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The FBI transform, operators with nonsmooth
coefficients and the nonlinear wave equation

Daniel Tataru

Abstract

The aim of this work is threefold. First we set up a calculus for partial
differential operators with nonsmooth coefficients which is based on the FBI
(Fourier-Bros-Iagolnitzer) transform. Then, using this calculus, we prove a
weaker version of the Strichartz estimates for second order hyperbolic equa-
tions with nonsmooth coefficients. Finally, we apply these new Strichartz
estimates to second order nonlinear hyperbolic equations and improve the lo-
cal theory, i.e. prove local well-posedness for initial data which is less regular
than the classical threshold.

1. Introduction.

The first goal of these notes is to introduce a new approach for the analysis of
partial differential operators with nonsmooth coefficients, which is based on the FBI
transform. The idea is quite simple, namely to use the FBI transform to transform
the “principal” part of a partial differential equation into a scalar or a ordinary
differential equation in the “FBI” space. Thus one needs to produce approximate
conjugates of pseudodifferential operators with respect to the FBI transform. This
in turn requires appropriate error estimates, which are described in the next section.

In the second part we show how this method can be used to obtain Strichartz type
estimates for second order hyperbolic equations with nonsmooth coefficients. In the
“FBI” space the problem reduces to a subelliptic ode away from the characteristic
cone and a transport equation along the Hamilton flow. Solving these ode’s reduces
the problem nicely to certain oscillatory integral estimates which, at least in spirit,
are not far from the classical ones arising in the constant coefficient case.

Finally, we explain how these Strichartz estimates lead to improvements in the
local theory for nonlinear hyperbolic equations. This is a simple argument based on
the energy estimates. _

The results presented here are contained in three articles of the author, [16], [18]
and [17].

Research partially supported by NSF grant DMS-9622942 and by an Alfred P. Sloan fellowship
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2. A calculus for operators with nonsmooth coefficients.

The FBI transform is, in a way, similar to the complex Fourier transform, in that
for each function in R"™ it provides a representation as a holomorphic function in
R?™. However, in the case of the FBI transform we can identify naturallv R?® with
the phase space T*R". For a pseudodifferential operator with smooth symbol acting
on functions in R" one can produce by conjugation a corresponding formal series
acting on functions in R?", for which the first term is exactly the multiplication by
the symbol. This series converges and has a nice representation in the Weyl calculus
provided that the symbol of the operator is analytic. This is how the FBI transform
has been used in the study of partial differential operators with analytic coefficients;
see [10], [11], where this machinery is developed. Here we do the opposite: we look
at operators with nonsmooth coefficients, approximate the conjugated operator by
a partial sum of the formal series, and then we prove error estimates.

The calculus we develop is dependent on the frequency; thus, in order to use it
for general pseudodifferential operators one needs to start with a Paley-Littlewood
decomposition and then use the calculus for each dyadic piece separately. The
parameter A below represents the size of the frequency.

The FBI transform of a temperate distribution f is a holomorphic function in
C™ defined as

n 3n

(Tnf)(2) = AF27 87 [ 73G9 f(y) dy (1)

To understand better how the FBI transform works, consider the L? normalized

function
2

Faneo(y) = AFn—Fem 3= id(y-0

which is localized in a A~2 neighborhood of zy and frequency localized in a b}
neighborhood of A\&.! Then

(Tof)(2) = /\—-}W%e%(z—xo+i§o)2~%(z—-zo)2 — )\—%ﬂ_%e—%|z—xo+i§o|2e%‘%zlze-—i%(ﬂ?z—zo)(%z—go)

Modulo the common factor 2! this is localized in a A~ 2 neighborhood of zo — i&.
Hence, it is natural to introduce the notation

z=1x —1&.
Like the Fourier transform, the FBI transform has good L? properties. Set
B(z) = e

Then the operator T) is an isometry from L?(R") onto the closed subspace of holo-
morphic functions in L3(C™). One inversion formula is provided by the adjoint
operator:

fly) = A¥278n~% [@(2)em 3V (T,1)(2) dode

This is of course not the only possible inversion formula since the range of T consists
only of holomorphic functions.

!Due to the uncertainty principle this is the best one can do when trying to localize in both
space and frequency '
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Let a(z, &) be a compactly supported symbol. Then

§
a)‘(x,f) = a(x, :\‘)
is a symbol supported at frequency . )
What we want is to determine an approximate conjugate Ay of Ay(y, D) with
respect to F),

T\Ax(y, D) = A\T),

It is useful to see what happens for some simple symbols. For instance
1
T(yf)(z) = (@ + —= (0 = X)) TS

The conjugate of 2 is of course 2=, but we shall write it as
g by A

D 1

T30 = (€+5(

0r — XE))T.
Based on this, one can use a Taylor series expansion of the symbol to produce the
formal asymptotics

8;"8?(1(:1:,5) (1

T)‘A)\(.’L‘,D) ~ 2(65 - /\f)a

- 8
o B —ineg] = T A

i

Now we want to make these asymptotics rigorous for (nonsmooth) symbols a
which are of class C*® with respect to . Thus we define our candidate for the
conjugate of A, with respect to 7 to be the partial sum

029a(z, &) 1
a! Bl (—iX)lel \iBl G

ay= ) (O— A" 0, — AE)°

la|+|8]<s

Then we need to obtain good estimates for the remainder
R}, = ThAy — aT)

Our main result is

Theorem 1 Assume that a € C3(C§°). Then

IR allioose < e (2)

In other words, this theorem shows that the order s approximation is precise up to
s/2 derivatives. Such an error estimate is sharp, as one can see from the following
straightforward bounds on the terms in the partial sum:
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Lemma 1 If u € L} is holomorphic then
o L)
(0 = A&)°ullLz = cad = [JullLz

A era la]
1(8: — i76)*ullzs = caX Flull

If s > 2 then the conjugated operator has order 2 or higher, which makes the
analysis more complicated. The two simpler cases are 0 < s < 1, when

ay =a s<1 (3)

and 1 < s <2, when
3 = 0+ a0y (B — M) + ~ag(28, — AE)
a, =a ——0 — —ag( =0 —
A —i\ ot PR
Since we only consider this operator on holomorphic functions, the operators (9 —
Af) and (30; — A€) coincide. Then we can also rewrite it in a complex fashion as

@ =a+2(@0)@-ir), l<s<2 (4)

Observe that there are two ways to match the factors in order to obtain real coeffi-
cients for the derivatives. Correspondingly we obtain two ode’s along the gradient
flow of a, generated by

a;0; + '(1585

respectively the Hamilton flow of a, generated by
G,xaf - agt?x

3. Strichartz estimates for the wave equation with
nonsmooth coefficients.

The Strichartz estimates are LP(LY) estimates for solutions to the wave equa-
tion. These estimates have been very useful in the study of semilinear hyperbolic
equations. One form of the estimates applies to solutions to the homogeneous wave
equation, A

Ou=0, u(0)=uy, u(0)=u

Then
ullzo(rey < clluollme + |luallge— (5)
provided that 2 < p < 00, 2 < ¢ < o0 and

1 n n 2 n-1 n—1
p q 2 P p q 2 - (6)

with the sole exception of the pair (1,2, 00) in dimension n = 3.
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In the sequel, call Strichartz pairs all the triplets (p, p, q) satisfving the above
relations except for the forbidden endpoint (1,2,00) in dimension n = 3. If the
equality holds in the second relation,

1 n 2 n-1 n—1

—+Z=2op S+l = (7)
p ¢ 2 7 p g 2

then we call (p,p, q) a sharp Strichartz pair. The estimates for any Strichartz pair
follow by Sobolev embeddings from the estimates for sharp Strichartz pairs.

A special role is played in dimension n > 4 by the sharp Strichartz pair (2’;::11) , 2,
which we call the endpoint. Then all Strichartz estimates can be recovered %rom the
endpoint estimate and the energy estimate (which corresponds to (0, o0, 2)) by inter-
polation and Sobolev embeddings. The 3-dimensional correspondent is the forbidden
endpoint (1,2, 00).

The second form of the estimates applies to solutions to the inhomogeneous wave
equation,

2(n-1)y
n—3

Ou=f, u0)=0 u(0)=0
Then
1D ullozey < MIFIl ot gt (8)

for all Strichartz pairs (p, p, q), (p1,P1,q1)-

Estimates of this type were first obtained in [3], [14]. Further references can
be found in a more recent expository article [4]. The endpoint estimate was only
recently proved in [6] (n > 4).

Consider now a variable coefficient second order hyperbolic equation

P(z,D)u =0, u(0) = ug, u(0) =1y 9)

where -
P(z,D) = —0,9" ()0,

If the coefficients g are smooth then the estimates hold locally, see [9] (except for
the endpoint). For time independent C'! coefficients, in dimension n = 2,3, the
estimates are proved in [12]. Furthermore, in [13] they are shown to fail for C*
coefficients, s < 2.

In what follows we assume that the matrices (¢*/(z)), (¢¥(x))~! are uniformly
bounded and of signature (1,n). Furthermore, we also assume that the surfaces
zo = const are space-like uniformly in z, i.e. that ¢g°® > ¢ > 0.

Our first result shows that the full Strichartz estimates hold provided that D?g €
LY (L>).

1

Theorem 2 Assume that D*g € L*(L>). Let (p,p,q) be a Strichartz pair. Then
1 1
11D ulltoorizey < w7 || Vull o2y + p7 7 || P(2, D)ullzyre), (10)

provided that u > 1 and
T||D?gll1(e0) < 1
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The estimates in Theorem 2 also lead to some weaker Strichartz estimates in
the case when the coefficients have less regularity. Following the terminology in [19)
define the microlocalizable scale of spaces X'* by

lullxs = sup MISxullzr =)

where

1=3 S,

=27
is a standard Paley Littlewood decomposition. Then we consider operators with
coefficients in the A’® spaces for 0 < s < 2.

Theorem 3 Assume that P is in divergence form and that g € X%, 0 < s < 2. Let
(p,p,q) be a Strichartz pair and

_2-35
o= 2+s
Then
11D~ % ul| oo iy < 17 | Vul| ooy + U—’%IHDl_aPu“Ll(L?) (11)

forall p > 1, T > 0 satisfying

T*|\gll%: < p**°

The estimates for solutions to the homogeneous equation follow easily from the
above theorems combined with the energy estimates. Uniform energy estimates for
a time T hold for instance if 1 < s < 2 and

|1 Degllpr ey < 1

Now let us turn our attention to the estimates for the inhomogeneous problem.
Our first result is a generalization of (10).

Theorem 4 Assume that the coefficients satisfy D*g € L*(L*®). Let (p,p,q) be a
Strichartz pair. Then '

_ 1 _L,
DI ullioeay < p# [ Vullieomay + 177 | fill 2y + (1D fall o oy (12)

whenever

P(I,D)U:f1+f2

and
T||D*gll 2=y < 2, p>1

The analogue of this result in the case when the coeflicients are in X'*, with 0 < s < 2,
is
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Theorem 5 Assume that P is in divergence form and that g € X°, 0 < s < 2. Let
(p,p,q) be a Strichartz pair. Then

DI Lo(re) < H%HVU“LM(LZ)WLH_;"”|D!_Uf1”L1(L2)+|||D'p—%f2”u'(m') (13)
whenever
P(z,D)u= fi + f,
and
| T*llgll%s < u**, p>1

Applied to solutions for the initial value problem (9) this shows that the full Strichartz
estimates hold for operators with C? coefficients.

Corollary 6 Assume that D?g € L'(0,T; L*). Let (p,p,q), (p1,P1,q1) be Strichartz
pairs. Then the following estimate holds

DI ulle iy < MIDIPP (@, DYullpw o ey + ol + fluallzz (14)

The corresponding result for 1 < s < 2 is

Corollary 7 Assume that the operator P has X° coefficients in [0,T] with1 < s <
2. Let (p,p,q), (p1,01,q1) be Strichartz pairs. Then

1—p;— 2 z
DI " ull o o) < DI > Pull o o iy + ol + [Jua 2 (15)

4. Proof of the Strichartz estimates.

Here we sketch the proof of Theorems 2, 3. The rest of the results are proved in
a similar fashion.

Localization and truncation The first part of the proof of Theorem 2 involves
several localization type arguments. First we reduce the estimate to the case when
p=1T =1, |D*lrr~) <1 and u is supported in a cube of size 1. Then we
use a Paley-Littlewood decomposition to reduce the problem to the corresponding
dyadic estimates at fixed frequency A,

)\_"}]S,\uHLp(Lq) < ”S)\u”[,oo(p) + /\_1”PSAUHL1(L2) (16)

where S), is the multiplier which selects the frequencies of size aproximatively equal
to A.
Next we observe that (16) remains unchanged if we truncate the coefficients of
P at frequency v/A. Thus, without any restriction in generality we can assume that
lal=2
10z gllL1 (1) < Car 2

which also gives
al—1
10%g| < ca
The same steps apply for the proof of Theorem 3, with the only difference that

the coefficients are truncated at frequency ué)\'ﬁ?. But then the corresponding
dvadic estimate follows directly from Theorem 2. '
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Using the FBI transform The second stage of the proof of Theorem 2 is to
obtain good L? estimates for the FBI transform of u. Conjugating the operator P
with respect to the FBI transform T we get two ode’s in the “FBI” space. One
of these ode’s is along the gradient flow of p(z, ) and provides an elliptic estimate
away from the characteristic cone. The other one is along the Hamilton flow of
p and corresponds to propagation of singularities. Exploiting the L? information
coming from the two ode’s we can reduce the dyadic inequalities to certain oscillatory
integral estimates.

Set
w = &I T\Syu
Then we try to get good L? estimates for w. The function Syu can then be recovered
from

Syu=T;d2w
Observe first that w is concentrated in the region
1
U={lz| <2, Z§|5|S4}
Outside this region we have exponential decay,
lwllz2wey < €™ Sxullre.
Hence it suffices to get good estimates for w in the region U. Set
(A +2(9p)(0 —iN))w =g

where ) .
9=2:(R\Syu+T)f)

. 1 . ) .. . . .
Since @~ 2w is holomorphic, we obtain in effect two pieces of information, namely

[(Pz0¢ — peOz) — iA(p —pe - §)]w =g (17)

respectively
[(Pz0z + pede) + Ap —ip: - §)Jw =g (18)
The first equation is an ode along the Hamilton flow of p, while the second
equation is an ode along the gradient curves of p. Our strategy is now to use the
(17) to obtain good estimates for w on the characteristic cone K, and then to use

(18) to obtain good decay rates away from the cone.
We use (18) to decompose w into two parts,

w = w; + wy

where w, solves the inhomogeneous equation

[(pzax +p63§) + )\(p - Z'pav: : 5)] w =g, Wik = 0 (19)
and w, solves the homogeneous equation
[(pzar +p§8§) + /\(p — 1Pz f)l wy = 0, W g =W (20)

Correspondingly split S u into u; + up with

1
u; = T;\*<I>2w1~
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The estimate for w; If we multiply (19) by L and integrate by parts then we

obtain

w Vp|w
2 < g 5= Al + |2

which yields -
Mjwr|* < cllglf? (21)

On the other hand if we just square (19) and integrate by parts then we obtain
91I* = N{lpwi||* + |((p20z + pede) — iApz - E)wn [|* = M||Vplwn|*  (22)
Summing up the last two inequalities we get
Nllpwi||* + Mlwn|* < [lglf*

If one uses appropriately the remainder estimate, on the other hand, we get a bound
for A~4]|g||>. Hence it remains to prove that

| 1,01
I T3 @2 wn|Lozey < AF3 (A2 [lpwr]f? + [lwn]®)
which is equivalent to

T*q)%/\?a(ﬂf,f)

1
IT@t g s < 274

and further, by the “I'T*” argument, to

Mia?(z,€)

Tyt
1+ Aip)

TA“LP’(LG')—»LP(LQ) < A%

The weight inside is integrable across the level sets of p therefore we can foliate with
respect to the level sets of p and reduce this to

HT;(I)a2 (xv 5)6P=OT)\HLP’(Lq’)_wp(Lq) < )\2p+1

which follows by standard interpolation arguments and oscillatory integral estimates.
One can compare the kernel arising here,

3(n+1)

K(y,5) = X5 [ a(a, €)ePDem 360" e= 30" gzag (23)
K
with the corresponding kernel arising in the constant coefficient case,

Ki(y,9) = M [ a(€)e™ 0 Pde

and observe that the Gaussians have at most a regularizing effect above the A2
scale.
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The gradient flow The next step in our analysis is to estimate w, using (20). To
achieve that we need to compute the regularity of the gradient flow of p. Suppose
we start with initial data (z, ) on the cone K = {p = 0}. Denote by ¢ the natural
parameter along the flow, chosen so that ¢ = 0 on K. Set (z,,&,) the image of (z, &)
along the flow. Then (z,,&,) solve the equations

{ aqxq = px(xqu fq)
0g€q = Pe(2q, &g)

Since the first derivatives of p are bounded but the second derivatives are only
bounded by v/}, the gradient flow remains smooth on the scale of A~% and becomes
exponentially “bad” afterwards. More precisely,

Theorem 8 Assume that P has C! coefficients whose Fourier transforms are sup-
ported in B(0,v/)). Then

N

0203, < caph e o]+ 18] > 0
laj—=1
0200 (6 — )] < caph T eV o + 18 > 1

la|—1
10208 p(2,€)] < ca(l+ 1T )V

N

However, the fundamental solution for (20) exhibits Gaussian decay on the same
scale which overrides the exponential growth corresponding to the flow.

The oscillatory integral for u, We have
Uo = T,\<I>%w2

If we use the ode (20) to express w, in terms of the trace of w on the cone and then
carry out the integration along the gradient flow of p then we obtain the following
representation for ws:

Theorem 9 Assume that P has C' coefficients frequency localized in ||€]] < V.
Then we have )
Uy = /\—EV,\'U]‘K

where V) is an integral operator,
Viw = A5 / NGz, y, €)wrdrde
K
with a kernel G satisfying

102d2G (2,9, )| < caphT e (24)
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Then, using appropriately the error estimates, we need to prove an estimate of
the form

, 1 -
[Vawl|zo(zay < A7F% Hpr”L},O(Li,f,)(K) (25)

for all w supported in K N U.
Given a pair (z, ) we denote by (z4,&;) its image along the Hamilton flow. This
map is homogeneous of order 1 with respect to §&. Then, (25) is equivalent to

Theorem 10 Let a(x,£) be a smooth compactly supported function, which is 0 near
E=0and1in1/4 <|€| < 4. Then

IVaa(e, €)L|| L2 (kn{zo=0})—Lr(ze) < APHE (26)

where L 1s the forward transport operator along the Hamilton flow given by

_ 0 To <0
(Lw)(z, &) = { w(ze, &) =0, t<0
This is further equivalent to the corresponding bound for the operator
Z = (VaaL)(VaaL)® = VaaLL*0p(z e)=0aVy , (27)
namely X
HZ||LP'(L<I')—-+LP(L0) < DAk (28)

The operator LL* is an integral operator along bicharacteristics, with kernel

1(t,5) = Lizo, s20)

Using a standard complex interpolation argument this can be obtained from a
trivial L?> — L? estimate and an L'(L%) — L'(L%) estimate. The L'(L%) —
L'(L%) estimate, in turn, reduces to a kernel bound for an operator which involves
a shift along the Hamilton flow,

Theorem 11 Denote by F* the translation by t along the Hamilton flow, and by
H? the kernel of the operator

Zt = Vy3aF ' Syz.6)=0aVx
Then the kernels H' satisfy the following estimate:
|H(y, 9)] < eX™HlemXPmv0m0%(1 4 Ay — )T (29)
The kernel H* has the form

3(n+1)

H'(y,5) = A" = /G(x,y,E)G(x,gj,f)eixg(z‘y)e_i’\f‘(“‘17)dacd§
K

To estimate it we need to compute the regularity of the Hamilton flow.
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The regularity of the Hamilton flow Here we obtain precise bounds on the
derivatives of the flow map F t with respect to £&. Observe first that if the coefficients
g% satisfy

D?*g € L'(L™)
and have Fourier transform supported in |¢| < v/X then the following relations hold:

182gll 21y < CaX°T, 0] > 2 (30)
This implies that

Lemma 2 Assume that D%g € L'(L™) with Fourier transform supported in B(0, V'\).

Then the following bounds hold
Oz, < t(L+ VW)= ol > 1 (31)
028 < A+t ol > 1

We can use the above Lemma to produce an expansion of z;,&; in terms of powers
of ¢

Lemma 3 Assume that the coefficients of P satisfy D?g € L'(L>®) with Fourier
transform supported in B(0,v/X). Then the following estimates hold:

Ty =z +tpe +t°g(t, z,€) (32)
where g, h satisfy the following bounds:
|02h(t, x,€)|,1029(t, z,€)| < (1 + VA, (34)

Another straightforward consequence of Lemma 2 is the following bound for the
exponents in the kernel G:

Lemma 4 Let G be as in (24). Then
|8gG(xt, ét, y)' S Cae_C)\(zt—y)2(1 i t\/;\)a7

In a similar manner we obtain the related result for the phase function in our
kernel:

Lemma 5 For £ in a compact set and away from 0 we have
19 Az — 9)&) — (A& = §) + PAg(t.2,0) | < (1+ Alwe = 91+ tVA)  (35)

and
2N (z — §)&)| < call+ Mz — §)*) (1 + VA, |a] > 2 (36)

This is essential since it allows us to replace the nonlinear phase function with a
linear one modulo a good factor.
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Oscillatory integral estimates Given the above results, for t < A\~% the Hamil-
ton flow stays smooth and we can represent the kernel H? in the form

3(n+1)

H'(y,§) = N5 [ oo oD f(y, 5z, €)dud

where f is bounded, compactly supported away from £ = 0 and has bounded deriva-
tives in £&. This behaves in the same way as the kernel in (23).

For t > )\“%, on the other hand, we get the representation

Hi(y,§) = \*5 / e~ NE—1)? =M o—To=1? =M (-2 N w-T~C0(2.8) £ (4 i . €)dadE
K

where £ depends only on x,y,7 and f satisfies
168 f1 < a1+ tV2) (37)

This is worse than before, but is compensated by the fact that the integrand is
localized in £ on the same scale.

5. Quasilinear hyperbolic equations.

Consider a quasilinear second order hyperbolic equation in R™ X R,
9:g” (v)0ju = N(u, du) (38)

with Cauchy data
u(0) =up, w(0)=u (39)

Then the classical theory (see [5], and also [19] and references therein) says that this
problem is locally well-posed in H® x H*~! for s > 5 + 1. This condition insures
that the coefficients of the principal part are C! and that Vu is bounded.

The question is whether the problem remains locally well-posed for initial data
which is less regular than that. This can only be possible if we restrict the class
of nonlinearities N. Thus, we assume that the nonlinearity is at most quadratic in
Vu,

N(u,u) = G(u)Q(Vu, Vu) (40)

and that the functions G, gV are smooth, bounded and have bounded derivatives up
to a sufficiently high order. Also we assume that the coefficients g¥ are uniformly
hyperbolic in time. Then combining the new Strichartz estimates with the energy
estimates it is fairly easy to prove that

Theorem 12 The quasilinear problem (38)-(39) is locally well-posed in H® x H5~!
for

n 5
> — 4+ — =2
s_2+6 , n
s>n+2 n>3
2 3 7
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The first result in this direction, for

§2

S N3

s> 51 n>3
was independently proved in [16] and [2]. The above theorem is proved in [17]. We
have recently learned that Bahouri and Chemin were also able to improve their first
result in a second article [1]. Their new exponents (e.g. 25 + 2= for n > 3) are
only slightly larger than the ones in the theorem.

The idea of the proof is quite simple. From the energy estimates we know that
there is no blow up for as long as Vg(u) remains in L'(L*®). Then in order to
close the argument we use the Strichartz estimates to show that this also implies
that Vu € L?(L*®) (n > 3) respectively Vu € L?(L*®) (n = 2). In the constant
coefficient case this would require s > %+ 1 (n > 3) respectively s > 2 + %1 (n=2).

However, in our case we loose % derivatives in the Strichartz estimates, i.e. ¢ (n > 3)

respectively 75 (n = 2). Thus we need

n 1 1
S>§+§+g n>3
respectively
S>E+§+i n>3
2 4 12 -

Is is perhaps interesting to compare the results for the quasilinear equation with
those for the corresponding semilinear equation

Ou = [Vuf? (41)
The semilinear problem (41) The quasilinear problem (38)
using only Strichartz best result using only Strichartz best result
estimates estimates
n 3 n 3 n 5
2 —+- -+ = e ?
2 + 411 2 + % 2 * g
3 2 + - ZL_ + = Zl. + — ?
2 2 2 22 2 3 )
4 n " 1 n + 1 n N 2 0
2 2 2 A4 2 3 '
54 n n 1 n n n 2 o
2 2 2 2 3 '

One should note, though, that at this point the counterexamples for the quasi-
linear equation are no better than those for the semilinear equation, see [7], [8].
The same method can be used for second order hyperbolic equations of the form

9" (u, Vu)0:0;u = N(u, Vu) (42)

2This can be easily proved in. the framework of the X *¢ spaces
3see [15]
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Differentiating once we obtain equations which are essentially of the form (38),
therefore

Theorem 13 The quasilinear problem (42)-(39) is locally well-posed in H® x H*™!
for ' '

2
>n+

)
s 2 5 6 y n=2
n+2 2 ,
— >
s 5 3 n>3
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