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Synopsis
We analyse the set of nonnegative, global, and radial solutions (radial solutions, for short) of the
equation

-Au+u’=f inRY, NZI, (E)

where 0<p <1, and f € L, (R") is a radial and almost everywhere nonnegative function. We show
that radial solutions of (E) exist if f(r) = o(r*'' ") or if f(r)=cr®?"'™P as r— o, where

(1-p)y )”“"’
2(N(1—p) +2p)

When f(r) = ¢, r*"' 7 + h(r) with h(r) = o(r*''"P) as r— =, radial solutions continue to exist if A(r)
is sufficiently small at infinity. Existence, however, breaks down if A(r) >0,

0<c<c, and ¢, =(p""'™P —p”"”)(

71—
r2p1p

(nr)”

h(ryz

as r—o with 0<<y <2,

Whenever they exist, radial solutions are characterised in terms of their asymptotic behaviour as
r—x,

1. Introduction and description of results
Consider the semilinear elliptic equation
—Au+uf =f with f(x) e LL(R"), N=1. (1.1

By a solution of (1.1), we shall mean a function u € L ,.(R") such that (1.1) holds
in D'(RY). When p>1, H. Brézis has proved in {2] that (1.1) has a unique
solution, irrespective of the behaviour of f(x) when |x|— . This fact is in sharp
contrast with the situation corresponding to the sublinear case. As a matter of
fact, T. Gallouét and J. M. Morel showed in [3] that, if f =0 almost everywhere
and

0<p<1, (1.2)

there exist constants k, and k, such that if equation (1.1) has a nonnegative
solution, then

limsup R-OV*+C=p) | £(x) dx < k; (1.3a)

R—> IX|=R
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if

lirlrg sup R~W+@p/1=p)) fx)dx <k, (1.3b)
—* IX|=R
then equation (1.1) has a nonnegative solution.

In general k; = k,, but no precise estimate on these constants (which depend
on p and N) is known. Among other results, it was also shown in [3] that if f =0
almost everywhere and (1.1), (1.2) has a nonnegative solution, then this problem
has a minimal solution u, in the sense that 0 = u = v almost everywhere for any
other nonnegative solution v. We shall keep to this terminology henceforth.

The question of characterising the whole set of solutions of (1.1), (1.2) was left
open in [3]. In this paper, we shall assume that f(x)=f(r) =0 almost everywhere
where r = |x|, and confine ourselves to the analysis of radial solutions of (1.1),
(1.2) under such assumption. Specifically, our aim is to describe the solutions of
the ODE

~u" - u' +uf =f(r), r>0 (1.4)
in terms of the asymptotic behaviour of f(r) as r— «. When f =0, such study has
been performed by us in [4]. It has been shown there that the set of global
nonnegative solutions (the solutions, for short, in what follows) in the homoge-
neous case consists of the trivial solution u(r) =0, and a monoparametric family
of functions wu,(r), —% <k <+, such that

U(r) = c, ' P+ krP TP T o(P PPN ag pos o, (1.5a)
where
& =3(Byn = (Brn— 41— p)ci i), (1.5b)
4 (1 __p)2 1/11—p
=——+N-2, =< ) . L
Pon =125 N T \2(N(I—p) +2p) (1.5)

Here and henceforth, we shall freely use the customary asymptotic notations,
o( ), O( ), =, and <. Notice that, in the homogeneous case, nontrivial solutions
are determined by the second term in their asymptotic expansion as r — o,

We now proceed to discuss our results. To begin with, we consider the case
where f(r) is “small”, namely f(r) =o(r*"'¥) as r— =, and introduce some
notation. For R >0, let &z(r) be a smooth and nonnegative function such that
0=£&;=1, and

Er(r)=0 if r<R, Eg(r)=1 if r>R+1. (1.6)

Let wi(r) = wg(r; f) be the solution of

N-1
=W ————w' + ch P P+ cp T HTPWY — 1)ER(r)
r

=Ep(r)f(r) for r>0, (1.7)

w(0) =w’(0)=0.

It will be shown later (cf. Lemma 2.1) that a unique solution of (1.7) exists such
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that
wr(r)=o(r*'"P) as r—x. (1.8)
Let us define now o(r) as the solution (if any) of

—-o0"— o' +p(c, ' P+ w(r)Y 'Er(r)o(r)=0 if r>0,

(1.9)
o(0)=1. o'(0)=0.
We shall see in Lemma 2.3 that there exists a unique global solution of (1.9) such
that, for any & > 0 satisfying ¢ <(2/1 — p) — « (@ given in (1.5b)) there holds
rlePmetcc g(r)y < pH1TPITERE g P,
We then have

THEOREM 1.1. Assume that f(r)=o(r*'' ") as r—». Then there exists R >0
such that the set of solutions of (1.4), (1.2) consists in

a function u(r)y=o0(r*'"?) as r— o« (the minimal solution)  (1.10)
and a monoparametric family of functions u(r; k), k € R, such that
u(r; k) =c, yr”' 7 + we(r) + ko(r) + o(o(r)) as r—= (1.11)
where wr(r) and o(r) are given respectively in (1.7), (1.9).

When additional information on f(r) is available, formula (1.11) can be made
more precise. For instance, if

f = A*PA=PIE(£) df < 400, (1.12)

then o(r) = ur'*'=P "%+ o(r*'=P)7%) as r— », for some real u (cf. Proposition
2.13) Therefore, if, say, f(r) =r®'=?)~7 as r— = for some & >0, we obtain

u(r; k) =c, hr?' P+ wr(r) + kr@ P74 o(r@ 7Y as r—o o,

(cf. (1.5)). On the other hand, we do not know how to compare wg(r) with o(r)
in the general case. This can be done, however, when f(r) has the particular form
selected above: see Remark 2.2 below.

We next discuss the case where f(r) = cr®"' =7 + g(r), with g(r) =o(r*"'"7) as
r— . To begin with, when g(r) =0, one readily checks that if 0 <c¢ <c,, where

ce=(p"" " =p"" )l N (1.13)

21-p

then (1.4), (1.2) has two nonnegative solutions, u;(r)=c;r , where for

i=1, 2, ¢; are the ordered roots (¢, = c,) of
A —Ab v =c. (1.14)

When ¢ = c,, these two roots coalesce into a single one, ¢ =p'' ¢, . Note that
the choice f(r) =cr®"""P, 0<c =c,, corresponds to the behaviour described in
(1.3) (with equality replacing the strict inequality there). The explicit solutions
u;(r) will play an important role in describing the asymptotics of solutions in this
case.
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To state our next result, we define wg(r) = wg(r;g) (respectively (r)) as the
solution of (1.7) with ¢, » and f replaced by ¢, and g (respectively the solution of
(1.9) with ¢, y and wg(r) replaced by c, and wg(r)). We then have

Tueorem 1.2. Let f(r) =cr®? + g(r) with 0<c <c, and g(r) = o(P*" ") as
r—> . Then there exists R >0 such that the set of solutions of (1.4), (1.2) is made
out of

a function a(r) =c,;r”' 7 + o(r*' ") as r— «, where c,
is the smallest root of (1.14) (the minimal solution), (1.15)

and a monoparametric family of functions u(r; k), k e R,
a(r; k) =cor”' P+ w(r) + ko(r) + o(6(r)) as r— . (1.16)

Notice the analogy between (1.11) and (1.16). Under some extra conditions on
g(r) more precise information about the asymptotics of wg(r) and &(r) can be
obtained. We refer to Section 2 for more details, but we shall stress here a
particular case. Set g(r) =0 in Theorem 1.2. Keeping to our previous notation,
we then have wp(r) =0 and

ia(ry=c,r¥'-r

a(ri k) =cor?' P+ kr# P P 4 o(rP1 PPy a5 ro o,

(the minimal solution),

where 8= B(p, N) is a constant satisfying 0 < <2/1 - p (compare with Propo-
sition 2.14).

We conclude with a study of the case f(r) = c,r*''7? as r— . The interesting
point here is that, while whenever (f(r) — c,r*’'"?) is small enough as r—s o
there is still a monoparametric family of solutions, it is possible to select
f(r)=c.®" P+ h(r) with h(r)=0(r*"""?) as r— = such that no solution of
(1.4), (1.2) exists. More precisely, for R >0, let us define wi(r)=wg(r; h) as
the solution of (1.7) with ¢, yr"' 77 replaced by the function u,(r) given by

r?t-r r’?In(Inr)

ry=cr¥' P +aq +a ,
ua(r) = Hnry) 7 (nry

(1.17)

where ¢ =p''“Pc, n, and a,, a, are some positive constants (cf. (3.6)). We then
have

THEOREM 1.3. Assume that f(r) = c,r*"' 7" + h(r). Then

2pii—p

(a) if for some € >0, h(r)= O((lT)“‘) as r— x, there exists R >0 such that

the set of solutions of (1.4), (1.2) consists of a function

2/1—
p-r

u*(r)=6r2/17”+0< ) as r—>», wherec=p"'"Pc,

Inr

the minimal solution), and a monoparametric family of functions u*(r; k), k e R,
P y
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such that

r1-rp r**?1n(Inr) r¥t-p

anr) 27 (nry (Inr)?

u*(r;k)y=¢er*' P + a,
r2/1—p
+wi(r) + 0<—T€> as r—=, forany €€(0,1). (1.18)
(Inr)
(b) Assume now that there exist b >0, r,>1 and vy € (0, 2) such that

b 2p/1—p

h(r)>0, h(r)= iy

if rZn.

Then there is no solution of (1.4), (1.2).

When h(r) =0, one also has wi(r)=0 in (1.18), and the minial solution u*(r)
reduces to the explicit one, u*(r) = ér¥* 7#, cf. Proposition 3.2.

We shall prove Theorems 1.1 and 1.2 in Section 2 below. The proof of
Theorem 1.3 will then make the content of Section 3.

2. The proofs of Theorems 1.1 and 1.2

2.1. The case f(r) =o(r*"F) as r—>

Take R >0 fixed, let &;(r) be as in (1.6), and consider the initial value problem
(1.7). We then have

Lemma 2.1. Let f(r) be such that f(r)=o(r*""?) as r—x. Then, for any
£€(0, 1) there exists R >0 such that (1.7) has a unique global solution wg(r)

satisfying
0Zwr(r)Z—(1—e)r**? for any r >0, (2.1
wr(r)=o(r¥'"?) as r—=. (2.2)

Proof. Local existence and uniqueness in some interval I =[0, §] = [0, +x)
follows from standard arguments. To see that (2.1) holds on I, we consider the
auxiliary function

w(ry=w(r;e)=—-(1- S)CP'er/l—p

and the differential operator
— _pr_ N-1,, p 2pN—p -1 —@1-playp _
L(6)=-06 0’ + Egch ar [T+ nr Y —1].
r

We readily check that
L(w) — Epf 2 (" - S)CZ.NVZP/I_" — &rf.

Therefore, taking R > 0 large enough (depending on £ and f), it follows that
L(W) ~ Exf 20 2.3)
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and since 0= wg(r)Zw(r) for 0 <r <R, we deduce by the maximum principle
that wg(r) =0 for any r € I and

wr(r)Zw(r, ) foranyrel

Moreover, wg(r) can then be continued for any r >0, and (2.1) holds. As to
(2.2), we first note that

there exists L =lim r~®'"Pw(r) and 0=L > —c (2.9

r—x

To get (2.4), we argue by contradiction. Assume now that

liminf r~ @1 "Pywp(r) = L, < L, = lim sup r =1 =Py (r). (2.5)
We then take z(r) = kr*' 7 with L, <k < L,. Since f(r) = o(r®*"""7) as r—>», we
readily see that we may select k such that (Lz — 5z f) has a definite sign for r >0
large enough. Assume for instance that Lz —5xf 20 for r Z R >0. By (2.5),
there exists an interval / =(R;, R,) with R=R; =R, where wg(r)>z(r) and
wg(r) = z(r) for r = R,, R,, which is a contradiction to the maximum principle.

We next claim that L = 0. To see this, we use (1.7) and (2.4) to obtain for any
6 > 0 sufficiently small

N
Wik +———wr Zch P+ o ML — )Y — 1] = f(r).
r

Integrating this inequality twice in r, one has that for large enough r
wg(r) écp_N,-Z/l—p[(l + c;lN(L -8y —1]+ O(rz/l—,,).
Therefore

L=1m r ®""Pwe(r)Zc, s(1 +c, ML — 8)) — 1]. (2.6)

r—o

We now let 6 | 0 in (2.6) to get

L L \*
=z (14 )

CPvN CP-N
which implies L =0, so that we finally have L =0 and (2.2) holds. O

Remark 2.2. More detailed information about the asymptotics of wg(r) as
r— « can be obtained if further specifications on f(r) are known. For instance, if
f(r)y=r®71-P)=% a5 r > for some &€ (0, 2p/1 — p), linearisation at infinity in
(1.7) yields

N-1

_wu _ W, +pcz'—Nlr—2w . r(Zp/l—p)—U
r

whence, setting r = ¢” and arguing as in [1, Chapter 2], we get
(i) if 8 > a then wg(r) =~ 0,r¥' P "= as r - =;
(ii) if & < a then wg(r) = 6,r' ' "P) 7% a5 r > =,

for some real constants 6, and 6,.



Radial solutions of a semilinear elliptic problem 311
For R > 0 fixed and large enough, we now turn our attention to the problem

N-1
r

—a"(r) —

a'(r) + po(r)Er(r)(c, nr”' P+ wr(r)) ™ '=0 if r>0, (2.7a)

o(0)=1, o'(0)=0. (2.7b)
There holds

LeEMMA 2.3. There exists a unique global solution o(r) of (2.7). Moreover, we
have:

o(r)>0 for r>0, o(r)—x as r—ox; (2.8)
Let o be given in (1.5b); then for any € >0 small enough, (2.9)
r@ePmeme i g(r) < pHPTerE gy ps oo,

Proof. Existence and uniqueness of local solutions is straightforward. By (2.2),
the quantity in the braces in (2.7a) stays away from zero, and the solution is
global. Moreover, after making the substitution r = ¢”, we deduce from (2.2) and
the results in [1, Chapter 2, Theorem 7] that

o(r) =k (r) + kay_(r),

where
rEmpmlal=e qcqy (r) < pImPITlecdd e ag posoo (2.10a)
rmplecizecc gy (r) < r@mpTielRe a9 pes oo, (2.10b)
and
= 3(=Bpn £ (Brn— 41— p)SN)) (2.11)

so that (cf. (1.5))
2 2
lay =0, a-<a, <0, ———Ja, />0 and —— —|a_| <0,
1-p 1-p

€>0 being as in the statement of the Lemma. Suppose now that &, =0. Then
o(r)— 0 as r— ». Moreover, multiplying by (sgn o) in (2.7a), and using Kato’s
inequality,

Alv|ZAv.sgnv in D'(RY) forvelLl,(RY) with AvelLl(R"),

it follows that |o| is subharmonic, so that it cannot achieve a maximum at the
interior of any ball. This gives a contradiction, since o(0) =1 by assumption.
Using again the maximum principle for subharmonic functions, we note that o
cannot change sign, and since 0(0) =1, then o(r) >0 for any r. O

Proceeding further with the proof of Theorem 1.1, we set

u(r)=dr®i-miede (2.12)
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where £ >0 and d > 0 are selected so that 2/1 —p — |&,| — € >0 and

_ —1
Nl ¢ BNy eonpion—s (2.13)

"

r r
We now have

Lemma 2.4. Let k be a fixed real number, and let R >0 be as in Lemma 2.1.
Define now

@(r)=@(r;k, Ry =c, nr™' 77+ wr(r) + ko(r) — v(r),

where wg(r), o(r) and v(r) are respectively given in Lemmata 2.1, 2.3 and (2.12).
Then there exists M >0 such that (¢ — M), is a subsolution for (1.4) in R", i.e.

~AMe-M), +(e—-M):=f in D'(R").

Proof. For simplicity, we shall write Ag instead of ¢” + (N — 1/r)¢'. For large
enough r >0, we compute

—A@Q+ @" = —=ch yr?' P — Awg — kAo + Av
+ (o TP+ W) (1 + pcp nr®' 77+ wg) " (ko — v))
+O((cp nr™' 77 + wr) (o) + |u))

:f(r) - [—AU + fv(r) (1 +pc;}vr—(2/1—p)wR)]

s
+ O((co NP+ wrY 2 (J0 + [U?))
=f(r) — p@pii=p)—layi—e 4 O(r(Zp/l—p)—Itnl—E)
+ O(r(Zp/I—p)—2|a+|+28) + O(r(Zp/l—p)‘21a+|+26)
and since |a,| Z 1, we obtain that for some R > 0 large enough
—-Ap+@”=f if r>R.

We now select M = M(R) such that —A(¢ — M), + (¢ — MY, =fin D'(R") for
r =R, and the result follows. O

Define now
A(r) = (Enx*fi)(r), (2.14)

where Ey is the fundamental solution of the laplacian in R™ and f =Ry ,f +
(1 —Rg)f =fi + f-. Here Rg,(, is the characteristic function of the ball Bg(0),
and R >0 is large enough so that (1 —Rg,)f € Lio(R"). Note that A(r) 20 if
N 2 3. A slight modification of the proof in Lemma 2.4 yields

LEMMA 2.5. Assume that N = 3. Let k be a fixed real number, and let R >0 be
as in Lemma 2.1. Define now

Y(r)=c, nr”' 7" + wr(r) + ko(r) + A(r) + v(r),

where wg(r), o(r) and A(r) are respectively given in (2.1), (2.7) and (2.14). Then
there exists M >0 such that (¢ + M) is a supersolution for (1.4) in R", i.e.

—A(p + M)+ (y+ MY Zf almost everywhere in R"
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Remark 2.6. When N =1, 2, we adapt the previous argument as follows. Take
Vo(r)=1 if Ry <r<R;+1. Vy(r) =0 otherwise, where R,>0 is so large that
f e Ly, for r > R,/2. Consider now the problem:

—AM+ V(A =f in RY, A, Z0 N=1,2. (E)

Then (E) has a solution A,(r). Moreover, by the results of [5], there exists C >0
such that A,(r)= C(1 +1logr) if N=2. An explicit computation also shows that
M(r)ZEC( +r) if N=1. We then replace A(r) in (2.14) by A,(r) to obtain that
the result in Lemma 2.5 also holds true in this case.

Using Lemmata 2.4 and 2.5, as well as Remark 2.6 for the case N =2, standard
techniques yield

COROLLARY 2.7. Assume that f(r)=o(r*"" ") as r—> . Then there exisis a
solution u(r; k) of (1.4) such that

u(r; k) =c, Nt*' 7+ wr(r) + ko(r) + o(o(r)) as r—. (2.15)

It remains to show yet that, under our current assumptions, every solution of
(1.4) behaves as in (2.15) or is the minimal solution wuy(r) such that uy(r)=
o(r¥'77) as r— . To this end, we shall need the following technical result:

LEMMA 2.8. Let u(r) be a solution of

N
—u" - u' +uf =f(r), f(r)=o(r”'?) as r—c,
r

Then
(a) there exists v >0 such that
u(r)yS c, i P+ vt if r >0 is large enough;
(b) there exists L =lim,_..r~®""Pu(r). Moreover, L=c, y or L=0.

Proof. (a) Let x, be a point in R” such that u(xo) <+, and let u > 2u(x,).
Consider the problem

u=u(lx —xol), —Au+u’=0;ulx))=p, Vulxy)=0

and denote by u,(r) its solution. Notice that u,(r) is a radial solution shifted with
respect to the origin. Using the results in [4], it follows that for large r >0

< 2/1—-p 1+p/1—p
u,(ry=Sc, nr +vr .

Assume that the result is not true. Then we may suppose that u(R) > u,(R) for
some R >0, so that by the maximum principle, u(r) Zu,(r) in Bg, whence in
particular u(xo) = u,(xo) = 2u(x,), a contradiction.

(b) Let z(r)=kr'"?. Then, for large r,z(r) is a subsolution of (1.4)
(respectively a supersolution) if k >c, v (respectively k <c, y). By part (a),
lim sup,_,.. 7~ Py (r) < +o. If

0= L,=liminfr ®"Py(r)<limsupr ¥ Pu(r)=L,=c, y <+,

r—x r—
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then we would obtain a contradiction by comparing u(r) and z(r) with ¢ <c, y as
in Lemma 2.1. Therefore L, = L, = L. To compute L, we notice that, since

PN () = = £ (),
we have for r = R,

u'(r)= r‘le sV N uP(s) — f(s) ds + r'"™u'(Ry).

Rg
Using then L’'Hopital’s rule:

1+ -1 « -1
lim r~ 01y = (AP L NC 1) lim @y = (AP N—1) 1
l_p r—x 1_p

r—x

and therefore

L=1lim r =Py (r) = lim (

r—x r—x

2 -1
=, ) w'(r)=c, WL,

whence the result OO

We now show the existence of a unique minimal solution.

LeMMA 2.9. There exists a unique solution uy(r) of the problem

—u"— wHu=f f(r)=o(r®"'P) as r—oox

such that uy(r)=o(r*"' %) as r— .

Proof. Existence is trivial if f(r)=0. As to the general case, consider for
simplicity the situation where N=3. Let us show first that (1.4) has now a
supersolution w(r) such that w(r)=er”*™ for r—>», where £>0 is small
enough. To this end, we take

w(r)y=er”' P+ Exsfi+ M,

where f; is as in (2.12), and M is a positive constant to be selected presently. We
have

"

-w w' +wr Z (e —ech I P+, (2.16)

r

where we have used the fact that Ey*f,=0. Take now &£>0 such that
€’ — echy >0. Since f(r)=o0(r*"""?) as r—> and f, Z0 almost everywhere, it
follows that there exists Ry > 0 such that, for r > R,

N-1
—w"—Tw’+w” Zf(r). 2.17)

On the other hand, we may always assume f =f; when r <R,, so that taking
M >0 large enough we also obtain —w” — (N — 1/r)w’ + w” Z 0 there.
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Once a supersolution has been constructed, existence follows by approximation
techniques as in [3, Thm 1]. Uniqueness is shown in [3, Thm. 5]. Finally, since
0=uy=er”'"? as r—>», we deduce from Lemma 2.8(b) that u(r) = o(r*'7%) as
r— o, The cases N =1, 2 can be dealt with as in Remark 2.6. O

We next show that for fixed &, the solution given in (2.15) is unique. To this
end, we prove

LemMma 2.10. Let u(r) be a solution of (1.4) such that (2.15) holds. Then for
€ >0 small enough, there holds

u(r) —c, wr?' P —wr(r)y —ko(r)=0(r") as r—x,

where

2
_2 + ,
1-p la, |+ ¢ 1-p

y=max{ —|a-|+s}

and «,, a_ are given in (2.11).
Proof. Let us define
u(r)=u(r) —c, yr’' 7" — wr(r) — ko(r).

Proceeding as in the proof of Lemma 2.4, and taking into account that u << ¢ and
wg L r?'"P as r— o, we obtain

" N-1 ’ 2/1—p -1 la|2
—u ——r—[t +p(c,,_Nr +WR)p u=0 m as r—>co>, (218)

Arguing as in Lemma 2.3, we then get

u(ry=aryp.(r)+ay_(r)+5(r) as r—,

where S(r) is the quantity corresponding to the term O(r~®"'"7?77)|g|%) via
variation of constants formula, whereas ., ¥_ are two linearly independent
solutions of the homogeneous version of (2.18). We then have S(r)<«
pFIop)2edd*e a5 5 o for some small enough & > 0. Taking into account (2.10),
and the fact that u(r) = o(y .(r)) as r— =, we obtain that u(r) = a,y_(r) + S(r),
and the result follows [

Lemma 2.10 will be used in deriving

LemMA 2.11. For any fixed real k, there exists at most one solution u(r) of (1.4)
satisfying (2.15).

Proof. Let us argue by contradiction. Assume then that there exist two such
solutions u; and u,. Then z = u; — u, satisfies

~z" - '+ V(r)z =0, (2.19)

where

O  EIC

Uy —uy 1= (uz/uy)
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so that, by (2.15)

V(r)—’i}’l[uo(w’*(’ﬂa(')ﬂy)] as r—o. (2.20)

r y21-p

By (2.19) and (2.20), it follows that

z(r) = o, K (r) + o, K5(r),
where K,(r) and K,(r) satisfy asymptotic conditions (2.10). Since by Lemma 2.10
z(r) = o(r#'-P)7121%¢) a5 r >, we deduce that z(r) = a,K,(r), so that z(r)—0
as r— . As |z| is subharmonic in the whole space (by Kato’s inequality), we
deduce that z=0. O

To conclude the proof of Theorem 1.1, it only remains to show that every
nontrivial, nonminimal solution u(r) of (1.4) is in the form (2.15). Indeed, by
Lemma 2.8(b), one then has that u(r) =~c, yr*' ™" as r— . Let wg(r) be as in
Lemma 2.1, and set

E(r) = u(r) — c, nr”' 77 — we(r).
Then &(r) satisfies

CN-1,, pE &
G (Gor=)

r—)OO,

+ — =

r 1)
where g(r)=c, nv7'7? + wg(r). We have thus obtained a nonhomogeneous
version of (2.7), with an extra term which goes to zero as r— « faster than 1/r°.
Arguing as in Lemma 2.10, we obtain that

E(r)=ky.,(r) for some real k,
where
ri=p)-lar—e oo 1/~)+(r) K p@-p)-ladtre g0 s oo,
and the proof is concluded. O

We next analyse the problem corresponding to a particular choice of f(r). To
this end, we need the following technical result:

Lemma 2.12. Let f(r) be such that f(r) = o(r**"'7) as r— © and
f (= AFPI=PIE (1) dt < +oo, (2.21)

Then, if wg(r) is the function considered in Lemma 2.1, g(s)=s"%""7) |wg(s)|
satisfies

fxggds <+, (2.22)

Proof. For simplicity, we shall drop the subscript R in what follows. From (1.7)
and (2.2) we deduce that, for large enough r, w(r) is a solution of

N-1
w
r

" M.’N‘ —(2+(211-p)),,2
2 w=f(r)+O(r PAw=), (2.23)

'+
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Recalling the arguments in the proof of Lemma 2.3, using the variation of
constants formula in (2.23), and taking into account that |a_| > ||, we get that,
for some r, large enough and any r > r,,

|w(r)| S gr@1-p)-lesd 4 Cr(2/1—p)—|a+|

X frs—((1+p/1—p)—|a+|)[f(s) + O(S—(2+(2/1—p))(w(s))2)] ds

0

for some positive constants a and C. Since, for any given £ >0, |w(s)| = es*' 77 if
s Z ry with r, sufficiently large, we then arrive at

WS por@iop e g ripimien [ @snopmieang(s) gs

0

+ gr@-p)—ladl fr s~ (@1=p)+1-lasl) |w(s)| ds (2_24)
o
for some v, > 0. Now set
¢(r) = f’s—((Z/I—p)+1—la+l) |w(s)| ds, lp(r) = frs—((1+P/1—p)~la+l)f(s) ds.
(1] L)

We shall denote henceforth by C a generic constant, depending only on p and N.
A routine computation in (2.24) yields

(5B(r)) S yor 4O+ Cr O OW(r)
whence, by integration,
o(r)=art+Crf J’ s+ OW(s) ds
for some a, = a,(g) > 0. Substituting this in (2.24), we obtain
lW(")I = .yer(2/1—P)—Ia+I + Cr(m_”)""“"ll(r)

+£r<2/1_p)-.a+|<azre+c,e f §s-+e) W(s)ds). (2.25)

4

We shall use (2.25) to show that (2.22) holds. In doing so, one is led to estimate
the various terms arising there. The essential point is to bound
fz s~U+leDy(s) ds. To this end, we compute

fm S—(1+|a+|)lp(s) ds = fm s—(1+la+l)[fs g—((lﬂ’/l—p)—lml)f(g) d&] ds

(\] 0 o

= fx s—((1+p/1—p)—la+l)f(s)

0

X U'x p¥lad dr] das=C -r sTU*PL=PI(5) ds

and this last integral is bounded by assumption. Once this has been done, the
remaining terms are dealt with in a straightforward way. 0O

An immediate consequence of Theorem 1.1 and Lemma 2.12 is
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ProrosiTiON 2.13. Assume that f(r)=o(r*"'"7) as r—, and (2.21) holds.
Then the set of nonminimal solutions of (1.4) consists of a monoparametric family
of functions u,(r), —o <k < 4w, such that, for any fixed k,

w(r) = o a7+ wp(r) + kr®T Tl o (NPTl y g s,
Proof. It suffices to see that, in equation (2.7a), we have

p—1
e, 2P 4 w(r)Pt = 22N (1 4 @y ) 4 O 2@ 2 as r—>oo.
P p.N rz

We then make the substitution r =¢”, and use [1, Theorem 8, Chapter 2], to
conclude. 0O

2.2. Small perturbations in the subcritical case

In what follows, we shall assume that f(r) in (1.4) satisfies f(r)=cr¥"' 7 +
g(r), with 0<c <c, (cf. (1.13)), and g(r) = o(r*"' %) as r— «. We want to show
Theorem 1.2 here. Since the arguments required are very much alike to those
already employed in the proof of Theorem 1.1, we shall just sketch their main
lines, and refer in each case to the related results in Section 2.1 for the details.
Let Ex(r) be as in (1.6), and consider the problem

w"— —Nr_ ! w' + [(cr®' 7P + Wy — Br¥P P ER(r) = Ex(r)g(r),  (2.26a)

w(0) = w'(0) =0, (2.26b)

where ¢, is the largest root of (1.14). Then there exists a unique solution Wwg(r) of
(2.26). Moreover

We(r)=0 for r>0 and wge(r)=o(r"'?) as r—o, (2.27)

The proof of (2.27) is quite analogous to that of Lemma 2.1. Let us define now
&(r) as the solution (if any) of the following problem:

-0 - o' +p(cor? P + wg(r)Y'&go=0 for r>0, (2.28a)

o(0)=1, ¢'(0)=0. (2.28b)

Arguing as in Lemma 2.3, we obtain that there exists a unique solution &(r) of
(2.28). Moreover, (r)>0 for any r, a(r)— < as r—o and, for £>0 small

enough,
r(2/1_l7)_|ﬁ+|—€ << a(r) << r(2/1 -p)—1B+l+e as r— o

>

where . is the largest root of
A+ By nh— (pcP~t = b)) =0. (2.29)

As a next step, we show that for any real &, there exists a solution u,(r) of (1.4)
under our current hypothesis, such that

ue(ry=co,r”' P + wr(r) + ko(r) + 0o(6(r)) as r—x, (2.30)
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where R >0 is large enough. As in Section 2.1, this is done by a standard use of
sub- and supersolutions. More precisely, we take as a subsolution (¢ — M), , with
M >0 large enough, and

@(r) = cor”' P + wr(r) + ko (r) — 0(r),

where #(r) = 6r¥'P)71F+17¢ £ > () is small enough, and ¢, & are taken such that

="

N-1 -1
o+ P2

r r2

0= r(2p/1—p)—lﬁ*l—s‘

As to the supersolution, we assume for simplicity N =3 and try (y + M), where
again M >0 is large enough and

Y(r)=cor”' P + we(r) + ka(r) + A(r) + v(r).

Here, as in Lemma 2.5, A(r) = Ex*f,, f; being as in (2.14). Uniqueness of
solutions satisfying (2.30) is obtained in two steps. We show first that, if u(r) is a
solution of (1.4) satisfying (2.30), then

u(r)=cor’' P + wg(r) + ko(r) + O(r*) as r—x, (2.31)

where

2
—-2|Bil+ e

—\p_|+ .
- 1Bl el

X = max {

Here 5., B_ are the roots of (2.29), and & > 0 is small enough, so that ¥y <0. The
corresponding result in the previous section is Lemma 2.10, whose proof is easily
adapted to the case under consideration. We then argue by contradiction, and
assume that there exist two solutions u,, u, of (1.4) satisfying (2.30). Setting
z=u,—Uu,, we slightly modify the argument in Lemma 2.11 to show that
z(r)=bK(r), for some constant b, where K(r)—0 as r—o. Since |z]| is
subharmonic in the whole space by Kato’s inequality, we deduce that z =0.

We now turn our attention to the existence of minimal solutions. As in the
previous paragraph, we shall need the following auxiliary tool:

Let u(r) be a solution of (1.4) under our current assumptions. Then

u(ry=S c, nr*' 7P + kr't e (2.32)

for some real k and sufficiently large r.
The proof of (2.23) follows from the maximum principle as in Lemma 2.8(a).
Estimate (2.32) is then used to obtain that, if u(r) is as before,

There exists L = lim r~#'"?y(r), and L =c, or c,, (2.33)
where ¢, ¢, are the roots of (1.14). The proof of (2.33) is a minor variant of that
of part (b) in Lemma 2.8.

We are then in a position to show that there exists a minimal solution u,(r) of
(1.4), and u,(r) =c,r”'"7 as r— =,

This follows by means of a standard sub- and supersolution argument. As a
subsolution, we just take @(r)=0, and as a supersolution we consider, when



320 M. A. Herrero and J. J. L. Veldzquez

Y(r)y=(c,+ ey’ P+ Eysg, + M

with £ >0 small enough and g, obtained by replacing f by g in (2.14). Once again,
the case N =2 is dealt with as in Remark 2.6.

It only remains to show that the minimal solution thus constructed is unique.
To this end, we first show that if u(r) solves (1.4) and u(r) ~c,;r”'7 as r—>w,
then

u(ry= e, 1P 4 r(r) + O(r—(2p/l—P)—N) as r— o, (2.34)

where wg(r) satisfies
ot N-1 | 211—p _ pp2pl—p =
w ; w'+((er +wy —cfir )6k = Er8,

w(0) = w’(0) = 0.

The proof of (2.34) is quite analogous to that of (2.31) (cf. Lemma 2.10). Once
(2.34) has been obtained, uniqueness follows by a contradiction argument. We
just look to the equation satisfied by the difference of two possible solutions,
z=u,— . As in Lemma 2.11, application of (2.34) and Kato’s inequality then
yield z =0.

Finally, the fact that every solution of (1.4), (1.2) is described in (1.15), (1.16)
follows now as in Section 2.1.

We conclude this section by stating without proof a result which is the analogue
of Proposition 2.13.

PROPOSITION 2.14. Assume that f(r) = cr™' 7 + g(r), where g(r) =o(r*"'"") as
r—oand [* 1 "P1Pg(f) dt < +w. Then the set of nonminimal solutions of (1.4)
consists of a monoparametric family of functions u(r; k), —o < k < 4o, such that,
for any fixed k,

u(r; k) = cor”" P + g (r) + kr@1 PB4 5 (b@1-PYTIB) gy s oo,

where Wg(r) solves (2.26) with R >0 large enough, and B, is the largest root of
(2.29).

3. The proof of Theorem 1.3

Throughout this section we shall assume that f(r) = c,.r*"""? + h(r), where
h(r)=o(r*""?) as r— and c, is given in (1.13).

3.1. The case h(r)=0

We shall consider first the situation where f(r)=c,r*'™?. Due to the

homogeneity of the problem, we then may use a phase space approach. As in [4],
we perform the change of variables

u(r)=r""Pu(y), r=e¢’, (3.1)
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to obtain the autonomous system

{"fzw’ . (3.2)

W= —c?)= B, xw—chn(v—2),

where ¢ is the unique root of (1.14) under our current hypothesis. When looking
to the corresponding phase portrait, it is readily seen that there are only two
trajectories corresponding to global solutions of (1.4): the equilibrium (¢, 0),
which corresponds to the unique solution of (1.4) with #(0)=u'(0)=0, and a
single trajectory y approaching (¢, 0) from the region where v >¢ and w <0,
which corresponds to solutions of (1.4) with u(0) >0, u’(0) = 0. The behaviour of
this last curve near (¢, 0) is now described.

LemMma 3.1. Let (v(y), w(y)) be on the trajectory vy referred to above. Then

wly) _  p(d—-p)
RO - 20 (3-3)
IEW[W()’)WLAKU(}’)‘5)2]=A2» (3.4)

where

A2=

1 2p(1-p)2-p) p’A-p)1
ﬂp,N[ 3(é)*" - 2(5)3—pﬂ§'NJ’ 3.5

There exists
w(y) + A (v(y) —é)? v(y) — &)’ = As,
y% m ol ) -)4[ (¥) + Au(v(y) —€6)* — Ax(v(y) — )] = A;
where Ax is a real constant depending on p and N.

Proof. Let us begin by that of (3.3). Consider the curve

Y= ={(v,w):w=—k(v—¢) k>0}

and define s(v) =w/v. A straightforward calculation shows that s(v)>dw/dv

along Y, (respectively s(v) <dw/dv along }), provided that p(p - 1)/2(¢)* 7 +

By ~k <0 (respectively >0). Therefore an appropriate choice of k yields that

there exists L =lim w(y)/(v(y)—¢)?, and since the eigenvalues of the
Yoo

linearization of (3.1) near (¢,0) are —f,5 and 0, we also have that
lim w(y)/(v(y) —¢)=0. Clearly, ~» =L =0, and it is readily seen that L > —o,
y—=>=

Indeed, if L = —, using L.’Hopital’s rule we would get

w(y) . w(y) p(p~1) (v—C)2
M) -0 M) T am e

—BpN _ﬁp,N:
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a contradiction. To compute L, we again use L’Hopital’s rule to get
. [p(p—1) w(y) ][ [ w(y) H“
L=lim [ ——— B, — 112 ~
2@ My -’ I () - 0)

and since the denominator vanishes, it follows that (3.3) holds. The proofs of
(3.4), (3.5) consist in minor adaptations of that of (3.3). As to (3.4), we replace
our initial choice of ¥, by

Dic={, wrw=A4,@v-&>+k(v-¢)}

and obtain A, by using L'Hopital’s rule to estimate the various terms arising from
the left-hand side of (3.4). To get (3.5), we start instead with curves

y—rx

Soax={w, wyw=A(v -8R —Axv - &)’ + k(v —&)*).
We now have

ProposITION 3.2. Let f(r)=c,.r®"' "7, Then the set of solutions of (1.4), (1.2)
consists of a function u(r) = cr”' 77 (the minimal solution), and a monoparametric
family of functions uy(r; k), —o <k <+, such that

2/1—p r2/1——p
sk)=u,(r) + + - ,
uo(r; k) = u,(r) anry? 0((ln pE 6) as r—o

where € is any number between 0 and 1, and

H1=p In (In r)
— ~yp2/t—p 2/1—p
u(ry=cr +a, T +a,r _(ln pe (3.6a)
1 287B,

aq=——=—"", 3.6b
"TA, p(l-p) (3.6b)

o [21)(1—1))(2—1))_ pz(l—p)z]

P B 3(ey’r 2ey’ "Nt

Proof. Let (v(y), w(y)) be on the trajectory y described at the beginning of
this section. Then by Lemma 2.1,

w(y) = ~A(v(y) — ¢)° + A (v(y) - &)’ + As(v(y) — ©)*
+o((v(y)—¢&)) as y—x (3.7)

Now set y(y) =v(y) — ¢. Then by (3.6), dy/dy = —(A,/2)y? for large enough y,
so that there exists a real k; such that y(y)=k,/y for large enough y. On the
other hand, by the choice of vy, (3.7) can be recast as

AN Aw—Aw? 2
G(5)= A Aw - Awt+ow?) (3.8)

whence, after integration in y, we get

1,y L
w(y)—Aly+O(y2> as y . 3.9
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Use of (3.9) in (3.8) yields after integration

A, 1\17!
w(y)=[C+A1y——lny+0< — )]
A, y

for some real constant C, and arbitrary € € (0, 1). Back to the original variables
(r, u(r)) and expanding the quantity within the braces, we get

L A,r”'PIn (Inr)
A, Inr A} (Inry
C r¥t-r p2-r
Lo
Ai(lnry (Inr)>-*
where, by scaling, C=c(1) — A, In (m'~77?).

U (ry=er’'=?+—

) as r—>x

3.2. An existence result

In this paragraph we shall assume that for some ¢ >0

2p/1—p

(1 )2+ £

Let u,(r) be the function given in (3.5), and consider the problem

Ny (14 ;”L(’;) ~1]&) = ), r>0, (B11a)

w(0) =w'(0) =0, (3.11b)
where for fixed R >0, &x(r) is as (1.6). Then there holds

f(r)=c. " P+ h(r), where h(r)= O( ) as r—o. (3.10)

LemMA 3.3. For R >0 large enough, there exists a unique global solution of
(3.11), wi(r). Moreover, for € >0 small enough

2/1—p 2/1—p

€17 Zwi(r = —¢ Iy if r>0is large, (3.12)
N
lim w;g(r)<—> 0. (3.13)
r—x Inr

Proof. Let us check the second inequality in (3.12). We shall show that for
2/1—p

is a supersolution of (3.11a). To this end, we
’

€ >0 small enough, {(r)= —¢

remark that, after some routine computations, we have for large r >0

-l a(r)[(1+fa%)p—1]—f(r)EL(C)—f
B

where a;, is given in (3.6b). We thus obtain that there exists &, such that
L(&)—-f>0if 0<e<g, (respectively L(§) —f <0 if £ > ¢g;). The proof of the
first inequality in (3.12) is similar, and will be omitted. As to (3.13) one readily
sees that for € >0 small enough, w(r) = er”* ?(Inr)~' is a subsolution of (3.11a)
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for large r. We then may argue as in Lemma 2.8(b), to deduce that L=
lim wi(r)[7**"P(Inr)"']™" must exist, and moreover, L = —a, or L =0. Taking

r—x

into account (3.12) the result follows. [

We next show existence of solutions referred to in the statement of Theorem
1.3(a). To begin with, we obtain the following lemma:

LeMMA 3.4. Assume that (3.10) holds. Then there exists a solution u*(r) of (1.4)
such that

2/1—p
u*(r)=5r2/1_"+o( > as r—w,
Inr

Proof. Suppose for simplicity that N = 3. It is then readily seen that
2/1—p
Inr

is small enough, M > 0 is sufficiently large, and f; is
as in (2.12), is a supersolution of (1.4); (3.14a)

@r) = (Er”"’ -
Inr

(1.4) for € >0 small enough and M > 0 sufficiently
large. (3.14b)

The conclusion follows then from (3.14) and standard approximation and sub-
and supersolution methods, together with asymptotic arguments similar to those
in Lemma 2.1. O

r
@i(r)=¢er’'"P + ¢

+En*fi+ M, where >0

£r2/1 —-p

— M) is a subsolution of
+

LemMA 3.5. Assume that (3.10) holds. Then for any real k there exists a unique
solution of (1.4), u*(r; k), such that

u*(r k) = ua(r) + wi(r) + k

y2-p F21-p
+o(
(In r)* (Inr)*~¢

where u,(r) and wi(r) are given in (3.6) and Lemma 3.3 respectively, and ¢ is any
number between O and 1.

> as r—x,  (3.15)

Proof. It follows from standard techniques as soon as suitable sub- and
supersolutions are available. Assume for convenience N = 3. Taking into account
Proposition 3.2, we have that

2/1—p

1) = (s k) + W) = G

e >0 is sufficiently small, M > 0 is large enough, and
uo(r; k) is given in Proposition 3.2, is a subsolution
of (1.4);

M) , where
+

211 —p

Wy(r) = (u(,(r; k) +wi(r) +W— Ex*fi + M),

where M > 0 is large enough and f; is given in (2.12),
is a supersolution of (1.4). O
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To conclude with the proof of part (a) in Theorem 1.3, it remains to show
uniqueness, and this is done by a suitable adaptation of the corresponding
arguments in Section 2 (cf. Lemmata 2.9-2.11 and remarks following this last
Lemma). O

3.3. A nonexistence result
We now assume that, in (1.4)
f(r) =c.r®" P + h(r), where for large enough r,
h()>0 and k(=2

(Inr)”
o<y<2. (3.16)

for some b >0 and

We perform again the change of variables (3.1), to obtain now, instead of (3.2),
the nonautonomous system

{if = e (3.17)
W= (F = () — Byw — COa(v — ) — H(y),

where H(y)=e @P"'"P)j(e*). An analysis of the direction field associated to

(3.17) reveals that the only way to approach (¢, 0) is through region A, where
1

PN

On the other hand, along the curve w = —k(v —¢)?, k<p(1—p)/2(€)*"B,.n>
the field is directed downwards in the homogeneous case, and so does for (3.17)
(at least in some neighbourhood of (¢, 0)), since H(y)>0 for large y. Thus,
starting from some (v,, w,) close enough to (¢, 0) with vy =v(y,), wo < —k(vy—
¢)?, we have that for y >y,

(y) =w(y) < —k(v(y)—¢)%, (3.18)

A={(v, w)iv>c,w=

(v = (@€P)—cEN(w—0)= 0}.

whence
<k
v(y)—Cc= —y_ for large enough y. (3.19)

We now go back to the second equation in (3.17), which can be written in the
form

p(1-p)

W:—m(v—6)2—ﬁp'NW+0((U“E)3)+H(y) (320)
where, by assumption,
1
H(y) >y—Vif y is large enough. (3.21)
In what follows we shall denote by k; (i =1, 2, 3, ...) several generic constants

depending only on y,, p and n. Taking into account (3.19) and (3.21), (3.20)
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yields w + B, yw = —(k,/y¥) whence, by (3.18),

ks
w(y)<-— y—y for y large enough. (3.22)

Putting together (3.19) and (3.22), we obtain (v(y) — &/|w(y)|"?) <k, or
w(y)l > k(v —-¢)", y<2 (3.23)

We have thus obtained a refinement to (3.18). In particular, if y <1, integrating
(3.23) in y yields

(v(y)—¢)'""<a—Py  for some real a and B,

whence v(y) = ¢ at some finite y, whereas |w(y)| > (k3/y?) there. This shows that
our trajectory has to leave region A, thus losing any possibility of eventually
approaching (¢, 0) and the nonexistence result is obtained.

Assume now 1<y<2. Then integrating (3.23) in y gives (v(y)—é)"'<
(ks/y) whence (v(y) —¢/|w(y)|"") > k¢ and therefore

lw(y)| >k, (v — &) 7. (3.24)

Notice that, since y <2, y*— y < y. We can then establish an iterative argument,
obtaining at the nth step (cf. (3.23), (3.24))

vV<-=M,(v—-20)", [w(y)>N,(v—2) 7
for some M, >0 and N, >0, so that, assuming «, # 1 for any n, we have

(y=2)vy"+7v

@ =y"— (" ty)= 1

Since 1<y<2, o,— —» as n—», and after a finite number of steps we are
reduced to the case y < 1. Finally, if a;,, = 1 for some 1, we just notice that then

V<—-M,(v—¢&)<—-M,(v—¢)'"° forsome &£>0

and reduce ourselves to the previously considered cases. This concludes the
proof. O
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