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0. INTRODUCTION

We shall consider the quasilinear elliptic equation
div{A(|Dul) Du} + f(u)=0,  xeR', n>2, (1)

where A(p) is a real positive continuous function defined for all p >0 and
f(u) is a real continuous function defined for all #>0. Our principal
concern will be with ground states of (1), namely non-negative non-trivial
continuously differentiable solutions u=wu(x) which tend to zero as the
point x approaches infinity.

The special case where 4 =1, corresponding to the Laplace operator, is
well-known and takes the classical form

Au+ f(u)=0. (2)
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When the function f(u) is of class C' ™ for u near zero, and when f(0) =0,
f'(0) <0, it has been shown by Gidas, Ni & Nirenberg that ground states
of (2) are necessarily radially symmetric. In addition, under further
appropriate conditions on f, the existence of radially symmetric ground
states has been established by Strauss, Coleman, Glazer & Martin,
Berestycki & Lions, Atkinson & Peletier, and Kaper & Kwong, while the
uniqueness of such ground states is further treated in papers of Coffman,
Cortazar et al., Peletier & Serrin, McLeod & Serrin, Kaper & Kwong,
Kwong, Kwong & Zhang and Yanagida.

Ground states for the general equation (1) can in most cases be expected
to be radially symmetric, and we shall accordingly restrict our discussion
to that case. More specifically, we shall establish both existence and
uniqueness of radially symmetric ground states of (1) under appropriate
conditions on the operator A(p) and the function f(u), and we shall also
obtain a number of qualitative results concerning the behavior of solutions.
Finally, occasionally at the expense of somewhat longer proofs, we shall
always deal with the weakest hypotheses which we can treat.

Our results apply in particular to the important cases of the degenerate
Laplace operator A(p)=p™ 2 m>1, the mean curvature operator
A(p)=(1+p?) ~"2 and more generally to A(p) = (1 +p?)~*? p™ 2 where
m and s are positive constants which satisfy suitable conditions (see below).
Equation (1) can also be viewed as the Euler—Lagrange equation corre-
sponding to the variational problem

5J{G(|Du|)—F(u)} dx =0, (3)
where
dF “
fay=%. Fw=| find.
and
_G,(p) o
A==, G)=] pAp)dp

Section 1 deals with general properties of radial solutions and radial
ground states of (1), using ideas introduced by Peletier & Serrin in [ PS1]
and [ PS2]. In Section 2, we give our existence results. The approach here
is based on shooting methods, partially following work of Berestycki, Lions
& Peletier and of Peletier & Serrin. It is also possible to develop variational
methods to obtain existence, as in the works of Berestycki & Lions and of
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Strauss; for several results in this direction, see the works of Citti and
Kichenassamy & Smoller. Further work on existence and non-existence of
solutions of (1), particularly for the case of the mean curvature operator,
can be found in [NS1], [NS2], [PS3], and [APS]. In addition some
related existence results for Monge—-Ampere operators are proved in [ F].

Section 3 is concerned with the uniqueness question for radial ground
states. The essential tools for this purpose are the monotone separation
theorem (see [ PS1] and [ PS2] for the case 4 =1) and a new identity for
radial solutions of (1). In general form, this identity appears in Lemma
3.1.3. For the mean curvature operator A(p)=1/,/1+ p?, in particular, it
reduces to the striking relation

2 2F 1/2(n—1)
d{r< P 2+(u)—F2(u)> }
dr 1+p /1+p2
2 2 Fl —(n—=3/2)/(n—1) 2.9
< - (u) _Fz(u)> (p +
L+p~ J1+4p? V1+p?

where u=u(r) is a radial solution of (1) for this operator, and p = |v/(r)|.
Another remarkable formula occurs for the degenerate Laplace operator
A(p)=p™" 2 namely for this case, radial solutions of (1) satisfy the

identity
d m+ m F( ) (m—1)mn—1)
ar "\ Tt

>(n2+l/m)/(nl)

Flu)— F2<u>>,

(4 ) Flu).

T m—1 m—1
(Of course the above formulas are applicable only when they are meaningful,
that is when (1 +p?) ~'*— F(u) € (0, 1) for the first, and p™ + (m/(m—1)) F(u)
> 0 for the second.)

We turn now to a more detailed statement of our assumptions and main
conclusions. Throughout the paper we shall assume, without further
comment, the following hypotheses concerning the function f(u) and the
operator A(p):

(H1) fis continuous on [0, o) and f(0)=0,
(H2) A is continuous on (0, c0) and pA(p)— as p—0,
(H3) pA(p) is strictly increasing for p > 0.
The continuity assumptions in (H1) and (H2) are essentially minimal,
and indeed one of the purposes of the paper is just that, to work with mini-

mal hypotheses. The conditions on f at u=0 and on 4 as p—0 are
required in order for a ground state to exist. Assumption (H3) is simply the
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condition that (1) be weakly elliptic or alternately that the integrand in (3)
be strictly convex in Du. Note also that (H2) and (H3) imply 4 >0 for
p>0.

It is easy to check that conditions (H2) and (H3) are satisfied both for
the Laplace operator and for the degenerate Laplace operator 4 =p™ 2,
m> 1. They also hold for the mean curvature operator and even for the
general operator (1+p?)~*?p™ 2 when s=>0, m>1, m>s+ 1.

In order to state our main existence theorems, we first define

H(P)=P2A(P)—f:pz4(p)dp for p>0, H(0)=0, (4)

or, equivalently, with
Q(p)=pA(p) for p>0, Q(0)=0,

and with p(Q) denoting the inverse of Q(p),
2(p)
Hip)=| " p(@)de. (5)

If A(p) arises from the Euler-Lagrange equation of the variational
integrand G(p), as in (3), then H(p) becomes the Legendre transform of
G(p), that is

H(p)=pG'(p)—G(p). (6)

It is clear from (5) and (H3) that Q(p) and H(p) are strictly increasing
and positive for p > 0. In turn we can define

Q(0)= lim Q(p), H(oo)= lim H(p) (possibly infinite).

p— 0 p— 0
For the operator 4=p""2 we have in particular H=((m—1)/m)p"
and Q(oo0)= H(oo)=o00, while, for the mean curvature operator, H=

1—1//1+p*and H(x0)=1.
Our principal conclusion concerning existence, Theorem 1 in Section 2,
can now be stated.

THEOREM A. Suppose that there exist constants >0 and y>f
(y possibly infinite) such that the following conditions hold.

(a) Fu)<O0for O<u<fp;  F(f)=0,
(b) fu)>0 for f<u<y;,  f(y)=0ify<oo,
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(c) {gaﬁﬁlF(u)|+F(V)<H(OO) if H(o0) < o0,

(d) lim%nf%zo if Hoo)=F(y)=00, ()< o0,
(e) 1iminf%<oo if Hloo)=Q(o0)=F(y)=c0.

Then there exists a radially symmetric ground state u=u(r) of (1), with
central value u(0)e (f,y] if y<oo, or u(0)e(p, o) if y=o00. Moreover
u(r) <0 for all r=0.

In the statement of this theorem for the case y=o0 we define
F(y)=Ilim,_, , F(u), which certainly exists though possibly being infinite.
Clearly F(y)= oo can occur only in the case y = co. Note also that H ' is
well-defined since H is strictly increasing, and that H(oo)= oo whenever
Q(o0)=o0.

As we shall see from Proposition 1 below, conditions (a), (b), and (c¢),
while not quite necessary for solutions to exist, are nevertheless nearly
necessary. On the other hand, neither smoothness nor even Lipschitz
continuity is required for the function f(u) in this proposition. Clearly, if
F(y) < oo and H(oo) = oo then only the conditions (a), (b) are needed. The
appearance of the value H(o0) in (c) and (d), and £2(o0) in (e) is of inter-
est. For the Laplace operator or the degenerate Laplace operator H(oo)
and Q(o0) are both infinite, so conditions (c¢), (d) and (e) are not needed
if y < oo, though, of course, (¢) must be used when F(y)= oo. On the other
hand, for the mean curvature operator we have H(oo)=1. Therefore, in
consequence of (c), the function F(u) must be quite restricted in order to
obtain existence; see also Proposition 1 below.

For the case of the Laplace operator condition (e) takes the form

F
lim inf (f) <
u

u— o0

and for the degenerate Laplace operator

lim infifnl)< 0.

u—>oo U

Even for the Laplace operator this condition for existence when
y=F(o0) = o0 seems to be new. In fact, for the Laplace operator in the case

lim inf f(u) >0,

u— oo
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(so also y=F(y)=o00) it was shown in [ KK4] that existence holds if (a),
(b) and

S(u)
u—p

are satisfied, and f is Lipschitz continuous on (0, c0). This result clearly
falls as a special case under (e) in Theorem A.

Various properties of ground state solutions of (1) are derived in
Section 1, several of which are worth noting here. We first observe that
radial solutions u=u(r) of (1) satisfy the differential equation

(e")

is nonincreasing for u > f§

n—1

(A(lu' ) u') + A(lu'|) v’ + f(u)=0, r>0.

ProprosITION 1.  Let u=u(r) be a radially symmetric ground state of (1),
under the hypotheses (H1)—(H3) on f(u) and A(p). Then

(1) f(u(0))=0

)

(i) Flu(0))>0

(i) w(r)<0  for 0<r<oo
(iv) «(r)>0 as r— oo
If Flu) <0 for 0<u<p then also

(v) max |F| < H().
[0, 5]

If F(u) <0 at every point u (in the range of a solution) where f(u) =0, then
equality cannot hold in (1), while (ii1) can be improved to u'(r) <0 for all
r>0 such that 0 <u(r) <u(0).

The asymptotic behavior (iv) can be considerably strengthened in case
conditions (A2) and (F1) below are satisfied; see Lemmas 3.2.1 and 3.2.2.

By condition (iii), if u(7) =0 for some 7> 0 then u(r) =0 for r > 7, so that
the solution has compact support. The next result gives a necessary and
sufficient condition for this situation to occur (see Section 1.3).

PROPOSITION 2. Assume that constant ¢ > 1 and 0 >0 exist such that

fu)<0 for O<u<d, cjppA(p)dp<p2A(p) for 0<p <.
0
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Then radial ground states of (1) have compact support if and only if

dt < o0.

1
LH’NH”D

The final section of the paper concerns the uniqueness of radially sym-
metric ground states. The situation here is quite delicate, and accordingly
we shall require further restrictions on the function f(u) and the operator

A(p):
(A1) p*Q(p) Q'(p) is increasing (see Section 3, condition (Al), for a
more general hypothesis),
(A2) p*~™A(p)—1 as p— 0, for some m> 1,
(A3) Q'(p)=[Q(p)]* for all p near 0 and some pe[0,2),
(F1) Flu)<O0forO<u<p, F(p)=0,
(F2)  f(u) is positive and non-increasing for f<u <y,
)

(F3)  f(u) is locally Lipschitz continuous on (f, y).

THEOREM B. Assume n>=2 and that A(p) is of class C' for p>0.
Suppose also that the hypotheses (Al'), (A2), (A3) and (F1), (F2), (F3) are
satisfied. Then equation (1) cannot have more than one radially symmetric
ground state u=u(r) such that u(0) <y.

THEOREM C. Let the hypotheses of Theorem B hold, except that
(1) u=0in (A3);
(ii) y<oo in (F2), (F3);
(1) (p, p) is replaced by (B, y] in (F3).

Then equation (1) cannot have more than one radially symmetric ground
state such that u(0) <y.

The requirement (F2) in Theorem B is fairly strong, and under
appropriate conditions on the operator A(p) can be significantly weakened.
In particular if A4 satisfies (A1')—(A3) and also

(A2') p*>~'4 is non-decreasing on (0, o0), where v> 1 is constant,

then it is enough to suppose that f satisfies (F1) and (F3) and, in place of
(F2), the weaker condition

(F2')  f(u)/(u— )" is positive and non-increasing for f <u <y.

Note that (A2'), (F2') reduce simply to (F2) when v — 1.
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For the Laplace operator (4 =1) we can take m=2 in (A2) and u=0
in (A3), and also v=2 in (A2'). Then (F2') becomes condition (S) in
[PS1]. Conditions (A2') and (A3) also are obeyed by the degenerate
Laplace operator A =p™ 2, with v=m and with u=0 for 1 <m <2 and
u=(m—2)/(m—1) for m>2. For the mean curvature operator one can
take m=2 in (A2) and £ =0 in (A3) exactly as for the Laplace operator.
On the other hand (A2') is not satisfied for any v> 1. Consequently (F2')
cannot be directly used in this case (but see the footnote in the introduc-
tory part of Section 3). Finally, condition (Al’) holds for the degenerate
Laplace operator for all m>1 and n>2, and also for the mean curvature
operator—see the introduction to Section 3.

The fact that fin Theorem B needs to be Lipschitz continuous only on
(f,y) is worth noting, both because the natural expectation is that if
Lipschitz continuity is needed at all it should be for the whole range of
values (0,y) which a solution might encounter, and also because in
previous uniqueness results for equation (2) Lipschitz continuity or even
continuous differentiability were required at all values ue(0, ). Thus
Theorem B is, even for equation (2), a generalization of earlier work.
Similar comments apply also for Theorem C.

Even after giving up both hypothesis (A3) and the Lipschitz continuity
of f, a result of considerable interest still persists, describing the structure
of the set of all ground states when uniqueness fails.

PROPOSITION 3. Assume n=2 and that A(p) is of class C' with
{pA(p)}' >0 for p>0. Suppose hypotheses (A1), (A2), (F1) and (F2) are
satisfied (or, in place of (F2), the conditions (A2'") and (F2")). If u and v are
radially symmetric ground states of (1) with u(0), v(0) <y, then necessarily

Moreover if u v then u(r) # v(r) for all r >0 such that u(r) € (0, y). (If u and
v have compact support, then also inf{r>0; u(r) =0} #inf{r>0; v(r)=0}.)

In other words, even if the radial ground state itself is not unique for a
given function f(u), its central value is. Note moreover that if either u or v
does not have compact support then u(r)#v(r) for all r>0. Of course,
if one adds to the hypotheses of Proposition 3 the assumption that the
Cauchy problem for the equation satisfied by radial solutions of (1) has
only a unique solution, then the ground state is unique. This happens in
particular for Theorems B and C above.

Under the hypotheses of Theorem B, and with the help of Proposition 3,
it is clear that the only way there could be more than one radial ground
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state of (1) with central value u(0) in (0, ], y < oo, is that there are no
radial ground states with u(0) e (0, y) and at least two radial ground states
with u(0) =1.

This remark is of particular importance for the degenerate Laplace
operator when m>2, since Theorem C cannot be applied in this case
because assumption (i) fails.

The examples of the Laplace operator, the degenerate Laplace operator
and the mean curvature operator are sufficiently important to be con-
sidered separately. By combining our previous conclusions of existence and
uniqueness we can state the following results for these cases.

COROLLARY 1. Suppose n>=2. Assume conditions (a), (b) of Theorem A
are satisfied, and that, for some constant m> 1,
(¢) flu)/(u—pB)"~" is non-increasing for f<u<jy.
There exists a radially symmetric ground state u=u(r) of the equation
div{|Du|™~* Du} + f(u) =0

with the following properties (see Theorem A):
if y=o0, then u(0)e(f, w),
if y<oo, then u(0)e(p,y].

Suppose also that f'is Lipschitz continuous on (5, y). Then if y = oo the solution
is unique, and if y < oo the solution is unique in the class where u(0) <.
If f(u) <0 for small u, then the solution is positive for all r =0 if and only

if
j \F(2)] V" di = oo

COROLLARY 2. Let the preceding hypotheses hold, except that (c) is
replaced by

(c') fis non-increasing for f<u <y

(c") max |Flu)| + F(y)<1.
[0, 5]

Then there exists a radially symmetric ground state u=u(r) of the equation

Du
div | —— =0
v < /1 4+ |Du|2> /)

with the same properties as in Corollary 1.
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If f(u) <0 for small u, then the solution is positive for all r =0 if and only

if
jmmfmmzw

In both corollaries the solutions have the general properties listed in
Propositions 1 and 2. Also, in the first corollary, when m =2, and in the
second corollary, all ground states are necessarily radially symmetric if
feC'*?near u=0 and f’(0) <0. This follows at once from the symmetry
results of Gidas, Ni & Nirenberg and from work of Franchi & Lanconelli.

Corollary 1 also shows the possibility in certain cases of ground states
which are not radially symmetric, a point first raised by Kichenassamy &
Smoller. That is, should a compact support radial ground state exist,
then two or more of these, with translated origins and disjoint supports,
would still constitute a ground state, but clearly not one which is radially
symmetric. All the more, in such a case the family of non-radially sym-
metric ground states is non-denumerable. To obtain existence of a compact
support ground state it is enough by Corollary 1 that the function f(u)
satisfy the condition

me”Wm<m (7)

In particular, in the natural case when f”(0) exists and is negative, condi-
tion (7) becomes simply m > 2, as noted in [ KS], Section 1 C (the argu-
ment there does not, however, quite conclusively demonstrate the existence
of the requisite compact support ground states, since the final hypothesis
of Theorem 1.2 is not easy to verify). Finally, remarkably enough, condi-
tion (7) can hold even for the Laplace operator, for example whenever

flu)< —const.u' =%, &>0,

for small u, see [ KK4]. This relation on course is not covered by the
Gidas—Ni-Nirenberg theorem, since f ¢ C'*?([0, 0)).

For the existence results of both Corollaries 1 and 2 we emphasize again
that there is no need to assume that f(u) is Lipschitz continuous, even
though such an assumption is certainly necessary for uniqueness. At the
same time, if the hypothesis of Lipschitz continuity is dropped in either of
the above corollaries, the partial uniqueness result of Proposition 3 still
remains true, and in particular the central value u(0) is still unique. The
weakening of the Lipschitz condition to the subinterval (f, y), and the
complete removal of this hypothesis in Proposition 3, are of course
improvements of previous results even for the case of the Laplace operator.
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A detailed table of contents is given at the beginning of the paper.
Chapters II and III, respectively covering existence and uniqueness, can be
read independently of each other. Chapter I, on the other hand, is
fundamental for all further results.

Since we shall be dealing throughout with radially symmetric solutions
of (1) it is possible to consider the dimension » simply as a real parameter
greater than 1; we shall consistently follow this point of view in the sequel.

Some particular cases of the above results were announced earlier in two
papers [ FLS1] and [ FLS2].

1. GENERAL THEORY

1.1. Preliminary Results

A radially symmetric ground state u=u(r) of equation (1) can be
considered as a solution of the problem

(Au'Y +$Au’ Y fu)=0, >0
(*)

u'(0)=0,u=0 for r>0; u—0 as r— oo; uz0,

where 4 = A(|u'|) and n is the dimension, which for our purposes may be
considered any real number greater than 1.

As noted in the Introduction, we shall always maintain the hypotheses
(H1)-(H3) without further comment. Moreover, to avoid confusion we
shall specifically define the function Au' to be 0 whenever u' = 0.

Because of the possible singularity of 4 when ' =0 (which occurs in
particular for the degenerate Laplace operator, and equally because we do
not require the operator A(p) itself to be differentiable) it is necessary to
be precise concerning the meaning of a solution of the differential equation
in (*), namely

—1
(Au’)’-i-nTAu’—l—f(u):O, r>0. (1.1.1)

Here we shall treat classical solutions, with the precise meaning that
ue CY([0, o)) with #'(0) =0, and w= Au’ € C'((0, 0)).

In this section we shall prove some simple but important identities for
non-negative classical solutions of the equation (1.1.1). For the moment we
shall not assume that u— 0 as r— oo. Obvious specializations of these
results also hold when the domain [0, c0) for u is replaced by some
subinterval of [0, c0).
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LemmaA 1.1.1. If u is a classical solution of (1.1.1), then w=Au'e
CY([0, )) and

r n—1 1
w(r)=—j0<’> flun)di,  w(©0)=0,  w(0)=—— fu(0))

B
Proof. Obviously w satisfies the equation

1
w’—l—nTw—i—f(u):O, r>0, (1.1.2)

and w(0)=0 because u'(0) =0. Writing (1.1.2) in the form
"~ 'w) = — " flu), (1.1.3)
an easy integration now yields

P = = [ e ) d,

whence also

Ww(r) = —f(u(r))—}-n;ll f " Vf(u(t))dt,  r>0.

By I'Hopital’s rule the right hand side approaches — f(u(0))/n as r— 0,
completing the proof.

Note further that

tim ™ = (0) =~ fu(0))

r—>0 F

so in particular w/r is bounded as r — 0.

LemMma 1.1.2. Suppose u is a classical solution of (1.1.1). Then for any
pair of numbers ry, r =0 we have

H(p)+ Fu) = Hipo) + Flug) —(n—1) [ 4> @, (114)

ro r

where H(p) is defined by (4),
F(u)zj: 1) di

is the primitive of f vanishing at u=0, and u=u(r), p=|u'(r)|, uo=u(ry),
Po=[u'(ro)l.
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Proof. We note first that Au'?/r=(w/r) ', so this quantity is locally
integrable on [0, c0). Now put

1r)=H(p) + Fu) + (n—1) [ Au’zg

We must show that dI/dr =0 when r > 0. But

dF d dr Au'?
—_— = ! A ,2
dr f(u) ’ d}’ L() r r ’
and by (5)
dH d 20
E:EL p(R2)dQ=u'w =u'(Au')

since Q(p)=w sign u', and so dQ/dr = (dw/dr) sign u'. Hence, because u
satisfies (1.1.1) when r >0,

d 1
I(r)=<(A "y +7Au + flu >u =0.
dr
Lemma 1.1.3. Suppose n>1 and let u be a classical solution of (1.1.1).
If 7 (=0) is a critical point of u, then either
u(r) <u(F) for r >, and  f(u(7))=0
or
u(r) = u(F) for r>r, and  f(u(r))<0.

Proof. Let i be a critical point of u. For contradiction, we suppose that
there exist r,, r, =7 such that u(r,)>u(r) and u(r,) <u(7). Then we have
u(7) = u(7) for some 7 between r, and r,. Obviously u is non-constant on
[7, 7]. Now, from (1.1.4) with r,=7 and r =7, we obtain

dr=0.

Hp) +n—1) [ 2

7 r

Hence since n>1 and because H>0, A>0 for p>0 we get u'=0
on [7,7]. This contradiction proves that u(r)<u(#) for every r>7 or
u(r) = u(7) for every r>r. In the first case it is easy to see that u'(7) =0,
Au' =w(F)=0, w'(F)=(Au')' <0. Hence by (1.1.2), or by the relation
w'(0) = —f(u(0))/nif Fi= O we have f(u(7)) = 0. In the same way it follows in
the second case that f(u(7)) <O0.
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1.2. Behavior of Solutions

In this section we shall obtain some elementary but useful results con-
cerning classical solutions of (*). We maintain always the hypotheses
(H1)—(H3).

LemMmA 1.2.1. If u is a classical solution of (*) then

u -0 as r— oo
and
H(p)+Fu)=(n—1) [ Cdp>0 (12.1)
> Au'?
(n—1)j " dr = F(u(0)) (122)

Proof. Let r— oo in (1.1.4). Since F(u) then tends to zero (recall u — 0
as r —» o0 ), and the integral tends to some limit, also H(p) tends to a limit.
Hence p — limit, which must necessarily be zero since u — 0 as r — oo. This
proves the first part of the lemma. For (1.2.1), we again let r > o0 in
(1.1.4), and then for (1.2.2) we set r=0 in (1.2.1).

In view of (1.2.2) it is clear that F(u(0))>0 and so a fortiori u(0) > 0.
Consequently if there exists a solution of (*) then necessarily

B={u>0|Fu)>0} #

In the sequel we shall put f=inf B. The lemma shows that u(0) > .

ProrosITION 1.2.2. A necessary condition for Problem (*) to have a
solution is that

max |F| < H(o). (1.2.3)
[0, 81

Proof. Put ry=0 in (1.1.4); since H(p) is strictly increasing we get

F(u(0)) — Flu)=H(p) +(n—1) | A 4y

o I

<H(oo)+(n—1)JwAu,2

0 r

dr=H(o0)+ F(u(0)),

by (1.2.2). Since the range of u(r) strictly includes (0, £, the result follows
at once.
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LEmMA 1.2.3. Let u be a classical solution of (*). If u(a)=0 for some
a>0 then u=0 for r=a.

Proof. Clearly u'(a) =0. Consequently (1.2.1) with r=a yields

j% Au> dr=0.

a r

Hence ' =0 and u=0 for r>a.

LemmaA 1.2.4. Let u be a classical solution of (*). Then r=0 is a
maximum of u and u'(r) <0 for r=0.

Proof. By Lemma 1.1.3, it is evident that the critical point r =0 must
be a maximum of u for otherwise the condition u — 0 at infinity would be
impossible.

Suppose that #'(p) >0 for some p>0. Since u(p)<u(0) by what was
just shown, it follows that there must be some minimum point 7 contained
in (0, p). But then u(r) = u(7) for r > 7. If u(7) >0 it would be impossible to
have u— 0 as r - oo. If u(7) =0 then =0 for r =7 and so «'(p) =0, which
is again a contradiction.

Even more, by using Lemma 1.1.3 we get

COROLLARY 1.2.5. If u is a classical solution of (*) then f(u(0)) = 0.

The situation is somewhat simpler when f has the property that F(u) <0
at all points u (in the range of a solution) for which f(u)=0 (this is the
case, for example, when the conditions (a), (b) noted in the Introduction
are satisfied and u(0) e (0, y]). To begin with, the conclusion of Corollary
1.2.5 can be strengthened to f(«(0))>0. Indeed if f(x(0))=0, then
F(u(0)) <0, contradicting (1.2.2).

The possibility u'(p) =0, u(p)>0 for some p >0 can also be ruled out
in Lemma 1.2.4. For if this happens, then by the result of Lemma 1.2.4 we
must have u(r)=u(p) for r<p and u(r)<u(p) for r> p. Consequently
w'(p) can be neither positive nor negative. Hence w'(p)=0. That is,
w(p)=w'(p)=0 and so f(u(p))=0 by (1.1.2). But in this case again
F(u(p)) <0. Hence by (1.2.1) we get (since u'(p)=0)

Aurz

dr=0

Fu(p))=(n—1) [

P
so that «'(r)=0, u(r)=u(p) for r=p, which contradicts the condition
u— 0 as r - oo. We state this result as

ProprosITION 1.2.6. Let u be a classical solution of (*). Suppose that
Flu) <0 at all values u<u(0) for which f(u)=0. Then we have
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(1) u'(r)<O0 for r>0 as long as u(r) >0
(i) f(u(0))>0.
1.3. Compact Support

In this section we prove a sufficient condition and a related necessary
condition for a solution of (*) to have compact support.

For the Laplace operator the result of Proposition 1.3.1 was obtained by
Peletier and Serrin [PS2], as well as a conclusion closely related to
Proposition 1.3.2.

ProrosiTION 1.3.1.  Let u be a classical solution of (*). If >0 and

1

J;)md&‘<00, (131)

then u has compact support.

Proof. Let R be such that 0 <u(r)<p for r=R. Then by (1.2.1) we
have p=|u'| >0 at all r> R for which u(r)>0. Hence by Lemma 1.2.3
either u =0 for all sufficiently large r or u >0 and «' <0 for r > R. In the
first case we are done. Otherwise, again by (1.2.1),

u'(r)< —H Y(|Fu(r))]) for r=R.
Hence

u(R) ds

ur H'(IF(s)])

>r—R for r>=R.
Since u(r) — 0 as r — oo, this inequality implies

u(R) d
j Y ds= o (132)
0

H~(|F(s)])
The assertion is proved.
The next result is a partial converse.
PROPOSITION 1.3.2. Assume that there exist constants ¢>1, 0 >0 and an
increasing function @: [0, 0) > R with @(0) =0 such that
(i) | F(u )| < @(u) for every ue (0, 0)
) ¢4 pA(p)dp<p>A(p) for pe(0,0).



QUASILINEAR EQUATIONS IN R" 193

Let u be a classical solution of (*). Then u(r)>0 for every r>0 if

ds
LiH,l@(s))—oo. (13.3)

Remarks. (a) Condition (i) is satisfied with @ = |F]| if there exists >0
such that f(u) <0 for 0 <u<o.

(b) Condition (ii) holds with ¢=m for the degenerate Laplacian
(A(p)=p™~% m>1) and with any ce(1, m) for the generalized mean

curvature operator (A(p)=(14p>) " p" 2, m>1).

(c) Condition (i1) is equivalent to G(p)<const. H(p); see relations
(3) and (6) in the Introduction.

Proof of Proposition 1.3.2. For contradiction we assume u(r)=0 for
some r > 0. From Lemmas 1.2.3 and 1.2.4 there exists a constant a > 0 such
that «'(r) <0 and 0 <u(r) <u(0) for 0 <r<a, and u(r)=0 for r = a. Then
by (1.2.1)

SO

c

p*A(p) < H(p), (1.34)

c—1

provided of course that p e (0, ¢). It follows that if r, is sufficiently close to
a then

_1 a d a
D 1) D <o)+, [ Hp)dp
c— , p )

¥

H(p) <|Fu)| +

for ro<r<a, where ¢c,=(n—1)c/(c—1) r,.
Applying Gronwall’s inequality we obtain

H(p) < P(u) + ¢ j d(u(t)) e d.

r
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Now observe that t — @(u(t)) is decreasing, because @ is increasing and u
is decreasing. Thus for r, <r<a, we have

H(p) < P(u) <1 +¢ Ja eclt—=n dl> =e‘”‘“*”¢(u) <ec1(afro)d3(u) =c, D(u).

with ¢, > 1. This inequality in turn yields
—u' < H e, D(u)), Fo<r<a.
By the following Lemma 1.3.3 there exists a constant ¢; >0 such that
H '(c,q)<cesH '(q) for 0<qg<®(uy), uy=ul(ry).

Therefore

!

———— <3, ro<r<a.
AT
Integrating this inequality on (r,, r,), ro<r, <r,<a, we obtain

JWI) ds

o H () SE2 710

When r, — a this yields

JWI)L<C (a—ry).
o H @)

Because u(r;) >0, we have obtained a contradiction with the hypothesis
(1.3.3). The proof is complete.

Lemma 1.3.3. If the hypothesis (ii) of the preceding proposition is
satisfied, then for every fixed 0> 1 and q,>0, there exists a positive con-
stant d such that

H~'(0q)<dH '(q)  for every qe(0,q,).

Remark. For the special case A(p)=p™~2 m>1, we have
H(p)=(m/(m—1))p™ so that

nD_(0)"_
H~'(q) q

so we can take d =0'". For a general function 4 the proof is more com-
plicated.
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Proof. Put

®(p) =f: pA(p) dp.

For every p e (0, ) we have by hypothesis (ii)

1 1
o(p)<_p*A(p)=—po'(p),
or equivalently, putting ¢ = ¢(p),

— 1y 1
W )@ 1 4 o gco)
» (q) cq
An integration on (¢, Aq), A>1, yields

®(9)
e

o~ '(Aq)
» '(q)

On the other hand, using (ii) and (1.3.4)

1
log <-log i if O0<g<
c

1 H(p) 1

o(p)<_p*Alp)<—=cHp), =

Therefore, putting ¢ = @(p)/c’ we get
H Y g)<o '(dq) if 0<g<g(d)/c.
Moreover, since pA(p) is positive and increasing,
@(p) = ,,1/2 pA(p) dp = <§>2 A <Z> >H <§>
by (4). Hence, putting ¢ = ¢(p),
H™(q) =307 (q).
Then for 0 <g < ¢(d)/c'0 we have from (1.3.6) and (1.3.7)

H~'(0q) <> @~ '(c'0q)

H 'q) =7 ¢ g

195

(1.3.5)

(1.3.6)

(1.3.7)

If ¢0<1 then the last ratio is <1, while if ¢0>1 it is <(c'0)"*
by (1.35). On the other hand H '(0q)/H '(gq) is bounded for
@(6)/c'0<g<q,. Thus in all cases H '(0q)/H '(q) is bounded, which

completes the proof.
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COROLLARY. Assume >0 and that (1) in Proposition 1.3.2 holds.
Suppose also that p>~"A(p)— 1 as p — 0 for some m> 1. Then u(r) >0 for
every r>0 if

J ds 0
o (D(s)"""
and only if
ds
J, s =

Proof. From (4) and L’Hopital’s rule we get p~"H(p)—1—1/m as
p— 0, and the results follow at once from Propositions 1.3.1 and 1.3.2.

If F(u) is monotone for all sufficiently small «, then by taking &(s)=
|F(s)| we get necessary and sufficient conditions for compact support.

2. EXISTENCE
In this chapter, we consider the existence question for Problem (*).

THEOREM 1. Assume that, for suitable constants 0 < ff <7y, y < 0,

(a) Fu)<0 for O<u<p; F(B)=0,
(b) fu)>0 for p<u<y;  fly)=0 if y<oo,

(c) Fl(y)+max |F|<H(w) if H(oo)< oo,
[0, 8]

(d) lim inp A1)

u— 0

=0 if Hoo)=Fy)=0 and Q(o0)<o0,

(e) liminf¥<oo if Q(o0)=H(w)=Fy)=o0.

u— 0

Then (*) has a solution with u(0)e(p, y] and u' <O0.

Remark. 1f Q(o0)= oo then necessarily H(oo)=oco. We will in fact see
in the sequel that

,,linzogg;:w if Q(c0)=o0
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(see (2.1.15)). We note explicitly that condition (d) is non-empty. Indeed it
is possible to have Q(o0) < oo and H(oo)= oo, as can be seen from the
example

1

Alp)=——"F—.
1+/1+p?

since in this case

1 P’ 1+ /1+p?
H(p)=- =—log .
2014 /1+4p 2
2.1. Existence for Regular Operators

In this section we prove Theorem I under the following extra conditions,

A is of class C'in [0, c0) and Q' =pA'+ A >0 for all p > 0;

(2.11)
fis Lipschitz continuous in [0, y] if y< oo (in [0, o0) if y = o0).
Even this special case of Theorem I is new and of interest of itself.
Consider the Cauchy problem
n—1 )
(Av') +—— Av' + f(v) =0, r>0
’ (2.1.2)

v(0)=¢&  0'(0)=0

with e [ f, ). The existence of a unique solution of this Cauchy problem,
at least in some neighborhood of =0, follows from Propositions A.1 and
A.2 in the Appendix (here we make strong use of (2.1.1)). For convenience
we shall write w= A4v’, so that w(0)=0 and w'(0)= — f()/n<0 (as in
Lemma 1.1.1). Thus v" <0 and v <¢ in some interval to the right of zero.
The solution can be continued either for all »>0, with v(r)>0 and
v'(r) <0, or else reaches a first point »=R where v(R)=0, v'(R)<0 or
where v'(R)=0 and v(R)>0. To prove this, note first that, by (1.1.4) and
the fact (see (b)) that F(u) is positive and increasing for u > f,

H(Iv'|)<F(f)—F(v)<F(é)+{Iolé})3§ |F|=M(S) (2.1.3)

as long as v exists and 0 <v<¢. If H(o0) = o0, or by (c) if H(0) < c0, we
have M < H(o0). Hence (2.1.3) implies

[v'| <H (M) (2.1.4)

as long as v exists and 0 < v <¢&. This being shown, the result now follows
by the standard continuation theory of ordinary differential equations. In
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what follows we shall assume, except where otherwise explicitly stated, that
v is continued exactly until a first point is reached where either v' =0, v >0
or v=0. If no such point occurs then we assume v is continued for all » >0
(of course with v' <0).

Now put

I"={fe[p, y)|infvo>0}
I ={fe[p, y)|v(R)=0 for some finite R>0}.

Clearly I and I~ are disjoint. We shall show that both the sets 7™ and
I~ are open in [f,y) and non-empty. Once this is done the theorem
follows at once, for then /" U I~ cannot cover [ f5, y) and so there exists
some & e[ f, y) which is neither in 7* nor . The corresponding solution
v is decreasing, but neither reaches v =0 nor remains bounded from zero.
Consequently it must exist for all »>0 and be a (non-compact support)
solution of (*). The proof, then, consists of the following four steps:

Step 1. I~ is open,
Step 2. [I™* is open,
Step 3. I* is non-empty,
Step 4. I~ is non-empty.

Step 1. I~ is open. Let £ 1~. Then the solution & vanishes at r= R,
and by the uniqueness of the Cauchy problem for smooth functions 4 and
/. necessarily ¢'(R) <0. The solution can be extended to values v <0 by
defining f(u) =0 for u <0. Then for all nearby values of & the solution also
must reach points where v <0. Clearly for these values of & we have
v'(r) <0 for r>0. Consequently all such values are in /—, and 7~ is open.

Step 2. I* is open. Let eI+, Then for the corresponding solution &
either there exists R>0 such that o(R)>0 and ¢'(R)=0, or ¢'(r) <0 on
0<r<oo and lim,_,  v(r)>0. If v has a vanishing derivative at r= R,
then necessarily w(R) =0, w'(R) >0 (if w'(R) =0 we would have f(#(R)) =0
and o= 0(R) by uniqueness). Hence v can be continued to larger values of
r with o' > 0. Then for all nearby values of ¢ the solution also can be con-
tinued to reach values v’ > 0 before reaching v=0. In turn these solutions
must have some (possibly different) value R>0 such that v(R)>0,
v'(R)=0, and v'(r) <0 for 0 <r<R. Consequently all such values are
inl™".

These remains the case that o'(r)<0 on 0O<r<oo, with
lim,_ , o(r)=1>0. As in the proof of Lemma 1.2.1, it is clear that
v'(r)—>0 as r— oo. Hence w(r)—>0 as r— oo and so by (1.1.2) also
w'(r) — limit, necessarily zero, as r — oo. Hence f(/) =0 by (1.1.2).
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Since f(u)>0 for f<u<y, and since 0<l/<é<y, it follows that

0<l<p and so F(/)<O0 by (a).
By (1.1.4) applied to o, with r,=0 and r, - o0, we get

wg_’z _
(n—1) [ Z—dr+ R~ FE) =
0 r
where A = A(|¢'|). Choose R> 0 so large that
o(,A_’z 1
(n—l)jE —dr < |FU)).

In turn, choose 6 >0 so that when e[, y) and |£ —¢&| <J we have

(1) [F(S)— ()|< [F(D)]

(2) the corresponding solution v exists at least for 0 <r < R
and satisfies v(r) >0 when 0 <r < R,
J,§ Avrz _ Zﬁrz

0

<%|F(l)|.

(3) (n=1)

Conditions (2) and (3) are possible because of the continuous dependence
of solutions of the Cauchy problem on the initial conditions, together with
the fact that w/r is uniformly bounded (see Proposition A3 in the
Appendix) and v’ is uniformly bounded (by (2.1.4)).

Now consider any e[ f,y) with | —¢| <6, and let v be the corre-
sponding solution of the Cauchy problem. For any r> R for which v is
defined, we have by (1.1.4) with r,=0,

&R 2 -1 [ A arz ) [ A
Rt 1
>(n=1) [ 5 —dr = 1FU)|
-1 [ A2 4L

0

- 1 1
= FE&) =) =5 [F)| > F&) + 5 [FU)|

(F(D)| and therefore of course el™, possibly with

Hence — F(v(r)) =1 o1
0 at some value R> R. This completes Step 2.

v'(R)=0, v(R) >
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Step 3. I # . We shall show that fel™. Let v denote the corre-
sponding solution of the Cauchy problem. Applying (1.1.4) with r,=0
there results (since F(f)=0)

2

H(|v'(r)|)+(n—l)£:AU dr + F(u(r)) = 0. (2.1.5)

r

Thus F(v(r)) <0 and so v(r)>0 for all r for which v is defined.

If v'(R)=0, v(R)>0 for some R>0 then obviously fel*. Otherwise
v"<0and v>0 for all r >0, and v >, v > 0 as r - oo (as before). Letting
r— oo in (2.1.5) yields

Avl2
r

dr<0

F(l>=—<n—1)j:

so that /> 0. Thus again fel™*, completing the proof of Step 3.

Step 4. 1~ # . Consider any & €[ f, ). The corresponding solution v
is defined on an interval [0, R), with R= R, possibly infinite, and

lim v=m>=0, v'(r)<0 for re(0, R).
r— R

We assert to begin with that f(m) <0. Indeed, if m>0 and R< oo then
clearly v(R)=m, w(R)=0 and w'(R)>0. Hence by (1.1.2) we have
f(m) <0.If m=0 or R= oo then f(m)=0 as in Step 2. It follows next from
(b) that m < f and F(m) <0.

Let fe (B, y) be fixed. Suppose &> f3, and define R= R(&) € (0, R) by

uR)=f  (note f>f>m).

Now suppose ¢ ¢/ . Then lim, _,  v'(r) =0 (since the case m=0, R<
does not occur). Put M= M({)=sup;z g [v'|=|0'(R,)| where R,=
Ry(E)e[R, R). The identity (1.1.4) in [R,, R] (or in [R,, o) if R= )
gives

H(M) = F(m) — F(u(Ry)) + (n—1) jR Au’zdpp
Q(M) (®
<sup |Fl+(n—1)—==[ (~v)d
sup [Pl +(n—1) = jRO( v') dp
< sup |F|+(n—1)%fl)ﬂ_. (2.1.6)

[0, 8]
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On the other hand, the same identity in [ R, R] gives

AP = Fom) — H(0 R+ =) [ a0? L <00 2D 217)
Defining
o o0)
C=(C(2)=max {9(2), 9(2)—.(2(1)} (2.1.8)
we assert that
Q(p)<C(1+ H(p)) (2.1.9)

for every p>0. The relation (2.1.9) is obvious if 0 <p <2. On the other
hand, if p >2,

! Q(l
H(p)> [ p dp)>Qp) Q1) > 2(p) <1 _QEZD

as required. Now by (2.1.6) and (2.1.9) with p = M,

_ (n—1)p
QM) 1-C——— )< (1 F 2.1.10
i (1-c" ) <cie s i) @L10)

We can now prove the following important

LemMma 2.1.1.  Suppose

E(f)>2cw, (2.1.11)
m

where

in=min{1, F()/(1 + sup |F|)}. (2.1.12)
[0, A1

Then Eel™.
Proof. 1If £¢ 1, then by (2.1.10), (2.1.11) and (2.1.7) we get
Q(M)<2C(1+ sup |F|)<———
[0, 81 (n—

which is contradiction.
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When y is finite, the existence of a value ¢ satisfying (2.1.11) is an
obvious consequence of the continuous dependence of v on ¢. Indeed, in
this case v — y as & — y uniformly on every bounded subset of [0, c0), and
so there exists £,e[0,y) such that (2.1.11) holds. Thus I~ # ¢ and
Theorem 1 for the regular case and for y < oo is proved.

Next suppose that y = oo and either (c) or (d) holds. From (1.1.4) with
ro =0, we obtain for any e[ f, o)

H(|v'(r)]) < (&) (2.1.13)

for every r in [0, R], because of course v(r)>f when re[0, R] and so
F(v(r)) > 0. Therefore, since

— = — < sup |V']
R R [0, k]

and because F(&) < F(oo) < H(oo) in case (c¢), and H(oo) = o0 in
case (d), we have

—p

-
_ 2.1.14
H (&) (2114

Hence, by conditions (¢) or (d), we can choose &,e[f, oo) such that
R=R(&,) is so large that (2.1.11) holds. Thus é,eI~ by the lemma.
The case (e).

Assume finally that y=oc0 and (e) holds. In this case, the proof that
I~ # (& is quite long and will be divided into several steps. First, we need
the following result:

If Q(o0) = o0, then

fim H2)_
m =

Jim S0 (2.1.15)

In fact, let k>0 be fixed. For every fixed p >k we obtain from (5)

H(p)> L”p dQ(p) = k(Q(p) — Q(k)).

Then

.. H(p)_ .. . < Q(k)>
lim inf >kliminf{1———F | >
p— © Q(p) p—> 0 Q(P)

for every k> 0. This proves (2.1.15).
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In addition, a crucial role will be played by the following generalized
Hadamard inequality; the standard Hadamard inequality is in fact the
special case A =1, Q=p, H=1p? (our attention was drawn to Hadamard’s
inequality by the work of Kaper and Kwong [ KK41]).

LeEMMA 2.1.2. Let u be a continuously differentiable function defined
on an interval I=[ry, R), 0<ro<R<oo. Suppose Q(w)=o00, w=
W A(lu'|)e C(I), u' <0 and u'(r) > 0 as r — R. Then

H(Q (M) < DS. (2.1.16)

where

M =sup |w|, S'=sup |w'], D=u(ry) —u(R).
17

7

Proof. Let 5 be a point on [ such that |w(x)| = M. For every re I, r >,
we have

S(r—mn)= Jr w'(s) ds =w(r)—w(n)=M — |w(r)|,

n

and hence

lw(r)| =M —S(r—n).
This inequality implies that R>#+ M/S and
W |=Q ' (M—-S(r—n)) if g<r<n+M/S.

Thus we obtain

n+ M/S n+M/S
D>j lu'(s)] ds>j Q (M —S(r—un))dr
7 7
1 re ' H(Q ' (M))
> o Qp)=—g
j 0 S =5l pdep S

and the assertion is proved.
We can now go back to the solution v of the Cauchy problem (2.1.2).
First we prove the following assertion.

Let ¢* >0 be such that H™'(F(&))/E < c* and put v* = (2¢*) ™. Then

o(r*) = Le (2.1.17)
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In fact, as long as wo(r)>p, from (1.14) with r,=0 we obtain
H(p)<F(¢), and hence p < H Y(F(&)) < c*&. Then

v(ry=¢ +j V'(s)ds=E—c*er=E(1 —c*r).
0
Hence (2.1.17) follows.
We are now able to prove an a priori estimate for v' on the interval
[R, R), where R and R have been defined at the beginning of this step.
More precisely, we have the following result.

Suppose E¢ 1~ and let d>0 be such that

H(p)>2(n—1) pc*Q(p)+ p sup |f| for p>d (2.1.18)
[0, 8]

(note that d exists, by (2.1.15)). Then if ¢=2f and H~'(F(&))/E <c* we
have
sup |v'| <d. (2.1.19)

[R. R)

Indeed, from the equation (1.1.2)

w’+n; w4+ fu)=0
we have
n—1
S<——— M+ sup |f], (2.1.20)
R [0, A1

where we have used the notation of Lemma 2.2.2 (with r,= R). Note that
D=uv(R)—v(r)<uv(R)=p.
Hence, by Lemma 2.2.1, which clearly applies since & ¢1~, we have
pS>=DS>H(Q (M)).
Moreover < &/2 <uv(r*), so that R>r* = (2¢*)~!; thus by (2.1.20),

BS<B{2(n—1) Mc* + sup |f]}.
[0, A1

Then, by (2.1.18) (with p=Q~(M)), we must have
Q (M) <d,

and hence (2.1.19) follows since M = Q(sup |v']).
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The last step is to show that if ¢ 7~ then

ESh+ Q! ((.Q(zd) +% sup |f|> exp(2(n—1) c*R)> R.

(n—1)c [0, 51

N —

(2.1.21)

To prove (2.1.21), put N=2sup, s | f| and consider the Cauchy problem

—1 —
(Au')'—i—n Au'— N=0, r*<r<R
4 (2.1.22)
u(R)=v(R), ' (R)=2v(R)
An easy comparison argument proves that
v<u on r*<r<R (2.1.23)

In fact v=u at r=r, and v<u in a left neighborhood of R (since
u'(r;)=2v'(r;)<v'(r;)<0). For contradiction suppose (2.1.23) does not
hold; then there exists a point i e (r*, R) such that

u(i)>o(f),  W(R)=v()<0, W<,

Consequently at » =7 we have

—1 —1
"< a4, —N<flo).

(Au') < (Av'), m
r i

From the equation in (2.1.22) these inequalities imply
n—1
(Av') +——— Av' + f(v) >0,
7

an obvious contradiction.
Now define

z=A(lu']) v,
so that

=
]

4P N=0, z(R)= —Q2 V(R

¥
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Then, if we put

*

= Q2 |V'(R)]) +—
—

0 N | exp((n—1) R/r*), (2.1.24)

we have |z| < U and hence
W' <Q (V). (2.1.25)
If we integrate (2.1.25) on the interval [r, R] there results
|u(r) —u(R)| < Q" Y(U) R,
which implies
ur) <u(R)+Q Y U)R=v(R)+Q2 " (U) R, re[r*, R]. (2.1.26)
Combining (2.1.26) and (2.1.23) we get
v(r*)<v(R)+Q YU)R=+Q2 (U R (2.1.27)

Then from (2.1.17), (2.1.27), (2.1.24) and (2.1.29) we obtain (2.1.21).

Lemma 2.1.3.  Suppose

<c* (2.1.28)

and

~ 2(n—1) Cﬁ

>+

W) (2.1.29)
m

<U1 exp
m

where U, =Q(2d)+ (1/((n—1) ¢*)) suppg 47 |[F|. Then Sel™.
Proof. 1f £¢ 1~ then by Lemma (2.1.1) we get

R <2 Eh
m
(here f is any fixed number greater than f, while the numbers C, 7 and
d are defined respectively by (2.1.8), (2.1.12) and (2.1.18)). Then (2.1.21)
contradicts (2.1.29).
To complete the proof of Theorem I in the case when 4 and f are regular
it is now enough to take

c* =2 lim inf

u— 0

H~'(F(u))
u
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and then to choose &, (sufficiently large) so that (2.1.28) and (2.1.29) are
satisfied. Then &,e /7~ and I~ is not empty.

Remark. The solution v we have just obtained has the property
B <v(0)<y. (2.1.30)

Moreover when y= oo and either (c) or (d) holds, we can choose I'>f
such that
H-Y(FI)) - m
r—p 2(n—1) pC
where m is defined by (2.1.12). Then by (2.1.14) the inequality (2.1.11) is

satisfied with R= R(I"). Hence I'eI~. Analogously, in the case (e) if we
choose I such that

(2.1.31)

H'(RD)
—p  <¢

_ (2.1.32)
5>ﬁ+w971(01 exp(4(n — 1) Ce*B/m)).

m

Then by Lemma 2.1.3 we have I'e/~. Thus in all cases, recalling that
pel™, this implies that there exists &e(f5, I') such that E¢ 1" ul~. The
corresponding solution of the Cauchy problem (2.1.2) is then defined for all
r>0 and is a solution of (*) having the property

p<v(0)<T. (2.1.33)

Obviously, we also obtain a solution of (*) verifying (2.1.33) if in
Theorem I we assume either (2.1.31) and (2.1.32) holds for some values
B < f<1TI instead of either hypothesis (d) or (e), respectively.

2.2. Existence for General Operators

In this section we complete the proof of Theorem I without the extra
conditions on 4 and f assumed in Section 2.1. The importance of this step
lies not only in the minimal continuity behavior required of 4 and f, but
also in the fact that degenerate operators can be considered. For example,
the operator A(p)=|p|” 2, m>2, fails to have 2’ >0 for p=0 and thus
does not satisfy (2.1.1) even though it is covered by Theorem I. Our proof
is not entirely simple, but this is perhaps to be expected in view of the
generality of the conclusion.

In what follows we may suppose without loss of generality that f is
extended to have values for all ue R, with f(u) =0 for u <0. We may also
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suppose without loss of generality that f(u)=0 for u>=y if y<oo. Con-
equently F(u)=0 for u<0 and F(u)=F(y) for u=y if y < oo.
For every ¢ >0 we define

Qp)=| Qp+ennydi+ep,  peR

R

and

F(u) =f Flute(t—1))J(t)dr, ueR

R
where Q(1) =tA(|t|), te R, and Jis a C* function on R such that 0 <J <1,
J()y=0if [t| =1, J(t)=J(|t|)>0if [t| <1, and [ J(¢) dt=1.
Clearly Q,(p) is an odd C* function on R, with Q!(p)>0 and
Q.(p) 7~ o« as p— oo. If we put

Ag(p):Qip) it p£0,  A,0)=lim 242,

p—0 P

then A, is a C* function which verifies the hypotheses (H2) and (H3) (see
Introduction) and satisfies (2.1.1). In addition we have

dF,.(u)zj f(u+e(t—1))J(t)dz=j flu—e+et) J(t) di = f(u);

> &
du R

clearly f, is a C* function and f,(0) =0. Moreover, since F,(0)=0,

F(u) = 1) .

It is easy to show that, for every ¢ > 0 sufficiently small, there exist y, < oo
and f,€(0, y,), such that F (u) <0 for O<u<pf,, F.(f.) =0, f(u)>0 for
B.<u<y,. Moreover f§,— f as ¢ —> 0, while

if y < oo, then y, < o0 and f,(u) =0 for u>y,;
if y = oo, then y, = 0.

Finally, if we put

H(p)=["pd2p)=p2p) = @p) dp.

then since Q,— Q as ¢— 0 uniformly on every compact subset of R, we
have H,— H as ¢ — 0 uniformly on every compact subset of R. Moreover
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when H(oo)=o0 it is clear that also H.(p) ~ oo as p— oo, that is
H,(o0)=o0.
Now consider the problem

(n—=1)
r

(A.u;)+ A+ fi(u,)=0,  r>0
(*)e
u(0)=0, u,(r)=0for r>0; u(r)—0asr— oo; u,#0.
If y, < o0, i.e. the case y < oo, then by the results proved in Section 2.1, this
problem has a positive solution u,, such that

B.<u 0)<y, (2.2.1)

for every ¢ > 0 sufficiently small.

Next suppose y, = o0, and so of course y = co. In this case, by conditions
(c), (d) or (e), there exist constants I'> > f such that either (2.1.31) or
(2.1.32) holds. Of course also > f3, for every &> 0 small enough.

Now let C,=(C(L2,) as in (2.1.8) and let m,=m(F,) as in (2.1.12). If
either condition (c) or (d) holds, then clearly there exists ¢, > 0 such that

H;’(FQ(F))< m,
r—f  2(n—1)8C,

for every ¢ in (0, &,), where /" has been defined in (2.1.31). Therefore, from
the principal remark at the end of Section 2.1, the solution u, clearly has
the property

p.<u,0)<T, € (0, &). (2.2.2)

If condition (e) holds, then the proof of the analogous a priori estimate
requires some further argument since in (2.1.32) the further quantities c*
and d also appear. Choose now d>0 such that the following slightly
stronger version of (2.1.18) holds:

H(p)>4n—1) pc*Q(p)+ f sup |f] for p>d.
[0, 8]

Then, if p > 2d, so that p +et>d for |t| <1 and & small, we have
P
Hp)=p2.p)=| @up)dp

_p {f Q(p+et) J(1) dr+gp}—jj <j Q(p+et) J(1) dt+ep>dp

R R

ZJR {pg(pﬂz)—j:sz(pﬂz)dp} J(1) dt—l—%gpz
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=fR {(p+sz) Q(p +et) —fﬁm Q(p)dp

&t

1
—etQ(p +8l)} J(1) dl+§8p2

:J {H(p—i—et)et.Q(p +et) +rl Q(p) dp} J(t) dt+%gpz
R 0

> {(4(n1)/)’c*e)9(p+8t)+ﬂ sup |f,,.|}J(z)dz+;gp2
R [0, 81

_ _ 1 _
>3(n—1) pc*Q(p)+ sup || 5ep(p—6(n—1) fc*)
[0. .1

>2(n—1) fe*Q,(p)+f [f)ug)] |2

if ¢ is small. Hence we can repeat our previous arguments to show that
(2.2.2) holds for ¢ small and with an obviously modified value for I" (i.e.
with d replaced by 2d in (2.1.32)).

We claim that there exists a positive constant M such that

(r)<0, r=0, (2.2.3)

for every ¢ in (0, ¢y). The inequality u, <0 follows from Lemma 1.2.4. On
the other hand, if y = oo then by (1.1.4) and (2.2.2) we have

H (Ju,(r)]) S F(u,(0)) = F(u(r)) <F(I') + sup |F,].
[0. 5.1

Hence, using condition (c) in case H(o0) <o, we have H,(|u;|) < H(o0)
for every sufficiently small ¢ in (0, ¢,). Choose M so that

H(|u,|) <M < H(0).

Thus u,> — H_'(M). Clearly H_'(M)— H~'(M) as ¢ — 0, and inequality
(2.2.3) therefore follows with M = H ~'(M) + 1, changing, if necessary, the
choice of ¢,. Next suppose y < oo. In this case from (1.1.14) and (2.2.1) we

get

H(|u'(r)]) <F(y.) + sup [F|
0. 4,1

and (2.2.3) is proved as before.
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It now follows from the Arzela-Ascoli theorem that, for a suitable
sequence ¢;}0 we have u, —>u uniformly on every compact subset of
[0, c0). Therefore, because (see Lemma 1.1.1)

A== [ st <>"ldp, (224)

we see that
Q, (Ju,|) = lu, | A, (ug,|) — g(r) for all r>=0, (2.2.5)

where

r n—1
g =] 1o <p> dp.

r

Moreover, since Q,(p)— Q(p) uniformly on compact subsets of p >0, it
follows that

u,— —Q '(g(r))  forall r=0.

Hence from the relation

ulr) =u0)+ [ uip) dp

together with (2.2.3), (2.2.5) and Lebesgue’s dominated convergence
theorem we get

ur)=u(0)— [ @ (glp)) dp:

thus u is continuously differentiable and a classical solution of (1.1.1). In turn
of course (2.2.5) and (2.2.4) supply the relations

wy—u and @, (W) > Q(u])  forall r>0. (2.2.6)

Obviously u >0, u' <0 and
L<u(0)<y (€SI'<owo if y=o0);

note that the possibility #(0) =/ is ruled out by Lemma 1.2.1.

It remains only to be shown that u — 0 as r —» co. Put /=1im, _,  u(r). As
in Step 2 of the proof in Section 2.1 we find easily that ¥’ — 0 as r - oo and
f(1)=0. Of course also 0 </<y so that necessarily either

0<i<p or =y,
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the second possibility occurring only in the case y < oo. Now

d A(M)M A(M)M
0| aur?< AL;L—L ~ultp)dp ="
<%R)]My <or 24(M) MT ify:oo> (2.2.7)

for every R>0.
On the other hand, by (1.2.2) applied to the solution u,,
dr

MMWPM—UKAMZ

Letting e =¢;— 0 and using (2.2.3), (2.2.4) to show that the integrand is
uniformly bounded together with (2.2.6) and (2.2.7) and the dominated
convergence theorem, then gives

Flu(0)) = (n—1) j:o Au'? ? (22.8)

In the case y < oo, if /=7y then u =7y, because u is decreasing function with
u(0) <y. In turn (2.2.8) gives

F(y)=0,

which however is impossible since (a), (b) imply F(y) > 0. Thus in all cases
0 < /< p. Finally, because u(r) — ! and u'(r) - 0 as r —» o0, we obtain from
(1.1.4)

dp

(n—1) j: A = Fu(0)) — AU

From this result and (2.2.8) it now follows that F(/)=0, and so /=0 by
hypothesis (a). This completes the proof.

3. UNIQUENESS

In this section, we prove our main uniqueness results. We shall require
throughout that the operator A(p) be continuously differentiable on (0, o)
rather than simply continuous as in the hypothesis (H2). We recall from
the Introduction the definition

Q(p)=pA(p), p>0; Q(0)=0.
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By hypothesis (H3) it is clear that Q(p)>0 for p >0 and Q'(p) =0. We
shall strengthen this in the sequel, requiring henceforth that
(H3") Q(p)>0, E(p)=Q'(p)>0 for p>0.

In terms of the variational integrand G(p) in the Introduction, these are
exactly the conditions G'(p), G"(p) >0 for p>0.

THEOREM 1.  Suppose n> 1, and assume also the following hypotheses:
(A1) S(I,p)>0 for 0 <l<p, where

n—2

S(hp)=M()—M(p)+—

N(D(N(I) = N(p))

and
M(p)=1/p°QQ'",  N(p)=1/pQ.

(A2) p>~™A(p)—1 as p— 0, for some constant m> 1,
(A3) Q'(p)={Q(p)}* for all p>0 near zero, where u is a constant in

Fu)<0 for O<u<p, F(f)=0,
[ is positive and non-increasing on (f,y), where ye(f, o],

fis locally Lipschitz continuous on (f, 7).

)
Then (*) has at most one solution u such that u(0) <.

THEOREM I1. Let the hypotheses of Theorem 1 hold, with the following
exceptions:

(1) =0 in condition (A3);
(1) y< oo in conditions (F2) and (F3);
(1) (p, p) is replaced by (f, y] in condition (F3).

Then (*) has at most one solution u such that u(0) <y.

THEOREM III.  Suppose the hypotheses of Theorem 1 (or Theorem 1I)
hold, with the exception that condition (F2) is weakened to

(F2')  The function u— f(u)/(u— )"~ is positive and non-increasing
for p<u<vy, where v is a constant >=1.
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Assume also
(A2') p>"A is non-decreasing on (0, c0).!
Then (*) has at most one solution such that u(0) <y (or u(0)<y).

If y= oo the condition u(0) <y is satisfied for any solution, and so can
be omitted from the statement of Theorem I. Similarly the condition
u(0) <y can be dropped in Theorem II if f satisfies the condition f(u) <0
for u>y. Indeed in this case, if u(0) >y then (1.1.4) gives a contradiction
when applied to the interval (0, r,) where u(r) € (y, u(0)).

When conditions (A3) and (F3) are dropped from Theorems I-III, we still
obtain results of interest, as stated in Proposition 3 in the Introduction.

Condition (A2') together with (A2) forces v<m. In the particular case
A(p)=p™ 2 condition (A2) is trivially satisfied, while (A2’) holds with
v=my; similarly (A3) is valid for u=1.

Conditions (A2) and (A3) concern the behavior of A(p) and A’(p) near
p =0, whereas (A1) has a global character. Some simpler sufficient condi-
tions can be formulated in order that (A1) holds; in particular we have the
following result.

LeMMA 3.0. The hypothesis (Al) is satisfied if either of the following
conditions holds:

. ln—
(1) n>2 and M+ 3 " I N? is non-increasing;
n [—
-2
(i) n<2 and M+ nil N? is non-increasing;
n f—
(i) n=2 and M is decreasing.

Proof. Write ¥(p)=M(p)+((n—2)/(n—1)) N*(p). Then
-2
S(l, p) = () = ¥(p) + - NN = N(p))

and the conclusion for case (ii) follows at once since N is decreasing (by
(H3)). Condition (i) is proved in essentially the same way; that is, putting

1n—2
Y’*(p)=M(p)+§
n—1

N?(p)

"'When F(y) < co the interval (0, co) can be replaced by a smaller set (0, p,), where p, is
defined by H(p,) = F(y). Indeed by (1.2.1) and (1.2.2), when u(r) > f,
H(p)<H(p)+ Fu) < F(u(0)) < F(y),

SO p <py-
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we get for 0 </<p,

S(,p) = PH(1) — PH(p) + L 12

2n—1
>Y*1)—¥P*(p) =0

{N()=N(p)}?

since n > 2. Condition (iii) is obvious.

It is clear that (i) and (iii) are most simply satisfied when M is decreasing.
This in turn is implied by condition (Al’) in the Introduction, as is the
condition Q'(p) >0 for p>0.

Remark. For the operator

Ap)=(1+p>)Pp"2 520,

we have
Q(p)=(14p>)p",
E(p)=Q(p)=1+p>) " 'p" {(m—=1)+(m—1—s)p*},
M(p)=(1+p*) ' p2{(m—1)+(m—1—s5)p*} ',
N(p)=(1+p*)p—>".

Clearly (H3') holds if and only if m>1+4s, or m>1 if s=0. In this case,
moreover, it is easy to check that M is decreasing. Hence (Al) and (Al’)
are satisfied for n>2.

When 1 <n<2 we write

1 -2 1
Y(p)=M(p)——— N )+<Z—1+—1>N2(p)
Now
L a5 (1407 1
T e PO § W oy gy el

This quantity is non-increasing provided
s=0, m=s+1 (orm>11if s=0).
Hence ¥(p) itself is non-increasing and (A1) holds if we suppose also that

_2 |
P2 0 >0, thatis n>2——.
n—1 m-—1 m

(It is not hard to see that this condition is best possible).
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The following three sections contain introductory material, including a
discussion of the asymptotic behavior of solutions in Section 3.2 and a
monotone separation theorem in Section 3.3.

Theorems I-11T are almost immediate corollaries of Proposition 3 in the
Introduction (with assumption (Al’) being replaced by (Al) and also with
n>1 rather than n>2). Consequently our principal effort can be devoted
to proving Proposition 3. The proofs of Theorems I and II are then given
at the end of Section 3.4, and the proof of Theorem III in Section 3.5.
Theorems A, B, C of the Introduction are the special cases of Theorems
I-1IT when n>2 and (A1) is replaced by the stronger condition (Al’).

The main Theorems I-1II require the satisfaction of conditions (A1) and
(A2). These conditions can be avoided provided that other hypotheses are
suitably strengthened. This result is given in Theorem IV of Section 6. In
the final section of the paper we add several remarks concerning the
exterior Dirichlet problem.

3.1. Preliminary Results.

Denote by /=1I(u, p) the positive function determined implicitly by the
equation

H(l)=H(p) + F(u)
on the domain
P={(u,p):u,p>0,0<H(p)+ Flu)<H(0)}.

Obviously / is well-defined and strictly positive since H is increasing.
Moreover (recall that H'(p)=pE(p) by (4) and that E(p) >0 for p >0).
ol flu) ol (p)

ou IE()  op IE() G

We also define K(u, p) on P by the formula

(1A(0))*~!

K(u, p) = ;

{ral)—p*a(p)}, a=1/n—1).
Then the following result holds.

Lemma 3.1.1. Suppose (u, p) € P. Then

0
(1) E» {14} >0

(ii) ;{K(‘;p)}w if and only if  S(1, p) > 0.
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Moreover, if F(u) <0, then
(iii) K(u, p)<0.
Proof. The first relation is obvious since

0 _9 oy — g PEWP) _PE(P)
%{IA(Z)}_ap.Q(Z)_E(l) )1 (3.1.2)

The third result also follows at once since p?A(p) is increasing and /<p
when F(u) <0. Finally /=p and K=0 if and only if F(u)=0.

We turn to the second conclusion. By direct calculation, keeping in mind
(3.1.1) and (3.1.2), we have

9 K(“’m}:a{m «u<9(1>_9<1’>>}
5p{ P op (&) P )

‘HPEEP) <ng1) _Q(lp)>

= (a—1)(Q(1))

a1 L0  Qp) pE(p)
e O T

=(Q(1))* pL2(p) E(p) S(1, p),
and (ii) is proved.

We next introduce an important identity (Lemma 3.1.3) for solutions
of (*). We begin by showing that the solution u is twice differentiable
whenever u' # 0.

LemMA 3.1.2. Suppose u' #0 at some point r>0. Then at this point u"
exists and satisfies (1.1.1) in the form

E(p) u”—i—?A(p) u' + flu)y=0 where p=|u'|. (3.1.3)

Proof. Suppose u'(r) <0. By virtue of Lemma 1.1.1

W(r) = —Q! (L C)l f(u(t))dt> (3.14)



218 FRANCHI, LANCONELLI, AND SERRIN

Since 4 is continuously differentiable and Q' =E, it follows that Q! is
differentiable and (2 ~!)’ = 1/E, when p > 0. Hence from (3.1.4) we see that
u"” exists and

= =g Lt = [ (Y g a

1
~E |+

as required. The proof when #' > 0 is similar.

LemmA 3.1.3. If u is a solution of (*) such that u(r) >0 and F(u(r)) <0
on (ry, r;) we have

(1) (u(r), |4 (t)])eP for any re(rgy, ry).

Moreover, if we write p=p(r)=|u'(r)| and I =I(r) = u(r), p(r)), then

r| 1
(i) r(IA(1)*]7 = jm K(u.p)dr.  a=——

(3.1.5)

Proof. (i) It is obvious from (1.2.1) that H(p)+ F(u)>0 on (ry, ;).
Since F(u) <0 we get in turn that p >0 and H(p)+ F(u) < H(p) < H(o0).
Thus (i) follows from the definition of P.

(i1) If re(ry, r;) we have

d ol ol
A = (A +arA() ! BU) {au vy p'}

= (LA(D)* +ar(IA())* = ' { f(u) + E(p) u"} 17

(1A !

= {PA()—p*A(p)} = K(u, p),

where (3.1.1) was used at the second step and equation (3.1.3) at the third
(recall that p >0 in (ry, r,) by (1)). Integrating over (r,, r,) completes the
proof.

3.2. Asymptotic Behavior.

We can now obtain the following important results concerning the
asymptotic behavior of a solution of (*).



QUASILINEAR EQUATIONS IN R" 219

LemmA 3.2.1. Suppose (F1) holds and let u be a solution of (*). Then

(1) ifu>0 for all r >0 there exists . >0 such that

A - A as r— oo, (3.2.1)

(i) lim 7! Jm arr® o,

r— oo r p
Proof. (i) By Lemma 3.1.3 we get

r

(r" = H(r) A(I(r)))* = (R"~'I(R) A(((R)))" + f K(u, p)dp  (3.2.2)

R

for r> R, where R is so large that u(r) < p for r > R; see (F1).

The right hand side of (3.2.2) goes to a limit 4 as r — o, since K(u, p) <0
by Lemma 3.1.2 (ii). Obviously e[ — 0, c0). On the other hand, the left
hand side is >0. Hence 4 >0 and there exists 4> 0 such that (3.2.1) holds.
Note that this proof shows also that K(u, p)e L'((r, o0)) for any r > 0.

(i1) It is enough to consider the case when u>0 for all r>0. By
Lemma 1.2.1 and the definition of / we have

(n—l)jocAu'zcj’sz(p)+F(u)=H(l).

I3

On the other hand, by equation (4) in the introduction,
/
T H(D ="t <12A(1) —f pA(p) dp> <r" 1241 -0
0

since /— 0 (0</<p) and "~ 'A(]) > 4 as r — .

In the proof of the following lemma we use an ingenious idea of Kaper
& Kwong [KK2].

LemMA 3.2.2. Suppose hypotheses (A2) and (F1) are satisfied and let u
be a positive solution of (*). Then, with A defined as in (3.2.1), we have
(1) A=0 when n<m;
(i1) when n>m
m—1

plr=mim=Uy(py » —— JVm=D " g5 r— o0,
n—m
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Proof. (i) Since /-0 and " 'A(l)—> . as r— oo, from (A2) it
follows that

r(nfl)/(mfl)l: (rnfllA(l))l/(mfl) (lzfmA(l))fl/(mfl)_)/”Ll/(mfl) (323)
as r — o0. Therefore since 0 </< p for large r,

lim inf p* = D/ =Dp(p) > JV0m =1,

Because p=p(r)=|u'(r)]= —u'(r) is integrable on [0, c0), the last
inequality implies 41 =0 if n <m.
(i1)) The proof for the case n>m lies much deeper. By (3.2.3), [ is

integrable on (R, c0), where R>0 is such that u(r)<pf for every r> R.
Moreover F(u(r)) <0 for r > R by (F1), so that also

H(p(r))=H((r)) + |F(u(r))| for r>R
In particular, because H is strictly increasing we obtain
I<p=H '(H(I)+ |F(u)|) for r>R. (3.24)

Now, from (4) and (A2) it follows easily that p ™" H(p) — (m—1)/m as
p— 0. Thus since m > 1 we see that for every ¢ > 0 there exists r, > R such
that

<(1+¢) <1+<m"11 |F(u)|>1/m> (3.2.5)

on (r,, o). Therefore we obtain from (3.2.4) and (3.2.5)

| tprdp <[ piorap

r

oo}

<(1+¢) <fx1(p)dp+const.f

r r

Fu(p))] " dp> (3.26)

for every r>r,.
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We estimate the second integral on the right side by using Holder’s
inequality, namely

[ 1Ew 1 dp

r

r

o 1/m 0 1—1/m
<<J B(l>|F<u>|dp> -([ (B(l>>—”<"'—”dp> , (32.7)

where B(l) = ((IA(1))*~'/I. Since I <p and r>r,,

\F(u)| = H(p) — H(I) = p*A(p) — I2A(]) — f: pA(p) dp + fo pA(p) dp

K
<patp) - ran =S

Then, from the fact that K(u, p) e L' we get
B(]) F(u)e L. (3.2.8)

On the other hand, by (3.2.1), (3.2.3), and a direct computation using
L’Hopital’s rule, the quantity

o) 1—1/m
r(nfm)/(mfl) <j (B(l))l/(ml)dp>

tends to a finite limit as r — co. In fact it is enough to show that

B(])—l/(m—l)

—m(n—m)/(m—1)2—1

’
tends to a limit, or equivalently that

B(l)

rm(n —m)/(m—1)+(m—1)

tends to a limit. But
BU) = [1A()] > )1
while by (3.2.1) and (3.2.3)

P AL - limit, B0 D fimit,
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The conclusion now follows immediately, since

_ 1
M=) |y 1) = (n—2) + =L
m—1 m—1
From (3.2.7) and (3.2.8) we then get
po oD [ B dp -0 as oo, (32.9)

r

Finally, again by (3.2.3) and L’Hospital’s rule,

pn—m)/m—1) Jﬂ ldp _)L_llll/(mfl{ (3.2.10)
n—m

r

From (3.2.6), (3.29) and (3.2.10) we obtain the assertion since
§7pdp=u(r).

3.3. Monotone Separation Theorems

Our purpose is to study the separation properties of pairs of solutions of
Problem (*).

Let u and v be two solutions of (*), which we assume throughout to
satisfy the conditions

By Lemma 1.2.6, in view of (F1) and (F2), it is clear that
u'(r) <0 whenever r >0 and u(r) > 0;

v'(r) <0 whenever r>0 and v(r)>0.?

Thus both u and v possess inverses on the domain where they are positive.
We denote by r and s the inverses of u and v, defined respectively on the
intervals (0, #(0))] and (0, v(0)]. Note also the principal fact that

u(0) and v(0) must exceed p,

by virtue of Lemma 1.2.1 and (F1).
Lemma 3.3.1.  Assume that (F1), (F2) hold. If r(u) —s(u) >0 on some
open interval I of the domain of r and s, then r(u) —s(u) can have at most

2 To be precise in the application of Lemma 1.2.6, the reader may note that condition (F1)
is used to obtain u'(r) <0 when u < f while condition (F2) is used when u > f.
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one critical point on 1. Moreover if such a point exists it must be a strict
maximum.

Proof. By Lemma 3.1.2, equation (1.1.1) can be written in the form
(3.1.3). Then it is immediately verified that the function r = r(u) satisfies the

equation
—1
E< >rw_” 4 <
r

for uel (clearly r >0 and r, <0). A similar equation also holds for s = s(u).
Now suppose r — s has a critical point in /. Then r,=s,<0 and r >s>0
at this point. Consequently by subtraction we find

1

r

1

r

>Vf,—rf,f(u)=0

u u

(r_s)uu:(n_1)12v<:‘_i> r5<0

which proves the assertion.

LEmMmA 3.3.2. Suppose (Al) and (F1) are satisfied. If r — s has two zeros
in (0, B, say &y and &,, then r —s =0 for all u between &, and &, .

Proof. Suppose the conclusion is false. Then without loss of generality
we can assume that £, <&, and r—s>0 for all ue[&,, ¢, ].

In the open interval (&, &,) the difference » —s can have at most one
critical point by Lemma 3.3.1, and at the same time at least one, since it
vanishes at the endpoints. If follows that there exists a point &, e (&, &)
such that r,=s, at u=¢,, while

ry<S, for ”e(fza él)

Now put r, =r(&,), r,=r(&,), I, =UIr,), [,=1Ir,). By (3.1.5) we have

ry

9| d
il A = o A(L)) = | K(u,p) dr = [ K p)

r1 52
where p denotes the function p(r(u)) = |u'(r(u))|.

A similar identity naturally holds for the solution v. In analogy with the
preceding notation, we denote by s,, s,, m,, m, the quantities relative to v
corresponding to the quantities r,, r,, /;, [, for u.

Subtracting the two identities, and using the fact that r, =5, and /, =m,
(because r,(&,) =s,(&,)), we obtain

(7’2_52){121‘1(12)}“—’”1{(11A(ll))m_(mlA(ml))m}
[ <K(u,p) K(u, q)>du

p q

(3.3.1)

&
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where, by analogy with the above notation, ¢ =¢g(s(u))=|v'(s(u))|. Note
particularity that p > ¢ for ue(&,, &,) since r, <s,,.
Now let

0 <K(u,p)

= >=D(u,p>.

Then by the mean value theorem, for any fixed u e (&,, &),

K(u,p) K(u,q)

4 q

=D(u, p)(p—¢q)

where p € (p, q). Let T=1(u, P), see Section 3.1. By the definition of / and the
fact that H(-) is strictly increasing it is clear that 7<p, with 7=p if and
only if F(u) =0 (recall F(u) <0 for ue(&,, &,)) = (0, f].

By Lemma 3.1.2 (ii) we have D(u, p)>0 if S(T,ﬁ)>0, so by (Al) also
D(u, p) >0 if < p. Thus

K(u,p) K(u, q)

<0 if T<p.

p q

On the other hand, if 7=/ then D(u, 5)=S(I,5)=0 and K(u,p)/p=
K(u, q)/q. Hence the right hand side of (3.3.1) is non-positive.

But also r,>s, and /; <m, because r,<s, at u=¢,. Thus the left hand
side of (3.3.1) is strictly positive, a contradiction.

LemMma 3.3.3. Suppose hypotheses (F1) and (F2) are satisfied. If
r(u) —s(u) >0 on an interval I=(0, a), then (r—s)' <0 on I.

Proof. By Lemma 3.3.1 either r(u) — s(u) is everywhere decreasing on 1,
or r(u) — s(u) is increasing for u near zero. In the first case we are done, so
let us assume for contradiction that r, —s,>0 in some interval 0 <u <Jd.
As in the previous lemma, we put r =r(u), p=p(u) = |u'(r(u))|. Then equa-
tion (1.2.1) becomes

A
2P dt,
;

Hp)+ Fuy=(n—1) [ 0<u<d,

A similar identity holds for the solution v, replacing p by
g =q(u)=[v"(s(u))].

Now writing 4 = A(p), B= A(q) and subtracting the two identities we
get

Ap Bq> d. (3.32)

H(p)—H(q)=(n— 1)[0" <_

r N
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Define

o=t =’ <A”—Bq> d.

r N

Since s, <r,<0 on (0, d) we have p > ¢q for 0 <u <J. Hence, because H is
strictly increasing, (3.3.2) gives

(n—1)p=H(p)— H(q)>0, 0<u<o. (3.3.3)
Also, since r > s,

Ap B P
qs@’ =qs <p—> <q(Ap—Bq) = qf d(pA(p))

r N

<[ pd(pa(p)) = H(p)~ H(g) = (n—1) 0.

by (5).
Now we integrate the inequality
¢ _tn=1)
@ qs
obtaining for 0 <u<wu <9,
7 u ] s(u) (.
log 2% (1 — 1)[ ~di=(n— 1)[ B 1) log ™.
o(u) u gs sta) S s(i)
Hence
(s(@)" ! () < (s(u))" ™" p(u). (3.34)

On the other hand, since » >s and Bg >0, we have

u A 0 d
0 < (s(u)"" () < ()"~ ) < (st~ [P atr=r =t [ 7 a2

Thus by Lemma 3.2.1 (ii), it follows that (s(«))" ' ¢(u) — 0 as u — 0. From
(3.3.4) we then deduce that ¢(iz) <0, which contradicts (3.3.3).
3.4. Uniqueness Theorem 1

In this section we shall prove Theorem I. We first obtain several
preliminary results, of interest in themselves.
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THEOREM 3.4.1. Suppose hypotheses (F1) and (F2) are satisfied and let
u and v be two solutions of (*) satisfying u(0), v(0) <y. Then there exists a
value R =0 such that u(R) =v(R)>0.

THEOREM 3.4.2. Suppose hypotheses (Al), (A2) and (F1) are satisfied.
Let u and v be two solutions of (*) such that u(R)=v(R) e (0, f] for some
R>0. Then u(r) =v(r) whenever u(r) < p.

THEOREM 3.4.3  Suppose hypothesis (F2) is satisfied. Let u and v be two
solutions of (*) such that u(R)=v(R)e[p, y] for some R=0. Then either
u(r) =v(r) whenever u(r)=f, or u(0)=v(0) and u(r) # v(r) whenever r>0
and u(r) = p.

In the following proofs, we shall retain the notation of Section 3.3, with
r(u) and s(u) respectively denoting the inverses of u and v.

Proof of Theorem 3.4.1. Suppose for contradiction that r(u) > s(u) for
each ue€(0,v(0)]. By Lemma 3.3.3, we get r'(u) <s'(u) on (0, v(0)), which
is impossible since s'(u) > — oo as u— v(0), while r'(v(0)) is finite since
r(v(0)) > s(v(0)).

Proof of Theorem 3.4.2. If the conclusion of the theorem does not hold,
then by Lemma 3.3.2 it is easy to verify that either there exists u, € (0, )
such that

u(r)y=uv(r) when u(r)<u,,
or there exists Ue (0, ] such that

r(u) #s(u) for ue(0, U)
r(U)=s(U) =R (say).

(34.1)

If the first alternative holds, then we consider the inverse functions r(u)
and s(u), which satisfy

r(uy) =s(uy),  r'(uy) =5"(u).

We shall show that in fact r(u) = s(u) whenever u e (0, f]. To do this, first
write equation (1.1.2) as a first order system

w =n—1 w+ f(u)
¥

u'=—Q7(Iwl),
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where we use the fact that v’ <0, w <0 whenever u(r) < f5; see footnote 2
in Section 3.3.

We now consider the inverse function r(u#) on the interval ue[u,, f],
and similarly define

w(u) =w(r(u)).

Then one finds at once that

Q Y(w)

w'(u) = <n; ! w +f(u)>/.(21(w),

and of course the same first order system is satisfied by the inverse func-
tions s(u) and z(u) = w(s(u)).
Clearly we have as well that

r(uy) =s(uy), w(uy) = z(uy).

We can now apply the standard uniqueness theorem for the Cauchy initial
value problem to this system, noting that  ~!(w) is of class C' (since w < 0
and Q 'e C! from (H3')) and that f(u) is continuous in the independent
variable u. Hence r(u)=s(u) and w(u)=z(u) for ue (0, ], which in turn
implies that u(r) =v(r) whenever u(r)<p.

Thus to prove the theorem it is enough to show that the second
possibility, namely (3.4.1), cannot happen. Therefore suppose for contradic-
tion that (3.4.1) holds, say with r(u) > s(u) for ue (0, U). Hence r' —s' <0
on (0, U) by Lemma 3.3.3. Keeping in mind (3.2.1), from (3.1.5) we get?®

Y K(u, p)

R(LA(L))“—}M“:—L S (== 1))

where L=/(R) and p=p(u)=|u'(r(u))|. An analogous formula holds for
the function v. Then, with an obvious meaning for the symbols, we obtain
by subtraction

R{(LA(L))"— (MA(M))*} — (A" —p*)

:JU<K(M’ Q)_K(”:P)> du (34.2)
. 76] 7}7 . 4.

3 The result holds when u >0 for all r > 0. Otherwise we get the same formula with 1=0.
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Evidently L <M by (3.1.1) since p < ¢ for u € (0, U). Moreover, by Lemma
3.2.2 we have A>u when u>v>0 on (R, o0). On the other hand, if v has
compact support then correspondingly we have u =0, and one sees again
that 4> pu.

Hence the left hand side of (3.4.2) is non-positive. Moreover, exactly as
in the proof of Lemma 3.3.2, the right hand side is non-negative (note that
K(u, p) and K(u, ¢q) are interchanged in (3.4.2) from (3.3.1)). It follows now
that both sides of (3.4.2) vanish, which implies that

L=M, A=u

and 7= p for each u e (0, U) (recall here that j e (p, ) is obtained as in the
proof of Lemma 3.3.2 by use of the mean value theorem). The relation 7= j
in turn shows that F(u)=0 for all ue (0, U).

This being shown, also f(u)=0 for ue (0, U). However the condition
L =M implies r'(U)=s'(U). Hence, using the uniqueness argument of the
first alternative once again, we get r=s for ue (0, f§), an obvious contra-
diction.

Proof of Theorem 3.4.3. 1If u(0)#v(0), then we can suppose u(0) > v(0)
(say); hence, without loss of generality,

u(r)>uv(r) for 0<r<R
(34.3)
Now put w, =A(|u'|) u', wy=A(|v'|) v and w=w, —w,. Then, since
f<v<u<u(0)<y on (0, R),

from (1.1.3) and the hypothesis (F2) follows
n—1
o' +——ow=f(v)—f(u) =0, O<r<R
r

Consequently "~ 'w is non-decreasing on (0, R), so that w(r)=0 for
0<r<R because w(0)=0. But then u'(r)=v'(r) because pA(p) is
increasing. By integration, u(R) —u(0) = v(R) — v(0), so from (3.4.3) in turn
u(0) <v(0), a contradiction.

In the remaining case u(0)=wv(0). If the theorem fails, then there will
exist uy € (f, u(0)) such that

u(r)y=uv(r) whenever u(r) € [uy, u(0)]
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or there will exist points 0 <r, <r, such that (say)
u(r)>o(r), r<r<r,,
u(ry) =o(ry), (3.44)
u(r,) =v(r,) = p.

If the first alternative holds, then again we consider the inverse functions
r(u) and s(u), which satisfy

H(ug) = s(uy), ¥ (ug) =" (uy).

As in the proof of Theorem 3.4.2, the uniqueness of the Cauchy problem
for the first order system in the variable u applies. Consequently r(u) = s(u)
for ue[ f, u(0)], as required.

In the second case, namely (3.4.2), it is clear that that w(r;) >0, while
7"~ 'w(r) is non-decreasing on (r,, r,). Hence w(r) >0 and u'(r) > v'(r) on
(ry, ry). But u(r,)=v(r,), so in fact u'(r)=v'(r) on (r,, r,), which con-
tradicts the fact that u > v on this interval.

ProrosiTioN 3 (First part). Suppose all the hypotheses of Theorem 1
hold, except (A3) and (F3). Then if u and v are two solutions of (*) with
u(0), v(0) <y, we have necessarily

u(0) = v(0).

Moreover if uv then u(r) #v(r) for all r>0 where u(r)>0. (If u and v
have compact support, then also inf{r>0; u(r)=0} #inf{r>0; v(r)=0}.)

Remark. In particular, if u # v then necessarily either u > v for all r >0
or u<v for all r>0.

Proof. By Theorems 3.4.2 and 3.4.3, it is evident that either u(r)=uv(r)
or else u(r)#uv(r) for all r>0 such that u(r)>0. In the latter case,
Theorem 3.4.1 implies that u(0) =v(0). The final part of the theorem is a
consequence of Lemma 3.3.3 (the monotone separation theorem).

We can now prove Theorem I. Let u and v be two solutions of (*) such
that u(0), v(0) < y. By Proposition 3 if the solutions are not identical, then
u(0)=v(0) but u(r)#v(r) for small r > 0.

On the other hand, by (A3), (F3) and the uniqueness conclusions of the
Appendix (Proposition A.4) we have u=v for all suitably small r (where
u(r) = f). This contradiction completes the proof.

Theorem II is proved in the same way as Theorem I except that we use
Proposition A.2 instead of Proposition A.4 of the Appendix.
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3.5. Uniqueness Theorem 11

In the previous section we considered the case when condition (F2)
holds. Here we shall study the case in which the hypothesis (F2) is replaced
by (A2'), (F2").

We begin with the following analogue of Theorem 3.4.3.

THEOREM 3.5.1. Suppose (A2") and (F2') are satisfied. Let u and v be
two solutions of (*) such that u(0)#0v(0) but u(R)=v(R)>=p for some
R>0. Then u(R)=v(R)=f and

(1) u(r)#uv(r) when re[0, R),
(ii) u'(R) #V'(R).

Proof. As in the demonstration of Theorem 3.4.3 the problem reduces
to the case where (3.4.3) holds. Define

U=u—p, v=v—p, 0= sup @

0<r<R U(")’

and moreover there will necessarily be a first point 7€ [0, R] where the
second equality holds:

u(n) = 0v(n).
As before, we put
wy=u'A(|u']), w, =0"A(|v']),
and also introduce the function
w=w,—0""w,

(no confusion should result from this slightly different definition for ).
Then by (1.1.3) we get

(" o) =" 0" f(v) — flu)).
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Now, for 0<r<R,

0 (o) = flw) = (09)" '
f(w)

27 {(05)"71—1,7"71} 20’

(w—p)—!

by (F2') and the fact that v <u and @& <8v. Hence, since »(0) =0 we get
w(r) =0 for 0 <r< R. This implies that

u'(r)=00(r). (3.5.1)

Indeed, let p =|u'(r)|, ¢ =|v'(r)| and suppose for contradiction that p > 0q
(recall ' <0). Then

A(Q) v—1 A(p
F—P =2

| ~—r

0<w=0"""qA(q) —pA(p)=(0g)" "'

e {A(q)_A(p)} <0

P

qv72 pv72
since, by (A2') the quantity A(p)/p*~? is non-decreasing, while p > 0g > q.
This is a contradiction, proving (3.5.1).
Now integrate the relation (3.5.1) from # to R, assuming that 7 < R. We
get

u(R) —u(n) = 0(v(R) —v(n))
and since () = 0o(n) it follows that
i(R) = 00(R), (3.5.2)

a result which also trivially holds if # = R.
Since u(R)=wv(R), the inequality (3.5.2) yields

u(R) — B = 0(u(R) — p). (3.5.3)

This is clearly impossible unless u(R) =v(R)=p.

Thus suppose finally that this last condition holds. We must show that
u'(R) #v'(R). First if 7 <R, then the proof of (3.5.2) equally shows that
u(r)=0i(r) for n<r<R. But by definition # <6, so that u=60v for
n<r<R. Hence u'(R)=0v'(R), as required.

On the other hand, if # =R then we use the fact that u(r) < 0i(r) for
0<r<R. In this case, surely #'(R)>60'(R), while at the same time the
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inequality #'(R)>00v'(R) contradicts the definition of 6. Hence again
w'(r)=00'(R)#0'(R). This completes the proof.

THEOREM 3.5.2. Suppose (A2') and (F2') are satisfied. Let u and v be
two solutions of (*) such that u(0)=v(0) and u(R)=v(R)=f for some
R>0. Then u(r)=uv(r) whenever u(r) = p.

Proof. As in the proof of Theorem 3.4.3, if the theorem fails, there will
be points 0 <r, <r, such that

u(r)>o(r),  re(ry,r),
u(ry) =uv(ry),
u(ry) =v(ry) = p.
Modifying slightly the proof of Theorem 3.5.1, we let
u(
0= sup —.
r1<rlz r U(r)

The previous proof then leads to the same result as before, e.g.

u(rs) = = 0(v(rs) — ). (353"

Note however that equality cannot hold in (3.5.3") as it did in (3.5.3).
This is because we have

0" fv)—flu)=(0"""=1) fluy>0  atr,
so that the integration leading to (3.5.1) yields instead the modified result
ur)y>0'(r), ri<r<r,. (3.5.1")
This being the case, (3.5.3’) now contradicts the earlier condition
u(r,) =v(r,) = f, completing the proof.

Remark. A result similar to Theorems 3.5.1 and 3.5.2, but restricted to
the degenerate Laplace operator and to the function f(u)/(u— )™ ' being
decreasing (rather than non-increasing), was recently obtained by Diaz and
Saa. They also required Lipschitz continuity for the function f(u).

ProrosiTiON 3 (Second part). Suppose all the hypotheses of Theorem
1 hold, except (A3) and (F3). Then the conclusion is the same as for the
first part of the Proposition 3 in Section 3.4.

Proof. By Theorems 3.5.1. and 3.5.2 there can be only the following
three cases:
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(1) u(r)#wv(r) for all »>0 such that u(r)>0
(i) w(0)=v(0) and u(r)=wv(r) for r>0
(1) w(0)#v(0) and wu(r)=v(r) when u(r)<pf; u(R)=v(R)=0p,
u'(R)#v'(R).

In case (i), by Theorem 3.4.1* we get 1(0) =v(0). On the other hand, case
(ii1) clearly can’t happen because we would then have both «'(R)=v'(R)
and u'(R) #v'(R).

To obtain Theorem III, we argue exactly as at the end of Section 4 for
the case of Theorem I.

3.6. Uniqueness Theorem 1V

The main Theorems I-1II require the strong assumptions (A1) and (A2),
though at the same time conditions (F1) and (F2") are quite general. The
purpose of this Section is to show that (Al), (A2) can be avoided as prin-
cipal hypotheses, provided on the other hand the conditions (F1), (F2')
and (F3) are considerably strengthened.

The alternative result is of particular importance for the degenerate
operator A(p)=p>~" in the case when 1 <n<2. Indeed we have earlier
noted in the remarks following Proposition 3.0 that (Al) fails for this
operator precisely when

1
l<n<2——.
m

The appropriately strengthened versions of (F1), (F2'), (F3) are the
following:
(G1) f(u)<0 for 0 <u<a, for some a>0.

(G2) The function u— f(u)/(u—a), is positive and non-increasing
for o <u <y, where v is the constant in (A2').

(G3) fis locally Lipschitz continuous on (a, y).

Conditions (G1), (G2) imply that f(a) =0 and f(u) >0 for « <u <7y. Even
more, by (G2), the indeterminate form

- f(w)
lim ———
ula (H — O()
must exist, either positive or infinite.
4 Note that this theorem continues to apply for the hypothesis (F2') as well as for (F2),

since the only use which was made of the latter assumption was to guarantee that f(u)>0
when ue (f, y).
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THEOREM 1V. Suppose n>1 and assumes hypotheses (A2'), (A3) and
(G1), (G2), (G3). Then (*) has at most one solution u such that u(0) <1y.

As we have already noted in the Introduction, conditions (A3) and (G3)
can be omitted and an interesting conclusion still retained. That is, if u and
v are two solutions of (*) and (A2), (G1), (G2) are satisfied, then the conclu-
sions of Proposition 3 hold, with f replaced by «. We shall in fact prove only
this result, since, as in Sections 4 and 5, the result of Theorem IV is then
an immediate corollary.

A result corresponding to Theorem II can also be obtained, but can be
left to the reader.

The proof will follow the outline of those already given, and accordingly
we can omit many of the details. We begin with an important lemma.

LemMMA 3.6.1.  Let (G1) hold and let u be a solution of (*) with u(0) <.
Then there exists a number 4= 0 ( finite) such that

" pA(p) > as r— o, (3.6.1)

where p = |u'(r)|.
The proof follows immediately from the identity (see (1.1.3))

P pA(p) = i Alp) = [ o fw) dp (36.2)

Tl

and the fact that f(u) <0 for 0 <u<a. For a similar argument, see also
[PS2], Lemma 5 (i).

LEMMA 3.6.2.  Suppose wu and v are two solutions of (*) with
u(0), v(0) <y. If u<wv for all sufficiently large r, then L <j (here fi is the
limit value in (3.6.1) for the function v).

_ Proof. Let Q(p)=pA(p) for p>0. Suppose for contradiction that
A< . Then for all sufficiently large r we have ¢>0 (since #>0), and
moreover by Lemma 3.6.1,

fim 20)_
m =

<L

|

Hence p < ¢ for all large r. But then

ur)=[" ppydp<[" a(p)dp=otr)

o0
r r
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contradicting the hypothesis of the lemma. (A similar but less general result
is given in [ PS2], Lemma 8).

The following stages of the proof follow those in Sections 3-5. It is
convenient here to introduce the condition

(G2') f(u)>0 for a<u<y.

This is an obvious consequence of (G2). Moreover, we note that if (G1),
(G2') hold, then the hypothesis of Lemma 1.2.6 is satisfied, so that for any
solution of (*) we have u'(r) <0 for r >0 as long as u(r) > 0.

LEmMA 3.6.3. Let (Gl), (G2') hold. Then the conclusion of Lemma 3.3.1
remains true.

The proof is exactly the same as for Lemma 3.3.1. The next result is the
analogue of Lemma 3.3.2.

LEMMA 3.6.4. Suppose (G1) is satisfied. If r —s has two zeros in (0, a],
say &y and &, then r —s =0 for all u between &, and &, .

Proof. We argue by contradiction as in the proof of Lemma 3.3.2, but
replacing f by a throughout. Moreover, instead of the identity (3.3.2), we
have from (3.6.2)

. . S
) -t = [ M

In turn, in place of (3.3.3) we get, in an obvious notation,
(r3 =t =ri7 ) Q(py) =i H(Q(p1) — 2(q1))

Zjil {r(u)"l _S(M)nl}f(u) du<0, (3.6.3)
& P q

since p < g and r > s (recall that f(u) <0 for 0 <u <a). On the other hand,
as in the proof of Lemma 3.3.2, the left side of (3.6.3) is strictly positive, a
contradiction.

Lemma 3.6.5. Suppose (G1), (G2') hold. Then the conclusion of Lemma
3.3.3 remains true.
The proof is exactly the same as before, as is also the case for the

following

THEOREM 3.6.6. Suppose (G1), (G2') are satisfied. Then the conclusion
of Theorem 3.4.1 remains true.
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THEOREM 3.6.7. Suppose hypothesis (G1) is satisfied. Let u and v be
two solutions of (*) such that u(R)=uv(R)e(0,a] for some R>0. Then
u(r) =v(r) whenever u(r) <a.

Proof.  We proceed as in the proof of Theorem 3.4.2, but replacing f by
o throughout and basing our identities on (3.6.2) rather than (3.1.5). There
results (see (3.6.3))

i n—1 n—1
RN @) - 2@ - G- = = [ {0 e (64

Continuing as_in the proof of Theorem 3.4.2, we have p<¢q, p<gq for
ue(0,4) and A >4 by Lemma 3.6.2. Thus the only possibility for main-
taining (3.6.4) is

p=4q, A=, fu)=0 for wue(0,a).

Integration of (1.1.3) then gives u=v for r > R, a contradiction.

THEOREM 3.6.8. Suppose (A2') and (G2) are satisfied. Let u and v be
two solutions of (*) such that u(0)#v(0), but u(R)=uv(R)=a for some
R>0. Then u(R)=a and

(1) u(r)#ov(r) when 0<r<R,
(ii) u'(R)#V'(R).
The proof is exactly the same as that of Theorem 3.5.1, except that f is

replaced by «. The same is the case for the following Theorem 3.6.9, the
analogue of Theorem 3.5.2.

THEOREM 3.6.9. Suppose (A2') and (G2) are satisfied. Then Theorem
3.5.2 holds with f replaced by a.

We can now prove

ProrosiTiON 3 (Third part). Suppose that (G1), (G2) and (A2") hold.
Then if u and v are two solutions of (*) with u(0), v(0)<7y, we have
necessarily

u(0) = v(0).

Moreover if uZv then u(r)#v(r) for all r>0 where u(r)>0. (If u and v
have compact support, then also inf{r>0; u(r)=0} #inf{r>0; v(r)=0}.)
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This is obtained in exactly the same way as the second part of Proposi-
tion 3, with only the following differences:

Theorem 3.6.6 replaces 3.4.1
Theorem 3.6.7 replaces 3.4.2
Theorem 3.6.8 replaces 3.5.1
Theorem 3.6.9 replaces 3.5.2.

3.7. Remarks on the Exterior Problem

The work of this paper carries over without essential change to the study
of the following exterior Neumann problem for the equation (1.1):

div(A( |Du|) Du) + f(u) =0, xXeB

Du=0 on 0B, u(x)—0 as |x| - oo,

where B is the exterior of a ball of radius 5 >0 in R”, n > 1, and where we
are concerned with non-negative, non-trivial solutions. Just as for the
ground state problem for equation (1.1), solutions of the above problem
can be expected to be radially symmetric with respect to the center of the
ball, and according we restrict discussion to that case.

Thus we consider the following direct analogue of the problem (*)
introduced in Section 1.1,

(Au')’+$Au’+f(u)=0, r=a
(*)

u'(b)=0, uz=0 for r=b; u—0 as r— oo; u#0.

We treat classical solutions of (**), with the precise meaning that
ue C'([b, 0)) and also w= Au' € C'([b, 00)).

The discussion exactly parallels that already given, the only exception
being that the role of r=0 in the ground state problem is here played by
the point »=b. This in fact simplifies the argument in several places, since
the problem is no longer singular at the initial point . The main results are
then the same as before, namely: the principal properties of solutions given
in Section 1.2; the compact support theorems of Section 1.3; the Existence
Theorem of Chapter 2; and the Uniqueness Theorems I-1V of Chapter 3.

APPENDIX: THE CAUCHY PROBLEM
The initial value problem at r =0 for equation (1.1.1) is singular due to

the term (n — 1)/r as well as the possible singularity of A(p) when p =0. We
state here the main results which are required in the paper.
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Consider the initial value problem

Ay +" = + fy =0, r>0
' (P)
w0)=¢>0,  1(0)=0

for a classical solution u (see Section 1.1).

ProOPOSITION Al. Suppose the hypotheses (H1)—(H3) are satisfied. Then
problem (P) has a classical solution in a neighborhood of the origin.

Proof. Put Q(p)=pA(|p|) for p#0, 2(0)=0.> Existence of a solution
is proved by applying the Schauder fixed point theorem to the operator

o =c-[ @ ([ ) (;) ) dp:
see [NS].

PROPOSITION A2. Suppose that A is of class C' on (0, 00) and that f(u)
is Lipschitz continuous for u € J, where J is a subinterval of (0, c0) containing
E. Assume also that the derivative of the (increasing) function Q is bounded
from zero on every bounded subset of (0, o). Then the solution of (P) is
unique as long as it exists and remains in J.

Proof. Suppose that u and v are two different solutions of (P) whose
values lie in J. Then the function

w=0Q(u")—Q(v")

is a solution of the Cauchy problem
n—1
o' +Tco=¢(r), w(0)=0,
where y(r) = f(v(r)) — f(u(r)). It follows that

o= [ wn (1) dr< sup oo, (1)

o,

On the other hand, since f is Lipschitz continuous on J, we obtain, for
appropriate values r,, M >0,

[W(r)| <M |u(r) —o(r)| for re[0,ry].

5 This extends the domain of Q(p) from p >0 to all peR.
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Hence recalling that u(0) = v(0), the principal hypothesis of the proposition
yields

r M r
()| <M jo /() =v/(s) ds < 7 jo o(s)] ds, (2)

where k > 0 is the infimum of the derivative of Q(p) on the set (0, p,), and

Po 1s a bound for |¢'(r)| and [v'(r)| on the interval [0, r,]; here we recall

that both ' and v’ are zero when r=0, and are also continuous.
Combining (1) and (2) yields

IM
r)| < 5 | lets)]ds

for r <r,. It now follows from Gronwall’s inequality that w =0 for r<r,.
Consequently Q(«')=Q(v'), and u' =v" for r<r,. With the initial point
r=r, replaced by r = p >0, for an appropriate value p, the same proof can
be reapplied as often as necessary to give uniqueness of any continuation
of the solution whose values lie in J.

ProrosITION A3. Suppose that the hypotheses of Proposition A2 are
satisfied. Then solutions of problem (P) depend continuously on the initial
data é&.

Proof. We proceed in essentially the same way as in the demonstration
of Proposition A2. Let u(0)=¢, v(0)=¢& 4+ h. Then on any compact subset
of values r for which the solutions are defined, we have

ju(r) — o) B+ | () = v'(s)] ds
0
(it can be assumed that 4 >0). Consequently (2) can be replaced by
1 r
W <M (ht | oo ds ).
0
with the constants M, k as before. In turn
1 1 r
lo(r)] <— Mr h+ff lw(s)| ds |,
n k 0

so by Gronwall’s inequality

M M
< — 2
|o(r)| < . rh exp <2nkr >
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This gives

’ I|<% heX ﬂ 2
ISR o)

and

M
—v|<h 2
|lu—v| exp <2nkr >,

completing the proof.

Proposition A2 does not apply to the important case when A(p)=p™ 2
and m> 2, since then Q'(p)=(m—1) p™ 2 is not bounded from zero on
bounded subsets of (0, oo). Therefore it is important to have the following
extension of its validity.

PROPOSITION A4. Suppose A is of class C* on (0, o) and that f(u) is
non-vanishing and Lipschitz continuous for ueJ, where J is a subinterval of
(0, 00) containing &. Assume also that Q'(p) >0 for p#0 and

Q'(p)=1Q(p)I* (3)

for all sufficiently small p #0, where u is a fixed exponent in [0, 2). Then the
solution of (P) is unique as long as it exists and remains in J.

Condition (3) clearly holds when A(p)=p™ 2, with u=0 if m<2
and u=1 (and p<m—1) if m>2. It is also satisfied when A(p)=
(14+p%) =2 p™=2for s =0, m> 1, as one easily checks. We are indebted to
L. Veron for the idea of the proof.

Proof of Proposition A4. 1Tt can be assumed that f(u) >0 for ueJ, the
opposite case being treated similarly. We proceed now as in the proof of
Proposition A.2, until relation (2). Here the estimate

1
|u'(s) —v'(s)] <% lo(s)l,  s€(0,r0)
must be replaced by
|[u'(s) —v'(s)] <m lo(s),  s€(0,ro), (4)

where the infimum is taken over all intermediate values p between |u'(s)]
and |v'(s)|. Note, for this estimate, that necessarily u'(r), v'(r) are negative
for r>0 because f(u)>0 when ueJ, see Lemma 1.1.1 or the proof of
Proposition Al.
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Obviously, for any solution of (P)

Q)= = [ fuo) ey~ .

Therefore supposing without loss of generality that |u'(s)| < [v'(s)] in (4),
we find that

Qp)> Q') = = | ) els)y =" di> 2 flu(0) =3 A(E)

provided that r, is chosen even smaller, if necessary, so that f(u(r))>
1 f(u(0)) for 0 <r<r,. Using (3) and the fact that x>0, we get

N

2p)=(55 00 sewn
n

and of course the same holds when [v'(s)| < |u'(s)|. Hence from (4) and the
first inequality of (2) follows

W(r)| < Mjo <sz(’2)>ﬂ lw(s)| ds.

In turn, using (1) for re(0, r,) there holds

" a(s)]
st

j(r)| < Cr |

0

ds,

where C = Mn*~1(2/f(&))“.
One can now apply Gronwall’s lemma (for this purpose, it is convenient
to replace w by w/r), with the conclusion

‘o(s)] r_ds
SCLsﬂds‘exp<C£ e

for any te(0, r). Of course |w(s)/s| is bounded on (0, r,) by (1). Hence,
recalling that <2 and letting t — 0, we get w(r)=0 for re€(0, ry). The
procedure can of course be repeated as often as necessary, proving the
theorem.

o(r)
x

Remark. The condition that f(u(0))>0 is essential for the validity of
Proposition A.4. Indeed, consider the equation

() + "L ) 481 —u) =0,




242 FRANCHI, LANCONELLI, AND SERRIN

that is, the case A(p)=p? and f(u)=8(1 —u). If we take &=1, then
f(&)=0, and the solution of the Cauchy problem (P) is in fact not unique,
there being at least the three solutions,

u=1, u=1—at? u=1+at?

where a=./1/(n+2).

One can restore uniqueness in case f(£) = 0 by appropriately strengthening
the Lipschitz condition at u=¢, but (for once) we shall not pursue this
further.
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