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1. Introduction

We consider the Cauchy problem for the semilinear wave equation

{u,, — du = |ul?, (x,t)e R" x (0, 0),

(0 u(x, 0) = f(x), 1(x, 0) = gx),  x€R"

for small Cauchy data where p>1 and n=2, 3. The following remarkable
results are classical now.

John [5] has shown that in three space dimensions global C2-solutions
exist if p>1+ \/5 and the small data with compact support are sufficiently
smooth, and also that global solutions do not exist if 1 <p <1+ \/5 for the
data satisfying f =0, g > 0 (see also [6]).

Glassey [3, 4] has proved that (1.1) has global CZ-solutions if p>

3+./17
2

over that if 1 <p <

, provided the smooth data of compact support are small, and more-

34+ /17
2

the data of compact support satisfy f g(x)dx > 0.

, the solution blows up in finite time, provided

For the critical vaiue, p=1+ \/5 in three space dimensions and p =

3+./17
2

the solutions blow up in finite time.

We note that in these results, the data are compactly supported. Then,
the following natural question arises. Do global solutions exist for the data
which are not of compact support if p> 1+ \/5 in three space dimensions

3+./17
2

Asakura [2] has shown that in three space dimensions if p> 1 + ﬁ,
global solutions exist for small data f(x) e C*(R?), g(x) e C*(R®) satisfying

in two space dimensions, Glassey [3], Schaeffer [8] have shown that

and p > in two space dimensions?



2 Kimitoshi TSUTAYA

(1.2) D% f(x), Dig(x) = O(Ix|™*™) as |x| » oo, |a| <3, |B] <2,

provided k > ;2—1, and also that if the data satisfy

(1.3) fx)=0, g(x) = >0

€
 + X ©

2 . . o .
and 0 <k < P then the solution blows up in finite time even with p >

1+/2

In this paper, we shall prove that we can extend the global existence

result above to include the borderline values of k, say k =

2
7 in three space
* dimensions. We shall also show the existence of local solutions for the data
2
satisfying (1.2) with 0 < k < ~—p P >1+ \/5 and the lower bounds for the
p—

life span of the solution.
Independently, Kubota [7], [9] have recently shown in the different ways
that in two space dimensions global solutions exist for the data satisfying (1.2)

with k >

2 3+./17
b1 and p>%. Kubota [7] has also shown the global

existence result for the case k =

1
b1 and k # 7 Agemi and Takamura [1],
[9] have shown also independently using the different methods that the solution

3+./17
o

i in two space dimensions separately in a

blows up in finite time if the data satisfy (1.3), 0 < k < i and p >

We shall treat the case k =

future paper.

2. Main results

We study the Cauchy problem for the semilinear wave equation of the
form

(2.1

{u,,—Au=F(u), (x,t) e R® x (0, ),
u(x, 0) = f(x), u,(x,0) = g(x), xeR>.

The hypotheses are the following:
(H1) F(u)e C*(R) and there exist p>1 + ﬁ, A > 0 such that
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for lul<1,j=0,1,2,

FOW) < (i)j (4z?)
dz

z=|u|

Ap(p— Dlu—ol™2, i1+ 2<p<3,

F(u) = Foll < {Ap(p — DIl =], ifp>3

for |ul, [v] <1, ¢ = max {|ul, [v]}.
(H2) f(x)e C3(R?), g(x) e C*(R?) satisfy

a B G
Y, DRl + WZSZ |Dzg(x)] < 5 ™

<3

with k > 0, where G is a small parameter.
The following theorem improves the global existence result in [2].

Theorem 1. Consider the problem (2.1). Assume the hypotheses (H1) and
(H2). If k>

o1 and G is sufficiently small, depending on A, p and k, then

there exists a unique global C*-solution of (2.1).

2

Remark 1. The global existence result for the case k > =1 has been

proved in [2]. Thus, in this paper we shall prove the theorem above for the
2

case k= —.
p—1

We define the life span T* = T*(G) as the supremum of all s such that
a CZ?-solution of (2.1) exists for all xe R® and 0 <t <s. Our another aim

of this paper is to prove the following.

Theorem 2. Assume (H1) and (H2). If 0 <k <I%, then there exists

a unique local C*-solution of (2.1). Moreover there exist constants G,, C,,
sufficiently small depending only on A, p and k such that for all 0 < G < G,,
we have

(2.2) T*(G) > C,GP~D/ktr=1)-2)

G
Remark 2. 1If we set F(u) = Aluf?, f(x) =0, g(x) > T+ with 0 <

2
—1 and p>1+ \/5 instead of (H1) and (H2), then from the proof of

k<
p
the blow-up theorem in [2] we can derive
T*(G) < CE)G(p—l)/(k(p_l)_z) ’

where C{ is a constant depending only on A, p and k.
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G
Therefore we see that for F(u) = 4lul?, f(x) =0, g(x) =W with
i and p>1+ \/E, T*(G) satisfies

2
O0<k<
p.—

COG(p—l)/(k(p—l)—Z) < T*(G) < CfOG(p—l)/(k(p-l)—Z)
with certain constants C,, Cj.

In Section 3, we study the decay estimates of the solution for the homoge-
neous wave equation with the initial data satisfying (H2). The estimates have
been derived in [2]. However, especially we need to improve the estimate
for the case k=1 in order to prove Theorem 1, 2. In Section 4, we shall
prove the basic estimate for the existence proof following Asakura [2]. The
main new tool is the use of Proposition 4.3. Finally, Theorem 1, 2 will be
proved in Section 5, by using the basic estimate and the iteration as in [2],
John [5].

We denote a constant in the estimate by C, which will change from step
to step.

3. Decay estimate

We study the decay estimate of the solution u for the homogeneous wave
equation

31 u, — Adu=20, (x,)e R® x (0, 0),
G-D u(x, 0) = f(x), ulx, 0) = gx),  xeR?,

under the hypothesis (H2).

Lemma 3.1. Let f(x), g(x) satisfy (H2). Then the solution u of (3.1)
satisfies

~

CG
T+e+n+e—rp)t’

(k>1),

C.G L+t+r
2 D <<t 1l+ln— ), k=1),
(62 X IDutx, 0] < - 1+t+r( +n1+|t—r|> (k= 1)

C,G

_ 1
(L +t+ 7 O<k<1,

where r = |x|, and a constant C, depends only on k.

Remark 3.2. The estimates above for k> 1 and 0 <k <1 have been
proved in [2]. Moreover, it has been shown by [2] that for the case k = 1,
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C,GInQ2+1t+r)

(3.3) |Diu(x, t)| < TTi+7r

However, it seems impossible to prove Theorem 1, 2 by using (3.3) when
k =1. The estimate (3.2) for k = 1 is perfectly suitable for the proof of Theo-
rem 1, 2.

Proof. 1t suffices to prove the estimate for k =1 by Remark 3.2.
The solution of (3.1) is given by

34)  ulx, )= 417; L‘q g(x + to)do + %(ﬁ J' L Je tw)dco) ,

where dw denotes the surface measure on the unit sphere in R3.

Especially, if the data are spherically symmetric, i.e., f(x) = f(r), g(x) = g(r),
r =|x|, then the solution of (3.1) is also spherically symmetric and can be
written explicitly in the form

1 1 r+t
(3.5 Mhﬂ=§ﬁ0+0ﬂr+ﬂ+0—0ﬂh~ﬂn+§i£ﬂpmmw-

Now, we shall prove the estimate. Differentiating (3.4) with respect to x,
we have for |a] <2

Diu(x, t) = ﬁj (Dig(x + tw) + (- P)(DLf(x + tw)))dw

lo|=1
1

+ — Dif(x + tw)dw .
4n lol=1

By (H2), we see that

(36) S 1Diu(x ol < f ¢
|

< —  _dw.
a2 4 Jip=1 (1 + X + to])?

1
For OStsi’ we have

3G(1 +t —2
(3.7) T ID%u(x, t)Is—*<—+—+Ix|> f do
=2 gn\ 3 lol=1

< 27G
T2(1 +t+1r)?°

+t

. 1
since 1 —t > for 0<t<

R =
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1
For t > > we proceed as follows.

From (3.6),

3t G
Dru(x, )| < = S
|a|zsz | Diulx, 1) 4n £w|=l (1 + |x + tw])?

Then, since we can regard the right-hand side as the solution of (3.1) with
f=0, g=G( +r72 it follows from (3.5) that

3G r+t )
(3.8) ID2u(x, t)| < *f " _q
Ialzéz 2r Jpog (1 + p)? g
3G r+t 1
< —f —dp
2r Ir =1l 1 + p
3G, 1+r+t

2 Mxpr—1

We shall estimate the last term on the right for ¢ > 0 to avoid repeating
the same argument in the next section (see Lemma 4.2). We distinguish two
cases, following the way in [2].

Case 1. t=>2r

t
Ift>2r,thent —r>—-> Since = , we have
2 3 l+t—vr 1+t—
3G
3.9 Diu(x, ) < ——
(39) 3 1Dt 0l <
9G
T l4+t+r
Case 2. 2r>t.
We see that r2t+r Thus,
9G l+r+t
3.10 Du(x, t)| < n .
10 D T L ST
If t+r>1, we have
9G 1+r+t
3.11 Diu(x, t)] < n .
( ) |a|zsz| U(X )l 1+t+r 1+|r—t|

Since the right-hand side of (3.10) is uniformly bounded, also for 0 <t +r <1,
(3.11) holds.
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Thus combining (3.9) and (3.11), we obtain

9G 1+r+t
3.12 Dlu(x, )| £ —n-—(1+1In ——— ],
(3.12) MXS:zl u(x, 1) 1+t+r< n1+|r—tl>
which concludes the proof of Lemma 3.1. |

4. The basic estimate

We study the inhomogeneous Cauchy problem

@1 u,, — Au = w(x, ), (x,t)e R® x (0, 0),
' u(x,0) =u,(x,00=0, xeR>.
Then, the solution of (4.1) is given by

4.2) u(x, t) = 41_7r J: t—r1) L . w(x + (t — Yo, t)dwdT .

We denote (4.2) by u = Lw. Note that w > 0 implies Lw > 0. If w is spheri-
cally symmetric, ie., w(x, t) = w(r, t), then we can write the solution of (4.1)
in the form

1 1 r+t—rt
4.3) u(r, t) = — J‘ j pw(p, t)dpdr .
2r 0 Jlr—t+1|
We denote (4.3) by u = Pw.
Following John [5], we define the function

a(r, t) = sup |u(x, .

x|=r
Then, we have
(4.4) (Lw)(x, )] < (PW)(r, 1)
(see [2], p. 1470 and also [5], Lemma II).

The following lemma is the basic estimate for the existence proof.

Lemma 4.1. Assume that u(x, t)e C(R® x [0, 00)) satisfies

-

M
Arc+ndrli—r)t’ (k>1),
M 1
@) lutx 01 < 4 m(1 +1n f%}%) L k=1,
M
L(1_{_t_|_r)k’ (0<k<1),

where r =|x|, M > 0. Letp>1+\/§.
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. 2
W If k= PRt then there exists a constant C, depending only on k, not

on M such that

r

C,MP?
(T+e+nA+[e—rpyt”

C,M3 L+t+r
(@6) 'L'“'(x’”'—<1+t+r< +“1+|t_r|>’ (=1,

(k>1),

C,M?

\_(1 e O<k<1).

2
(i) If 0<k< =1 then there exists a constant C,, depending only on p

and k, not on M such that

-

C,  MP(1 + 1)>~Ke=D)
: 1
Creendri—mrr &>
C, MP(1 + 1)>~7
: Llul? << -2kT S =1
I A (=1,
C, MP(1 + t)* oD
p,k(1+t+r)k , O<k<l).

-

Proof. We shall prove (4.6) and (4.7) following [2].

Since u = i satisfies (4.5), by (4.4), it is enough to estimate

1 t fr+t—t
4.8) (Pi®)(r, t) = ZJ Jl pi(p, T)Pdpdr .

0 Jlr—t+1

The following lemma will be used repeatedly in this section.

Lemma 4.2.
e . C NN )
) %ﬁ,ﬁd" =) ﬁ(‘ ““flfﬁ—:)’ (=1,
%]}r?i‘m ’ O<k<1

Jor all t, r > 0.



Semilinear Wave Equations in Three Space Dimensions 9

Proof. We have proved (49) for k =1 in Section 1. The estimates for

k>1and 0 <k <1 are proved in [2]. |
We distinguish three cases.
Case 1. k>1.
We have now to consider two cases, r >t and t >r.
i r=>t
By (4.5), we get
1 t r+i—t pMp
Pi?)(r,t) < — dpdr .
P 0 =5 f j T+t ppd+p— om0

Changing variables by
4.10) a=p+71, f=p—71,

we have

. Mp r+t 1 o 1
(Pa”)(r, t)S"ZtTJ,_, T ap fr-,(l - ﬂ)pk_pdﬁda.

2
Note that pk —p < 1, since p> 1+ \/5 and k _<_——1. Then

r+t 1

X cMm?

2
If k= p——I, then pk —2 =k > 1. Hence using Lemma 4.2, we obtain

CM?

(4.12) PEn ) < T+ r =

If k <p——2—1, then from (4.11)

(4.13) (Pa*)(r, 1) <

CMP(1 + ¢t + )72V j'“ 1

d
r A

< CMPt
Trd 4t 4+ O

We have used here Lemma 4.2. Note that k(p —1)— 1 >0 since p> 1+ \/5
and k> 1. We shall distinguish again two cases.
If r > 1, from (4.13)
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CMP(1 + g)>~He—b
r’ t) S k—l 2
A+t+nQ+r—13

(4.14) (Pi?)(

since 3r>1+t+r.
The right-hand side of (4.13) is bounded, since r >t Hence, also for

0<r<1, (414) holds. Therefore, we have

_ CMP(1 + t)?~HP=1)
PP < .
(Pi )(r’t)_(l +t+r)1 +r—gft

@ t>r.
We see that

1 t ffr+t—t pMP
PiP)(r, t) < — dr .
e N I

Then, by (4.10) we get

. Mp t+r a 1
@y k=g j e

-r

Mp t+r 1 t-r 1
~ f T+ oy J @+ gy

P t+r 1 a
+ M J j ! dpdo.
t

ar J_, A+t J,_ (1 + p)Pxr

Mp t+r 1 t—r 1
-5 | J i+ g e

Mp t+r 1 a 1
— d
o J T+ ap L(l T pperibi

CMp t+r 1
<— J;_r T a)pk—Zdﬁda'
2 . .
If k= T using Lemma 4.2 we obtain
CM?
4.16 Pi?)(r, t) < .
(4.16) (Par)r, 1 A+t+r+t—rk?

2
If k< Pt it follows from Lemma 4.2 and (4.15) that
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CMP(1 + t + p)?7Hp~D) frdr
. PiP)r, 1) < d

(417 (Pa%)(r, 1) < . T

CMP(1 + )*>7Hr—D)

Tl Ht+rQ 4+ —rFte
Case 2. k=1
@i r=>t
We proceed as before.

e IL+p+1Y
4.18 )< — 14+In——] dpd
@19 Foeo LJMHH)”( ") T

M 1 @ 14+
S In .
=% e T+ ™t f(l * 1+ﬁ> dpan

Now, we make use of the following proposition which is important in
order to prove Lemma 4.1 for the case k = 1.

Propesition 4.3. Let n be a positive integer. Then,

* l+a
(4.19) L <1 +In T ﬁ) dp

—at 3 (;) {m!a -y l), ™ (1n (1 + )" '}

We shall prove the proposition later on in this section.

Since k <

2
i and k=1, p<3. By Proposition 4.3,

(4.20) Ja<1+1 1+Z> df =160 — 15In (1 + @) — 6(ln (1 + a))?
0

— (1 + ).

Combining this with (4.18), we have

aMrP [r+ 1
7P
4.21) (Pa?)(r, ) < — Lt (1+a)p_2doc.

2
If k= p—l’ p=3. Thus, using Lemma 4.2, we get

24M° L+r+t
7P e a—
(4.22) (P”)(r’t)sl+t+r<1+ln1+r—t>'
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2
If k< PRET p<3. From (4.21), using Lemma 4.2 we have
p—

CM?*t
14
(Pam)r, 1) < r(l+r+ep7 2"

. 2 .
Then, proceeding as the case 1. k>1, (1) r>t O0<k< PET we obtain
p—

. CMP(1 + 1)3?
4.23 Piryr, ) s ————-—-— .
(4.23) (Par)(r, ) < T3 i4r

@@ t>r.
As before

. Mp [itr [a 1 14+a)?
4.24) (PiP)(r, t) < —Eﬁ JH ————(1 n oc)""(l + In 1518 |ﬁ|) dpda

-r

Mp t+r 1 t-r 1+(X p
"27£-,(1+a)"‘1fo <1+1“1+ﬁ> dpd

Mp t+r 1 a 1+CX 14

— _ 1 —— | dpd
o v L ()
< 12MP (t*r 1 i
= e (a2

r

We have used (4.20) in the last estimate.

2
If k= =1 (p = 3), using Lemma 4.2 we obtain

4.25) Py < 2 <1 Init? +’>.

S n_—_—*'
1+t+r 1+t—r

If k< ;i—l {(p <3), it follows from Lemma 4.2 and (4.24) that

cMm?P
4.26 PaP)(r, ) < ————
(4.26) ("), 0 < s
< CMP(1 + 1)*"
1+t+r

°

since p>1+\/§.
Case 3. O0<k<l.
i r=>t
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As before
r+t—t
P <—
4.27) (Pa?)(r, t) J J L + — )pkdpdr
_; dpd
< R A
or
. Mp r+t 1
4.28) (Pi?)(r, t) < — i J Wda
2 .
If k= Pt using Lemma 4.2 we have
CM?
. 4 t _
(4.29) (P#%)(r, )_(1+t+r)"

2 ‘
If k< ﬁ, we distinguish

(@ r=1and 2t>r>t
Note that pk —2 <k < 1.
that

(4.30) (Pa?)(r, 1) <

(b) r=1 and r > 2t
The p-integral in (4.27) is
Lemma 4.2 we have

(Pi%)(r, ) < A;p‘

three cases.
Then, it follows from Lemma 4.2 and (4.28)

CM?t
Trl 4+ p?
CMP(1 + g)> D
T+e+rf

dominated by o — (r —t) <2t. Then, using

1
J T+ 2™

M"t(l +t+ r)ZJ 1
a do

2r + g)Pkl

CMPE2(1+t+7)

r(1

Ifr>1and r>2¢ thenr —t>

pk —k > 0. Thus,

+r— )

r r+t
==
2 3

5
and %2 1+ t+r. Note that
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CMP(1 + 1)> <D

©0 0<r<l.
As the case (a) r>1 and 2t >r>t,

CM?t

(Pap)(r’ t) S m_—z .

Since r > t, the right-hand side is bounded. Hence, also for 0 <r < 1, (4.31)
holds.
Therefore, we obtain

CMP(1 + 1)>~Ho~D)

(Pa*)(r, 1) < T +t+rk

G) t>r.
Mp t+r t—r 1 Mp t+r a 1
P < d - — —
P <7, j J (1 + ™t et 5 f Lr ( +cx)""‘1dﬁd“

3Mp t+r 1 d
< .
= 4y J,-, 1+ x)P*2 *

If k= T using Lemma 4.2 we obtain
CMP
4.32 ar) < —m— .
(4.32) (P 0 < Gy

2
If k< P pk —2 <k <1. Using Lemma 4.2 again, we obtain
p—

CcM?

(4.33) (Piar)(r, 1) < T

CMP(1 + 2~k D)
A+t+7)k

This completes the proof of Lemma 4.1. |

1
In [2], all the p-integral except for the case k> 1 +E in the proof of
Lemma 2.3 of [2] is dominated by a constant. For this reason, Lemma 2.3

2
in [2] holds only for k > P =1
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Proof of Proposition 43. Using the binominal theorem, we have

* 1 +a ¢ 1+ a\"
434 | +n )d ()f(_>d
n (n ¢ 14+ a\™
a1 OINC =Y
Moreover for the integral in the last term

4.35) J (n(1 + o) — In (1 + B))"dp
4]

-3 (_1)l<’;’>(1n(1 + o)) r(ln (1 + B))dp .
1=0 0

By induction on I and integrating by parts, we easily derive that

f(lnx’dx— > (—1)’( . TR x)

Applying this to (4.35), we get

(4.36)
r (n(l +a) —In (1 + B))"dp
0

- lg (— 1) <’7>(1n (1 + g

{Z (—l)’ ) (1 +a)n(l + o) - (——1)’1!}

=a(ln (1 + o))" +Z(—1 < >ln(1+(x))""

{(1 + o)(In (1 + o)) + Z (—1)‘( i 1+ a)(n(l + o) — (—1)11!}

= afln (1 + &))" + (1 + @)(n (1 + )" ﬁ (1) <’;’>

l+l

+Z(1+a)(ln 1+ o) f

=i

m! m .
(m T ; l)' (In (1 + o))"~

=m!(l + o) — (In (1 + &))" Z l)'(ln (1 + o)y
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in the last equality we have used that

£ov(s)
1=0 l

and
i(—l)‘“ m! =0 for m>i+1
=i (m—-NDd -0 = )
Thus, inserting (4.36) into (4.34), we obtain (4.19). [

5. Proof of Theorem 1, 2

To prove Theorem 1, 2 we have to make some preparations.
A solution ue C*(R? x I,,) of (2.1) satisfies the integral equation

(5.1) u=u’+ LF(u),

where

[0,00), ifk=—"",
p—1

2
{0, T, if0<k<—‘1,
and u° is the solution of (3.1) and L is given by (4.2).
Conversely the following proposition holds. In order to find a solution
of (2.1), we need the proposition (see [2], [5]).

Proposition 5.1. If u satisfies (5.1) and Diu is continuous on R* x I, for
la| <2, then u is the solution of (2.1).

Proof of Theorem 1, 2. We define the norm for functions u(x, t) which
are continuous on R* x I,

(5.2)

r

sup (1+ ¢+ [xD(@ + |t — x| ulx, 9], k>1),

xe R3
telpy

14+¢+ x|\
full ., = 5 SUP IT+e+ |x|)<1 +1n ﬁI—L> lu(x, t)|, k=1,

xe R? 1+t — x|
telp
sup (14 ¢+ [x)*|u(x, 1), O<k<1).

xe R3
Ltelp‘k
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Then, we have
(5.3) [u(x, )] < llullp,x »
(54) IHul®lol =0l < Nl ellolpsd,  for 0<6<1,

and by Lemma 4.1,

(5.5) I L{ulPllpk < By illullf x s
(5.6) ILul®?[o] %], < B, lull e lw)l 057,
where

2
’ k=———
Cka < p_1>’

(L + T2 (o <k< pi 1) :

(5.7) B,,

p,

and C,, C,, are constants given in Lemma 4.1.
Let X, , be the linear space defined by

(5.8) X, , = {u(x,t): Diu(x,t) e C(R*> x I, ,), |ID2ul . < oo for |a| <2}.
We can verify easily that X,, is complete with respect to the norm

lullx,, = Y. IDgul,-
lej<2

We define the sequence of functions {u,} by
uo =u°, u,,, =u’ + LF(u,).

It follows from Lemma 3.1 that
(5.9) 140llx,, < CiG .
Hence, u°€ X, ,.

Now, we assume that
(5.10) 2°pAB, (C,GP'<1 and CG<
Then, we have

(5.11) 2PpAB,  |u°(23t < 1 and lull,0 < 5 -

As in [2], [5], we see that if u® satisfies (5.11), then {u,} is a Cauchy
sequence in X, ,. Since X, , is complete, there exists u € X, , such that Diu,
converges uniformly to Diu for |a| <2, n— o0. Clearly u satisfies (5.1).
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2
Therefore if k = Pt choosing G sufficiently small by (5.10), it follows

from Proposition 5.1 that there exists a unique global solution of (2.1) since

B, is a constant as given in (5.7).
2
On the other hand, if 0 <k < =T there exists a unique local solution
of (2.1). Combining (5.10) with (5.7) we obtain (2.2). This completes the
proof of Theorem 1, 2. ]

Acknowledgments. The author would like to express his gratitude to Pro-
fessor Takao Kakita, Professor Kenji Nishihara and Professor Fumioki Asakura
for their helpful suggestions and constant encouragement.

It is also a pleasure to acknowledge Professor Yoshio Yamada and Profes-
sor Mikhail Kovalyov for their very valuable advice.

References

[11 Agemi, R. and Takamura, H., The lifespan of classical solutions to nonlinear wave equations
in two space dimensions, Hokkaido Math. J. 21 (1992), 517-542.

[2] Asakura, F., Existence of a global solution to a semi-linear wave equation with slowly
decreasing initial data in three space dimensions, Comm. Partial Differential Equations 11,
13 (1986), 1459—1487.

[3] Glassey, R. T., Finite-time blow-up for solutions of nonlinear wave equations, Math. Z.
177 (1981), 323-340.

[4] Glassey, R. T., Existence in the large for [(Ju = F(u) in two space dimensions, Math. Z.
178 (1981), 233-261.

[5] John, F., Blow-up of solutions of nonlinear wave equations in three space dimensions,
Manuscripta Math. 28 (1979), 235-268.

[6] John, F., Nonlinear wave equations, Formation of singularities, Lehigh University, Univer-
sity Lecture Series, Amer. Math. Soc. Providence, 1990.

[71 Kubota, K., Existence of a global solution to a semi-linear wave equation with initial data
of non-compact support in low space dimensions, Hokkaido Math. J. 22 (1993), 123-180.

[8] Schaeffer, J., The equation u, — du = |u|” for the critical value of p, Proc. Roy. Soc.
Edinburgh 101A (1985), 31-44.

[9] Tsutaya, K., Global existence theorem for semilinear wave equations with non-compact data
in two space dimensions, J. Differential Equations 104 (1993), 332-360.

nuna adreso:

Department of Mathematics
School of Science and Engineering
Waseda University

3-4-1 Okubo, Shinjuku

Tokyo 160

Japan

(Ricevita la 3-an de oktobro, 1991)



