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CLASSIFICATION OF POSITIVE
SOLUTIONS OF THE ELLIPTIC EQUATION
div(|VulP~2Vu) + z - V(ud) + cu? = 0 IN R"

(GIOVANNI LEONI

Center for Nonlinear Analysis, Department of Mathematics,
Carnegie Mellon University, Pittsburgh, PA 15213, USA

ABSTRACT. We prove the existence and the asymptotic behavior of nonnegative radial
ground states of the semilinear elliptic equation div(|Vu|P~2Vu) + z - V(u?) + au? = 0,
which arises in the study of selfsimilar solutions of degenerate parabolic equations.

§1. Introduction.

In this paper we study the existence and the asymptotic behavior of ground states of
the quasilinear elliptic equation

(1.1) div(|VulP~2Vu) + z - V(u?) + aud = 0, z € R",
where p > 1, n > 1, ¢ > 0 and o > 0. By a ground state we mean a nonnegative,
nontrivial entire solution of (1.1) which approaches zero as |z| — oc.

We restrict our attention to radial ground states u = u(|z|) of (1.1) and thus we are
led to the ordinary differential equation

-1
(1.2) (lu’lp_zu’), + ET [/ [P72u + r(u?) +au? =0, r=|z|>0.

Equation (1.2) arises in the study of selfsimilar solutions of the degenerate parabolic
equation

(1.3) g™y, = div(|Vo|P~2Vv),
which includes, as special cases, the heat equation

(1.4) v = Auv,

1991 Mathematics Subject Classification. 35J60, 35K65.
Key words and phrases. ground states, selfsimilar solutions.



2 G. Leoni

the porous media equation

(1.5) ve =A™)
and the evolution p-Laplacian equation
(1.6) vy = div(|Vo|P~2Vv).

Equation (1.3) has been studied by several authors in the one dimensional case n = 1,
see in particular the work of Barenblatt [2], Esteban and Vazquez [10], Kalashnikov [16],
and it arises in physical situations such that water filtration through porous media in the
case of large velocities (see [10] and the references contained therein) and in the turbulence
flow of a gas in a porous medium.

When p = 2 in (1.3), after a simple change of variables we obtain the celebrated porous
media equation (1.5). This equation has received an enormous amount of attention in
the last decades. It arises in the theory of gas flow in homogeneous porous media, but it
also has other applications in the theory of ionized gases at high temperature, in plasma
physics, lubrication theory and in populations dynamics. We refer to the paper of Aronson
[1] for more details and for an extensive bibliography. Finally equation (1.6) has been
studied in relation with the mechanics of non-Newtonian fluids (cf. [10]). See the work
of Di Benedetto and Herrero (7, 8] and of Hulshof and Vazquez [14].

As a corollary of our main results on equation (1.2) we give a fairly complete picture
of existence and non existence of selfsimilar solutions of the initial value problem

q vty = div(|Vu|P~2Vo),
v(z,0) = Alz|™®

which turns out to be particularly important in the study of the large time behavior of
solutions of (1.3) whose initial data v(z,0) decays algebraically as |z| — oc; see the work
of Kamin and Peletier [17] and Peletier and Junning [23].

It is worth mentioning that selfsimilar solutions only give a first approximation of the
asymptotic behavior of solutions of (1.3). In [28] Tartar has constructed a larger class
of explicit solutions for (1.4) and (1.5). These solutions give a better estimate of the
asymptotic behavior of solutions for the heat equation (1.4), and it is natural to expect
that the same holds for (1.5).

In addition to its connection with the parabolic equations (1.3)-(1.6), we believe that
the elliptic equation (1.2) is of interest in itself and thus we do not impose any restriction
on the coefficient a and on the ezponents p and q. Indeed a simple change of scale
transforms (1.2) into the equation

n

-1
(1.7) (]u'lp'zu')’ +— |u'|P~2u’ + er(u?)’ + u? = 0,

where € = 1/, and thus we can regard equation (1.7) as a perturbation of the celebrated
Emden-Fowler equation

-1
(1.8) (' P=2) + 2 — /[P 4+ u? = 0.
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It is well known that positive ground states of (1.8) exist if and only if the exponent ¢ is
greater or equal than the critical exponent

_np-1)+p
e=—"—
and that they exhibit the asymptotic behavior (1.12) below. From a heuristic point of view
we would expect, at least for a large (equivalently for € small), solutions of (1.7) to behave
somewhat as those of (1.8). This turns out to be the case, as shown in Theorems 3-5
below. On the other hand, when a is small, more precisely when a < n the gradient term
has a dominant effect with regards to both existence and asymptotic behavior of solutions
of (1.7), as it appears from Theorem 2 below. The case & = n represents somewhat the
borderline and in this case we can actually determine explicitly the solutions of (1.2). To
see this multiply the equation (1.2) by r"~! and integrate by parts. We obtain

(1.9) r”"llu'|p_2u' +7r"u? = (n - a) / t" tuddt,
0

where we have used the symmetry condition u'(0) = 0. Since @ = n a simple integration
of the identity |u'|P~2u’ + r u? = 0 gives the famous Barenblatt solutions [2]

Theorem 1. Assume that o = n in (1.2). Then the solution u = u(r) of (1.2) is given

by
umkm%—%?ﬂﬂwn) fg=p-1
u(r) =
) (u“n@-wde—ﬂ__B%Flﬂﬂ@-n)@_nﬂpﬂ—n ifatp—1
for 0 < r < R, where
00 ifg>p-1
R:{lmmwrﬂm(;%jyrnm ifg<p-1.

Note that when ¢ < p—1 then u(R) = «/(R) = 0 so the solution has compact support.
We consider next the case @ < n. Let

o P n-—p
1.10 A==, Jdg=——" A=
( ) 1 q 2 q 1 3

where obviously As is defined only when ¢ # p — 1.
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Theorem 2. Assume that @ < n in (1.2). Then all solutions u of (1.2) are positive.

Moreover

(i) fg<p—1orqg>p—1and ) < Xy then

(1.11) lim r*u(r) = £ € (0, 00);

r—00
(i) ifg>p—1 and A\; = Ay then

1/(g+1-p)
A —1/(g+1-p), (o _ yn |[PP—1)
rh_fn 1 (logr) u(r) = A7 [ Y (A3 — A1)

b)

(ili) ifg>p—1 and Ay > Ag then

(1.12) lim r2u(r) = A)2

r—00

p—1 A3 — Ao 1/(g+1-p)
[ gha A — /\2] '

When o > n the situation is more complicated and not complete.

Theorem 3. Assume that a > n in (1.2). If

(p—1)

(1.13) g<p—1 or p>n or p<n and 1—p<q§n
n—p

then (1.2) has no positive solutions.

From the proof of Theorem 3 it is easy to see that when (1.13) holds all solutions u
of (1.2) change sign at least once. Changing sign solutions of (1.2) have been studied
extensively by Hulshof in [13] when p = 2 and ¢ < 1 and by Dohmen in [9] when p = 2
and ¢ > 1.

Theorem 4. Assume that & > n > p and Ay < A3 in (1.2). Then all solutions u of (1.2)
are positive. Moreover if ¢ > q. then u ezhibits the asymptotic behavior (1.12), while if
g < gc then

(1.14) cer—™ < u(r) < Cor— N2

for r sufficiently large and where c1, c2 > 0.

To prove (1.12) and (1.14) in Theorem 4 we transform (1.2) into a dynamical system.
This idea has been used by several authors, see in particular the work of Johnson, Pan
and Yi [15] for elliptic equations and of Dohmen [9] and Hulshof [13].

In the remaining range the critical exponent g. turns out to play an important role.
We consider first the case in which q is either supercritical or critical, that is ¢ > q..
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Theorem 5. Assume that o > n > p, A1 > A3 and q > ¢, in (1.2). Then all solutions u
of (1.2) are positive and satisfy (1.12).

In the subcritical case -’% < g < g, positive solutions do not exist when « is large.

Theorem 6. Assume that o > n > p, A\; > A3 and "(:;__;) <qg<gqein(1.2). If

n
Rl Py Py

then (1.2) has no positive solutions.

The question of existence of positive solutions of (1.2) in the range

n>p, A3<A; <A, and E(p—ji)<q<qc
is open, although from Theorems 4 and 6 it is reasonable to expect the existence of a
critical exponent A, such that positive solutions exist when A < A., while they do not
when A > A\.. A natural candidate seems to be the exponent A given in (3.1) in Section 3
below, since as A crosses the value (3.1) the nature of the equilibrium point (¢1, —A3 ¢1)
of the autonomous system (3.8) changes from attractor to repeller.

This paper is organized as follows. In Section 2 we give some preliminary results
and prove Theorem 2. In Sections 3 and 4 we prove Theorems 3, 4 and 5, 6 respectively.
Finally in Section 5 we apply the results of the previous sections to the study of selfsimilar
solutions of the degenerate parabolic equation (1.4).

§2. Proof of Theorem 2.

In this section we present some preliminary results and give the demonstration of
Theorem 2. We consider the initial value problem

n-—1
(lu'[P~2u")" + — W' P72 + r(u?) + au? =0,

u(0) = up, u'(0)=0.

(2.1)

Proposition 2.1. For any ug > 0 the initial value problem (2.1) admits a positive solution
u: [0, R) —» R, with R possibly infinite. (i) u'(r) < 0 for r € (0, R);
(ii) lim wu(r) =0;
r—R~

(iii) li)m u'(r) = 0 when R = oo.

Proof. See [18, Theorem 1].
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Lemma 2.2. Let u € C%(rg,00) be a positive function tending to zero as r — oo and
such that
/
— (" P2) > Crt et forr > 1.

-1
Thenn>p,q>ﬂn"’_—pl and

A2

e~ < u(r) < cer™*?  forr large.

Proof. See [22, Theorems 2.1, 2.2, 6.1, 6.2] and [4].

Lemma 2.3. Let u be a positive solution of (2.1) in [0, R). Consider the function E.(r) =
cu+ru', where ¢ > 0. (i) At any time r > 0 for which E.(r) = 0 we have

(b= DIWP?E) =~ - Dle= 2l (1) + gle— .

T
(ii) If R = oo then E.(r) cannot be ultimately nonnegative for

A1 ifg>p—1

0<c<
¢ {min{)\l,/\z} ifg<p—1.

(iii) If R = oo and eitherq < p—1 orqg > p—1 and lim,_, o r*?u(r) = £ € {0,00} then
E.(r) is ultimately of the same sign for all c # A1, As.

(iv) Ex,(r) is always positive if A3 > A1 and can have at most one zero if A3 < A1.
(

v) E\,(r) is always positive if A3 > A1 and can have at most one zero if Az < Aj.
Moreover if A3 < A1 and E\,(r) is always positive then Ex,(r) is always positive.

Proof. (i) Direct calculation. To show (ii) assume for contradiction that E.(r) > 0 for all
r > 19, for some rg > 0. From the ide-tity

(2.2) (rcu(r))' = rc"lEC(r)
we obtain that

(2.3) lim ru(r) > 0.

r—00

On the other hand by (2.1)
_ (r"'llu'l”_2U'), =q(\; — c)r"_luq + qr""luq—lEC(r) > q(A — c)r"“luq for r > ro.
Therefore we can apply Lemma 2.2 to obtain that n > p, ¢ > %12_-_1}2 and

A2

c3r ¢ <u(r) <cor” for r large,
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where we have used (2.3). This is a contradiction since ¢ < A2 and the proof of property
(ii) is complete.

We prove (iii) only for ¢ < A; and £ = oo, the other cases being completely analogous.
If ¢ < p—1 then since u(r) — 0 as r — oo, by (i)

u?

(0= Dl P2ELr) =

{rPa(c— M) — (p— D[ = AgeP uP7179} < 0

at any time r sufficiently large, say r > r*, such that E.(r) = 0. Therefore E. cannot
have more than two zeros after the time r*, otherwise we would find ro > r* such that
E.(ro) = 0 and E(rp) < 0 which is a contradiction. Hence E, is ultimately of the same
sign. If ¢ > p — 1 and lim,_, o 7*?u(r) = oo then again by (i) we have

uP~1
rp—1

(= DWW E(r) = {a(c = A)rPu?™P " r) — (p =~ 1)(c = A3)P ™'} <0

at any time r sufficiently large. Therefore E, is ultimately of the same sign and the proof
of (iii) is complete.
At any time r for which Ej, (r) = 0 we have

(0~ DI P2E4, () = (o~ s — iz (4)77

therefore F, (r) is always positive if A3 > A; (since Ey,(0) > 0) and can have at most
one zero if Az < A;. If A; = A3 then from the equation

(2.4) (p = D' P2E}, (r) + grut™ By (1) = (p — 1)[Ag = M)l

we obtain

E)\l (7') = E/\l (TO) €Xp ('-;%—1‘ / uq—llu'|2—pt dt)
To

which implies that E),(r) is always positive, provided rq is taken so close to zero that
EM (7‘0) > 0.

The proof of the first part of (v) is very similar to (iv) and therefore we omit. To
prove the second part we use an idea of Clément, de Figueiredo and Mitidieri [5]. We first
observe that since Ey, (r) > 0 by hypothesis, then we have R = oo by (2.2). Assume for

contradiction that Ey,(r1) = 0 for some r; > 0. Then by the first part Ej,(r) < 0 for all
r > ry. Moreover by (2.1) and our assumption that Ej,(r) > 0

(p— Dr* 2/ P2E} (r) = —gr" W Ey (1) < 0,
so the function E,(r) is negative and strictly decreasing for 7 > r;, which implies that

ru'(r) < Exg(r) < —e  forallr >ry >r.
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Integration of the previous inequality gives

u(r) — u(rz) < elog(ra/r).
If we now let r — oo we obtain a contradiction.

Proof of Theorem 2. Since n > a the function r"~1|u’|P~2u' + r™ud is strictly increasing
and positive for r > 0 by (1.9). This clearly implies that R = oo since u'(r) < 0 in (0, R)
by Prop. 2.1(i).

Furthermore when ¢ > p — 1 integration of the inequality |u/|P~2u’ + 7 u? > 0 yields

(2.5) u(r) > ¢;r~*2  for r large.

Multiplying the equation in (2.1) by 7®~! and integrating by parts from 7y > 0 to r > r;
we get

r
(26) ra—llu'IP—Zul + 7,cz.uﬁl — Ti’—llullp—Zul(rl) + T?Uq(’f‘l) + (TL _ a)/ ta—llullp—ldt,
T1

which implies that the function r*~|u/[P=2u' + r*u9 is increasing and positive by the
previous argument. Therefore

(2.7) u(r) > cor™  for r large.

By Lemma 2.3(iv) the function Ej, () is ultimately of the same sign and thus by (2.2)
there exists

(2.8) lim r*u(r) = £ € (0, 00)

r—o00
by (2.7).
We now divide the proof according to the three cases (i)—(iii).

Proof of Theorem 2(i). To show Theorem 2(i) it remains to exclude the case £ = oo in
(2.8). Thus assume that £ = co. In turn E), (r) = —r|u/(7)| + A1u(r) must be ultimately
positive, say for 7 > r;. Consequently, from (2.6)

(2.9) reu? < C(r1) + X7 PuP ™l 4 (n— o)A / ta—P=1yP14gs,
T1

We now use Lemma 2.3. Fix ¢ in Lemma 2.3(ii) in such a way that a — p < ¢(p — 1) (this
can be done by the hypotheses of Theorem 1(i)). By Lemma 2.3(ii)—(iii) the function E.
is ultimately nonpositive. Therefore by (2.2) there exists lim,_, o 7°u(r) = 0 (if the limit
were not zero for some c than by replacing ¢ with c+¢ we would have lim, _, o, 7°T€u(r) = co
which would contradict the fact that E.. is ultimately nonpositive) . For r sufficiently
large we have u(r) < r~¢. Consequently from (2.9)

r
(r’\lu)q < C(r1)+ A’l’_lra-”'c(p"l) +(n— Oz))\’l’_1 / ta—p—1—clp—1)g;
T
provided r; is taken sufficiently large. From the fact & — p < ¢(p — 1) we conclude that
the right hand side of the previous inequality is bounded as r — oo and thus £ < oo. This
concludes the proof of Theorem 2(i).
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Lemma 2.4. Let u be a positive solution of (2.1) in [0, R). Consider the function F.(r) =
(c+ Du' +ru”, where ¢ > 0. (i) At any time v > 0 for which F.(r) = 0 we have

(0~ DI PELr) = ~ WP {4+ g2l P2 (e - u+ (g - Dra]},

where A = A(n,p,q,c, ).

(i) If ¢ > p—1, Ay = Az and lim, o0 7*2u(r) = 00 then F,(r) is ultimately of the same
sign for all c # A;. '

Proof. (i) Direct calculation. To show (ii) we need to exclude the possibility that F,
changes sign infinitely many times as r — co. Fix ¢; < A2 and ¢z > Ay. By Lemma 2.3(ii)-
(iii) the function E,, () is ultimately nonpositive, while from the facts that lim, _, o, 72 u(r)
oo and ¢y > Ag it follows from Lemma 2.3(iii) and (2.2) that E,(r) is ultimately nonneg-
ative. Therefore

(2.10) ciu(r) < rlu'(r)] < cou(r) for all r sufficiently large.

Let ¢ # A1 = a/q and assume that ¢ > 1. Then (a@—c)/(g—1) # A;. Take v > 0 inside
the segment of endpoints (a — ¢)/(g — 1) and A; and write

(2.11) (@=cu+(g—Dru' =[(a=c)=v(g-Du+(g-1)(yu+rd).

There are various cases. If ¢ < A; then A\; < v < (@ —¢)/(¢ — 1) and consequently the
right hand side of (2.11) is greater than [(a — ¢) — v(g — 1)]u > 0, since E, is ultimately
nonnegative. Therefore from (i)

(212) (- DWPE) 2 - WP {A+ gt (- o) — (g - DIS2)

at any time r sufficiently large such that F.(r) = 0, where we have used (2.10) and ¢3 = ¢;
if p > 2 while c3 = ¢y otherwise. Since lim,_,o rPu9t17P(r) = oo by hypothesis, we
get that (p — 1)|u/|P~2F/(r) > 0 at any time r sufficiently large such that F,(r) = 0.
Consequently F,(r) is ultimately either nonnegative or nonpositive.

If c > Ay then (a—c¢)/(g—1) <y < A; and consequently the right hand side of (2.10) is
less than [(a—c)—v(g—1)]u < 0, since E, is ultimately nonpositive. In this case we obtain
(2.12) but with the reversed inequality sign and we conclude that (p — 1)|u/|P~2F!(r) < 0
at any time r sufficiently large such that F,.(r) = 0. Similar estimates can be obtained
when ¢ < 1.

Proof of Theorem 2(ii). We claim that £ = co in (2.8). Indeed, assume for contradiction
that £ < oo. From (1.9)

(2.13) re Yy [P = r%y? — (n — a)r"‘_”/ t"~luddt.
0
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Since @ < n and A; = a/q the integral on the right hand side diverges as r — oo by (2.8).
Thus we can apply Hospital’s rule to obtain

lim (n — a)ra‘"/ t"luldt = £9.
0

r—00

Hence from (2.13) and the fact that (@ —1)/(p—1) = A1 + 1 we get

lim (—r2+1/)P 7 =0
r—00

which implies, again by Hospital’s rule, that £ = 0 in (2.8), a contradiction by (2.7).

Therefore ¢ = oo and the claim is proved.
We now let w = 7 u(r). From (2.1) we obtain

(p—1D|rw — Aw|/P2[r2w” + Az — 22+ 1)rw’ + Aw(\ — A3)]

+ g(Ay = A)rP M@=l ya g pPHI= A H1-P) a1 —

p—2
_ 1)

(2.14)

Taking A = A\; = A, gives

~1 41 p-1 1 /
wIPw' =2 (g = A)APTIS £ BT S (0 - aparis (l1—ﬂ
q roq r

ALw
(2.15) e '
_ 1 |P— 2,,/ l

et T N e e
q T Aw w

Lemma 2.5. Under the hypotheses of Theorem 2(ii)

oorw . riw
lim — = lim
r—oo W r—oo W

n

= 0.

Proof. Since @ < n and A; = A2 we have A3 > A; and thus from Lemma 2.3(iv) the
function Ej, (r) is always positive. On the other hand from the facts that £ = co in (2.8)
and that A\, = A\; we can apply Lemma 2.3(ii)—(iii) to conclude that E.(r) < 0 ultimately
for all ¢ < ;. In conclusion

>0 forc= X\

. = ! =rM ! —-A {
(2.16) E.(r) =rv/(r)+cu(r) =r(rw'+(c—A1)w) <0 for ¢ < A, and 7 large.

Therefore
0<rw'(r)<(M\1—cw forc<A;andr >r,
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which shows that that

/
2.17 lim % = 0.
(2.17)

r—oo Ww

Furthermore from (2.2), (2.8) and (2.16) we also obtain that

e
g rul =

{oo for e > A\
0 for c < A\

and thus by Hospital’s rule,

lim ret/(r) =
r—o0

{ —00 for ¢ > A\
0 for ¢ < Ay,

where the limit exists by Lemma 2.4(ii) and the fact that
(2.18) (retid/ (r)) = reFL(r).
In turn

F.(r) =rud"(r) + (c+ D/ (r) = 7= 72 [r20"

219 <0 forc>A andrl
(219 +(c+1—2,\1)rw’+,\1(,\1_c)w]{— or ¢ > Ay and r large

>0 for ¢ < A; and r large.

Consequently for ¢; < A} < cg and r > r* = r*(cy, ¢0)

rw  riw” rw'

—A1(A1—c1) = (1 +1-=2X) ” < < —(ca+1-2X) ”

w +)\1(Cz—)\1).

If we now use (2.17) and the fact that ¢; and cp can be taken arbitrarily close to A\; we
obtain that lim, o r2w” /w = 0 and the proof is complete.

Proof of Theorem 2(ii) completed. By Lemma 2.5 and (2.15)

-1 1
wi Py’ = 27205 — AN 4o (1> :
q T T

which after integration gives

wI™Ptl  p(p— 1)(

_ p—2

and completes the proof of Theorem 2(ii).
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Proof of Theorem 2(iii). From (1.9)

T
(2.20) rA2yT = pr2a=1y/|P1 4 ( a)r’\2q’”/ " luddt.
0

Since E},(0) = Aqug > 0, for 7 small Fy,(r) = —r[u/(r)| + Au(r) > 0 and the function
r22y(r) is increasing. Consequently, from (2.20)

(P2u(r)® < X7 (P2u(r)’ + (n — a)rt2an (r’\zu(r))q/Or tnm1r2agy

or equivalently

n—oa

(r’\Qu(r))q < )\’2’—1 (7"\2u(7“))p_1 + (r’\Qu(r))q

n— Aq

as long as E),(r) > 0, where we have used the fact that n > Ay¢. In turn, since n/q >
/\1 > )\2

- - A q _ 1P - 1 Ag - /\2 —_
2.21 agy(p)) TP BT 220 301 yp-d : — p1-PHl
( ) (T 'U.(’I')) < a— )\2(] 2 2 q )\1 _ )\2 £1

Assume for contradiction that there exists r1 > 0 such that Ej,(r1) = 0. Then E} (r;) <0

and hence by Lemma 2.3(i) we have r32u(r;) > £;, which, together with (2.21) implies
that

(2.22) r}?u(ry) = 4, r22 (1) = —Agri?u(ry) = —Aofy.
Making the change of variables

(2.23) x = r*2u(r), w = 2Ty (r), t=logr

we obtain the first order autonomous system

z'(t) = Aaz(t) + w(t)

w/(t) = (2 = da)ult) = ~E5 2 Ol Pu(t) -

(2.24) o

s (O)wf* (o).

The equilibrium positions of (2.24) are (0,0) and (1, —A2£1). Since at the time t; = logr,
we have z(t1) = ri“’u(rl) = ¢, and w(t;) = ri‘”lu’(rl) = —MXof; by standard uniqueness
theory we get that r*2u(r) = £; and r*2+1u/(r) = —X2¢; which is a contradiction. There-
fore E\,(r) > 0 for all 7 > 0 and thus, by (2.2) there exists

rl-l-)lfgo TA2U(T) =b e (anl]
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by (2.5) and (2.21). To show that ¢ = £; we proceed somewhat as in the first part of
Theorem 2(ii). We omit the details.

§3. Proof of Theorems 3 and 4.
In this section we give the proof of Theorems 3 and 4.

Proof of Theorem 3. By (1.9) and the fact that o > n

(3.1) (r"~Yu'|P~2% + r"ud) <0 for all 7 € (0, R)
and in turn

(3.2) lu' P24’ + ru? <0  for all 7 € (0, R).

The remaining of the proof is now essentially as in Theorems 2.2, 2.3, 6.1 and 6.2 of [22]
(see also [20, 21]) and therefore we omit it.

Proof of Theorem 4. When R = oo, it is not difficult to see (cf. [22, Theorems 2.1 and
2.2]), using (3.1) and (3.2), that

(3.3) c1r™? < u(r) < cgr™*2  for r large.

Since A3 > A1, by Lemma 2.3(iv) the function E), (1) = Aju+ru’ > 0 for all r € [0, R)
and hence R = oo by (2.2). Moreover by (2.4) and Prop. 2.1(i)

(3.4) Au(r) > Ey (1) > Ex (ro) exp (—;3—1/ ud™ o' |2 Pt dt) > 0.
To

Assume now for contradiction that

(3.5) lim r*2u(r) = 0;

r— 00

then by Lemma 2.3(ii)—(iii) the function E.(r) is ultimately negative for ¢ < Ay. Therefore
(3.6) cu(r) < rju'(r)| < Aqu(r) for all r > r..

Fix € < Ag, then for r > 7. > 7,

rud™ 1/ |27P < 2 ] ATPpPm Lyt lmP < ]

by (3.5) and (3.6), where ¢c; = A; if p < 2 and ¢; = ¢ otherwise. Therefore from (3.4),

Wlth Ty = Te,
Au(r) > By, (re) exp (—elog(r/r) = Ez\1(re)£§,
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which contradicts (3.3); by the choice of e. Hence, also by (3.3)2,

(3.7) lim sup r*2u(r) = £; € (0, 00).
r—00
If Ej,(r) is ultimately of the sign then (3.7) is actually a limit by (2.2) and reasoning as
in the first part of the proof of Theorem 2(ii) we can show that ¢; is as in (1.12).
If E,, (r) changes sign infinitely many times as 7 — oo the situation is more complicated.
In this case we return to the autonomeus system (2.24). The linearization of (2.24) at the
equilibrium point (€1, —A2£;), where the value ¢; is given in (2.21), leads to the system

z'(t) = Aoz (t) + w(t)
Az — A2
A2 — A\p

B8 ) =g

[)\1 = A2 v ; 1)} T+ iz : f‘\j [A2(p = 2) = Ai(p — 1)]w.

The determinant and the trace of the associated matrix A are respectively

(A1 = A2)[A2 + (p = 1) (A2 — A3)] = A2(A3 — A2)
A1 — X2 ’

(3.9) det A=p(Az — A2), traceA =

Since A1, A3 > Ao we have in particular that detA > 0. A straightforward calculation
shows that

(3.10) Ao+ (p—1)(A2— A3) >0 iff g is subcritical.

Therefore when ¢ > g, the trace of A is always negative, while when ¢ < g, then the trace
of A is negative iff

(p —1)(A2 = X3)?
A+ (p—1)(A2 = A3)

By standard dynamical system theory it follows that when A;, Az > A2 the equilibrium
point (£1,—MX2¢1) is an attractor when either ¢ > g. or ¢ < g, and Ay < A, while it is a
repeller when g < ¢ and A1 > A..

Since under the hypotheses of Theorem 4 we have A\; < A3 then the equilibrium point
(€1, —A2¢1) is an attractor.

By (3.3)1 and the fact that Ey, (1) = A\u(r) — r|u/(r)| > 0 we have

(3.11) A1 < Ae= Az +

z(t) = r*?u(r) < C, lw(t)] = r** 1/ (r)| < C

and hence by Poincaré-Bendixson theory either (z,w) tends to the equilibrium point
(£1,—A2£,) or there exists a closed orbit v around (€1, —A2¢;) which does not touch the
axes and such that (z,w) spirals toward v. When g is supercritical we can exclude the
second possibility. Let w = y|y|?~P/(P=1) then (2.24) becomes

' (t) = Aoz + yly|F~P/ =D = P(z,y)

(3.12) y'(8) = (0 — 1)(ha — M)y — g 1yly| P/ =D _ 059 = Q(z, ).
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Since

OP(z,y) + 0Q(z,y)
oz Oy p—1

in the simply connected region E = {(z,y) : £ > 0, y < 0} by (3.10) we can apply
Bendixon’s criterion (see Theorem 3.9.1 in [24] or Theorem 1.10 in [29]) to conclude that
when g > g. there are no closed orbits in £ and thus (z,w) approaches the equilibrium
point (£1,—A2¢;) . If ¢ < ¢, we cannot apply Bendixon’s criterion, so we cannot exclude
the existence of a limit circle and we can only conclude that (1.14) holds.

=X+ (p—1)(Ag — A3) — 97 y| 2P/ (-1 <

§4. Proof of Theorems 5 and 6.

In this section we give the proof of Theorems 5 and 6. The two main tools are the
following Pohozaev-Pucci-Serrin differential identity [25]

!
{rk [p;—l |u'|P + ey uq+1] + ark‘llu'|p"2u'u}

(4.1) k=1, np [ (P=1)k k-1, q+1 ( _k
=r |u|P[—p——(n—1)+a]+ar uf (m—a)

+ a(k = n)r* 2|/ P~ 20 u 4 g r*ud o |(au + 7 o)
and an extension of Poincaré inequality which is due to Serrin and Zou [27].

Proof of Theorem 5. We claim that E,(r) > 0 for all > 0 when R = oc. Indeed from
A1 > A3z and (3.3)2 we get lim, o 7™ u(r) = co. By (2.2) and Lemma 2.3(iv) it follows
that Ey, (r) > 0 cannot have a zero. Therefore

(4.2) r|u'(r)] < Aru(r) for all 7 > 0.

Property (4.2) allows to extend a result of Serrin and Zou [27] for R < oo to the case
R = cc.

Lemma 4.1 (Serrin and Zou ). Let u be a positive solution of (2.1) in [0, R) and u, v,
v >0, withy > v. If R = oo assume that (4.2) holds and that

oo
(4.3) lim 77" u#tY(r) = 0, / rY VTl (1) < 0.
r—00 1
Then
R R
(4.4) / utlu' | 7 dr < H—j—V/ ut |7t Y dr,
0 TY—VJo

Proof. The proof is exactly the same of Proposition 2 in [27], with the exception that
when 2 = R" the condition u = 0 on 992 should be replaced by (4.3); , while conditions
(4.2) and (4.3)2 are only used to guarantee that all the integrals in (4.4) are finite. Note
also that in Proposition 2 in [27] x4 = 1, but the proof there carries out also for pz > 0.
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Lemma 4.2. Let u be a positive solution of (2.1) in [0,00). Assume that

: A2 —
(4.5) rll)rgo r2u(r) = 0.
then
(4.6) lim r*u(r) =£€ (0,00) and lim 271/ (r) = —£ A3.
r—o0 r—o0

Proof. We first claim that

(4.7) r3y(r) < C for all 7 > 0,

for some constant C. Property (4.7) has been proved by Serrin and Zou [26, Lemma 4.5]
for the equation Au+u? —|Vul? = 0. Their proof also works for (2.1) and we present it here

for the convenience of the reader. We now apply identity (4.1) with k = p(n—1-4)/(p—1)
and a = 0. We obtain

!
(4.8) {rk [’%1 '[P + o uq“]} = -5 /P + ;’fl rE=lyd%l _ g rk+1ya-1jy/|2

By Lemma 2.3(iii), (2.2) and (4.6) the function Ej,(r) = —r|u/(r)| + Agu(r) < 0 for r
sufficiently large, therefore

wIt(r) < wITITPPP I/ |PASY.
In turn by (4.8)
!
{rk (22w + 2% uqﬂ]} <R P (=8 + ks rPuttir) <0
for r sufficiently large by (4.5), which shows that

(4.9) Pl (r)) < C rER/Py(r) < C.

Another use of identity (4.1), this time with £ = p(n —1)/(p — 1) and a = 0 gives
!
[k [z e+ ] = gl it - g < Gyt

by (4.9). Integration of the previous inequality, together with the fact that £+ (¢g+1)(p—
k)/p < 0, gives the desired estimate (4.7).

By Lemma 2.3(v), (2.2), (3.3) and (4.7) we obtain (4.6);. To prove (4.6)2 we proceed
somewhat as in the first part of Theorem 2(ii). We omit the details.
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Proof of Theorem 5 continued. We first prove that R = oo. Thus assume for contradiction
that R < oo. By (3.1) and (3.2) the function u cannot have compact support. Applying
identity (4.1) with k =n and a = n/(¢ + 1), we obtain

7 [p%l_ Iullp + _qja__l uq+1] + _q%l_ ,rn—llullp-2u/u
(4.10)

T T T

= (ﬁ_l - "—;2) / t" ' |Pdt + q%-qi t"ud|u'|dt — q/ t" 19 o' |2 dt.
0 0 0

If we now take r = R we obtain a contradiction, since the left hand side of (4.10) reduces

to R”%l |u’'|P(R) > 0, while the right hand side is nonnegative by the fact that ¢ > ¢,

and by the inequality

R R
1
(4.11) / rmudlu’|dr < a+- r a1/ |2 dr
0 n
which follows from Lemma 4.1 by taking
(4.12) L=q, v=1, y=n+1.

This shows that all solutions are positive.
To prove (1.12) assume again for contradiction that (4.5) holds. By Lemma 4.2

iyttt =0 (r_’\a'(q—qc)_ﬁ) , TP R e =0 (rmTY), MU P =0 (re).

Therefore condition (4.3) is satisfied when the parameters p, v and + are chosen as in
(4.12) so we can apply Lemma 4.1 to obtain (4.11) with R = co. Furthermore we can let
r — 00 in (4.10) and we get

oo o oo
0< (ﬁ - IL;B) /0 t" o' |Pdt + ) ; t"ud|u |dt — q/(; t" 9/ |2dt < 0.
If ¢ > g. we immediately get a contradiction, while if ¢ = ¢. then we conclude that (4.11)
is an equality, but since the only tool in the proof of Proposition 2 in [27] is Holder’s
inequality then we can have equality sign in (4.11) iff r"u?|u’| = Const. r™*1ud=1u/|?
which is clearly impossible. Consequently (3.7) holds and we can continue as in the proof
of Theorem 4 to obtain (1.12).

Proof of Theorem 6. To prove Theorem 6 we use the following modified Pohozaev—-Pucci-
Serrin identity

’
{Tk [2;_1 Iullp + a(ql+-1€’ uq+1] + ark—llullp—2u/u}

4.13 - - — —e)

(4.13) =P [(pplk—(n—1)+a]+ark Lya+! (ksﬂe —a)

+a(k — n)r* 2|/ P20 u + g rFud Yo | [(@ + Are) u + r o).
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Choosing
k=mn, a=n—p’ ez(n—p)(qc—q)<1

n np

in (4.13) gives
!/
(4.14) {’r" [L;l [u'|P + 5‘%—1—62 uq+1] + ar"_llu'l”_2u'u} = qr"u?™ W/ |E.(r),
where
c= n-»r (1+)\1qc_q).

D n

Since A\, > G—_—ﬁ’(‘—q::q—) it follows that ¢ > A3. By (4.2) and Lemma 2.3(v) the function

E.(r) is positive for all 7 > 0. Therefore the right hand side of (4.14) is positive and we
can continue as in the proof of Theorem 3.1 of Ni and Serrin [22].

§5. Applications to parabolic equations.
We consider the parabolic equation (1.4)
(5.1) qv?¥ 1ty = div(|Vo|P~2Vo),

Due to the symmetry of the problem it is natural to study selfsimilar solutions of the
form

(5.2) v(z,t) =t (|x{t—1/b) , a, b>0,

where u(r) is a nonnegative solution of

(5.3) (lw'|P~2u") + P——:——l— lu' [P~ 20’ + %r(uq)' + % wl=0, r=|z|t7*>0
with

(5.4) alg—p+1)+b=p.

Clearly, for (5.4) to hold we need to impose some restrictions on the exponent ¢, more
precisely (¢ — p+ 1)a > —p. A simple change of scale transforms (5.3) in (2.1) where
a=agq.

Theorem A. The initial value problem
qv? ty, = div(|Vu|P~2Vv),
v(z,0) = Al
where A, a > 0,admits a selfsimilar solution v of the form (5.2) if and only if

ag<n and a(g+1-p) <p.
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