Publ. RIMS, Kyoto Univ.
31 (1995), 645-665

Global Existence for Systems of
Nonlinear Wave Equations in Two Space
Dimensions, II

By
Soichiro KATAYAMA*

Abstract

We consider the Cauchy problem for the system of nonlinear wave equations
(*) (9] —Aw, =F(uu’,u”) in (0,0)xR2,i=1,--,N
with initial data u,(0,x)=€0,(x), (d,u,)(0,x) = ey, (x), where F (i=1,---,N) are smooth functions of
degree 3 near the origin (u,u’,u”)=0,90,,v, e Cy(R?) and € is a small positive parameter. We
assume that F, (i =1,---, N) are independent of u" forany j#i.

In the previous paper, the author showed the global existence of the small solution to the Cauchy
problem (*) assuming that the cubic parts of the nonlinear terms satisfy Klainerman’s null condition
and that the nonlinear terms are independent of u u,uu, for any j.k,l,m=1,--,N.In this paper, we
show the global existence without imposing further assumptions than the null condition on the cubic
parts of the nonlinear terms.

§1. Introduction

We consider the Cauchy problem for the following system of nonlinear wave
equations:

(1.1 Ou, = F(u,u’,u”) in (0,)xR", i=L--,N,

(1.2) u,(0,x)=¢€¢,(x), Ju(0,x)=ey, (x), xeR", i=1---,N,

where [1=0]-X", 9" is the d’Alembertian, d,=d,=d/d, 9, =0dlox,
(k=1,-,n), u=(u,), u' = (w,,)= (8“14,) s ou=(u,,)= (07”8,,14/) with j=1,---,N
and a,b=0,1,---,n. €1s a small positive parameter. We assume that the nonlinear
term F=(F))_,  isasmooth function in its arguments and satisfies
Fuu',u”) = O(ul® +|u'|* +u”*)

near (u,u’,u”)=0 with some integer o >2. Suppose that the initial data
0=(9), vand Y=(y,)., belongto C;(R";R").

Throughout this paper we always assume
(H1) FE(i=1,---,N) are independent of u,, forany j#i,i.e.,
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I,
ou

=0 forany j#i and a,b=0,---,n,
J.ab

and furthermore F, are independent of u, . (=0;u,) for i=1,---,N.
We state some known results, restricting ourselves to the cases of n = 2 and
of n = 3. (For the results of n>4, see Hormander [4], Katayama [7],
Klainerman [10], Klainerman - Ponce [12], Li - Yu [14], Li - Zhou [16], Shatah
[21], etc.) Define the lifespan 7, by the maximal existence time of the C7-
solution to (1.1) - (1.2), namely

I, =T.(¢,y.F)
=sup{T € (0,0); there exists a (unique) solution

ueC=([0,T)xR") to (1.1) - (1.2)}.

We say that there exists a global solution when T, = +oo.

First assume that F does not depend on u explicitly, i.e., F= F(u’,u”). Using
the energy estimate of wave equations and generators of the Lorentz group
(which are concerned with the Lorentz invariance of wave equations) introduced
by Klainerman [10], one can show the following provided that £ is sufficiently
small:

When n =3,

(1.3) {Ts >exp(ce™), a=2,

T, = +oo, o3,

where c is a positive constant depending on ¢,y and F.
When n =2,

T > ), a=3,
(1.4) {e exp(ce™), «

T, = +oo, o224,

(See Klainerman [10] for n = 3 and Kovalyov [13] for n = 2.)

When F depends explicitly on u, i.e., F= F(u,u’,u”), circumstances become
more complicated, because there is no natural estimate for the [*-norm of u
itself. In this case, the following results are known when & is sufficiently small:
When n = 3,

1, 2 ce?, o =2 (in general),
(1.5) 1.2 exp(ce™), o =2 (if F(u,0,0) = O(u|*) near u = 0),
T, = +oo, o =>3.

Whenn =2,
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1.2 ce™, a =3 (in general),
(1.6) T, > exp(ce™), =3 (if F(u,0,0) = O(ul’) near u = 0),
T, = +oo, o4,

(See Lindblad [20] for n = 3,Li - Yu - Zhou [15], Li - Zhou [17] and [19] for n
= 2. See also Li - Zhou [18] for the results when n =2 and a=2.)

Remark 1. Strictly speaking, these results are proved for single equations
(namely, N = 1). But all the above results hold also for systems by the same
proofs, except the cases of n =3, oo =2 and F(&,0,0) = O(lul*) in (1.5) and of n =
2, oo=3 and F(u,0,0)=0(ul’) in (1.6), because some rewriting of the nonlinear
terms is used in the proofs for these two cases, and it only works for single
equations. It is not known whether the same results hold or not for these two
cases when we consider systems.

Concerning the global existence for the case of n = 3 and a =2, Klainerman
introduced some sufficient condition, which is called the null condition. Here we
recall the definition of the null condition.

Definition 1.1. Ler G=G((u,)(u,,)u,,,)) be a smooth function of
ul(jz 1’...’N), ul.“(jz 1’...’N’a = 0’...’”) and u/ﬂh(jz 1’...,N’a’b =O,...,n).
We say that G satisfies the null condition when

G((2,))5(1,X,);(v X, X,)) =0

1 a 1 a

for all A,u,veR" and all X=(X,,X, -, X,)eR"™" satisfying Xo—X -
-X>=0.

n

Klainerman showed in [11] that if the quadratic part of the Taylor expansion
of F around the origin satisfies the null condition, then 7, = +e, provided that £ is
sufficiently small (see also Christodoulou [1] and John [6]).

For n=2 and o =3, Godin [2] proved that if F= F(«") and the cubic part of
F satisfies the null condition, then 7T, =+oo for sufficiently small £. (See also
Hoshiga [5]. He showed the same result for F=% , f.,()d,d,u.) When n=2,
a =3 and F depends explicitly on u, the author showed in [8] that if we assume
(H2) The cubic part of F satisfies the null condition,

(H3) F(u,0,0)=0(u’) near u=0,

then 7, =4 for small € (observe that the condition (H3) appears also in (1.6)).
If we compare this result for n=2 with Klainerman’s for n=3, the condition
(H3) seems removable. In fact, there are some examples which do not satisfy
(H3), but admit global solutions. For instance, if we consider the Cauchy problem
for the single equation

(1.7) Ou=u*in (0,0) X R?,
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we can see from Li - Zhou’s result (1.6) that there exists a global solution for
sufficiently small initial data. Observe that F=u* satisfies (H2) but does not
satisfy (H3). Another example is

(1.8) ou=cu((d,u)* —|V, ul?)+H(u,u’) in (0,00)X R?,
where ceR and H(u,u’) = O(u|* +|u’|*) near (u,u’)=0. Simple calculations yield

(1.9) D(u —%) = H(u,u’)—fg—z{cu((é’,u)2 —|V. uP)+H(u,u")}.
Define w=u—cu’/6. Then, because the right-hand side of (1.9) becomes a
function of degree 4 with respect to w and w’, we can show that 7, =+ for
small &, again from Li - Zhou’s result (1.6). This example also satisfies (H2), but
not (H3) in general, because H(u,u’) may contain u'. These examples suggest us
that the assumption (H3) is not needed for the global existence. Our aim in this
paper is to establish the global existence under (H1) and (H2) without (H3). The
main theorem is the following:

Theorem 1.2. Let n=2 and F=0(u +u’)’ +u”)’) near the origin.
Assume that F satisfies (H1) and
(H2) The cubic part of the Taylor expansion of F satisfies the null condition, that
is, F, can be written in the form

Fu,u’ ,u”)y=G (uu" ,u”")+H (uu',u”), i=1-N

in some neighborhood of (u,u’,u”)=0, where G, (i=1,---,N) are homo-
geneous polynomials of degree 3 satisfying the null condition and
H (i=1,---,N) are smooth functions with H (u,u’,u”)=O(ul* +u’|* +|u”|*)
near (u,u’,u”)=0.
Then, for any ¢,y € C(';"(RZ;RN) there exists a positive constant €, such that the
Cauchy problem (1.1) - (1.2) has a unique solution u=(u/(t,x))_ yE€E
C”([O,oo)sz;RN)for any £<Eg,.

For the proof of this theorem, it would suffice to get some a priori estimates,
because we have the local existence theorem. It seems reasonable to state the
difference between the proof of the former result in [8] and that of our present
one here. To state it clearly, first we introduce some notations. In the rest of this
paper, we assume that n=2.

Notations. Following Klainerman [10], we introduce T, =td, — 22 x,d,
Q,, =x,0,+1d,(j=12) and Q,, = x,d, — x,0, . Then simple calculations yield
(1.10) [Ty.00=-20,[Q,,.00=0 forany 0<a<b<2.

Let n=(n,),4-0., = diag(-1,1,1), then we can show that
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(1.11) Q,.0.1=1,0, 1,0,

(1.12) 1Q,,,2,1=1,2, =M. Lus + Mt = Mpa2uc»
(1.13) [Q,.I,1=0,

(1.14) [T}.0,1=-d,

for all a,b,c,d=0,1,2. Define I,=Q,,, I,=Q,, I,=Q,, I, =4, I,=9, and
T, =0,. For any multi-index I=(I°,I',--,I°) we write T/ =T/T/ ---T/. We
can easily verify from (1.10) that if v satisfies (v = f , then T''v satisfies

o' =Y Cc,T'f

V=i

with appropriate constants C,,. Note that C,, =1, and C,, =0 for any multi-index
J with |J|=|I| and J # I . For any smooth function v =v(t,x), (1.10) - (1.14) imply
that

(1.15) r'r/v=r"v+ Y c/T*v

KIS+
and especially that
(1.16) r'ov=9T"v+Y SClyT’v for a=0,1,2
b=0JI<|1|-1

with some appropriate constants Cy and Cl .
For any non-negative integer s and for any scalar or vector-valued function
v(t,x), we set

(1.17) v(t,x), = 3 T, x),
[I<s
1
(1.18) Wl = (L |v(r,x)|(>dx)” for 1< p<oo,
(1.19) [v(£)]..., = esssup|v(t, x)|,.
1eR?

When s=0 we write |v(1)], for |v(2)],, (1< p<e). Note that |v(s)], coincides
with the usual L”-norm of v(t,-).

To show the global existence theorem under the assumptions (H1), (H2) and
(H3) in the former paper [8], we got a priori bounds for [u(t)l,,,, lu’(t)l,,, and
|u(t,x),,, with some decay with respect to time and space variables, where & is a
sufficiently large positive integer. To treat the cubic parts of the nonlinear terms
in the estimates of |u(t,x)|,,, and of |u(t)|,,,, we use the pointwise estimates for
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the functions satisfying the null condition, which were first derived by
Klainerman [11] (see Lemma 3.2 below). Then we can get an extra decay with
respect to time and we can regard the cubic terms as if they were the terms of
degree 5 from the point of the decay rates. In this case, the worst terms which
cause the singularity of the solution are terms like u,u,u u,. More precisely,
because even the L’ -norm of the solution to the linear equation u=0 is not
expected to be bounded in two space-dimensional case, terms of the form
uu,u u, have insufficient decay and cause the problem in the estimate of
|u(®)ll,5, - Therefore we must exclude such terms and this is the reason why we
assumed (H3) in [8].

In this paper, we will get control of [ju(t)] , u with some small y >0, instead

Iy
of [lu(t)l,,,. In the estimate for |lu(t)]|iu, terms like u,u,u u, cause no trouble,
-y

but as we must make utility of Lemma 3.2 to treat the cubic terms, we need a
priori bound for |u’(t)],,,,, (2 bound for |u(t)],,,,, with some p =1 is not needed,
because of Corollary 3.5). Note that when we try to get a bound for |u(t)],,,, we
only need a bound for |u’(t)],,, and not [u’(t)|,,,,, although we use Lemma 3.2,
because we can estimate |u(t)],,, in terms of some norms of |[Ju(s,x),,_, (see

Proposition 3.4 in [8])." This causes the difficulty. Namely, when we use the
energy inequality (Lemma 2.4) to get a bound for |u’(f)],,,,,» We have to get
control of |u(t)],,,, with some p21 to estimate |u,u,u u,(1),,,, when the
nonlinear terms contain wu u,u u, (otherwise, we do not need it because of
Corollary 3.5). Summing up, we need some information about ju(z,-),,,, to get
control of [u(t)] , " In other words, we meet a kind of the loss of derivative. Of
-y

course we can estimate |u(t)|,,.,, in terms of [u’(?)|,,,, using Poincaré’s
inequality or the relation u(t)=u(0)+j(’)8,u(s,x)ds, but these estimates give the
loss of the factor 1+¢ in the decay rate of the nonlinear terms. This is the main
difficulty in the proof of our theorem.

We will overcome this difficulty as follows. The solution of linear wave
equation behaves like (I+¢+[x))">(1+fr=x)™"* (see Lemma 2.2). If the
behavior of the solution to (1.1) - (1.2) is similar to that of the solution to the
linear problems, we have

-3 u(t,-), +
llot i, 18y ()] 05 < CA 1) 2 e N ]l :
A+l =1-D2

"Roughly speaking, this comes from the fact that |u’(t)[, can be estimated in terms of |Ju|, by the
energy inequality. Estimates like this do not hold for L”-norms of u” when p#2 and generally we
need some norms of (Qu)” to estimate |u’(1)],, .
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Then, since u(t,x) is compactly supported for any fixed ¢, we can estimate the
right-hand side of the above inequality in terms of [u’(#)l,,,,, (see Lemma 3.3
below, which is more precise than the Poincaré’s inequality in some sense) and
this shows that
3
ot w1y (O3 540 < C(A+1) ? “u,(t)uz.znl .

Therefore no information about |u(t, x)|,,,, is needed and no loss of the decay rate
appears. This is the main idea of our proof.

Our plan in this paper is as follows. In Section 2, we state some known
estimates for linear wave equations in two space-dimensions almost without
proofs. We get estimates of nonlinear terms in Section 3, and derive some
estimates to overcome the difficulty mentioned above. Finally in Section 4, we
prove Theorem 1.2 by deriving a priori estimates.

§2. Preliminary Results for Linear Wave Equations

In this section we recall some estimates for the linear wave equations. First,
using I'’s, we get L' — L” estimate for wave equations, which was first derived
by Klainerman [11] in three space-dimensions and was extended by Hormander
[3] to arbitrary space-dimensions. We state here only the two space-dimensional
case.

Lemma 2.1. Let v be a solution of v(t,x)= f(t,x) in (0,L>°)><R2 with
initial data 0. Suppose that 0<x <1. Then

1 1=k CF,
2.1) T+ +D2 A+ —|xl]) 2 \u(t,x)ISCJ;%dT,

provided that f is sufficiently smooth and the right-hand side of (2.1) is finite.
Here C is a constant depending only on K.

Proof. See Hormander [3]. See also Katayama [8] for the above expression
of the assertion. g

For the Cauchy problem with non-zero initial data, we get the following.

Lemma 2.2. Let v be a solution of

v, x)=0 in (0,0)xR?,

v(0,x) = ed(x), (d,v)(0,x)=¢ey(x).

Suppose that ¢,y € Cy (R*). Then we have
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1 1
(i) v(t,x)| < Ce(l+t+]x]) 2(A+]t—|x]) 2 in (0,00)x R?,

—+
2

1
(ii) @I, <C,e(l+1) ° " for any p>2 with some positive constant C,.

Proof. (i) is a consequence of Lemma 2.1. (For the direct proof, see
Kovalyov [13] for instance.) Observing that
11
Lt

<CA+1)%°

P

1 1
A+e+]-]) 2A+]=]-]) 2

for p>2, we obtain (ii) immediately from (i). =

The next lemma is due to Li - Zhou [17] (see also Li - Yu - Zhou [15]). We
state it without the proof.

Lemma 2.3. Suppose that v is a solution to

ov(t, x) = f(t,x) in (0,00)xR?

with initial data 0. Let p>?2 be given. Then there exists a positive constant C
such that

2.2) Mo, < C j (ol dt

holds for t 20, where q satisfies

Q| -
< |-
N | —

We conclude this section with the well-known energy estimates.

Lemma 2.4. Let v be a smooth function satisfying

(Ex) = D Va6, X)0,0,v(t, x) = f(t,x) in (0,00)x R*.

a+b>0
Suppose that %Y, (t,x)|<1/2 for all (t,x) €[0,0) X R*. Define
Iz = Lz {l&,vlz + zﬁ,,a,vajv}(t, x)dx,
1,)=1

where B, =6, +v, for any i,j=1,2 with 6, =1(i=j) and 6,=0(i #j).
Then there is a positive constant C, such that
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(2.3) %IIV(I)IIE SGIY' @OlIvOl: +IF O, 120,
where |y'(1)],, =max,, 0,¥, . N... Furthermore,
(2.4) C%IIV(I)IIE <@, < Glvl
holds with some positive constant C,.
Proof. See Klainerman [9] for instance. =
§3. Estimates of Nonlinear Terms

Now we turn our attention to the Cauchy problem (1.1) - (1.2). For any
smooth functions f and g, define

2
3.1) 0,(f.8)=9,fdg-20,fdg.,
J=1
(32) Q(lb(f’g)=auf abgmab.f aug for a’b=0’1’2'

These forms are closely connected to the null condition. In fact, if G(u,u’,u”) is a
homogeneous polynomial of degree 3 satisfying the null condition, then G is a
linear combination of v,Q(v,,v;), where v, is any of u, (j=1--,N),
du, (c=0,1,2, j=1,---,N) or 8(8‘,14/ (c,d=0,1,2, j=1,---,N), v, and v, are any

of u (j=1,---,N) or 31”, (c=0,1,2, j=1,---,N), and Q is any of the forms (3.1)
—(3.2) (see Katayama [8]).

Simple calculations yield the following (see Klainerman [11]):

Lemma 3.1. For any smooth functions f and g, we have

. 1 2

(1) Q()(f,g)(t’x)=;(8/f rog_zg(]jf a,g](t,x),
1=l

.. 1 .

(11) QOI(f’ g)(t’x) = ;(8tf Q(]Ig _QO/f a,g)(t,x), .] = 1’2 ?
1
(iii) 0, (f.8)(t,x) = ;(me 0,8 = Qpf 9,8 0,f Q1,8)(t,x)
for t>0.

From (1.11) and (1.14), we can verify that
(3.3) 'Oy (f.8)= QT f,e)+ O (fiT'9)+ 3, CyQy(T £, g),

VIHKISI-1
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(34) I'Q,(f.8)=0,T'f,9+0,f,T'+ Y 3 Ci0 ., (’f T )

¢.d=0 [J|+|KI<)i-1

for any a,b=0,1,2 with appropriate constants Cj and C,:°,. Observing these
facts, we can obtain basic estimates of nonlinear terms for our proof of Theorem
1.2.

Lemma 3.2. Assume that F(u,u’,u”)=(F (u,u’,u”))
assumption (H2), namely we assume that F, can be written as

F(u,u',u”)=G uuw,u”)+H wu' ,u”), i=1---,N

- n Satisfies the

near the origin, where G, (i=1,...,N) are homogeneous polynomials of degree 3

satisfying the null condition, H, (i =1,...,N) are smooth functions of degree 4. Let

s be an integer 2 0. Suppose that [u(t,x)lrs] is sufficiently small (|u(t, x)lrx} <1,
(2] 2

+2

say). Here [m] represents the largest integer which does not exceed m. Then we
have

3
T " T u(t, x)

J=1

(3.5) G, (uu’,u”)(t, %), SC,A+1)" Y

S5(3)

,i=1--N,

0 1 2
where m, =(m;),m;,mj2), I = (IO,---,If) are multi-indices, 9" =d,"9,"d,",

I I Iy . .
I''" =Ty ---Ty’ and the summation above is taken over the set

S (s) ={|I,I < [%é] (G=L2L<s+1,m|<1(j=1,2,3), 2|m,| # 0},

J=1

and

4
(3.6) H (' u”)t,x), <C, Y [[0" T ut, x)|, i=1,--,N,

() |y=1

where nj=(n?,njl,njz), J,=(JJO,---,JI°) are multi-indices, and the summation

above is taken over the set

Sz(s)={|J,i S[%} (G=123),lU<s,im|<2(j= 1,2,3,4)}.

Proof. Because G (u,u’,u”) satisfies the null condition, it follows from
Definition 1.1 that G (4,0,0)=0 for 1<i<N. Therefore, if we apply Leibniz’
formula, we can see that T['G(u,u’,u”) is a linear combination of
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2 T uy,,) with <2, S m|#0, S, )0|=] and k(j)e{L--,N} for
j=1,2,3. By (1.16), this can be written as a linear combination of szl 8""1"”14‘(])
with |m <2, 2% |m|#0 and X |I|<||. Since we may assume [[|<|L|<|L,
(3.5) holds for £ <1.

On the other hand, noting (3.3) and (3.4), we obtain from Lemma 3.1 that
I'Q)(f.g) and T'Q,(f.g) are linear combinations of 19"T"fT"g or
~9"T"gl'"f with |m|=1, |[|+|[|<|+1, and [[|<|]]. Since G, is a linear
combination of v,Q(v,,v;) with v, =u ,du,,d du,, v,,v, =u,du,,

1 29 7Y3 1 "y d 2 [
(3.5) for t>1.
Similarly, since H, is a function of degree 4 and |u(z, x)|H , <1, it follows

this implies

from Leibniz’ formula that |H, (u,u’,u”)|, < C, 2|1}, l“j’a"’um)l i=1,--,N with
24 (M |<s and |n|<2.Since we may assume |J|| S|/,| ST <[, we 1mmed1ate1y
obtain (3.6) using (1.16). g

The following two lemmas will be used to conquer the difficulty we
mentioned in the introduction. These lemmas are essentially due to Lindblad [20],
but since they play important roles in our proof of Theorem 1.2, we recall the

proofs here.
Lemma 3.3. Ler veC'([0,T)xR?). Suppose that
supp v(1,)) C {x e R*;x| < 1 + p}
with some p>0. Then

v(t,")

3.7 T

SCp"arv(tv')”z fOT O0<t<T,

where d, =X (x,/1x|)d, and C, is a constant depending only on p.

Proof. First let w=w(x)eC'(R*) and suppw c{xeR*;lx|<R} with some
R>0. We claim that

)’ z
G oy s 4f oo,

In fact, switching to the polar coordinates, we get

j’ Cw? J“ J“R w(r,0) rdrd®
R (1+R- ‘x|) o (1+R—r)' '

By integration by parts, we have
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J“R wl*r J“R w? +2wad wr
—————dr=—| ————dr
o 1+R-r)" o 1+R-r

R wdw
o 1+R-r

<=2 rdr .

By the Schwarz inequality, we get

1
5 1
J'R___|w|2r zdrSZ(jR—dMI ! > r)z(jfa,.WIzrdr) .
o 1+R-r) o 1+R-r)° o

This implies (3.8) immediately.
Applying (3.8) to v(t,x), we get

N |-

2
[ Ml vt
R (14 p+1—[x]) R’

Since 1+ p+t—~x| < (1+ p)(1+|t —|x]), this completes the proof.
Lemma 3.4. Let veC'([0,]xR?). Then we have
3.9 A+t =xl) |2, v, x)| £ Clv(t, x)|, for a=0,1,2.

Proof. By direct calculations we have

(t —|xDI,v(t, x) = L (tTv(t, x) = x,Q,v(t, x) — x,Q,v(1, X)),
t+ x|

(& =), v(t, x) = %‘ (£, v(2, x) — x,Tyv(t, x) + x,Q ,v(t, X)),

|x

(t —xDayv(t, x) = 1 (19, v(t, x) — x,Q,,v(t, x) — x,T (1, x)).
t+|x|

Therefore (3.9) holds when |t~|x||=1. On the other hand, it is clear that (3.9)
holds when |t —|x||<1.

Lemmas 3.3 and 3.4 give us the next estimate.

Corollary 3.5. Let v,, v, and v, be smooth functions. Suppose that
supp v;(t,-) < {x e R*;|x| <t + p} with some positive constant p. Let 1< p<2.
Then we have

“vl (guVZ)VS(t)”p ‘<‘ Cp” |Vl (t)l |v2(t)|]”q ”V;([)”g fOr a= 09 17 27

where 1/qg=1/p—-1/2.
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Proof. By Holder’s inequality, we have
IV, (3w, v (D], <A+ =110, O] 1+ =1-1) 7" v,

Lemma 3.3 shows that ||(1+|t—!-|| )"'vg(t)”2 < Cvi(0)l,. On the other hand, as it
follows from Lemma 3.4 that

(3.10) [T+ =[-1)w,@, v, (8, 0)| < Clv, (2, )| v, (2, 0,

we get

I+l =119, vall, < Clv Ol v, L], -

This completes the proof.

For the later convenience, we prepare the following lemma before
concluding this section.

Lemma 3.6. Assume that a smooth function v(t,x) satisfies

sup(1+z+ ]xl)% 1+ |x||)]:2—K|v(t,x)| <M
1eR?

with some M >0. If O and p are positive constants satisfying ap(l—-x)>2, then

-
3.11) vl S Cp e MEA41) 277

o.pK

holds for 0 <t < T with some positive constant C,

o,pK

Proof. By straightforward calculations. See Katayama [8; Lemma 3.6] for
the details of the proof. m

§4. Proof of Theorem 1.2
In order to prove Theorem 1.2, it suffices to get the following:
Proposition 4.1. Let ue C™([0,T)xR*;R") be a solution to the Cauchy
problem (1.1) - (1.2),i.e.,
Ou= F(u,u’,u”) in (0,0)xR?,
u(0,x) = gd(x), d,u(0,x) = ey (x).
Define

2
-y

i 1
4.1 Dg(t)=sug{(1+t+1x|)5(1+|t—|x||)3lu(l,X)lA+z}+(1+t)"‘[||u(t)||

1eR-

O j
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where k is some fixed integer with k=5, vy and | are constants satisfying
O<y<1land 0<u<1/10 respectively.

If we choose sufficiently small v and |, then there exists a positive constant
M, £1 such that for any M < M,

sup D,(t)< M
0<t<T

implies that
sup D, (1)< Cy(e+M?),

0<i<T

where C, is a positive constant which is independent of T, € and M(<1).

Once we establish Proposition 4.1, we can obtain a priori estimates. Choose
M,(< M,) and ¢, to satisfy C,M} <1/4 and C,e, <M,/4. We can find some &,
such that D,(0)< M, /2 holds for any £<g,. By the classical local existence
theorem, there exists a solution u € C*([0,7)xR*;R") to (1.1) - (1.2) with some
T>0.Let €<g, =max{g,¢&,}. Then, from the continuity of D,(¢) with respect to
f

sup D, (1)< M,

0<1<T,,
holds with some 7, €(0,7]. Let T, be the maximal of such 7, €(0,7]. Now
assume that 7, <T. Then, since Proposition 4.1 implies that

M
sup D,(t) < Cy(e+ M) < 7‘

0<I<T,

it follows from the continuity of D, () that
sup D,(r)< M,
0<t<Ty +6
holds with some & >0. This contradicts the definition of T . Therefore T, =T.
This means that D,(¢z) <M, holds as long as the solution to (1.1) - (1.2) exists,
provided that £ <¢g,. Combining this a priori estimate with the local existence
theorem, we get the global existence of the solution to (1.1) - (1.2). This shows
Theorem 1.2.
Now we prove Proposition 4.1 to complete the proof of Theorem 1.2.

Proof of Proposition 4.1. Since ¢,y € Cy (R*;R"), there exists a positive
constant p such that

supp ¢ U supp ¥ C {x € R*;x| < p}.
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Then it is well-known that
supp u(t,”)  {x e R*;|x| <t + p}
holds for the solution u(t,x) to (1.1) - (1.2). In what follows, we assume that M is

so small that the assumption of Lemma 3.2 is fulfilled.
Stepl: L~ -estimates. Let |I|<k+2. Since I''u satisfies

ol'wy= Y C,I'F

I<h+2

for 0<t<T, from Lemma 2.1 with kx =1/3 and Lemma 2.2, we have

1 1

(4.2) (L4 £+ b)2 (L= el T (e, %)
. C[H IfﬂF(u,u',u")(lﬂnl‘m dT]
0 A+7)°
for 0<t<T.From Lemma 3.2 we have
3
(4.3)  |Fu' u”) (Ol <CA+T)™" Y TTI0" T u(o)|
S (k3| =1 1
4
+C Y [T19" T u)| ,
Sx (k3] =1 |

where §,(-) and S,(-) are defined as in Lemma 3.2.
When |m, =1, from the Schwarz inequality and Lemma 3.6 we get

Hlam/rllu(r)‘
=1

S [CRT NC T

|
<cMP+1)" 2 for 0<T<T,

k+6

because|: }+1Sk+2 and k+3<2k+1 for k>3.

If my|=0, |m| or |m,#0 because Z‘;] Im|#0 in S (k+3). Therefore we
can apply Corollary 3.5 to get

‘H|am,r11u(1)|
=1

S [CR T T
| ol 1Y
as above. Summing up, we obtain

3

H|8""F”u(‘[)|

=1

|
<Cc+1)2M* for 0<T<T.

(4.4) Y

5, (k+3) 1
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On the other hand, observing that " T u(t, x)| < Clu(t, x)|,,s in S,(k+3)
and that k+5< 2k, from Holder’s inequality and Lemma 3.6 we get

(4.5)

L,IH—S
-y

ﬁw”%””14W“”@hLW“W

3 4y

<eMa+1) 72 for 0<T<T,

because [k+2}+23k+2 for k>3. From (4.2) - (4.5) we get

1 1

(4.6)  (+1+ P2+ =) fut, X,

< C(e + J.O'{Mz(l 4 z’)"_% + M+ T)u+g_|}(1 N 1)_£ d'r)

< C(s + M~‘J.°°(1 +o s r)’“("*%'%)dr)
0

<C(e+M’) for 0<t<T,
provided that we choose sufficiently small ¥ and y to satisfy u +%—é< 0.

Step 2: L7 - estimates. Let [I| < 2k. Then T'u satisfies

o 'uy=Y C,T'F(u,u’,u”) for 0<t<T.

V<24
From Lemma 2.2 and Lemma 2.3 with p= li’ we get
=Y

4.7) ||I"u(t)|]i < C[s + L,HF(M,u',u”)(‘c)lli“dT]
. 2y

14

for 0<t<T.From Lemma 3.2 it follows that

3
Hla""rllu(f)l

J=1

(4.8) ||F(u,u',u")(r)||%n <ci+rn)" Y,

S1(24)

2
3

4
[Tio" T ()|

J=1

+C Y,

$2(24)

N
2o
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Using Holder’s inequality when |m,;|#0 and Corollary 3.5 when |m, =0, from
Lemma 3.6 we get

4.9) < Cf|lu(T)?,

ﬁ“u'(f)uz,zm

H|am,rl,u(r)|
=1

+

4
<CMP(l+71) * " for 0<T<T.

When |n,j#0 in S,(2k), Holder’s inequality and Lemma 3.6 imply that

(4.10) §|a"'r"u<r)| | S AR (1 @y + (D 20)
< Ol I (Dl i
<eMi+0) T <omt 4y
.
(4.11) gla”frffuwn LS Do heI

<SCM*(1+1)" for 0<T<T.

Because it follows from (4.8) - (4.11) that

IF (ot u”XT)] s, < C{M* A+ 5+ M (1 + ) }

SCMP(1+1)" for 0<7<T,
from (4.7) we obtain

(4.12) (1+t)“‘||u(t)||;uSC2(£+M3) for 0<r<T.
[

Step 3: The energy estimates. Finally let |[|< 2k +1. Then TI'u, satisfies

F
(413) D(Flu:)— Z —?‘_auahrlu: = RI.H i= 15"'3N7
a+b>0 1.ab
where
J rn aF I
(4.14) R,=Y C,l'Ewu,u)- Y ——3.9,I'u

Wii a+b>0 1.ab
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= [F'E(u,u’,u") -y oF,

a+b>0 3u,ﬂb

2,0,Tu, ]

+ Z C,TF(uu',u”).

VI<2k

Since

< lu )Rl < CMP A+

oo

9,
ou

1.ab

i

< CM; <1/2. Then for any

oo

for 0<t< T, we can choose M, such that 2,
1,ab

M < M,, applying Lemma 2.4 with v=T"y , we get

d 5 _
(4.15) Z}?”FI"’”E SCMPA+0)7" T u)  +IR, |

SCMP(L+1)*" +|R, )|, for 0<t<T,

because |[u); < Clu'(t)]500, SCM(1+1)* holds for 0<t<T. From the
assumption (H1) and (1.16), we can show as in the proof of Lemma 3.2 that

3 4

(4.16) IR, | < c(ZH;a’"'r"m + Zﬂw”'r"mj,
J=1 J=1

where the summations are taken over the sets

3 3
{E;IIA <2k+1|m|<2, 2;|mj| # 0,1 | < 2k when |m | = 2}
J= =

and

4
{zlw <2k+1,|n|<2,|J|< 2k when |n | = 2}
p

respectively. We may assume that [/|| <|/,| <|[;| and that |/|<---<|J,|. Then we get
2k+1, |my <1,

1,IL| <k, || <
1] < &, |1 {2k, =2,

2% +1, |n<1,

J|<k(j=1,2,3),lJ,<
VI<kG =123, {2,{’ =2

Using Corollary 3.5 if necessary, we get

<D g (10Ol s + 17Dl
2

(4.17)

3
H'amjrllu(,z.)l
J=1
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<CM*(+1)*" for 0<T<T.

When | n,|#0, we have

4
[Tio" T u(o)

/=1

(4.18)

<O, 1 (10T 0y + 107 (D20
< CluCo, I (Tl a20m

<cM*(+1)F for 0<t<T.

<SMQA+1)® for 0<T<T, we

A+2

(A +[7 =) u(z, x)

If |n,/=0, observing that

obtain from Lemma 3.3 that

3 \l I'su(t,)
= [(I+]T=]])

4
(4.19) ‘Hla”'l""u(z')l
1=1

<[a+iz=1-Due

2

< CM3(1 + T)?”“’(T)”z.zul

<CM*(1+1)"7 for 0<T<T.

From (4.16) - (4.19) we get
(4.20) IR, (D), SCM*(1+7)*" for 0<7T<T.

Therefore, integrating (4.15) with respect to ¢, we have

“21) w0, < c(g + M J A+ dr)
0

SC[£+—1—M3(1+t)“j
u

<C,(+1)(e+M*) for 0<t<T.
Since u' (55041 < CX ey, IT ], this means that
(4.22) L+ () 5000 S Cs(e+ M) for 0<t<T.

Finally (4.6), (4.12) and (4.22) imply the assertion of Proposition 4.1
immediately. This completes the proof. m
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Remark 2. Consider the Cauchy problem for single and semilinear wave

equations of the type

4.23) Ou=F(u,u’) in (0,0)xR?,

(4.24) u(0, x) = £¢(x), d,u(0, x) = ey (x),

where F=0(u|* +|u’|’) in some neighborhood of (u,u’)=0,and ¢,y € C;(R?).

Assume that

(H4) The quadratic and cubic parts of F satisfy the null condition.

Making some change of variable stated in Katayama [8; Section5] (see also
Godin [2] and Klainerman [9]), the right-hand side of (4.23) becomes a function
of degree 3 with respect to the new variable, whose cubic part satisfies the null
condition. Therefore we can show from Theorem 1.2 that if F satisfies (H4), then
there exists a global smooth solution to (4.23) - (4.24) provided that € is
sufficiently small. We omit the details here.
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