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Local existence in C bo’l and blow-up of the
solutions of the Cauchy Problem for a quasilinear
hyperbolic system with a singular source term*
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— Dedicated to Constantine Dafermos on his 60" birthday
Abstract. In this paper we consider the Cauchy problem for the hyperbolic system

at+(au)x+2i_u=0
x>0,t>0
ur+ 1@ +u?) =0

with null boundary conditions and we prove a local (in time) existence and uniqueness
theorem in Cg’l and, for a special class of initial data, a blow-up result.
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1. Introduction and main results

We consider the Cauchy problem for the quasilinear hyperbolic system

at—i—(au)x+2Z—”=0

x>0 >0 (1.1)
 + 3@ +ud, =0
with the initial data
(a(x,0), u(x,0)) = (ao(x), up(x)), x>0 (1.2)

Received 19 November 2001.
*This research was supported by FCT and FEDER.



344 JOAQ-PAULO DIAS AND MARIO FIGUEIRA

The system (1.1) appears in the study of the radial symetric solutions in R? x
R, for a conservative system modeling the isentropic flow introduced by G.B.
Whitham in [7, chap.9] where a is the sound speed and u is the radial velocity.
If f: R? — R?is defined by f(a,u) = (au, (1/2)(a® + u?)), then two
eingenvalues of V f are

AM=u—a, Mm=u-ta (1.3)

and so the strict hyperbolicity fails if a = 0, but the system is genuinely nonlinear
with Riemann invariants

[l=—u+a, r=u+a (1.4)

which satisfy the equivalent system (for classical solutions):

re+rre + ’—2—5%2 =0
x>0,t>0 (1.5)
L—1L+5E =0
with initial data
(r(x,0),1(x,0)) = (ro(x), lo(x)), x>0 (1.6)

with rqg = ug + ag, lo = —ug + ay.

In [1] and [2] we have studied, for a special class of initial data, the existence
and uniqueness of weak entropy solutions of the Cauchy problem for system
(1.1) verifying, in a certain sense, a null boundary condition. For this we have
applied the vanishing viscosity method, the compensated compactness method
of Tartar, Murat and DiPerna (cf. [3]) and, for the uniqueness under stronger
assumptions, the Kruzkov’s technique (cf. [4]). In this paper we deal with local
(in time) C%! solutions that are null at the boundary (x = 0) and, for commodity,
we will work with the system (1.5). Let us introduce, for T > 0, the space

Yr = {v e C' ([0, +00[x[0, T] | v(0,1) =0, 0 <t < T} (1.7)

where Cg’l denotes the space of bounded Lipschitz continous functions, with the
usual norm

lvlly, = vllze + oz + villzeo (1.8)
We will prove, by a standard fixed point method:
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BLOW-UP OF THE SOLUTIONS OF THE CAUCHY PROBLEM 345

Theorem 1. Assume ro, [y € (Cy ([0, +00[))? and such that ro(0) = [y(0) =
0. Then, there exists T > 0 and a unique pair (r,1) € Yr x Y such that (r,[)
is a solution of the Cauchy problem (1.5), (1.6).

For each xy > 0 and T > 0 let us introduce
Zro.r = {(x, 1) €]0, +00[x[0, T] | x = X(£; x9, 0)} (1.9)

where X (¢; xg, 0) is the characteristic defined by
dX
T(t; X0, 0) = r(X(t; x0,0),1), t €[0,T], X(0; x0,0) = xo,
T

where (r, [) is the local solution of (1.5), (1.6) obtained in Theorem 1. We will
prove the following regularity result:

Theorem 2. Assume (rg, ly) € (Cg’l([O, +oo))?, ro and Iy null at the origin
and with compact support in [0, +00o[ and uo(x) > ap(x) > 0, x € Ry. Then
there exists a local solution (r,1) € Yr x Y7 of (1.5), (1.6) such that (r,1) €
(C;’I(EXO,T))% Vxo > 0. Furthermore, if, foracertainT > 0, (r,l) € Yr X Y7
is a local solution such that (r,1) € (CL(Sx.r))> then (r,1) € (Cp (Zap. o)™
Moreover, we have

I(., 1)

X

ri.,t)

X

OS_lerC, S

LOO

o y
< “—“ 1 e[0, T (1.10)
[0 X ligoo
where [0, T'[ is the maximal interval of local existence in Theorem 1.

In the framework of Theorem 2, let us put (note that ro = ug + a9 > 0, lp =
—ug+ag <0, r(% > lg):
rp

X

co= (1.11)

L°°.

With the technique of Lax (cf. [5]) we will prove the following blow-up result:

Theorem 3. Under the hypothesis of Theorem 2, assume that ¢y > 1 and that
there exists xo > 0 such that, in the interval [xg, ro(x0) /co + X0}, we have

5 5
2
rox <0, lox >0, 760 < |rox| < 760 [ox| = coe.

Then there exists T' €]0, 1/cy] such that

lim, - (Irlly, + 1ly,) = +o0. (1.12)
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Remark. The assumptions in Theorem 2 on the support of ry and Iy can be
replaced by some weaker hypothesis.

2. Local existence and smoothness of the solutions
We start with the proof of Theorem 1. Let us put
Mo = ||(ro, L)l cory2 = N7ollzee + liroxllzee + Mlolizoe + Mloxllzee (2.1)

for two fixed M > My and T > O let us consider the closed ball By, 7 in Y7 x Yy
centered in (0, 0) and with radious M for the norm

1@ DI = M7y + 12, -

For (v, w) € By r let us consider the linear system

2_ 2
rrtur+ 55 =0

(2.2)

lt—w1x+ﬁ2:x—l-vz=0

with the initial data (1.6). For fixed (x, ) € Y7 let us consider the characteristic
X (7; x, t) passing in (x, t) defined by

Xt x, 1) =v(X(t; x,1), 7)

(2.3)
X(t;x, 1) =x
We can also define the characteristic
X (7;x,1) = —w(X(r; x,1), 7)
2.4)
)?(t; x,)=x

Since v(0, t) = w(0, t) = 0 by the hypothesis, the characteristics passing in a
point (0, ¢) are defined by the straight line x = 0. Denoting by 7 the derivative
along the characteristic defined by (2.3) we can write the first equation of (2.2)
as follows

2 _ 2

2x

f(X(t;x,t),t):—v (X(t;x,1),7)
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and so

2 _w?

2x

r(x,t):ro(X(O;x,t))—f Y (X(r:x,0).7)dr.  (2.5)
0

We derive, fort < T,
I G Dl < llrollz= + T, w)l?
(o Dl < Mo+ TM>. (2.6)
and similarly, from the second equation in (2.2) and (2.4), we deduce, fort < T,
G, Dl < Mo+ TM>. 2.7)
Now, if (x, 1), (X, f) are two points in [0, +oo[x [0, T1], f < t, we have
r(x,t) —r(x,0)=r(x,t) —rx,t)+r(x, 1) —r(x, 1)
and

r(x,t) —r(X, 0 =r(X;x, 1), 1) —r(X(; %,1),1) =
= ro(X(0; x, 1)) — ro(X(0; x, 1)) —

T2 — w2 0?2 — w?
—/ [ (X(t;x,0), 1) — (X(r;i,t),r)} drt
0 2x 2x

By well known properties of ordinary differential equations, we have, with x*

between x and X,

IX(t;x,0) - X(7; x,0)] < |x —X| <

X w0
T; ¥,
ox

_ ' ov -
< |x —X| exp/ —(X(s;x%,1),9ds <
; Ox
<|x —xle™,
and so
r(x,t) —r(x, 0| < (Mg + TM*e™ |x — x|. (2.8)
We also have

r(x,t) —r(x, 1) =r(X(t; %, 0), 1) —r(X(t; %, 1), 1) =
2 2

2x

= ro(X(0; X, 1)) — ro(X(0; X, 1)) — / : X(z; %, 1), 1) dt +
0

P22
+/ . X(;x,0,1)dT
0 2x
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and, with7 < 1* <1,

|X(z:%,0) — X(r; X, D] < [t — 1] <

X o
—(T; X, 1
5 (T;%,1%)

T

<t — 1] v(x, )] expf g—z(X(s;i,t_*),s)ds <

7*
< |t —f|Me™

Moreover, we have

102 _ Fy? w2
/ (X(r;i,t),r)dr—f X(t:x,0,0)dt =
0 2x 0 2x

1 v2 _ w2
=[ X(r;x,0),7)dt +
i 2x

fra2_ .2 2 _ 32
+f Y (X E 1), T) — ——— (X(r; %.0),T) | dT
0 2x 2x
Hence, we derive,
r(x,1) — r(x, 0| < [(MoM + TM*e™ + M* |t — ). (2.9)

From (2.5), (2.6), (2.8) and (2.9) we deduce that r € Y; and the same result can
be proved for /. Moreover, there are M; and T such that, if My < M < M; and
T < Ty, then for (v, w) € By r we have

(r, l) € BM,T-
Following the ideas of [6, ch.1], and since By, r is closed in

(Co([0, o[ %[0, T11))?,

to prove that, for fixed (ry, lo), the map (v, w) BN (r, 1) has a unique fixed point
in By, 7 it is enough to obtain the following estimate

1, w) = J@, W= < af(, w) — @, W)L (2.10)

for a certain « €]0, 1 and for all (v, w), (v, W) € By 7.

From the first equation in (2.2) for (v, w), (!, r) and (v, w), (7, Iy = J(@,w),
we derive with 7 = r — 7 (cf. [6, ch.1] for a similar estimate),
F a7 oF v —w? 9% —w?

FrIR L i G o
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and so, with X (z; x, ) defined by (2.3), we obtain, by integrating and estimating,

~ _ _ 1 1 _
[7Co Dl < tllv — Uiz (”rx||L°° + E”vx“Lm + EHvx”Lw) +
t - -
+ EHUJ — Wl oo (lwillzoo + [l 2),

I7C, Dllzee < 2MT (v — Ul + lw — W)

and analogous estimate for ||T(., |l oo, withT = [ —1, and this achieves the proof

for “small” initial data (r, lp), say || (ro, lo) || (COJ)Z < M.
b

Now, for a given initial data (rg, Iy) let us choose A > 0 such that (7o, Ip) =
A(ro, lp) verify ||(ro, lo) || 01V’ < My, and let be (7, ) the unique solution in
b

Yr x Y7 of the corresponding Cauchy problem (1.5}, (1.6). Let us put

1_ 1-

r(x,t) = —r(x,t/A), lx,0)=-l(x,t/A).

A A

We have
r(x,0) =ro(x), I(x,0) =1p(x)
and (for t < AT):
2

rc —

2x

1 _ o fZ_ZZ
= v <rt(x,t/)») +rre(x, t/0) + T(x’ t/k)) =0

2
rt(xvt)+rrx(x’t)+ l (x7t):

and also

2

r_2

l
(x,£)=0
X

L(x, 1) + 1 (x, 1) +
and the theorem is proved. U
To prove Theorem 2 we must introduce the approximate Cauchy problem
r2_12
Tt +Telex + 5075 = 0
x>0, 1t>0 2.11)
22
lep — Lo Loy + Ef;c‘_*—{;_) =0

with the same initial data given by (rg, [p). It is easy to see, by inspection of the
proof of theorem 1, that the same proof applies to this regular case and moreover
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we can find a common (for ¢ > 0) interval [0, T'] of local existence of solution
for the Cauchy problem with T depending only on the norm || (g, o) || ( o 1>2 of

the initial data. Furthermore, we have the estimate

|(Fes ) lvrxvy <1, Ye=>0 (2.12)

2
with ¢; only depending on || (ro, lo)”(co,1>2- Moreover, if (ro, lp) € (C;,I) we
b

also have, fore > 0,

e 1) € (00, +oolx10,71)°

(cf. theo. 4.3 in ch.2 of [6]). Finally, under the hypothesis of Theorem 2 it can
be proved, as we have made in [2] for the singular case by applying the vanishing
viscosity method and an uniqueness theorem of Kruzkov’s type, that
O0<—L<r,<c in [0,+00[x[0,T],
(2.13)
L1
x+e x+s

If we obtain a proof of the equicontinuity, in X, 7, for a fixed xo > 0, of the
first derivatives of the sequence (r., [;) we can apply Ascoli’s theorem in order
to obtain a subsequence, yet denoted by (7;, /), converging in

(Co([0, +-00[x[0, T])* N (CZ(EXO,T))2

for a weak entropy solution (7, 1) for the Cauchy problem (1.5), (1.6) (see [2]
for the definition) such that

H H . te0, T

L*>® B L*>®

r( 1)

1, 1)
X

0<—-Il<r<c¢ and ”

H “Lw (2.14)

By the uniqueness theorem proved in [2], we derive (7, l) = (r, 1), the solution
found in Theorem 1, and the estimates (2.14) hold for ¢ € [0, T'[, maximal
interval of local existence in Theorem 1 (cf.[2], theo. 2).

Now we pass to the proof of the equicontinuity of the first derivatives, p, =
Foxs e = Y1y De = lex, - = lg;. With the notation introduced in (2.3), (2.4)
withv =7, > 0, —w = —I; > 0 (note that ¢; > r.(x,t) > —I.(x,t) > 0), by
(1.5) we can write in a point (x, t) € X, 7 (droping the ¢ for simplicity):

o , Frp—rp rt— 2
CPEREIP =P x+e 2(x + €)?
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and so, with py(x) = p(x, 0) = rg,(x), and following the characteristic

p(x, 1) =p(X(t;x,t),t)=po(X(0;x,t))—f pr(X(r;x,1), 1) dT
0

2 2

fzrp_lﬁ(X( H.1)d +/’ "ol X, 0d
— T:x,1),7)dT _— T:x,1),7)dT.
o xte 0 20 +¢)2

Hence, a.e. on (x,t) € X, 7,

X
px(x’ t) ZPOX(X(O1 X, t)) a(ov X, t) -

t 0X
— | 2pp(X(z;x,0),7) —(v;x,t)dT —
0 ox

_/tpz'f'rpx_ﬁz_lﬁx
0

X
X(T;x,0), 1) —(r;x,0)dt +
xX+e dox

~

+/[ PP v ), ) e x, ) de +
T, X, 1), T T, X, T
0 Fe? o

/Ot X : ( ( t) ) ( t)
X T,X,1), T T, X, dt
( + 8)2 p

; H ’ T ; ? .

We point out that x > xy in X,, r and, by (2.12),

BX( N
—(7; x,
ox

t
< epr Ip(X(s;x,0)|ds < e < e
T

with ¢; not depending on . Hence, by (2.12), we derive, with

fo(T) = sup [per(x, )| and  fi(z) = sup |Prc (x, 7,

|Pex(X (15 x, 1), )| < (1 + 1 T)e”T + ¢ f (fe(m) + fe(1)) dr.
0
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Similarly, we get, following the characteristic X(t;x, 1)

PexX (130, 0, )] < (e1 + a1 T)eT + 1T fo (no+ f@) de.
Hence,
) + fo@) < (1 + a1 )T + cpe'T fo Z (f.()+ fo(v) dr.
By Gronwall’s inequality we derive

L)+ £o@) < (e +aT) T — ¢, (2.15)

For p,; and p,, we can derive a similar estimate.
Now, for g = r,; we derive from (1.5) (always droping the ¢ for simplicity):

- rg—rq
q=4q +rqx=—qp — .
2 __12
and so with q()(x) = q(x 0) — _rOrOx(x) _ Ty 0 (.X)
E] 2(x+£) ’
(x,1) (X(t 1),1) ¥ rg _ l(% (X(0; x, 1))
= sy X, 1), = | —rofox — DX, .
7w 1 * 070 2(x + ¢) )

’ ‘rg-1q
— gp(X(z;x,t),t)dt — (X(z;x,1),1)dT.
0 0 Xx+e
Hence, a.e. on (x,1) € Xy, 1,

gx(x, 1) =

] X0 x,0) - X0 x, 1) —
ix

rorox — lolox s =15
x-4¢€ 2(x + &)?

2
= ["’ox — Yofoxx —

4 oX
—f (@ +apI(X (3 1,1, 7) = (55, 1) d —
0

d . —Dqg—17, X
—/ Pq+74: — Pd qx(X(r;x,t),t)—(r;x,t)dt +
0 xX+¢ ax

"rq-1lq
+ X(t:x,t),7)0X0x(t; x,t)drt.
fo(x+8)2(( ), ©) 8X3x(T; x, 1)
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With g.(t) = sup |g..(x, T)| and 2. (r) = sup |g.. (x, T)|, we derive

t
Igex (x, )| < [c1 + (1 +€2)T]eM +cle"1T/ (g:(r) + 8. (v)) dt
0

and a similar estimate for |g,. (x, t)|. Hence, by (2.15),

ge(1) + 2e(t) < ey + (c1 +e)T e +61€CIT/(; (8:(7) + (1)) dr.

By Gronwall’s inequality we deduce

clT)

2e(t) + 2:(t) < [c1 + (1 + ) T) e TFe

For g, and g,, we can derive a similar estimate. Hence, we have obtained a

2
uniform (in & > 0) estimate in (c;vl(zxoj)) for (r,, 1,). We derive (r, 1) €

(CZ}()ZJXO,T))2 but we even obtain (r,[) € (C;’I(EXO,T))Z since the previous
estimates are uniform. More generally, under the assumptions of theorem 2, if
(r,) e Yr xYpr)nN (Cg(ExO,T))Z, for a fixed xp > 0, is a local solution of
(1.5), (1.6), we can prove, by estimating

px, 1) = p(,0), q(x,1) —q(x, 1), plx,1)—p(x, 1), gx,1) —q(x, D),

2
where p = re, g =11, F =Ly, § =L, that (r, ) € (cgvl(zxﬂ)) (cf. theo.
3.1in Ch.1 of [6]). 0

3. Blow-up of some solutions

In this section we will prove Theorem 3. Under the hypothesis of this theorem
let [0, T'[ be the maximal interval of existence of a local solution (r, I} € (Y7 x
Yr) N (C} (EXO,T))Z, YT < T, for a fixed xo > 0. By Theorem 2 we have
FDeXrxYr)N (Cg’l()]xoj))z, VT < T'. Letussuppose T’ > 1/c,. For
p = —l, we derive from (1.5), if p/(t) is the derivative (which exists a.e. on 1)
along the characteristic defined by

L% (1;%,0) = —1(X(t; %, 0), 7),
0<t=<1/eo (3.1
X(07 f09 0) = f0 = rO(XO)/CQ +XO,
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2 _ l2
2x?
with p(1) = p()?(r; X0, 0), 7). Hence, assuming g = r, < 0 along the characte-
ristic for T < 1/cg, we derive since r > 0, r? — 1> > 0,

I

, 2 l FFy
p()+p (T)—;(T)P(T)—T(T)‘F (r) =0,

p'(®) + p*(r) — L()p(r) <0,
0<t<l/eg (3.2)

p0) = —lox(X0) <O.

Putting v(r) = €"@p(z), h(r) = [5 [-1/x) (s)] ds (recall that —I/x > 0
and so #/(7) > 0), we deduce

V'(r) + e "Pv¥(7) <0,
0<1t<1/cg
v(0) = p0) < 0.

Now, following an idea of Lax (cf. [5]), we compare v with 8 solution of the
Cauchy problem

0'(t) + e M9g% (1) = 0,
0<t< I/C()
6(0) = v(0) = p(0) < 0.

We derive
T -1
v(t) < 0(7) = p(0) I:l + p(o)f e—lz(s)ds] )
0
But we have fot e "Ods > 7e M0 and

|h(z)| < T sup

0<s=<t

=TCo

1., s)
x

r
Lo x llipee

and so [j e"ds > te . The function e~ increases till T = 1/co. Since
p(0) <0, |po| = coe, we derive

14 p(O)/ e "Ods <14 p(0)re ™" =0
0
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for a certain 77 < 1/c¢y. Hence, lim v(r) < lim 6(1) = —oo. We conclude
=T =17

lim [—1(X(t; %, 0), 7)] = —o0

=T

and the solution blows-up in [0, +o0[ X [0, 1/¢o] which is absurd.

Now we need to prove that g = r, < 0 on the considered characteristic (see
fig.1) for T < 1/co (remember that we have assumed 7° > 1/¢g). Letus consider
the family of characteristics defined by

LX (t; %0, 0) = r(X(1; %,0), 1),
0<7<l1/c (3.3)
X (0; %o, 0) = X € [x0, X0]

such that they cross the characteristic defined by (3.1). For each P belonging to
the characteristic defined by (3.1) (r < 1/cy), there is one characteristic of type
(3.3) passing in P.

t

1/¢g

Figure 1

If g = r, we denote by ¢(7) the derivative of ¢ along this characteristic (¢ exists
a.e. on ). We derive from (1.5)

; 2 rgzlly oy 2=y
{q(r>+q(r>+ e(r) ~ £ (@) =0 o

q(0) = Xp € [xo, Xp].
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If we suppose p = —I, < 0on the characteristic defined by (3.3) till its intersec-
tion (at the time Ty, < 1/c¢) with the characteristic defined by (3.1) we derive
from (3.2) and for each § €]0, 1[ (recall that > — [? > 0):

q(®) < (=1+8)g*(x) + c(8), 7t €0, Tz,

15 5
where ¢(8) = 33 c% (note that |¢(0)] < 7 c(z)). Since (1 — 8)g* — c¢(8) < 0, we

derive
dq

A—da—c® = "

that is, with

Ki(8) =2/ (1 = 8)c(®), K(8) =+/c(®)/(1=35),

and by integration between 0 and 7 < T5,,

1 [ \q(r) — K(5) ]‘f(’)
— |log | =2 > 1.
K1(8) q(T) + K@) | 1,
We deduce X() ) X ()
— 9 9k
{©OTKG) Cwr ke ¢ O
and so
1— fs5(1)
S K() ——=. 3.5
q(8) < ()1+f5(T) (3.5

We want to choose § €]0, 1] such that for t < 1/c¢o, fs(t) = fs(1/co) > 1. We
have

fS(l/CO) > 1 == *—*-251(6) (S) [1 —_ e_z/co (1~8)c(®) ] > —-1—6—2/60 V(1=8)c(d)
gotl —

15
where c(8) = 32 c(z). When § — 17, the right hand side of the previous

inequality converges to —2 and the left hand side to —5/2 ¢ lgo!. Hence, we
can choose a § if |gg| > 5/4 cg as in the hypothesis of the theorem 3. From
(3.5) we derive g(t) < 0 till the characteristic cross the characteristic defined
by (3.1). Now, since go = ro, < 0, po = —lox < 0 in [xo, Xo], there exists a
closed “triangle” A with one vertex in (X, 0), one side [%o, Xo] x {0}, where
Xo €]x0, Xol, the second side being the part of the characteristic defined by (3.1)
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between (Xp, 0) and the intersection P, of the characteristic of type (3.3) starting
in (Xp, 0) and the third side being the part of this characteristic between (¥, 0)
and Py (cf. fig.1), suchthatg = r, < Oand p = —I, < Oin Ag. Let A be
the maximal of the triangles of this type and suppose that A does not contains
the characteristic defined by (3.1) (for 0 < 7 < 1/¢p). Since p < 0 in the side
of A being a part of a characteristic of type (3.3), we deduce, as in the second
part of the proof, that ¢ < O on this characteristic. Finally, for a point P (not on
the x-axis) on this side, let us consider the backward characteristic of type (3.1)
passing in the point P: this characteristic lies in A. Since g < 0, we can apply
the first part of the proof and we derive p(P) < 0. Hence A is not maximal.
Therefore g < 0 in the characteristic defined by (3.1) (for 0 < 7 < 1/¢p) and
the blow-up result follows. )
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