.2. Proposition. Let s,v,v+,7- € R, 0 > % and 1 < q,r < oo. Define
X* = {u:||ul| < oo},

where

lull = ful, g + [|AYAT A ul] 2o ) -

Then X* is a Banach space.
Proof. Assume that (u;) is a Cauchy sequence in X°. Then (u;) is Cauchy in

H*? so it converges in the latter space to some limit u. It remains to prove
that ||u; —ul| = 0 as j — oco. Fix & > 0. There exists M € N such that

||A’YA1+A17 (U’J - Uk)”ﬁz;(ﬁg) S 13

for all 7,k > M. We claim that

<e

[ATAT AT (u = )| 2o g <
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for all j > M. To see this, fix v € S such that ¥ > 0 and HUHLQ’(U’

q',r' are conjugate to ¢,r. Then

=1, where

)

/ |F LA A () — ug)} (B)| B(E) dE < &

for all j,k > M, so it suffices to prove that

k—o0

(4.2)  lim / |F{ATATF AT (uj — up) } (B)| 0(E) d2
_ / F{AA AT (uj — u)} ()| 5(E) d=

for fixed j. To prove this, we write

/ |F{ATATT AT (uj — up) } (B)|0(E) d=
= / |F{ATIALAY (uj —up)} ()]0 (2) dE,

where v' = AVH’SAfilAZ’#U € S. Since A* 1AL AY (uj — ug) converges to
A*7PAL A% (uj — u) in L?, we conclude that (4.2) holds. O
For later use, we mention some basic properties of £I(L").
First, a version of Holder’s inequality holds.
" 1 1 1 11 1 )
4.3. Proposition. Suppose T atn and 3 = ol et where the q’s and
r’s all belong to [1,00]. Then

||UU||£‘5(L:;) < ||U||c;11 (Lot ||U||L§2(L;2)
for allu € LI (L) and v € S with v > 0.

Proof. Since the norm ”'Hﬁi(ﬁ'm) is compatible with the relation < and only
depends on the size of the Fourier transform, it suffices to prove the inequality
when u > 0. Thus, we fix v and v such that v € S and u,v > 0. Let ¢',7',q;
etc. denote the dual exponents. Then

lutll s s, = sg}p/uvw dtdo < [l g ) lowll,

(L
where the supremum is over all w € S such that @ > 0 and [|w]|, « (L) = 1.
t x
But by Hélder’s inequality,
ol ot < Iollgs ooy Tl ey
finishing the proof. O

When applying the previous proposition, the following is useful:
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4.4. Lemma. {u € §:u > 0} is dense in {u € H** : u > 0} for all a,a € R.

Proof. Since A*A® is an isomorphism of H*® onto L?, which preserves the
Schwartz class and positivity of the Fourier transform, we may take a = a = 0.
Since the Fourier transform is an isomorphism of both S and L2, it then suffices
to prove that the set {v € S : v > 0} is dense in {v € L? : v > 0}. But the
standard proof that S is dense in L? shows this to be true. O

The following duality argument is fundamental to our approach.

4.5. Proposition. Let 1 < a,b,q,r < co.

(a) If
(4.3) Gl e 1) - IIA“ABGIILq (L)
for all G € S, then
1N o re - IAAZF g 1)
for all F.
b) If (4.3) holds for all G € S with G > 0, then
(b) ,
apB
1| coeq) - 1AAZF | g o

for all F.
Proof. We have

1Fll502) = sup] [ 76
G
_ sup‘/AaAijA—aA:f”G‘
G

< |AAP F|

Le(Lb) SUPHA SAZ BG|LG LYy

where the supremum is over all G € § with [|G||, « = 1. Part (a) follows.

(3
For part (b), we have

1l za ey = SUP/W@
G
- sup/|}'(AaA[iF)|}'(A’“A:ﬁG)
G

< AN gy oy, supl[A A6

La Lb’))
where the supremum is over all G € & such that G > 0 and NG, o ) = L O
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4.6. Corollary. Let 1 <a,b,q,r < oco. If
AT AZILH(LY) < LY(LY),
then
ATOAZPLE(Lh) — £(LD).
Proof. We apply Proposition 4.5. By part (a), we get
A—ATPLI (L) < L8 (LY).
Then, by part (b),
A=A Loty < £I(Lr).
o

The next estimate is used in the proof of part (b) of the Main Theorem. The
proof is based on an idea from [25].

4.7. Proposition. Ifn>4,1<p< 2(”+11), § = % -5 =3 andt‘) > , then

||D_SA:9“||L5°(L§) NMullpge 2z
for all uw € S with nonnegative Fourier transform.
Proof. Set U = D—*A_"u. Since ||U||L?O(L§) < ||f U(T, £) dTHLg, it suffices to
show that

[ e i = )R OO drde a1

for all f € S(R™) whose inverse Fourier transform f is nonnegative. The integral
on the left hand side is dominated by

(4.4) / u(vy +v_)dtde,
Ri+n
where
Foloa(r, &) = €] ° (1 + | FI€]])~
By Holder’s inequality, (4.4) is bounded by ||u||Loo
1= ; + 5 so it suffices to show that

(£2) times |lv4 |71y, where
o g o) - £z

But vi(¢,+) = c(t) D%t f where ¢(7) = (14 |7])~?, and since ¢ € L2(R), it
follows that
||”i||Lg(Lr ”D ’ jEZth”LZ(Lr :

By Theorem A (see also Remark 3.6), the right hand side is dominated by
£l - -
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The dual statement is as follows:

4.8. Proposition. If % <r<oo,s=4— 73— % and 6 > %, then

||U||£}(£;) . ||ASA(1“”L}(£§)
for all u.

Proof. If 1 = 1/p+ 1/r, the hypotheses of Proposition 4.7 are satisfied, so the
result follows by Proposition 4.5(b). O

5 The Iteration Space

The main point we want to make here is that proving local well-posedness for
a system Au = A'(u) with initial data in H® x H* ! by iteration in some
functional Banach space X'* (which should satisfy certain conditions), reduces
to proving estimates of the type

(5.1) AT AZ N (W) || . < Allull y.),
(5.2)  |JATTATT NV () = N @) || .o < A" (max{|[ull e s 0]]pe}) [l =]l o s

where A and A’ are continuous functions and A(0) = 0.

Let us briefly describe the conditions that X' should satisfy.

Firstly, we require that X'* embed in the continuation of the data space
H*® x H*~! namely

(5.3) Cy(R,H*) N C (R, H*™Y)

with norm sup,cR(|[u(?)|| 7. + |0:u(t)||f.—1). In particular, this ensures that
restriction to any time-slab S = [0, 7] x R™ is well-defined for elements of X'*,
and we denote by A} the corresponding restriction space.

Secondly, we limit our attention to spaces in which we have estimates for the
Cauchy problem for the linear wave equation with data in H® x H*~1. Thus,
we require that the solution of Au = F with initial data (u,@tu)|t:0 = (f,9)
satisfy®

(5.4) lull s - 11 e + Ngllgge—s + [[AZTAZTE
for all 0 < T < 1, say. Let us write

uw=uy+A"'F,

8Here ||u||X% denotes the norm on the restriction space A’7.. For example, if X'® is the data

continuation space (5.3), it is obvious which norm to use on X}. It is less obvious if A*° is
the space H5?, since the norm is then nonlocal in time. However, there is an abstract way of
defining a norm on X% such that it becomes a Banach space; see the statement of Theorem
5.3.
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where ug is the homogeneous part of the solution, i.e., Aug = 0 with initial data
(f,9), and where A~! is the operator which to any sufficiently regular F' assigns
the solution v of Av = F with (v,atv)|t:0 =0.

Thus, (5.4) splits into two estimates:

ol - I fllizs + Nllgzes
[A7F ]y - [ATAZF .-

The latter says that for the purpose of local-in-time estimates, we may replace
A~! by the much nicer operator A_T_lAil.

The essential point is then the following: If we have a space X'® with the
above properties (i.e., X'* embeds in the data continuation space and (5.4)
holds), and if the estimates (5.1) and (5.2) for the nonlinearity A are true, then
the equation Au = N'(u) is locally well-posed for initial data in H® x H5"1. A
precise statement is given in Theorem 5.4 below.

5.1. Remark. If the norm on X'® only depends on the size of the Fourier trans-
form and is compatible with the relation < (this terminology is defined in section
1.4), and if there are operators A7, ..., N;, such that

u=v = N(u) SN )+ 4+ Ny(v),

then in order to prove (5.1), it suffices to prove

AV ATNG @) e - All0llee) (1< < m)

for all v with v > 0.

We start by discussing in fairly general terms how estimates imply local
well-posedness.

5.1 Well-Posedness: A General Point of View

Consider again the generic Cauchy problem
(55) Au :N(U), (uaatu)|t:0 = (fa g)

Assume that A(0) =0 and N is local in time.
Associated to the Cauchy problem (5.5) is the sequence (u;) of iterates,
defined inductively by setting u_; = 0 and

AU,]' = N(Uj_1), (Uf, atu)|t:0 = (.f7 g)

for j > 0. Thus ug is the homogeneous part, of the solution, and the subsequent
iterates are given by

(5.6) wjr =uo + AN (uy)

for j > 0.
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The strategy for proving local existence for (5.5) in a time slab Sy = [0, T x
R", for some T > 0 and for given data (f,g) € H® x H*!, is to find a Banach
space

(5.7) X5 — C([0,T], H)nC'([0,T), H*™ 1)

in which (u;|Sr) is Cauchy. The limit u will then be a solution of (5.5) on Sr,
provided that N'(u;) — N (u) in the sense of distributions on (0,7') x R™ (this
always follows from the estimates involving N).

To prove that (u;) is Cauchy, we need estimates. Firstly, the inductive step
(5.6) must be well-defined, so we need (for 0 < T' < 1, say)

(5.8) luolle; < C(IFllg + llgl
(5.9) AN ()] . < CrA([lul

Hs—1 )7

M s X))

where A is a continuous function vanishing at 0. We may always assume that
A is increasing. Secondly, we need estimates for the difference of two iterates;
i.e., we need

(5:10) A~ (W () = N (@) | o, < Or A (max{llul g , oll }) 1w = vl

where A’ is continuous.

5.2. Example. To prove the Classical Local Existence Theorem (section 1.3)
for a system Au = F(u,0u) , where F' is smooth and vanishes at the origin, we
set,

Xs =C(0,T], H ) nC' ([0, T, H* ).
Then (5.8), (5.9) and (5.10) hold for any s > & + 1, with Cr = O(T) as T' = 0.
Indeed, by the energy inequality,

v < C(I1]

[[uol e 119l e

and

T
(5.11) |A~ 0w, < C /0 | F (), 0u(t)) [, dt

for all 0 < T < 1, say. Recall the Moser inequality, which says that if T is
smooth and vanishes at the origin, and if ¢ > 0, then there exists a continuous
function ¢ : [0, 00) — [0, 00) such that

(5.12) IO e < gUlf o) 11 o
for all f € H® N L™ (f may be RV-valued). See, e.g., Meyer [31]. By applying
this, we get
(5.13)  ||F (u(t), du(t) || ous

< g(llu®)ll e + 10u®)l ) (lu®)]

e T 110:u(t)]

o)
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Since s — 1 > &, the L> Sobolev embedding (1.23) gives
(5.14) lu@®)ll o + 10u(®)peo - [fu(?)]

By combining (5.11),(5.13) and (5.14), we obtain (5.9). The proof of the differ-
ence estimate (5.10) is similar.

e T 110:u(t)]

Hs—1 -

If (5.8) and (5.9) hold, and we let R be twice the right hand side of (5.8),
then it follows by induction that [|u;]|,. < R provided 2CTA(R) < R (keep
T

in mind that A is increasing). There are two ways to ensure that the latter
inequality holds: Take T small (if limy_,o+ C7 = 0), or (since A(0) = 0) require
that R be small, i.e., the data have small norm.

Then, by the difference estimate (5.10), we have

1
wp < 5 llus =]

lljpr = ujl X3
provided 2C7A'(R) < R (so we need either limg_,o+ C7 = 0 or A’(0) = 0).

It follows that (u;) is Cauchy, establishing local existence. With a little more
work one can then prove uniqueness of local solutions in X} for any T' > 0, and
local Lipschitz continuity. For a fuller discussion we refer to Selberg [33, 34],
where the following is proved.

5.3. Theorem. Let X* be a Banach space which embeds in (5.3) and is time-
translation invariant:

lu(- +T,-)

we = s (VT).

Also assume that for all ¢ € C(R), the multiplication map u — ¢(t)u(t, x) is
bounded from X° into itself.

For any T > 0, let X3 be the restriction of X to [0,T] x R™. (That is, we
define an equivalence relation ~1 on X*° by

u~rv <= ut)=v(t) V0O<t<T.

Since X* embeds in (5.3), the equivalence classes are closed sets in X*, so the
quotient X3 = X* [~7, with norm

[l

% = ot ol

is a Banach space.)

Consider the system (5.5), where N is local in time and satisfies N'(0) = 0.
Assume that the estimates (5.8), (5.9) and (5.10) hold for all 0 < T < 1,
(f,9) € H* x H*" and u,v € X§.. Moreover, assume that

lim CT =0.

T—0+

Then (5.5) is locally well-posed for initial data in H® x H*™', in the following
precise sense:
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(a) (Ezistence) For all (f,g) € H* x H*~! there is a time

0<T =T f]

gt llgl Hs—l)

which depends continuously on the norm of the data, and there is a u € X7
which solves (5.5) on St =[0,T] x R™.

(b) (Uniqueness) If T > 0 and u,u’ € X3 are two solutions of (5.5) on St
with the same data (f,g), then u =u' in X3.

(c) (Continuous dependence on initial data) If u € XF solves (5.5) on
St for some T > 0, then for all (f',g') € H* x H*~! sufficiently close to
(f,9) there exists a u' € XF which solves (5.5) on St with data (f',g'),
and

llu — |

X;-||f_fl|

w9 — 9l

5.2 Specialization to the Relevant Spaces

Here we specialize the preceding discussion to suit our present needs. The
following theorem gives a precise form to the idea outlined at the beginning of
this section.

5.4. Theorem. Let X'° be a Banach space with the following properties:
(a) X° embeds in (5.3).
(b) The norm on X? is invariant under time-translation.

(c) The estimate

luolle; < C(IFIere + llgll 1)

holds for all (f,g) € H®* x H*! and 0 < T < 1, where ug is the solution
of the homogeneous wave equation with initial data (f,g) and X3 is the
restriction space.

(d) For the purposes of local-in-time estimates, A=' may be replaced with
A;lAjl. More precisely, assume that for € > 0 sufficiently small,

_ —1pe—1

(5.15) A F, < Cre 47450

for all F € A+A1__EXS and 0 < T < 1. Furthermore, suppose
(5.16) TIEBIJr Cre.=0

fore > 0.

(e) For all ¢ € CX(R), the multiplication map v — ¢(t)u(t,x) is bounded
from X'*¢ into itself.

33



Consider the Cauchy problem (5.5). Assume that N is local in time and
N(0) = 0. Furthermore, suppose

(5.17) AT AN (W) || . < A(llul

)y

(5.18) [|AT'AT (N (1) = N(@)) || . < A (% max{|Jul

Xs |’U| Xs

we}) llu =]

for all u,v € X%, where A and A’ are continuous and A(0) = 0.
Then (5.5) is locally well-posed for initial data in H*x H*~', with uniqueness
of solutions in X} for any T > 0.

Remark. In our applications of this theorem, € must be strictly positive to ensure
that (5.16) holds. The latter is not needed, however, if one imposes instead a
smallness assumption on the norms of the initial data. More precisely, if we
take e = 0 in the above theorem, and if we replace (5.16) with the assumption
that

e+ 10:u(0)]

(5.19) limsup [Jul] v, < C([lu(0)] 1)

t—0t
for all u € X%, then the conclusion of the theorem still holds, but we must
require that the initial data satisfy ||f||. + [|g]lg:—1 < d for some sufficiently

small § > 0.

Proof of Theorem 5.4. By Theorem 5.3, it suffices to prove the estimates (5.9)
and (5.10) for 0 < T < 1.

Fix T and u € XJ. Let v’ € X° be any extension of u (meaning u' ~7 u).
Since N is local in time, we have A~*N'(u) = A~'N(u') on [0,T] x R", so by
(5.15) and (5.17),

JAN @) . < CreA(l]

)” X} XS)'
Let ||u'[] ys = [luf

To prove (5.10), fix u,v € X%, and let u’,v" € X'* be any two extensions of
uw and v. By (5.15) and (5.18),

ys- Since A is continuous, (5.9) follows.
T

- 1
A= (V) = N @) |y < Cred (5 masllle e 10/ }) o = 0
Let w = v/ — ¢, and write
max{[[u'|| p. , [0l ps } < max{llu'l s [[wllxes + 0L} = Nwllaes + 101 -
We may assume that A’ is increasing. Thus
_ 1
AW @) = N @) [ 4 < Cred! (510l + 'l }) ol
! _ .
Let ||| ps — [Jul s and lw|] 3 = |Ju—v| pos Since
llu— vl x:t [lul X3 < 2|yl x:t llv] X3 < 3max{||ul x5 lv] X;,}:
we conclude that (5.10) holds. O
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The next theorem gives sufficient conditions for X'® to satisfy properties (c) and
(d) of Theorem 5.4.

5.5. Theorem. Let X'° be a Banach space satisfying:
(a) X% < H> for some 3 <6 < 1;
(b) lul

¢) There exists a < 3 + £ such that
4T3

X S ||U||Xs whenever u j v;

lulles - [FA A A u(r

)HLg(Lgo)
for all u € X%,

Let X7 be the restriction, defined as in Theorem 5.3. Fiz 0 < e <1—-86.
Then the solution of the linear Cauchy problem

Au=F, (u, atu)|t:0 =(f,9)

satisfies
s + T [ATASE

ullxs - Nl + Nl
forall0<T <1, (f,g) € H* x H ' and F € AL\ "5 X%,

The proof can be found in [34].

Next, we verify that the iteration spaces used in the proof of the Main
Theorem satisfy the hypotheses of the previous theorem. The spaces in parts
(a)—(c) below are the iteration spaces used to prove parts (a)—(c), respectively,
of the Main Theorem.

5.6. Proposition. The hypotheses of Theorem 5.5 are satisfied by the following
spaces:

(a) X% =H*, provided + <6 < 3.

(b) The space X* given by the norm

1
lull = ful; o + [ATAZu]| 11 o0

wheren >4, s > 22 L <9 <3 and 0 <y <s— 252
(c) The space X*° given by the norm
Il = o+ A8 ] e

wheren >3, s> 252 L << 3 and1<¢g<2.
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Proof. For #*?, we only have to note that

il = [FA A A u(r )]s < Cs || FAST AL A 0, Oz

where

2~ A_{(l FAP)TE 0 dA < oo

for any 0 > 0. This proves part (a).
Let X'® be the space in part (b). Since n > 4, Proposition 4.8 gives

”AVAEUHL}(Q%") ||AV+ AH&“”L;(Lg)
for any § > 0. We claim that
(5.20) lullgy cz) - [1a(T: Ollp2(re)

for all w; this finishes the proof of part (b), if we choose ¢ sufficiently small.
To prove the claim, notice that

Julleyez) = sup / () B0 X < (7, )l n) 5P 190 Ol

where the supremum is over all v € S such that ¥ > 0 and ”U“Lf"(LZ) = 1. But
for such v, we have ||o(, £)||L§(L£) = (2m) " |v(0, Mr2Rey < (2m) ! by Fourier
inversion.

Finally, we prove part (c). Since the norm only depends on the size of the
Fourier transform and is compatible with the relation <, it suffices, by (4.1), to

prove that

1A7 A

9(poey | FA* A u(r, €) ||L2

(L)
for some o < 2 + £, Let % =1- % and choose 3 satisfying % <B<i+ 8
By the inequalities of Hausdorff-Young, Minkowski and Hoélder,
lollpa(peey < ||v )”L;I(L;) < ||’U(t)(€)||L§(L§) < |[o(r, éh)HL%(L‘!)
_n_ -3 n
N+ EDTEE (A I = 1el) T FAEEAZ 0 O 1

NEAT A0, )] 2

for any € > 0. This finishes the proof. O

Finally, we check that condition (e) of Theorem 5.4 holds for the spaces that we
use.

5.7. Proposition. Let v,v1,7- € R and 1 < ¢q,r < oo. Let ¢ € S(R),
Myu(t,z) = ¢(t)u(t,z). Then

[ATAZEAT Mol g ) < Cop iy [ATATFAT 0| g -
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Proof. Since AYMyu = My(A"u), we may assume v = 0.
Let x and v be defined by x(7) = (1 + |7'|2)err

7 |¢| and & = [a]. Since
171 = 1&1] < Il = M|+ [IAL = Tel] < 1 = AL+ [IX = el
71+ 1€1 < I = AL+ A+ [€]

we have
ATPAT Myu - My (AT AT v).

Thus, it suffices to prove
||MXU||L;1(£;) - ||U||L§(z:;)

for all v such that v > 0.
Since y € H*(R) for all a > 0, we have x € C™ and x(9) € L* for all k > 0,
so M, maps the set {w € S(R**™) : @ > 0} into itself. Thus, if ¥ > 0,

||Mxv||£3(£;) = sgp/(MXv)w dt dx
= sup/vMXw dt dz < ||v||za(zr) sup [|Myw|] o (L)
w x w t @
where ¢/, 7’ denote the dual exponents of ¢, and the supremum is over all w € S

such that w > 0 and [|w|| = 1. But by Holder’s inequality and Sobolev
embedding,

Ly (L)

Ml oy - I e @ ol I ey 10

for any € > 0, and we have ”X”H%“(R) = ”¢”H’++”—+%+E(R)' (]
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6 Some Special Embeddings

We collect here some embeddings that are used repeatedly in the proof of the
Main Theorem.

(6.1) H? — L°(L3), 0>1/2,

(6.2) H < L®°RM™),  s>n/2,0>1/2,
(6.3) H*? s L}(LY), s>n/2,

(6.4) Y < [2(LF7),  n>3,

(6.5) HYY L%(L%), n>4,60> %

(6.6) H™7 0 s [2(L2),

(6.7) H"= 0 o L2(L), n>4,e>0,0> %
(6.8) H=f o L2(L2), n>4,6> %

(6.9) H*0 o 12(LF), n>3

(6.10) H"=0 < [2(L"), n>5,6> %

(6.11) H#0 < L®(LF),  n>30> %
(6.12) AT2 = LI(L2") < LH(LX), £>0,

(6.13) AT LHLEY) < LHLD), £>0,

(6.14) L£I(Le) - HY — HO 2, 1§q§2,a>é—%,0> %
(6.15) A~z k(£ HY — HO £>0,60> %

6.1. Remark. In view of Corollary 4.6, the estimates (6.1)—(6.11) remain valid
if we replace the L{(L")-space on the right by the corresponding £¥(L")-space.

Proofs:
(i) (6.1) follows from Proposition 3.9; then, since
AT L*(R™) — L*®(R")

for s > 2 by Sobolev embedding, and since H*! = A~*H*? and H*° =
A=%L?, (6.2) and (6.3) follow.
.8

(ii) (6.5), (6.8) and (6.10) are special cases of Theorem D.
(iii) (6.4), (6.6) and (6.9) hold by Sobolev embedding.
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(iv) (6.7) follows from (6.8) and
LRI = AFFLHLY).
The latter holds by Sobolev embedding.

(v) (6.11) follows from (6.1) and the Sobolev embedding H* T < L% (R"),
since these imply

n— n— n— 2n
H*Z0 = A="5 {0 <y A="2° L°(L2) — L(LJ ).

(vi) (6.12) holds by Sobolev embedding; (6.13) follows by Corollary 4.6.

(vii) (6.14) is proved as follows: By interpolation between (6.1) and L? — L2,
LU(L2) o HO=
forl1<g<2and a> % — %, and it follows that

LI(L2) — H"

for such ¢, a. Combining this with Proposition 4.3, Lemma 4.4 and (6.1),
we get (6.14).

(viii) (6.15) follows from (6.14) and (6.13).

7 Main Estimates for (WM)

Our aim here is to prove part (a) of the Main Theorem: (WM) is locally well-
posed for initial data in H® x H*~! for s > 5 and n > 2.

It suffices to verify the hypotheses of Theorem 5.4. Take X* = H*?, where
§ = 6(s,n) > 1 is to be determined. The nonlinearity is

N
N(w) == > TheQo(u’,u®), 1<T<N.
J,K=1

Let us first check that conditions (a)—(e) of Theorem 5.4 are satisfied. Condition
(a) holds by Proposition 3.12; condition (b) is obviously satisfied; conditions (c)
and (d) follow from Theorem 5.5, in view of Proposition 5.6; finally, condition
(e) holds by Proposition 5.7.

It remains to prove (5.17) and (5.18). Let us first prove (5.17) in the case
where the FﬂK’s are constants, and let us set ¢ = 0. The proof of the general
case is quite similar; it appears in section 7.2.
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7.1 The Simplified Case

Since Ay A_H*? = H5~1.0~1 what we want to prove is the following:

7.1. Theorem. Supposen > 2, s > 3 and % <f<s-— ”Tfl Then
QO(HS,G,HS,Q) N Hs—l,e—l_

By estimating the Fourier symbol of the null form Qg in absolute value, it
is easy to prove (see Lemma 7.6 below) that

Qo(¢,¢) 2 DD _(¢'¢') + (DD ¢")¢' + ¢'Dy.D o)’

whenever ¢ < ¢ and ¢ < ¢'. Therefore, in view of Remark 5.1, it suffices to
prove

7_[8,9 A 7‘[870 N 7‘[870,
Hs—lﬂ—l A 7‘[870 N Hs—lﬂ—l

To keep the discussion as simple as possible (the complete details appear in
section 7.2), let us for the moment ignore the difference between H*? and H*?.
Thus, we want to prove

(7.1) H*? - H> < H*’,
Hs—lﬂ—l . Hs,9 N Hs—l,ﬁ'—l‘
These are special cases of the following.

7.2. Theorem. Letn > 2, s > 5 and % <fH<s— an Then

HY L s oy g
for all a,a satisfying
0<a<,
—-s+a<a<ls.
(Hence, by duality, for all -0 < a <0 and —s <a<s+a.)

The proof is achieved by interpolating between four different points in the
(a, a)-plane. One of these points is (s,6), which corresponds to the estimate
(7.1). We give the proof of the latter here. The proofs of the remaining estimates
are similar, and can be found in the Appendix.

We may restate (7.1) as follows:

7.3. Theorem. H*? is an algebra if n > 2, s > 5 and % <f<s— ”T_l
For the proof we need the following “Leibniz rule”, which is an immediate

consequence of the triangle inequality.
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7.4. Lemma. If a > 0, then
A% (uv) - (A®u)v + uA®v

for all uw and v with w,v > 0. Moreover, the same estimate holds with A“
replaced by either of the operators D%, DS or AS.

By Lemma 7.4, the proof of Theorem 7.3 reduces to showing
H070 . HS’0 N HO’G.
But by Lemma 3.3, the latter reduces to three estimates:
H0,9 . HS,O o L2

L?*-H < L7,
R(H™,H*") — L”.

The first one follows from Hoélder’s inequality, the energy embedding (6.1) and
the Sobolev embedding (6.3); the second one holds by Holder’s inequality and
(6.2); the third one is a special case of Theorem F.

7.2 The General Case

Here we prove the following.

7.5. Theorem. Letn > 2, s > 3. Suppose

1 -1
§<0§min(1,s—n2 ),

ogsgmin(l—e,s—”;l—a).

Let T' : RV — R be smooth. Then there exist continuous functions g,h :
[0,00) — [0,00) such that

(7.3) T () Qo(u” ™) |,y gy < gllullsg) luls g

and

(74)  [(w)Qo(w,u™) = T(@)Qo U, UM)||,_, 4.,
S h(||u||s70 + ||U||s,9) |’LL - U|s,9

for all RN -valued u,U € H>? and 1 < J, K < N.

As a consequence, we obtain part (a) of the Main Theorem.
We shall need the following.
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7.6. Lemma. If 0 < a <1, then
Qo(6,%) - DL D'=*(D2¢' DY) + Dy D' =@/ DIy’ + D3¢/ D, D'~
whenever ¢ < ¢' and ¢ < ',

Proof. The symbol of Qo is o(Z,0) ~ (E,0). Recall that (-,-) denotes the
Minkowskian inner product on R'*” while |:| always denotes the Euclidean
norm. Since

(E+0,2+0)=(E,2Y+(0,0)+2(=,0),
we have
l00(E,0) . (E,E)+(0,0)|+ (E+6,E+0)|.
Take this to the power 1 — a, and take the trivial estimate
l90(Z,0)] . 2] 0]

to the power a. The product of the left hand sides of the resulting inequalities
is then bounded by the product of the right hand sides, and keeping in mind
that the symbol of Dy D_ is |[(E,E )|, we get the desired estimate. O

We first prove Theorem 7.5 in the case of constant I'; the general case is then
reduced to this, by virtue of Theorem 7.2 and the following result, which is an
analogue of the Moser inequality (5.12).

7.7. Theorem. Assume that T € C®°(RY) and T(0) = 0. If n,s,0 are as in
Theorem 7.3 and 8 < 1, there ezists a continuous function g = gs ¢ : [0,00) —
[0,00) such that

||F(U)||s,9 < 9(||“||n/2+s,9) ||U||s,9
for all RN -valued u € H*?, where e = 6 — 1/2.

This was proved in [33].
Let us now prove Theorem 7.5. Throughout the rest of this section we
assume that n, s, 8 and e satsify the hypotheses of Theorem 7.5.

Step 1. We assume I' = 1; i.e., we prove
(75) QO (’}.[3,9’7_[579) N Hs71,6‘+571_

If we apply Lemma 7.6 with a = ¢, and then apply Lemma 7.4 to the first term
on the right hand side, we get

Qo(¢,1p) - D'~ (D4¢'DIY') + DL D'~ *¢' DYy’ + symmetric terms,
where ¢ < ¢' and ¢ < ¢'. Thus (7.5) reduces to two estimates:
Hsfl,e A Hsfs,é‘ N Hsfl,é‘

s—1,0+=—1 s—e,0 s—1,0+=—1
H CH Y s H ,

both of which are special cases of Theorem 7.2.
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Step 2. We prove the theorem for general I'. First, we write
T (u)Qo(u”,u™) = {T(u) = T(0)}Qo(u”,u") + T(0)Qo (u”,u™).
Since
(76) HS,9 . H571’9+571 o H871’0+571
by Theorem 7.2, (7.3) reduces to

(7.32) IT(w) =TIl < g(llully),

(7.3) [LICARAP] PP U ) Ul

The former holds by Theorem 7.7, the latter by Step 1.
To prove (7.4), write

F(U)QO(UJa UK) - F(U)QO(UJa UK)
= {D(u) - T(U)}Qo(u”,u™) + T(U){ Qo (v’ — U, u®) + Qo (U7, u® —UK)}.

The second term on the right hand side is covered by the proof of (7.3), while
the first term reduces, in view of (7.6) and (7.3b), to the estimate

(7.7) IC(w) = Tl < h(llull,p +1Ul,0) e = Ul -

But
Cuw)-T(U) = /1 dI‘((l — )\)U-l-)\u) (u—=U)dA

- /l {dr((1 = MU + ) — dD(0)} - (u — U) dX + dT(0) - (u — U),
0

and since H*? is an algebra (Theorem 7.3), it follows that

IT(w) =TU)l,0

1
) /0 [T ((1 = \U + \u) — dF(0)||s,9 lu = Ull,g dX+1dT(0)] |lu — U], 4 -

Thus, (7.7) follows after another application of Theorem 7.7.

8 Main Estimates for (“MKG”)/(“YM”)

Here we prove part (b) of the Main Theorem: (“MKG”)/(“YM”) are locally
well-posed for initial data in H* x H*~}(R™) for s > 252 and n > 4.

The full details of the proof appear in section 8.2. The reader who wants to
get the gist of the argument, without getting bogged down in technicalities, is
advised to read first the informal discussion in section 8.1.
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8.1 Informal Proof

In order to prove part (b) of the Main Theorem by iteration in the space H*?,
we would need two types of estimates:

8.1 D71 Quj (P 1) o HATH,
J
Qi (D71 HH H0) < HE101,

for all s > 22 n >4 and some § = §(s,n) > 3.

We shall use the following.
8.1. Lemma. The estimate
Qij(9, %) = DEDE (D¢ D) + DH(DE D' Dhy!) + D3 (D3 ¢/ DR D2y
holds whenever ¢ < ¢' and ¢ < )'.

For the proof, see [24].
In view of Lemma 8.1 and Remark 5.1, proving (8.1) reduces to proving, if
we replace D~! by A~! and ignore the difference between H*¢ and H*?,

(83) HS—%ﬂ _Hs—%ﬂ N Hs_%’g_%,

1

84 B b0E s g,

Similarly, (8.2) can be reduced to

(8.5) Ho+50 {550 oy fo-30-3
(8.6) Ho 505 o= 30 <y o301,
(8.7) 550 s 505 o prs— 501

8.2. Theorem. The estimates (8.3)—(8.5) and (8.7) hold for all s > 252, n >
4 and % <fH<s— "T_3 Howewver, (8.6) fails if s < § — 6.

Remark. The condition 6 — % <s- "T_Q is necessary by scaling. Therefore, in
view of the above theorem, (8.6) cannot hold unless s > & — %. In fact, we
expect that (8.3)—(8.7) are all true for s > 2 — 3, n > 4 with § = s — 2. This
has been verified in dimension n = 3; see Cuccagna [6] and Keel-Tao [12]. We

do not pursue this question.

Remark. The failure of our attempt to iterate in H*? when s < 5 — 0 is not
due to any loss of information through the use of Lemma 8.1: The proof of the
last statement in Theorem 8.2 (see the Appendix) shows that (8.2) also fails for
such s.

The first (positive) statement in Theorem 8.2 is proved in section 8.2, and the
second (negative) statement is proved in the Appendix. The following heuristic
arguments should convince the reader that the result is reasonable.
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Observe that if we consider the idealized case 6 = %, then the estimates
(8.3)—(8.7) are all of the form (using duality if necessary)

Ha,9 A Hb,9 s H*C,O

The latter is morally equivalent to a product estimate for two solutions of the
homogeneous wave equation:

D= (wo)|| o - 1fllgza gl e

where Au = Av =0, (u,atu)|t:0 = (f,0) and (v,atv)|t:0 = (g,0). By Theorem
C, a necessary condition for this estimate to hold is

DN | =

(8.8) a+b>

Note that if a + b+ ¢ = %51, then (8.8) is equivalent to ¢ < 252,
Let us reexamine our estimates in the light of condition (8.8). Taking s =
2=2 and ¢ = 1, and using duality where necessary, (8.3)—(8.7) reduce to

(8.3) H* H o H 0,
(8.4') H "0 H™5 0 s 5",
(8.5 H% ' HZ s H T,
(8.6") H*T Y H* & H30,
(8.7) H* 7 HZ s H5"0,

Condition (8.8) is satisfied in all of the above except (8.6'), where a +b = 0
(and ¢ = 251). The latter estimate is therefore far from being true (it is half
a derivative off the mark). On the other hand, since n > 4, it is easily checked
that the other four estimates above are in fact true by Theorem F, if we take
6 > %. Let us now take a closer look at the estimate which fails, namely (8.6).

By Lemma 7.4, this reduces to

1,0—1 s—1.0 0,0—1
H 2 . H 2% 5 H ,

(8.9) Hs+50—5 . fp0.0 .y fp0.6—1

The former is true for s > ”772, n > 4 (see section 8.2 for the proof), while the
latter fails for s < § — 6 (see the Appendix).

For simplicity, throughout the remainder of section 8.1 we will only consider
the idealized case where s = 232 and 6 = §. Thus, when we say that an estimate
holds, we mean up to a logarithmic divergence. The informal arguments in this
section are easily made rigorous (see section 8.2).

Since we are assuming s = "7_2 and 0 = %, the problematic estimate (8.9)
reads -

HT7O . H070 < HO’_G.
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An easy way to fix the problem with this estimate is to replace H 50 on the
left hand side with »
H™ = °nLH(LY).

In other words, we claim that
(8.10) (H7 0N LY (L)) - HY? < HO.

This is a trivial consequence of energy estimates and Hélder’s inequality. Indeed,
by (6.4),

HY — LX*(L2).
The dual of this embedding is
Li(L2) < H™".

Since
Ly (L) - L (Ly) = Li(L3)

by Hélder’s inequality, we obtain (8.10).
This suggests taking

(8.11) H0 N ARATE (£1(L)

as our iteration space. This works for systems of the type (“MKG”), but leads
to problems for (“YM”) (cf. Remarks 8.4 and 8.5 below). A better choice turns
out to be

(8.12) X% = 10 AATATE (L),

where v > 0 is sufficiently small. Since we are assuming s = ”T’2 and 6 = %, we
will take v = 0 here.
We are now faced with the task of proving

D7'Qii (X%, X%) = AL A X%,
Qij(DT1X X)) — AL A_XS,

where X? is given by (8.12). In fact, we can prove

(8.13) DQi (M HS) — Ay A_X°,
(8.14) Qij (DX 1)y s ALA AP

In view of the definition of X®, (8.13) is equivalent to
(8.15) D' Qu (> HH) s HP T,
(8.16) DTIQu (MY H) < ALAZ (LH(L2M)).
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Similarly, (8.14) is equivalent to
(8.17) Qij (D%, H*) s Ho RO
(8.18) Qu (D120, Ho0) < A, A% (£ (£27)).

Observe that (8.15) follows from Theorem 8.2. Also, (8.17) is the estimate that
motivated the introduction of the new space X'®. It therefore remains to prove
(8.16) and (8.18).

8.3. Remark. For the system (“MKG”) the estimate (8.18) is not needed. In
fact, it is clear from the special structure of (“MKG”) that if (8.13) and (8.17)
are true, then we can iterate in the space

{(u,v) :ue X ve Hs’e}.
See also Remark 8.4 below.

Informal Proof of (8.16)

By Lemma 8.1, (8.16) can be reduced to proving (again we ignore the difference
between D=1 and A~1)

(8.19) Hs= 50 g5 50 <y ASA, 1L,
1

(8.20) H30- e o ABAL AR LN (2,

Clearly, A%A+ may be replaced by A2 on the right hand side of both estimates.
First, (8.19) holds by Theorem E (again up to logarithmic divergence).
To prove (8.20), we use the following special case of Proposition 4.8 (valid
since n > 4):

(8.21) g1 2 - ||A"T_2A9_u||£il(£g).
Thus, since we are assuming s = "T_Q and § = %, (8.20) reduces to
H*= 0 g0 < AT £}(L2).
For simplicity, we consider only the case n = 4; the latter estimate then reads
(8.22) H=%. H3% < A3£)(C2).

Set [ = ||A_%(uv)||£1(£2). We have to prove I . ||u||%’0 ||v||%,9. Since the norms
involved only depen& on the size of the Fourier transform and are compatible
with the relation <, we may assume that u,v > 0.

Now write

(8.23) A73 (uw) = A2 (uAZA"30),
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and apply the estimate (valid for any « > 0)
(8.24) ulA“v . A%(uwv) + A% - v.
(This holds by the triangle inequality.) Thus, I . I; + I, where

I = ||UA7%U||E}(£§)’

Iy = A= (A%u- A730)| 1y o

For I, (4.1) and Holder’s inequality give

o<l g 1A P llp )

Since n = 4, we have

ol , 3, - Il

by Sobolev embedding, and

_1
A 2””L%(Lg) Aol
by the following special case of Theorem D:

(8.25) HYY < 12(L8)  (n=4).

For I;, (4.1) and Sobolev embedding, followed by Holder’s inequality, gives

O T Iy ST .

And by (8.25) again, the right hand side is . ||u||%70 ||v||%79.
This concludes the discussion of (8.16).

8.4. Remark. An inspection of the above arguments reveals that up to this point
we could just as well have been working in the space (8.11). For (8.13) still holds
if we let X'* be defined by (8.11), and with essentially the same proof as above
(only a few obvious modifications are needed). It is only when we try to prove

(8.14) that we run into problems if we choose the space (8.11).

Informal Proof of (8.18)
By Lemma 8.1, (8.18) reduces to

(8.26) ATT XS M550 s A LL(L2),
(8.27) A BAZXT A B s ABAZ L (2,
(8.28) AR s B0 oy ABAZ £1(£2).
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8.5. Remark. It is the estimate (8.27) which necessitates the use of the space
(8.12) rather than (8.11) (more precisely, the problem comes up with the esti-
mate (8.30) below, which derives from (8.27)). The other two estimates, (8.26)
and (8.28), are easily seen to be true also with X'* given by (8.11), and with
essentially the same proof as below.

For (8.26) it suffices to prove

Equivalently,
(8.29) IA72 (A 2w A20) | 11 oy - Nlully g [0l -
By (8.24),

|A7% (A" % Aty

)”cg(ﬁgn) : ”A_%“ ' ””L}(Lgn) + ||A_%(u’v)||L}(L§")’

where we also used (4.1). By Theorem E,
_1
I~ 2 @) |y g - Nl ol -
Take n = 4 for simplicity. Then by Holder’s inequality and Sobolev embedding,
1 1
A2 vy gy < 1A= ull ) Iollzces) - illzzces) llizes)

Now apply (8.25). This finishes the proof of (8.26).
By applying (8.21), we reduce (8.27) to

A“EAZ s 350 oy ALY (02),

By Lemma 7.4, it suffices to prove (recall that s = 252):
(8.30) AFAR XS B O o2,
(8.31) A“EAZ XS HOY < L2,

For simplicity, we take n = 4 again. Then (8.30) becomes
ARXS - HB s £l(02),

and in view of the definition of X%, it is enough to prove
CHLY) B < LH(L3).

Equivalently,
lavlley ez - lullzyes) olly 0
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In view of Lemma 4.4, we may assume that v € S and ¥ > 0. Therefore, by
Proposition 4.3,

||UU||gg(cg) < ||U||£}(£g) llv]l

)

L=(nd)
and by (6.11) (since n = 4),

Ioll .., 3, - ol .o

This proves (8.30). As for (8.31), it is enough to prove

ATELH(LS) - HOY s LH(L2).
Reasoning as above, we have

vl 21 ezy < Ml ooy 10l oo r2) -
By Sobolev embedding, or more accurately by (6.13),
lellzr ey - ||A%“||Lg(pg)'
By the energy embedding (6.1),
loll o sz - Hollyg -

This finishes the proof of (8.27).
As in the proof of (8.27), by applying (8.21) followed by Lemma 7.4, (8.28)

reduces to proving (recall that s = 252 and § = 1)
(8.32) AT XS H 0 o £1(02),
(8.33) AT3X L2 o £H(C2).

Again we take n = 4. For (8.32) it is then enough to prove
HY - H= < £}(£2).

In view of (4.1), we may replace £} (£2) on the right by L} (L2), and by Hélder’s
inequality,
luoll s rzy < Nlullpz(rs) ||U||L%(L§)
To the first factor on the right we apply (8.25), to the second factor we apply
Sobolev embedding.
For (8.33) it is enough to prove

H* [* < £}(L2).
As above, we simply note that by Holder,
vl 2y < ol oy 002
Apply (6.7) (with n = 4) to the first factor on the right. This finishes the proof
of (8.28).
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8.2 Proof of Main Theorem, part (b)
We shall prove the following.

8.6. Theorem. Letn >4, s > "T_Q Assume that 0 and € satisfy

<0 < mi 31+ n—2
< min 13 S 5 ,

N | =

n—2

1
0§5§§min<g—29,s—

F1-2),

and let v =6 — % + 3. Let X* be the Banach space given by the norm

lall = [l + 1A AZ ]y -
Then
(8.34) D71Qi; (M50, HH) s ALAE XS,
(8.35) Qij (DTS HH) — AL AL S,

This implies part (b) of the Main Theorem, in view of Theorem 5.4, since
conditions (a)—(e) of the latter are satisfied by the space X'* (condition (a) holds
by Proposition 3.12; condition (b) is obviously satisfied; conditions (c) and (d)
follow from Theorem 5.5, in view of Proposition 5.6; finally, condition (e) holds
by Proposition 5.7).

By the definition of X%, (8.34) is equivalent to two estimates:

DT'Qi (MY 1Y) — HomIET
D7 Qi (P M) s ATVA AT TELH (L2,
and (8.35) is equivalent to
Qi) (Dile, Hs,b‘) N H571,9+571’
Qi (D715 H50) > ATTALAZTELH (L2,

We split these four estimates into what we call high and low frequency cases.
The high frequency estimates are the ones obtained by replacing D! by A~!:

(8.36) AilQij (HS’G,HS’G) N H571,9+571,
(8.37) AT Qu (MY, H) s ATTALAZ T LH (L),
(8-38) Qij (A_IXS,’Hs’e) N HS—1,9+&‘—1’
(539 Qi (A7 M) o AN NET (),
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In the low frequency estimates, D' is replaced by A~ D~!, where M > 0 can
be chosen arbitrarily large. In view of the trivial estimates®

Qij(6,¥) - D(D*¢/ D=4)),
Qij(d,7) - Dz (D¢ D34)"),
where ¢ < ¢' and ¢ < ¢', the low frequency estimates reduce to
(8.40) H5 50 . gs—3.0 H-M0
(841) H 50 {550 < A-M Lo,
(8.42) HMO | fps—5.0 Hs_%ﬁ,
(843) HMO . o308 oy A1 LH (227,

where M > 0 can be taken arbitrarily large.

The estimates (8.41) and (8.43) hold by Theorem E, while (8.40) and (8.42)
are special cases of the following theorem, which is essentially a corollary of
Theorem F (see the Appendix for the proof).

8.7. Theorem. Let n >4 and 0 > % Then
Ha,9 A Hb,9 s H_C’O.

for all a,b, c satisfying

Let us now turn to the proofs of (8.36)—(8.39). By Lemma 8.1, (8.36) reduces

to
(844) Hsié’e . Hsféve oy HS*%,9+57%,
(8.45) EV R A TG VLA TN H37%’9+5*1;

(8.37) reduces to
(8.46) o2l B0 s ASTYALATTLH(L2),
7o AETAATT L)

=

(8.47) HoTEOTE e

9These follow from the fact that the symbol of Q;; is bounded in absolute value by |£ A 7],
where ¢ A n is the exterior product of vectors in R™. We have |¢ An| < |€]|n]|, and since
EAn=EN(E+n) = (§£+n) An, we also have [ An| < [€]]§+nl,]§ +nl[n]. By combining
these we get the desired estimates.
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(8.38) reduces to

(8.48) sta.0 . gs—5.0 <y Hs—%70+5—%,
(8.49) A—%A%Xs e TN Hs—§70+s—1,
(850) ’}-[s+%v9 .’HS*%ﬁ s Hsf%,6‘+571;

and (8.39) reduces to
(8.51) Tl 550y ATITYALATELL(L2),
(8.52) ATEAZ XS R o AmEIAL AR T L (02,
(8.53) HHEO s B0E oy A EIAL AT L (02,
For the proofs, we need a few technical lemmas.
8.8. Lemma. Let o > 0. Then
A% (uv) - ASuAGv

for all w and v with u,v > 0.

The trivial proof is omitted.

8.9. Lemma. Let o, 3 > 0. Then
A% (uv) - (AT u)v + (A=Pu) A%y
for all u and v with u,v > 0.
Proof. Since R*(u,v) - (D%u)v by the triangle inequality, Lemma 3.3 implies
A% (uv) - (A%u)v + uAv + (D%u)v.
To finish the proof, combine this with
uA®v - (A%w)v + (A Pu)A> Py,

The latter is proved by considering two cases: [|A|—|n|| < [¢] and ||A[—|n|| > [¢],
where (7,&) and (A, n) are the frequencies of u and v respectively. O

8.10. Lemma. Let o, > 0. Then

(a) A= (uv) - A" P(ATuATw),

(b) AZP (wv) - AZ* P (uA™v) + uA P,
for all w and v with u,v > 0.

Proof. Part (a) follows from Lemma 8.8. Part (b) is proved by considering two
cases: ||7'+>\| — |£+n|| < |n| and ||T+)\| — |§+n|| > |n|, where (7,¢) and
(A, n) are the frequencies of u and v respectively. O
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Proof of (8.44). Set 6 =6 +¢ —1/2. In view of the hypotheses of Theorem
8.6,
< Lin (L, =2
<gmin{g,s 5 .

By Lemma 8.8, it suffices to prove

Hs—%—&,ﬁ' A Hs—%—éﬂ < Hs—%,()

This estimate holds by Theorem 8.7.

Proof of (8.45). Set ( =60+ 2¢—1/2. In view of the hypotheses of Theorem

8.6,
§<1min 1.s:—n_2
-2 2’ 2 '

By Lemma 8.10(a), it suffices to prove

Hsféfg,ef% _Hsfgfg,e N Hsfg,féfs‘
Since 6 > 1, this estimate is weaker than
H G0 s b G0 oy e b
which by duality is equivalent to
Hi-sste  gs—3-C0 oy gst3+C,0
The latter holds by Theorem 8.7.

Proof of (8.48). Again welet § =6 +¢ —1/2. By Lemma 7.4, it suffices to
prove:

(8.54) TSN VLSS NN H070+E_%,
(8.55) As+50 0.0 .y Fp0.0+e—3

By Lemma 8.8, (8.54) reduces to
H1—6,9 . Hs—%—éﬂ < L2
which holds by Theorem 8.7. By Lemma 8.9, (8.55) reduces to

1
Hs+5—570 A H070 < LQ,

1
HS+§+0—(5,9 X L2 I LQ.

The former holds by Theorem 8.7, the latter by the embedding (6.2).
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Proof of (8.50). Set ( =80+ 2¢ —1/2. By Lemma 7.4, it suffices to prove:
(856) Hlﬂ . Hs—%ﬂ—% N H070+E_1,
(857) /}_[84-%,9 . Hoﬂ—% < H070+E_1.
By Lemma 8.10(a), (8.56) reduces to
Hl*(,e . HS*%*C,O N HO,*%*E

which by duality is equivalent to

HI—C,G . HO,%-‘,—E < H—s+%+<,0-
This estimate holds by Theorem 8.7. By Lemma 8.10(b), (8.57) reduces to

Hs+%7(,9 . L2 s HO,féfs,
Hs+%7075,9 . L2 s L2.

The former holds by Theorem 8.7, the latter by the embedding (6.2).

Proof of (8.46). This reduces to

Hom0 sl oy DLl (27,
and in view of (4.1) it suffices to prove

H*=80 . [s=80 <y DE-Y=ELL(L2M).
The last estimate holds by Theorem E (since n > 4).

Proof of (8.47). Since n > 4, we may apply Proposition 4.8. Thus, it suffices

to prove
1

HImEO75 57 E0 o ABTETUN ATELL (L),

Replace A, AZ% on the right hand side by A'~2¢ and apply Lemma 7.4, thereby
reducing to (since s > 252 + v + 2¢)

5

(8.58) H™0 . q*50 <y AS=3£1(L2).

We consider the cases n = 4 and n > 5 separately.
If n =4, (8.58) is just (8.22), and in view of (8.23) and (8.24) (with a = 3),
it suffices to prove:

(8.59) H=0. qgHYY < [1(12),
(8.60) L? - HY < A3LN(L2).
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Here we also used (4.1). By Holder’s inequality, (8.59) reduces to
1 8

0 < 13(id),

HYY — L7 (LY).

These are just (6.9) and (6.5) in dimension n = 4. By Sobolev embedding we
reduce (8.60) to

8
L* - HYY — LY(L3).

But this holds by (6.5).
Now assume n > 5. By Lemma 7.4, (8.66) reduces to

(8.61) HYO . g5 < LI(L2),
H*= 0. g4 < LI(L2).

Using Holder’s inequality, these follow from (6.4), (6.10), (6.9) and (6.5).
Proof of (8.49). By Lemma 7.4, it suffices to prove
(8.62) APTTAZYT RO e OO
(8.63) A=EAZ XS HOO oy OS]
Set ( =60+ 2¢ — 1/2. By Lemma 8.10(a), (8.62) reduces to
HI—C,O . Hs—%—(,ﬁ' N HO,—%—E
which by duality is equivalent to
HO,%+E . Hsféfg,e N H71+(,0‘

The latter holds by Theorem 8.7.
By Lemma 8.10(b), (8.63) reduces to two estimates:

(8.64) NG CR T N 2
(8.65) ASTEAZ XS O oy O3

(Recall that ( = 6 + 2¢ — 1/2.) In view of (6.3) and (6.1),

3
Hs+§—9—570 A H0,9 N LQ,

which implies (8.64). Since ¢ + ¢ =7, (8.65) follows from (6.15).
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Proof of (8.51). This reduces to
Hov50 {50 oy ASTITELH(L2),

In view of (8.23) and (8.24) (with & = § — v —¢), this reduces to
Hs+%,0 . Hsffyfs,é‘ N L% (Lin),

1
Hs+’y+s70 A Hs—'y—sﬂ < AE—’Y—EL% (Lin)

The former holds by (6.7) and (6.8), the latter holds by Theorem E.

Proof of (8.52). By Lemma 8.10(b), this reduces to

(8.66) A PAZXS . HS R0 o AT AL AR L (220,
(8.67) A—AR X5 HS50 < AETTAL L1 (2.
By Proposition 4.8, (8.66) reduces to
A“BAZXS . HE R0 oy NSF L (2.

By Lemma 7.4, the latter reduces to two estimates:
(8.68) AN s g G £l (c2).
(8.69) ATEAZ XS HOY o L2,
If n =4, then (8.68) follows from

CHLY) - HE o LHL3),
which holds by Proposition 4.3, Lemma 4.4 and (6.11). If n > 5, then (8.68)
reduces to (8.61).

In view of (6.1), (8.69) reduces to
1 n 00
ATETILL(LE) - LE(LR) = Ly (L3),

which holds by Proposition 4.3, Lemma 4.4 and (6.13) (since vy > 0).
By Lemma 7.4, (8.67) follows from

H*7 0. qH*5% <y D3LY(L2M).
By Sobolev embedding, L} (L") < D= L}(L?"), so it suffices to have
H™2 0. g% <y LI(LD).

This follows from (6.6) and (6.8).
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Proof of (8.53). By Proposition 4.8, this reduces to
ATEXS TR0 ey AT YLl (22),
By Lemma 7.4, it suffices to prove
HY . H™2°0 < LI(L2).
H" 70 . 12 <y LIL2).
The first of these holds by (6.5) and (6.9). The second follows from (6.7).

9 Main Estimates for (WMM)

Here we prove the following.

9.1. Theorem. Letn >3, s > ”772 Assume that 0,¢ and q satisfy

1 1 1 -2
§<0<mln<1— 5{ _n2 ]),

[\

11
0< inl1-6,0——, = +1-26
< e < min ( 55 [ }) R
1 1 3 .
2 q 2
Let X*° be the Banach space given by the norm
||| = |U’|s,9 + ”A_lA—u”pg(ggo) )
then
(9.1) QX®, X%) = AL A=A,

where Q is the null form appearing in (WMM).

This implies part (c) of the Main Theorem, in view of Theorem 5.4, since
conditions (a)—(e) of the latter are satisfied by the space X'* (condition (a) holds
by Proposition 3.12; condition (b) is obviously satisfied; conditions (c) and (d)
follow from Theorem 5.5, in view of Proposition 5.6; finally, condition (e) holds
by Proposition 5.7).

By the definition of X%, (9.1) is equivalent to two estimates:

(9.2) ATIQ(X%, X%) s HB0FETL

(9.3) ATTQX, ) 5 AL A LI(L).

The latter can be proved without using the null structure of @ In fact, we shall
rely on the following crude estimate:

AT'Q(¢,9) - DT'A Y DT ALY whenever ¢ < ¢/, v 2.
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(The trivial proof of this is omitted.) Thus, (9.3) reduces to
D—1H3—170 . D—1H3—1,9 s AI_E,C?(,COO)
By Sobolev embedding, this reduces to
D*lefl,é‘ . D*lefl,G s A17%725£g(£;)

for any 2 < r < co. The latter holds by Theorem E, if we take r so large (to
ensure that (2¢,2r) is wave admissible) that

n—1 n-1

2 2r

1
=<
q
(We can do this since ¢ > 1 and n > 3.)

To prove (9.2) we need to take into account the null structure. In fact,
proving (9.2) can be reduced to proving four estimates:

(9.4) D LEMO 08 oy fof+e-1
(95) ’}-[179*1 . Hsﬁ s H0,9+571,
(9.6) LI(L°) - HO —y fof+e=1,
(9.7) R(HSHLO [00) <y gOO+e—1,

Here M > 0 can be taken arbitrarily large ((9.4) is a low frequency estimate
which comes up because we want to replace D! by A~! in certain places). The
important estimates are (9.5)—(9.7).

We will need the following theorem (essentially a corollary of Theorem F;
see the Appendix for the proof).

9.2. Theorem. Let n >3 and 6 > % Then
Ha,9 . Hb,9 N H*C,e
holds for all a,b, c satisfying

a,b,c>0,
n—1
2 )
n—1
a+b+czT+0.

c<

The basic estimate for the null form @ is as follows.

9.3. Lemma. The estimate
D7'Q(¢,%) - D™'D_¢' - ' + R(D™'¢',¢') + symmetric terms
holds whenever ¢ < ¢' and ¢ < '.
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The proof can be found in [22, Lemmas 2.3 and 2.4]. We shall also make use
of the following;:

9.4. Lemma. Let y,M > 0. Then
NTIQ(9) - ATMDTI ALY AT + ATIALG
+ATPA ¢ AP + R(A Y, AY) + symmetric terms
whenever ¢ < ¢' and ¢ < ',
Proof. By Lemma 9.3,
ATLQ(¢, ) - DTIA_G - + R(D™'¢', ") + symmetric terms.
Since D~ 'u . A~'u + D~'A=My whenever @ > 0, we conclude that
AT Q6 4) - AMD ALY U + RAMD TN )
+ATTA_¢ '+ R(A' ¢, ¢) 4+ symmetric terms.

Since R(u,v) - (Du)v whenever @, v > 0, the second term on the right hand
side is subsumed in the first. It is easy to see that

A"R(A u,v) - RN u, A1) + R(A tu, Av)

provided @,7 > 0. Combining this with Lemma 7.4 yields the desired estimate.
O

We shall also need the following estimate for the operator R.
9.5. Lemma. Let a € [0,1], § > 0. Then

R(§,9) - AR (¢, 9) + Mg -4 + AP (A% - A_y))
whenever ¢ < ¢' and ¢ <),

Proof. Tt is readily verified that the symbol r of R satisfies
r(n,&An) <A+ B+C,

where A = ||7+ X — [ +1]|, B = ||7] — [¢|| and C = ||| — |n]|- We consider
three cases, corresponding to A, B or C being the maximum of the three.

If A is the maximum, then . Al=%r2,

If B is the maximum, then r . B.

If C is the maximum, we consider two subcases: (i) [¢] > A4; and (ii) |¢] < A.
In case (i), r . A9 ASC . A9 |¢|° C. In case (ii), r . [¢|'"“r> . Al7ope. O

Applying Lemma 9.4 to (9.2) (with v = s), we see that (9.2) reduces to (9.4)—
(9.7).
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Proof of (9.4). This is weaker than
DT1EMO . gof <y 12,
By Holder’s inequality and (6.1), the latter reduces to
DM < L2(LY),
which holds by Sobolev embedding for M > 22, since n > 3.
Proof of (9.5). By Lemma 8.10(b), this reduces to
(98) 7_[2—9—570—1 . Hs,9 N L2
(9‘9) H1—670—1 . H8,9 (3NN HO,—%—E
where § = 6 + & — 1. Observe that (9.8) is weaker than
H1—0—8,9 . Hs,9 N L2
which holds by Theorem F. (9.9) is equivalent to
H07§+s g5 <y pri-11-0

and the latter holds by Theorem 9.2.
Proof of (9.6). This holds by (6.14).

Proof of (9.7). By Lemma 9.5 (with « = #+¢ and § = §+c— 1), this reduces
to three estimates, one of which is (9.6); the other two are

R0+5(Hs+1,9,H0,9) N L2,

HstLI=0.0 | 061 oy fy0,—3—¢
The former holds by Theorem F, and the latter is equivalent to

s+1-6,0 0,1 4¢ 0,1—0
H -H"27 s H ,

which holds by Theorem 9.2.

10 Further Results, Open Problems and Histor-
ical Remarks
(1) The results discussed in the Main Theorem (see section 1.1) confirm part

(i) of the General WP Conjecture (see section 1.3) for the equations that we
consider, with two notable exceptions. The first concerns (MKG) and (YM),
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as well as the simplified model problems (“MKG”) and (“YM”), in dimension
n = 3. In both cases the critical WP exponent is s, = %, and one can prove
local well-posedness for s > s. + + using the H*? spaces with 6 = s; see [6]
and [12]. It is easy to see that while the first iterate, in all the above-mentioned
cases, is well-posed for s > %, it fails to belong to the corresponding H*? space
for % <s< %, 0> % One can show that any strategy based on norms which
depend only on the size of the Fourier transform, such as those used in this
survey, is bound to fail to prove well-posedness for s in the range £ < s < 2. Is
it possible that well-posedness fails in that range?

The second case in which our present techniques do not allow us to go all the
way to the critical exponent is the (WMM) equation in dimension n = 2. Even
though the system (1.13) is a equivalent, through a simple transformation, to the
standard wave maps equation (WM), for which we can prove well-posedness for
all s > s.(WM) =1 (n = 2), we cannot treat it for s close to the corresponding
critical exponent s.(WMM) = 0 (n = 2). In fact, the best result proved so far
for (WMM) in dimension n = 2, is that it is well-posed for s > 1; see [33]. In
comparison with the higher-dimensional (n > 3) case, discussed in section 9, we
remark that the estimate (9.2) is true for all s > 0 in dimension n = 2, whereas
the “L;(L2°)” estimate (9.3) fails for 0 < s < %, by a counterexample given in
[33]. For a more in-depth discussion of the (WMM) equation, see [33, 35].

(2) Close to nothing is known concerning part (ii) of the General WP Conjec-
ture, except for semilinear scalar wave equations of the type A¢ + V'(¢) = 0;
see [9], [37]. An important advance was made recently by D. Tataru [42, 43]
who was able to prove, in the case of (WM) equations, global well-posedness for
data in the Besov space BQ%’I, in any dimension n > 2. It would be interesting
to extend Tataru’s result to the other cases covered by the Main Theorem. We
expect that all classical field theories are globally well-posed (in the strong sense
of our Main Theorem) for small data in BZ! with s, the critical WP exponent.
The fundamental problem of well-posedness in H*e is far more difficult (see the
relevant discussion on well-posedness and its connection to the issue of global
regularity in [16]). Ultimately the issue of optimal well-posedness must be tied
to that of global regularity for all finite energy data, in the case of critical
nonlinearities, or that of spontaneous formation of singularities'® in the case of

supercritical equations.

(3) Recently M. Keel and T. Tao were able to prove global existence for the full
(MKG) system for arbitrarily large H* initial data with 2 < s < 1. Local well-
posedness in the same range was dealt with in [6]. Global H' well-posedness
for the harder case of the (YM) equations, corresponding to the energy norm,
was treated in [20].

(4) The issue of optimal well-posedness for quasilinear wave equations has only
very recently started to be investigated. We refer the interested reader to the

10See [38] for an up to date survey concerning weak solutions and formation of singularities,
as well as known results in the case of equivariant or spherically symmetric wave maps.
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works of Chemin-Bahouri [1, 2], Tataru [44, 45] and Klainerman [17]. See also
the relevant discussion in [16].

(5) The first improved!! space-time regularity results for null quadratic forms
appear in [18]. Those estimates were used, by virtue of Duhamel’s principle, to
set up an iteration procedure with respect to a space X3 (see the discussion in
section 5) defined by the space-time norm

1 _
(10-1) ||U||L§°([0,T],Hs) + Hatu”L?O([O,T],HS—l) + 71 ”Ds 1Au||L2([0,T]xR")

and derive improved well-posedness results for a general class of nonlinear wave
equations verifying the null condition (see [15]), including (WM). The same
type of estimates and a similar version of the A’} iteration space were used in
[19, 20] to derive global well-posedness results in the energy norm for the full
(MKG) and (YM) systems. Observe that the norm (10.1) is essentialy the same
as that of the spaces H*? for = 1.

It is noteworthy that in [18] there appear also sharper bilinear estimates
corresponding to the homogeneous H*Y, § = % spaces (see section 3). These
better estimates could not, however, be used in an iterative procedure; 6 = %
leads to an obvious logarithmic divergence. The use of the H*? spaces, for
6 > 1, was initiated in [21] under the influence of the works of Bourgain [4] and
Kenig-Ponce-Vega [14] for dispersive equations. The new idea, provided by these
works, was to introduce a time cut-off function which allows one to replace A by
A4 A_. The inhomogeneous H*? for s > s., § > £, avoids the above logarithmic
divergences and allowed one to prove a well-posedness result for s > s., in the
case of the (WM) system, for n > 3. The case n = 2 was treated later in [26]
with the help of the new bilinear estimates proved in [23]. The (WM) system
is the only one for which the H*? spaces alone suffice to prove optimal WP
results for s > s.. More precisely, for (MKG), (YM) n > 4 and (WMM) n > 3,
some of the product properties of the H*? spaces, necessary to carry the step
by step iteration, fail by a lot. The starting point in [22],[24] and [25] was the
observation that, despite this failure, one can check nevertheless that the second
iterates belong to H*?. Moreover the second iterates satisfy additional trilinear
properties which, when taken into account, allow one to prove inductively that
all iterates belong both to H*? and satisfy the same trilinear conditions. In
the wake of the bilinear estimates of Theorem B, proved in [27], it became clear
that the additional trilinear conditions can be more conveniently rephrased in
terms of the £] (L") spaces discussed in this paper. See also [30] for a review of
this circle of ideas.

(6) The spaces H*? are by no means new in PDE. Before [18] and the system-
atic use of such spaces by Bourgain [4] in the study of optimal well-posedness
for periodic initial conditions for KdV and nonlinear Schrédinger equations (see
also [14]), such spaces were used in microlocal analysis, in particular in the the
study of propagation of singularities for nonlinear wave equations; see [3]. The
novel idea, in both [18] and [4], was to estimate directly, in a space-time L2

1By comparison to what can be derived by Strichartz-type estimates.
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norm, the principal quadratic part of the nonlinear term'?. These new types

of estimates'3, which we now refer to as bilinear, provide additional regularity
information in connection with the issue of optimal well-posedness. The L2
set-up of the H*Y spaces is the most convenient'? way to take into account
possible cancellations between the symbol of the special quadratic part of the
nonlinear equation and the symbol of the corresponding linear operator. Aside
from simplicity there is in fact no reason to stop at L?; as we have seen above,
additional information can be provided by combining the H*? norm with a
suitable £!(£") norm. Further progress in this respect may be expected from
the L{(L") bilinear estimates conjectured in [7] and proved partially in [46] and
[40]. Clever modifications of the H*? spaces appear also in [42] and [43].

A Appendix

A.1 Counterexamples

Here we prove the negative statement in Theorem 8.2. The argument below is
a slight modification of the counterexample used in [23]. We construct, for all
sufficiently large L > 0, functions uy, and vy such that for any s and 6,

(A1) unlyg ~ L¥4E funl, g ~ L9755,

(A2)  F{Qi(D tug,vp)} ~ L F(ugvy) ~ F {A% (A AZuy - A%UL)} .
Moreover, for all (7,£) in a certain set C' with measure ~ L1,

(A.3) f{As_lAejl(uLvL)} (1,€) ~ L2s=14n,

It follows from (A.2), (A.3) and Plancherel’s theorem that

s—1,0—1

& LP(=DFn42 [IC] ~ L2545

But by (A.1),

|UL|3 ) |UL|3 g~ L3s+9+n+%_

121n the case of the KAV equation u¢ + uzze + uu, = 0, treated in [4], this was uwu,. In [18]
one relies on space-time I.? estimates for the null quadratic forms Qg and Qap-

I3Previous attempts to prove optimal well-posedness results relied on the idea of treating
the nonlinear part of the equation as a source term and using the best available estimates,
such as Strichartz, for the corresponding linear inhomogeneous equation (see e.g. [13], [32]).
In some situations, such as nonlinear wave equations of the type A¢ = +¢P, this procedure
is in fact optimal, see [29].

141ndeed, in view of the Plancherel identity it suffices to estimate bilinear weighted convo-
lutions.
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We conclude that the estimates
||Ql] (D_luﬂ ’U) ||S,1,9,1 . |’u’|s,6‘ |’U|s,6‘ ’

HA%(A*%A%u-A%@

s—1,0-1 - |’u’|s,6‘ |’U|s,6‘

must fail if s < § — 4.
We may of course take i = 1 < j. Let A be the set of (\,n) € R'T" such
that

L L
|A_771|S]-7 537713-[/7 §§|77I|SL,
where we write n = (91,...,7,) and §' = (92, ...,n,). With the same notation,
let B be the set of (7,£) such that
L2
|T_|£|| S87 ? Sfl S4L27 |£I| S2L7
and let C' be the set determined by
=l <1, LP<a<2r? <L

Let w7, and vy, be the characteristic functions of A and B respectively.
Clearly, (A.1) is satisfied. Also,

(A4) A eA (réelC = (r—NE—n) € B,
since
[T=A=[¢=nl| < |t =l + N =m|+ &l =& +1E—nl = (& —m)
P < O A
I S ST /| SR
Observe that (A.4) implies

Flupgop)(r, &) = |A] ~ L™ for all (1,€) € C,

and (A.3) follows.
To prove (A.2), write

F{Q;(D™ ur,vr)} (1,€)
= W& —m) = (g — ) ) @ OWMTE(T — A, 6 - |
_/1+n <|77|(€1 m) |n|(€J 77])) LA mon(t = X\, §—n)dXdny

Obviously,

<24+1+5=28.

A eA(ro)eB = g —Te 2

J
bl 7]

F{Q1;(D™ ur,vp)} ~ L*F(urvr).
It is also easy to see that

whence

}*{A%(A—%A%u,; : A%’UL)} ~ L*F(urvr),

so we have established (A.2). This concludes the proof.
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A.2 Proof of Theorem 7.2
We first prove the following.

A.1. Proposition. Letn > 1 and a,b,c,a, 3, > 0. Then
H»* . ;%8 < H >,
provided a+b+c> 2 and a+ B+ > 3.

Proof. Assume that s = a+b+c>Zand 0 =a+B+v> % (a,b,c,a, 3,7 > 0).
By Holder’s inequality,

L? L™ — [*
LE(L3) - (L) — L2,

so by (6.2),(6.1) and (6.3) , we have

(A.5) L* - H — 2
(A.6) H® . {0 — L2

Once we have these estimates, the others follow by interpolation:
Step 1. Assume v =0 (so § = o+ # > 1). Interpolation between (A.5) and
(A.6) gives

HO . H%P s L2

Step 2. By Step 1, we have

HO,a+’y . Hs,ﬁ o L2,
L?-H*P s g7,

Interpolation between these yields
HO . qH5P s HO77.
Step 3. Assumec=0 (so s =a+0b> ). By Step 2,

HY . g5 < HO,*‘Y,
HS . HO0 s HO,—’Y,

and by interpolation,

H® . g%P — H%=7.
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Step 4. By Step 3,
Horea b8 <y O
HOa . s o H—a—a—’v,
so interpolation gives
H® - H"P ey g7,
This concludes the proof. O

We now turn to the proof of Theorem 7.2, which we restate here for convenience.

Theorem. Letn > 2, s> ¢ and%<0§s—”771. Then

H»> . Hs,b‘ oy ™™
for all a,a satisfying

0<a<i,
-s+a<a<s.

(Hence, by duality, for all -0 < a <0 and —s <a<s+a.)

By interpolation, it suffices to prove:

(A) HS0 . 50 Hs,G’
(B) 50 _Hs,a s Hs,O,

(C) 50 _Hs,a s Hfs,o,

(D) HY . g% < g —s+60<a<0.

The estimates A,B,C and D correspond to the vertices of a trapezoid in the
(a, a)-plane.

Estimate A. By Lemma 7.4 it suffices to prove
H070 . HS’0 N H0,9
By Lemma 3.3, the last estimate reduces to three estimates:

H0,9 . HS,O o L2,
L?*-H — L7,
R(H™,H*") — L”.

The first two are covered by Proposition A.1; the third follows from Theorem
F.
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Estimates B and C. These are equivalent by duality, so it suffices to prove
B, which by lemma 7.4 reduces to:

HS,O . HO,G s L2,
L’ H — L*
Both of these are covered by Proposition A.1.
Estimate D. Since D is equivalent to
Hfa,fé‘ A Hs,b‘ s Hfa,fé‘
by duality, and since a < 0, by Lemma, 7.4 it suffices to prove
Hfa,fe . Hs+a,9 N HO,*Q,
H0’70 A Hs,é‘ s HO,*Q.
By duality, the last two estimates are equivalent to
H0,9 . Hs+a,9 N Ha,9

HO,G A Hs,é‘ s H0,9

The last estimate was proved above (estimate for A), and the second to last
reduces, by Lemma 3.3, to three estimates:

(A7) H0,9 A Hs+a70 N Ha70,
(A.8) L? - H5T%0 —y g0,
(A.9) RY(H®? He+o0) — g0,

By interpolation between the estimates

H070 . HS’O < L2,
H0,9 . L2 N H*S,O’

which are dual to each other and hold by Proposition A.1, we get (A.7). Propo-
sition A.1 also covers (A.8) (via duality). Finally, for (A.9) we consider two
cases:

(i) If s = 22 4+ 0, then a > —25L, and (A.9) holds by Theorem F.

(ii) If s > 2L 4+ 6, then —s + 6 < —251, so we may assume that —s + 6 <

a < =21 (then the estimate for —2;1 < a < 0 follows by interpolation

with estimate A). Choose € > 0 so small that  + ¢ < s +a and € < ”T’l
Then by Theorem F,

R9(H079,H9+579) N H—"T‘1+s70’
which implies (A.9).
This concludes the proof of Theorem 7.2.

68



A.3 Proof of Theorem 8.7

Let n >4, 6 > 1. Assume

a,b > —c,
1
b>-=
a+02> 2
n—1
a+b+e>——.
2
We want to prove
(A.10) H" - H" — H

Step 1. Assume ¢ < 0. Then by Lemma 7.4, (A.10) reduces to

Hated . gho oy 12
This can be reduced to the extreme case
(A.11) HY {20 < 2,
which holds by Theorem F.

Step 2. Assume —c < 0 <a,b. If a+b > 251, then (A.10) follows from
Ha,9 . Hb,9 N L2

which again reduces to (A.11). If a+b < 251, set v = a+b— 251, Then (A.10)
follows from

Ha,9 . Hb,9 o H‘Y,O,
and the latter holds by Theorem F.

Step 3. Assume —c < a < 0. By Lemma 7.4, (A.10) reduces to two estimates:
HO,G . Ha+b,9 s H*C,O
H0,9 A Hb,9 s Hfafc,()‘
These estimates hold by Steps 1 and 2.

A.4 Proof of Theorem 9.2
Let n > 3,60 > £. Assume

a,b,c>0,
n—1
2 )
n—1
a+b+czT+0.

c<
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We want to prove

Ha,b‘ X Hb,b‘ s H*C,G-
By Lemma 3.3, this reduces to

Ha,O A Hb,b‘ s H*C,O,
Ha70 . Hb70 s H_C’O,
RG(Haﬂ’Hbﬂ) < H_C’O.

The first two hold by Proposition A.1, the last one by Theorem F (take v = —¢,
v_ =0 and choose 0 < 51 < a, 0 < sy < bsuch that ¢ + 51 + 52 = ”7_1-1-9).

A.5 Analysis of the First Iterate

Here we work out in more detail the examples considered in section 1.3.

Step 1. If u solves Au = F' with vanishing initial data at time ¢ = 0, then

G [ |F(7,9)
€1 JR1+|I7] — [€]]

u(B)(€)] < 2 /R|ﬁ<r, &)| dr,

lu(t)(6)] < dr,

for all t > 0. The first estimate is an immediate consequence of the formula
o ﬁ € eitT _ oitl€]| et _ oitl€]
e = [ 559 ( - dr,
R 47 ¢ T —[¢] T+ [¢]

which is easily derived from Duhamel’s principle (see, e.g., [33, Section 3.6.3]).
As for the second estimate, Duhamel’s principle implies

. t
wd©| <t [ |Fe)©)ar.
0
and clearly, |F(t’)(f)| < f}dﬁ(r, )| dr.
Step 2. Let B be a bilinear operator of the form

F(B0) () = [ b= &= mA )il =\ =m0 n) drdy

Assume that

Av=Aw =0, (v,atv)|t:0 = (vp, 0), (w,atw)|t:0 = (wp, 0).
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As in section 1.4, we decompose v and w into half-waves. Thus,

B(v,w) ~ B(vy,wy) + B(vy,w_) + Blv_,w;) + B(v—,w_),

where vy = eF®Pyy and wy = eFtPyy,. Tt suffices to consider the first two

terms on the right hand side. Since 07 (7,&) ~ &6(7 — |€])0p(€) and wx(T,&) ~
5(r F €T3 (£), we have

FB(os,wi)(r,€)
= [ b= A€ = mAmS(r = X = |g = SO F [Do(€ ~ )T ) dd
= [ kate = mm(r ¥l ~ I¢ = n)a(s ~ m)@an) dhdo

where k. (€,) = b(l€] & % Inl ).

Step 3. Let ux be the solution of Auyx = B(vy,w+) with vanishing initial
data. Set f(&) = (€)” [00(€)| and g(&) = (£)” |wo(&)|- By Steps 1 and 2,

©° i ()] < Ci / K (€ —n,m) F(€ - m)g(n) dn,
where

Em” kel Em) [y 1
©° )’ e+l (1+Ax(En)

and Ay is defined by (1.20).

K(&n) =

Step 4. By Step 3, proving |[u(¢)|| . < Ct|lvo] wo|| . reduces to proving

HS
(a1 [ K€ Ao+ mdedn . IFla lala bl

for all f,g,h € L?>(R™), where K is as in Step 3. Write K = K; + K> + K3,
where K7, Ky and K3 are supported in the mutually disjoint regions

D ={(n) : [E+nl <1},

Q3 ={(&m)  1€+nl =1, n| > €]}

respectively.
Obviously, K1 . |k+| ()"’ (n) °. Assuming that
(A.13) ksl . ()" (m)°,

it follows that K is bounded, whence

sup [ K¢ . dt < o0,
n
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Therefore (A.12) holds by Lemma A.3 below (after a linear change of variables).
Observe that (A.13) is satisfied in the examples we consider (we always have
s> 1and [ks| . € 1))

Next, for Ks we have

|k'dz| (5777)
€M (1+AL(&n)

Let us now consider this expression for the operators B(v,w) appearing in our
examples (the estimates for K5 are the same, since the operators are symmetric).

(i) In Example 1.1, B(v,w) = 0;v - dyw, so b(7,&; N\, n) = 7. Therefore,

kx| < [€] Inl

KZ(E)”) :

and
1

()" (L+ALEm)
(ii) In Example 1.3, B(v,w) = Qo(v,w), so b(7,&; N\, n) = 7A— & . Therefore,

ks (§,m) >~ £ [¢]Inl =& n = £[]In] (1 F cos “(&,m)) -

And in view of Lemma A.2 below, this implies

k| < max([¢], In)) A% (€, n)-

K2(£777) .

Hence,
K2(£777) . <77>_s .

(ili) In Example 1.4, B(v,w) = Qi;(v,w), so b(t,&; A, n) ~ &n; — &n;. There-
fore,

[k (&m] - [€ ANl =[] In] V1 = cos? @ . [¢] [n] V1 F cosb.

In view of Lemma A.2, this implies

1

KQ(&:") - 1
M2 (1+AL(&m)

=

Proof of Proposition 1.2

Instead of proving Proposition 1.2 as stated, we prove a homogeneous version.
The proof is easily modified to give the inhomogeneous statement in Proposition
1.2. We first prove two lemmas.

A.2. Lemma. Let Ay be defined by (1.20). Then
min([¢], [n])(1 £ cos ) < 24z(&,n),

where 0 is the angle between & and 1.
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Proof. We have

A+ €&l + [l + 1€ +nl) o €]l (1~ cosh)

A =
+&m) R L

)

and a similar computation gives the proof for A_. O

A.3. Lemma. If K is a measurable function on R™ x R™ such that at least one
of the numbers

2 2
Slglp/K (&,m) dn, Sl;p/K (&,m) d¢

is finite, then
Jo o KT €anh(e +n) dedn < Cfl s gl 1]

for all f,g,h € L2.
To prove this, simply apply the Cauchy-Schwarz inequality twice.

Proposition. If a,b,c > 0 and A(£,n) is either of the expressions defined in
(1.20), then

/ F(©)gm)h(€ +n)
RexRe (€] [n]” Ac(€,n)

for all f,g,h € L*(R"), provided

dgdn < C|fll gz gl 1Pl 2

+bte=2, ab< = — <n-l
a c=5. a 5 =6 ¢ T
Proof. Set K(&,1) = |¢]7* In|~" A=¢(¢,n) and write K = K, + K>, where K;

is supported in the region |n| < |¢| and K is supported in |n| > |£|. By lemma

A2
2

< )
T el " (1 £ cos B)e

where 6 is the angle between ¢ and 7. Thus, for all ¢, integration in polar
coordinates (r,w) = (|n|,n/ |n|) yields

4 €] do(w)
I < n—1—2(b+c) _ o)
/ 1(&,m)dn < |€|2a/0 r dr gn-1 (1 £ cosf)2e

Kl (fa 77)

_ 4 / do(w)
" n—2(b+c) Jgnor (1£cosh)2e’

and the last integral is finite iff 2¢ < (n —1)/2. By symmetry, this implies that
sup, [ K3(&,n) d¢ is also finite, so we may apply lemma A.3. O
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