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Blow-up of solutions of nonlinear heat equations in
unbounded domains for slowly decaying initial data

Pierre Rouchon

Abstract. Consider the following equations: (E) ut — Au=u?, (E') ut —Au=uP —pu| Vu |9,
(E") ut — Au=uP +a.V(ul), in Q C IR?. For any unbounded domain €2, intermediate between
a cone and a strip, we obtain a sufficient condition on the decay at infinity of initial data to have
blow-up. This condition is related to the geometric nature of 2. For instance, if €2 is the interior
of a revolution surface of the form | z/, |< f(| 24 |), then the condition on the initial data is given
by ®(z) > Cf(| = [)~2/(—1) at infinity. Moreover, for a large class of domains 2, we prove that
those results are optimal (i.e. there exist global solutions with the same order of decay at infinity
for their initial data).
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0. Introduction

This paper presents results on finite time blow-up for nonlinear heat equations
in unbounded domains Q in IR? d > 2. More precisely, we will give sufficient
conditions for blow-up, involving the behaviour at infinity of the initial data and
the geometric nature of 2. We are first interested in the heat equation given by:

up — Au=pPu t>0, zecQ,
u(0,z) = (x), O(z) >0, zeQ, (E)
u=0 x€dQ, u(t,z)—0 when |z|]— oo,

where p > 1, is fixed. The first blow-up result of this kind was provided, to our
knowledge, by T-Y Lee and W-M Ni in Q = IR? (see [6]). In a subsequent article
(see [8]), Ph. Souplet and F. Weissler were interested in the case where Q only
contains a cone ', for equations of the form: u; — Au = F(u, Vu). In the special
case of (F) the result of [8] can be stated as follows:
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Theorem A. Let Q) be an unbounded domain of IR® containing a cone. Q. There
exists a constant C = C(Q) > 0 such that, if the initial data ® € Cy(Q) satisfies

lim inf |1:|2/(p71) O(x) > C,

|z| =00, zelV
then the solution of (E) blows up in finite time.

It is known that if Q is a strip (see [4]), for ® sufficiently small in L*° () norm
the solution of (F) is global. What happens in the intermediate domains between
a cone and a strip? The following work is a generalization (see Theorems 1, 2) of
Theorem A for  containing an Q' of this type. We also give a result of blow-up
of the same type for the following equations, with the same conditions on the
boundary of Q and same intial data of (E):

w—Au=uP —pVuyl? t>0, ze€Q, (E")
with p, ¢ > 1, u > 0 fixed (Theorem 3);
u—Au=uP4+a.V(@ul) t>0, zeQ, (E")

with p, ¢ > 1, a € IR?, a # 0 fixed (Theorem 4). This equation has been already
studied by several authors, for instance in the case of Q = IR? by J. Aguirre and
M. Escobedo (see [1]).

Lastly we prove that those results are optimal for the three equations (E) (Th.
5), (E') (Th. 6) and (E") (Th. 7), for a large class of domains Q' of paraboloid
type.

Finally, let us point out to the reader a recent article of N. Mizoguchi and
E. Yanagida (see [7]), where the authors have studied the equation (E), but for
® with changing sign. Their method of investigation is different from ours and
their results are not exactly the same: for blow-up they cannot reach the critical
exponent and for the optimality they have sometimes a gap which does not exist
here. Moreover, since their approach heavily relies on energy arguments, it does
not apply for "non variational” nonlinearities such as in (E’) and (E").

The principal tools of proof are the comparison principle and dilation argu-
ments. The work is organized as follows. In Section 1 we present our results.
Blow-up results are proved in Section 2. In this section we prove first Theorem 2
and then we give the necessary modifications to obtain Theorems 3 and 4. The
Section 3 concerns optimality in the case of equation (F) (proof of Theorem 5). In
Section 4 we also give the necessary modifications to obtain Theorems 6 and 7 and
give elements of proof of optimality in the case of cones which has been already
studied by several authors.
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1. Main results
We will consider some domains € D €, where €’ is defined as follows:

Q= {(z1,x9,..,2q4) = (xﬁi,:z:d) € Bd/ |Iii|< flza), zq> 0}, *)

where f is a given function. The next three theorems are results of blow-up. For
optimality see Theorems 5-7. A first result concerns the simple case where Q' is a
paraboloid:

Theorem 1. Let Q be a reqular unbounded domain of IR® containing a paraboloid
Y, defined by (x) with:
1
flzq) = xd/ﬁ, B € [1,00).
There exists a constant C = C(') > 0 such that, if the initial data ® € Cy(Q)

verifies:

lim inf |z|2/('8(p*1)) o(z) > C,

|z|—00, zel¥
then the solution of (E) blows up in finite time.

Theorem 1 is, in fact, a special case of the following more general result:

Theorem 2. Let Q be a regular unbounded domain of IR® containing a set €
defined by (%), where [ verifies the following hypotheses:

f:a,0) — (0,00), a >0, nondecreasing, (1.1)
Ik >0, f(3s) < kf(s) for s large enough, (1.2)
f(s) < s for s large enough, (1.3)

and there ezists a constant C = C(Q') > 0 such that, if the initial data ® € Cp(2)
verifies:
liminf _ f(ja))¥® Vo(z) > C, (1.4)
|z| =00, zeCY
then the solution of (E) blows up in finite time.
Theorem 2 can be applied, for example, to the function f(s) = logs with
s € [1,00). Notice here that the condition (1.2) is, in fact, not really restrictive, it

just imposes a sufficiently regular growth of f.
Theorems 3 and 4 give a blow-up result for equations (E’) and (E”).

Remark 1. For these problems, the natural functional frame is:

E=Cl@) ={feC'@), fx)=0forze€dQ, f—0and Vf — 0 as |z|— oo}
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Recall that there is local existence and uniqueness for these problems for all initial
data ® € E.

Theorem 3. Assume:
o (1.5)
P q<Dp .
and let Q be a regular unbounded domain of IR containing a set € defined by
(), where f wverifies the hypotheses (1.1), (1.2), (1.3). There exists a constant
C = C() > 0 such that, if the initial data ® € C3(Q) verifies:

liminf _ f(ja))¥® V() > C, (1.6)

|z|—o00, =z
then the solution of (E') blows up in finite time.

Theorem 4. Assume:
q="—, (1.7)

and let Q be a regular unbounded domain of IR containing a set € defined by
(%), where f wverifies the hypotheses (1.1), (1.2), (1.3), there exists a constant
C = C() > 0 such that, if the initial data ® € C}(Q) verifies (1.6), then the
solution of (E") blows up in finite time.

The following theorems give the optimality in the case of ' being a paraboloid.
First, we consider the case of (E):

Theorem 5. For any 3 € (1,00), there exists an unbounded domain 0 of IR?

containing a paraboloid Q' defined by (%), with f(xq) = xcl/’@

® >0, ® e Cy(R) such that:

, and there exists

liminf  |2/>/PC-1) &(z) > 0, (1.8)

|z| =00, =€V

and
the solution of (E) is global and bounded. (1.9)

For (E’) and (E”), as in the case of Theorems 3 and 4, we must here change
the functional frame (see remark 1).

Theorem 6. For any 3 € (1,00), there exists an unbounded domain Q of IR?

containing a paraboloid Q' defined by (%), with f(xq) = :rcl/ﬂ, and there exists

>0, ®eCHQ) (see remark 1) such that:

liminf  |2/>/@-1) &(z) > 0, (1.10)

|z|—o0, zelV
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and
the solution of (E') is global and bounded. (1.11)

Theorem 7. Assume (1.7). For any 8 € (1,00), there exists an unbounded
domain 2 of IR? containing a paraboloid Q' defined by (x), with f(zq) = ac}/’g,
such that for all a € IR? with |a| sufficiently small, there exists ® >0, ® € C& Q)
(see remark 1) such that (1.10) is verified and:

the solution of (E") is global and bounded. (1.12)

2. Proofs of blow-up results

We directly give here a proof of Theorem 2. Let By C IR? be the unit ball. In
order to simplify the proof, we choose vy subsolution of (F) in [0,T) x By which
blows up at the finite time T, i.e.: |[vg(t)||co— 00 when ¢ — T'. Subsolutions of this
kind clearly exist (see, e.g., [8]). From there we build a blowing up subsolution v
of (E) on IR? by extending vy by 0 on IR¥\B;. Under assumption (1.4) on the
initial data, we want to build a nonnegative and blowing up subsolution w of (E)
of the form:
w(t,z) = o?/(=1) v(a?t, oz — xg)),

with
supp w C (V. (2.1)

From assumption (1.4), there exists M such that:

c/2
d > > = )
Ve e R, |z|> M = &(x) > 2/ (2.2)
and, from (1.3), we may also assume that:

Ve e RY,  jx|> M= 1< f(|2]) <|z] . (2.3)

Let us choose xg = 2Mey. Since supp v(t,.) C B(0,1), condition (2.1) is verified
whenever:
alr —xol< 1= |2< flza),

i.e.
(zqg — 2M)%+ |22 < 1/a? = |alj|< f(zq).

Thus, we just need to have:

1/&2 < (,’Ed — 2M)2 + f2($d)7 Vag > 0.
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Let us take o = 1/f(M). We have:
(wq = 2M)? = f2(M) = f*(za).

(Indeed if x4 > M then f(xz4) > f(M), because f is nondecreasing by (1.1), and
if 24 < M then (xq — 2M)? + f2(zq) > M? > f2(M), by (2.3).)
Having checked (2.1), we can now verify that w is a subsolution of (E):

(i) By construction, v is a subsolution hence w; — Aw = o2P/(P=1) (v, — Av) <
a2p/(0=1) |y|P=|uw|P;
(i3) Vt € [0,T/a?), z € 9Q, w(t, ) = 0 because supp w C Q' C Q,
(#4i) Let us check that w(0,z) < ®(z) in Q. For every x € Q such that w(0,x) #
0, we have:

|$ - Z‘O‘S 1/0{,
that is,
|z —2Megy|< f(M),
hence
—f(M) <lz| —2M < f(M),
so that:

M < 2M — f(M) <|a|< 2M + f(M) < 3M,
(see (2.3)). As, on the other hand, by (1.1), (1.2) we have:

f(lal) < FM) < kf(M),

hence

1k

700 = 70
Therefore,

L \20-D) L\
MQ@S@W@DMWM=(ﬂMﬂ IMWMS<ﬁmﬁ [0(0)oo

Choosing C(€) = k2/®=1 |ju(0)||se, it follows from (2.2) that:

2/(p-1)
mm@scmv<ﬂLQ < B(x).

Let T* be the maximal time of existence of u the solution of (F). According
to the comparison principle we have:

u(t,z) > w(t,z), 0<t<min(T*,T/a?), zecqQ.
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We conclude that T < oco. ]

By [8, Thm 1], under the assumption ¢ < p, we know that there exists a
nonnegative subsolution @ of (E’) (resp. (E")), such that ¥ blows up in finite
time, and that © remains supported in the unit ball of IR?.

Using v instead of vg in the proof of Theorems 1 and 2, the proof is then almost
unchanged, except for the verification of (i), that is: Pw = w; — Aw — wP + u |
Vw|?< 0 (resp. Pw = w; — Aw — wPp — a.V(w?) <0, for (E")).

To check (7) in the case of (E’), we note that:

Pw(t,z) = o2/ (p=1) (ve — Av — P + ol t1)=20)/(p-1) [Vol? )(azt, a v — xo|).

Since« = 1/f(M) < 1 by (2.3),
it follows that

< ¢ < pby (1.5) and > 0 by assumption,
(r+1) 5

Pw < an/(p_l)(vt —Av—vP 4 |Vo|? )(a2t7a lvr — xg|) <0,

(recall that v is a subsolution of (E')). O

To check (7) in the case of (E"), we now write:

Pw(t,z) = a2e/(p=1) (ve — Av — 0P — azq_p_la.V(vq))(OzZt,a |z — xq|),

= a2p/(p_1)(vt —Av—P — a.V(vq))(a2t,a lx — zo]) <0,

3. Proof of optimality for equation (E)

We always consider (F) defined on 2. (In the special case of dimension 2, the
following proof remains true when changing in (%) z/; := x9, and x4 := z1). The
first order of matters is to define a suitable domain €. To do so, let us introduce

spherical coordinates:

Tq = rcostq
i =1cos0g_;jy18in04_;49...sin 6

r9 = rsinfy sinfsy...sinf;_9sinf;_q

r1 =rsinf;sinfsy...sinf;_9cos b, 1
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with (r,61,..,04_1) € [0,00) x [0,7]%2 x [0,27). Let 7o > 0 and K € (1,2] to be
fixed later. We then define:

0= {(7‘, 01,..,04_1) € [0,00)x[0,7]92x[0,27) /63 < 0<rg<rm 6 < 77/2}

(3.1)

K
72-2/3’
Changing without loss of generality the definition (), we set:

Q = {(x1, 29, ., va) = (2, 2q) € RY/ | < (wa — 2r0)YP, 4> 2r0}. (3.2)
We then have:

Lemma 3.1. Let K > 1 and let Q and ' be as defined in (3.1) and (3.2). Then,
for rg > ro1 > 0 sufficiently large (depending on K ), we have §' C ).

Proof of Lemma 3.1. Q' is written as:
rsinf; < (rcosf; — 2r0)1/6, recosfy > 2rg, 01 € [0,7/2). (3.3)

There exist rg 1 and 61 ;45 such that:

1
zeQ, r>rg1 = —=b01 <sinby and 0<6; <01 0 <7/2. (3.4)

VK

(Recall that K > 1). Imposing that ro > rg 1, we have by (3.4) and since § > 1:
’f'el . 1 1
—— < rsinfy < (rcosfy —2rg) Y8 <8 Nr > 210, 01 < 01 maw < 7/2.
N 1< ( 1 0) /7 < > 2rg, 01 <01, /

Then, €' is included in:
9% < K?"Q/B_Q, r>2rg, 01 < 91)7,“” < 7T/2,

hence included in €. O

The next step is now to build a bounded positive stationnary supersolution of
(E) on Q. We fix a cut-off function n € C*°(IR) such that 0 < n < 1,9 =0 on
[0,1) and n =1 on (2, 00).

Lemma 3.2. Let

K
t _ 0) =~ — _02
v(t,z) =v(r,01)=r <r22/5 1), forx € Q,

with
at2-Zo 2 (3.5)
B Blp-1)
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and let

and
v is a supersolution of (E), v > 0.

Proof of Lemma 3.2. First, notice that v is clearly positive in Q by (3.1). Rewrite

v as:
v(r,01) = Kr~ 72 — 77202 2 € Q, where vy = o — 2/6.

As v depends only on 61 and r, the Laplacian of v has a rather simple form (for
more details see [3]):

A Ik +122 e
V=V +—— U+ 50 —— co vy, .
r T2 0161 7'2 1 01

Let us calculate those derivatives:
v = —K(y+2) r P pa 107l 6
Ve = K(y+2)(y+3) 7 —a(a+1) r—2 ¢2
vg, = =201

V910, = —2r~«

It follows that —Aw is:
~Av=K((d-1)(y+2) = (v+2)(y +3))r " + (a(a + 1)6
— afd —1)63 4 2(d — 2)0y cot 1 + 2)r—>~2
= ((e® + (2= d)a)0? +2(d — 2)0; cot Oy +2) 72
+K(y42)(d—vy—4) r—?
=172 ((® + (2 — d))0? + 2(d — 2)0; cot 1 + 2
+ K(y+2)(d—~—4) r7To=2)
We want v to be a supersolution, i.e.:
—Av > (Kr™ 772 —p72g2)P = o,
It is enough to have:

(@2 +(2—d)a)03+2(d—2)0; cot 01 +2+ K (v+2)(d——4) r2/0=2 > grp(-7-2pra+2,
(3.6)
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Since 0 < 1 < w/2 and d > 2 we have 2(d —2)6; cot 61 > 0. In order to have (3.6)
we just need to have the following two conditions:

(—y—2)p+a+2=0 (3.7)
KP? <24 (2 —d)ab? + K(y+2)(d — v — 4)r?/F2 (3.8)

We have (3.7) equivalent to:

2
fp-n

that is (3.5). With this choice of +, let us verify (3.8). There exists rg2 > 0 such
that:

zeQ, r>roe =|2-d)al 7 < K/dand 2(y+2) [d—y—4| ¥/~ < K/4. (3.9)
(Recall that 2/ — 2 < 0 because 5 > 1). We now choose:
ro = max(r,1,70,2)-
By (3.9), in order to obtain (3.8) it is enough to have:
K? <2 —(K/2), for z € Q. (3.10)

Let us choose now: K = (12/11)1/? € (1, 2], then (3.10) is verified and hence (3.8)
too. With those choices of v, K, rg, we have:

Pv=v; — Av—1P > 0.

On the other hand, since v(0,z) > ®(z) and v > 0 by construction, we conclude
that v is a supersolution of (E). Finally, it is clear that ® = 0 on 91, and
2

lim  ®(z) =0 since 0 < ®(z) < K |2]7G- 1. O

|z|—o0,z€

Completion of the proof of Theorem 3: By Lemma 3.2, in view of the comparison
principle, we have 0 < u(t,z) < wv(z), t € [0,T*), x € ), where T™ is the maximal
time of existence of u, then it follows that:

[u@®)lloc< C =[[v]loo, ¥t €[0,T7). (3.11)

We know that T* < oo would imply tlir%l* ||u(t)]|lco= oo which is impossible by
(3.11). Hence u is bounded and global in time and (1.9) is verified.

To conclude the proof of Theorem 3, it just remains to check (1.8). We have:

Vo e Y, &(z) |33|2/(3(p_1)): v(r, 91)7“2/(5(17_1)).
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That is:
®(z) |2/ Ce-D) = (Kp=2/(Br=1)) _ g2y 2/(3(-1) = ¢ p2-2/892
By (3.3) we know that:
vz e (Y, sin?60; < r2/8=2cos?/P ¢y,

and by (3.4):
Ve eV, Ksin?0; > 62,

It then follows that:
Vo e Y, &(z) |x|2/(ﬁ(p_1))2 K — Kr?72/8sin20; > K(1 — cos>/? 0y).
Since 01 < 01 e < 7/2, writing A(Q) = K(1 — cos?/8 01 maxz) > 0, we have:
Vo € QY &(z) |22/ P-4 > 0.

Hence (1.8) is verified, which concludes the proof of Theorem 5. O

4. Proofs of optimality for equations (E’) and (E”) and additional
remarks

In the case of (E'), (Theorem 6), the result is an immediate consequence of The-
orem 5, since any solution of (E) is automatically a supersolution of (E’). We
just need here to say that ® € C& () because v belongs, by construction, to this
functional space. |

In the case of (E"), (Theorem 7), we use the same proof as in Section 3. To
prove Theorem 7, we just need to verify that v is a supersolution. Hence, it just
remains here to prove lemma 3.2 adapted to the case of (E”') (note that ® € C}(Q)
by construction). Hence we want:

—Av > 0P 4 a.V(v?) = vP + i ta. Vo, (4.1)

where a € IR? will be made precise below. Then a.Vv is:

1
a.Vv = a,v, + —ag,vg, = —a, K (v + 2)7’*7*3 + aroﬂ%r*”‘*l — 2a91917‘*a*1,
r
where a, and ag, denote the components of a on e, and eg,, and v, a and K are
given in Section 2. Select r¢ 2 as in (3.9). In order to have (4.1), it is enough to
have for 7 > rg 2 and under (3.5):

2-K/2 > KP+q|al K 1,(=7=2)(¢-1)+a+2 (K(7+2)T77*3+a0%r’0‘71—1—2917“7“’1).
(4.2)
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At first, we study the powers of r in (4.2). Under (3.5), we wish to have:

(—v—=2)¢g—-1)+a+2—-~v-3<0. (4.3)
P 2 p+1
Knowing that a = v+ =, v+2= ————, and ¢ = ——, (4.3) becomes:
B Blp—1) (49
p+1_ 2p+ 501 -p)
2 = 2 ’

which is automatically verified, since § > 1. Then, we have:

(7772)(q71)+04+270471:17%>O, (4.4)

as § > 1. Now, in a second time we are going to control the last two terms in
(4.2), by using the properties of 2. As we are in 2, we know, by definition of 2,
that Vx € Q, 9% < Kr2/8=2_ Tt follows then that:

qla] KT8 (02 +201) < 3¢ || KT 171/00; <3¢ |o) KTY2,  (4.5)

for r > rg 3 = 19 3(K, o) sufficiently large. Now, compiling (3.4), (3.9) and (4.5),
we choose:

ro = max(ro,1,70,2,70,3, 1)-
Then, under (3.5), (4.3) and as r > rq, in order to have (4.2) it suffices that:

2> K?+ K/2+qK? |d| (y+2) + 3q |a] K971/, (4.6)
2
Asy+2< 11 <pand K > 1, to have (4.6) it suffices that:
p—

K 1
9> Ko PFT
2 p-—1

3(p+

1
la| KP + T) la] KP. (4.7)

Choosing now a € IR? such that:

1 —1
ol ma )
9(p+1) 6(p+1)

in order to have (4.7) it is sufficient to have:

Kr K
2> KP4+ — + —. 4.
> KV + =+ 5 (4.8)
As K = (12/11)Y/P then (4.7) is verified, hence (4.2) too. Hence v is a superso-
lution of (E”) which belongs, by construction, to C (). Same conclusions as in
Section 3 hold here. This concludes the proof of Theorem 7. O
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Remarks: Optimality in the case of g =1
In the case of § = 1, it is known that our theorems of optimality remains true

under additional hypotheses. That is the following proposition:

Proposition 4.1. Assume:

P d> 3. (4.9)

> =7,

d—2

There exists an unbounded domain Q of IR® containing a cone Q' defined by:
O = {(z,xa) € R?, |ay|< za — 2ro, xa > 210},

such that for all a € IR, a # 0, with |a| sufficiently small, there exists ® > 0,
® € C3(Q) such that:

liminf |22/~ &(z) > 0, (4.10)

|z|—o0, zelV

and
the solution of (E") is global and bounded. (4.11)

The same conclusion holds for equation (E), and for equation (E') with p > 0 and
q>1.

Remark 2. The condition (4.9) is not really surprising, at least for equation (E).
Indeed in the case of a cone, there exists a critical exponent p*(Q') of Fujita’s
type, that is: if 1 < p < p*()'), then all positive solutions of (F) blow up in finite
time. This exponent is less than d/(d — 2). For more details, see the articles of C.
Bandle and H. A. Levine ([2]), and H. A. Levine and P. Meier (see [5]).

Remark 3. It follows easily from [2] and [5], that the Fujita’s exponent for
problem (F) in a paraboloid ' is equal to 1.

Proof of proposition 4.1. Writing:
Q= {(x:bxd) € Rdv ‘xil‘< Kxq—10, 742 TO}a
with K > 1 fixed, it follows immediately that Q" C Q. Let us fix two cut-off

functions: let n € C°°(IR) be such that 0 <7 <1,7=0on [0,1] and n = 1 on
(2,00) and and let ¢ € C®°(IR™) satisfy:

1, p<x4—2rg,
C(p)—{

0, p=>Kxq—ro,
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and 0 < ¢ < 1. First, we prove the following lemma:

Lemma 4.1. Assume (4.9) and:

~1
laj< 2= (4.12)

Tq
o) =n( 2 )e( i yotr).
There exists a K1 > 0 such that following properties hold:
d>0, deC®),

and
v is a supersolution of (E").

Proof of Lemma 4.1. First note that ® > 0 and ® € C}(Q) by construction
because the function v verifies those properties. Hence we just need to prove that
v=Kir~® with a« = 2/(p — 1), is a supersolution of (E"). Hence we want:
—Av > P 4 g(a. V)i~
where ¢ is given by (1.7). That is:
a(d—2—a)Kir~"2 > KPr=? — aga, K{r=2171, (4.13)
Knowing that ¢ < p, in order to have (4.13) it suffices that:

a(d—2—a) > KP (1 + ga fo roU0-aF1), (4.14)

We have: 5 1
—p
1— l=———"—>+4+1=0.
a(l—q)+ P +

Under (1.7) and (4.12), in order to have (4.14) it is sufficient to have:
-1 «
K7™ = §(d -2 —a),

that is in terms of p:

1 2
K= —— (d —2— —) >0, (4.15)
=
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by hypothesis (4.9). Choosing K7 as in (4.15), (4.14) is verified and v is a super-
solution of (E”). By construction too, we have Vz € Q, 0 < ®(z) < v(x) and
Vo € 0%, v > 0. Hence v is a supersolution of (E").

Completion of the proof of Proposition 4.1. As v is a supersolution of (E”),
which is positive, bounded and global in time, the comparison principle implies
that T*(®) = oo (where T*(®) is the maximal time of existence of u solution of
(E") with initial data ® defined in Lemma 4.1). It follows then that u remains
bounded by the same arguments as in Section 3. Hence (4.11) is verified.

To finish the proof, let us check (4.10):

Ve e, &) o2 D=Kpp2/e-02/0-1) = g > 0,

by (4.9). Then (4.10) is verified which concludes the proof of Proposition 4.1. For
equations (F) and (E’) in the case 3 = 1, taking v = Kor™%, with K§71 = 2Kf71,
as a supersolution, the proof is exactly the same. (Note that we have no condition
on |al). O
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