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We investigate solutions of w” + (N - 1)/r)w' + |w|p71w = 0, r > 0 and focus on the regime
N > 2and p > N/(N - 2). Our advance is to develop a technique to efficiently classify the
behavior of solutions on (#min, 7max), their maximal positive interval of existence. Our approach is
to transform the nonautonomous w equation into an autonomous ODE. This reduces the problem
to analyzing the phase plane of the autonomous equation. We prove the existence of new families
of solutions of the w equation and describe their asymptotic behavior. In the subcritical case
N/(N-2) <p < (N+2)/(N-2) there is a well-known closed-form singular solution, w, such that
wi(r) — ooasr — 0" and wi(r) — O0asr — oo. Our advance is to prove the existence of a family
of solutions of the subcritical case which satisfies w(r;) = w; (r;) for infinitely many values r; > 0.
At the critical value p = (N +2) /(N - 2) there is a continuum of positive singular solutions, and a
continuum of sign changing singular solutions. In the supercritical regime p > (N +2)/(N -2) we

prove the existence of a family of “super singular” sign changing singular solutions.

1. Introduction

In this paper we investigate the behavior of solutions of

Aw + |w|f'w =0,

(1.1)

where w = w(x1,...,xn), N > 1and p > 1. Solutions of (1.1) are time-independent solutions

of the nonlinear heat equation

— = Aw + |w|fw.
o ||

(1.2)
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Equation (1.1) has been widely studied as a canonical model for
Au+ f(u) =0, (1.3)

where f(u) > 0 is superlinear [1-6].
Our focus is on radially symmetric solutions of (1.1) which have the form w = w(r),
where r = (x] + -+ + xlz\])l/z, and satisfy

" N -
w +

Lo+ lwlf'w=0, r>0. (1.4)

We distinguish two classes of solutions of (1.4). The first is nonsingular solutions which are
bounded at r = 0 and satisfy (w(0),w'(0)) = (wy,0), where wy is finite. The second class
consists of singular solutions that are unbounded at r = 0. Equation (1.4) has the known
positive singular solution

1/(p-1)

2(IN-2)(p-1) -4

wl(r) _ < ( ( )(Pl)z ) > T—Z/(P—l), N > 2, p >
p_

s (1.5)

Previous Results

(i) The positive singular solution w1 (r) has played a central role in analyzing (1.2). For exam-
ple, when appropriately chosen, similarity solution methods show how w(xy,...,xn,t) —
cwi(r) ast — oo, where ¢ > 0 is a constant [2, 5, 7]. (ii) Chen and Derrick [8] developed
comparison methods to describe the time evolution of solutions of

%—1: = Au+ f(u), (1.6)

where f(u) is superlinear [1-6]. Their approach is to let positive, time independent solutions
act as upper and/or lower bounds for initial values of solutions of (1.6). Their comparison
technique allows them to prove either global existence or finite time blowup of solutions. (iii)
For the case p = (N +2)/(N - 1) Caffarelli et al. [9] describe the asymptotic behavior of
nonnegative solutions of (1.1) that have an isolated singularity at the origin. (iv) Galaktionov
[10] studied sign changing singular solutions of (1.4) on the restricted interval 0 < r < 1.
He set w(r) = r##V¢(-1In(r)) and derived an ODE for ¢(s), s = —In(r). He let ¢(0) = 0,
varied ¢’'(0), and gave a numerical study of sign changing solutions on 0 < s < oo. (v) Other
studies of nonsingular solutions of (1.4) have used Pohozaev identities, together with integral
estimates which involve the independent variable [1, 2, 4].

Specific Aims

Our goal is to develop techniques to efficiently classify the behavior of solutions of (1.4) on
(7min, "'max), their maximal positive interval of existence. We study the behavior of solutions
which are positive on (fmin, 'max) and also sign changing solutions. In particular, our specific
aims are the following.
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Specific Aim 1

Do positive singular solutions exist, other than w; (r), for which (#min, 7max) = (0, 00)? What
is their asymptotic behavior as r — 0%, and as r — oo? In Section 2 we prove the existence
of a second singular solution, w,(r), (see bottom right panel of Figure 1), which exists on
(0,00). Also, we prove the asymptotic behavior of this solutions as r — 0" and as r —
oo. This result is new and different from previous analyses. In addition, in the conclusion
we suggest a possible application for the role of this new solution in analyzing the time-
dependent behavior of the full PDE (1.2).

Specific Aim 11

Do sign changing solutions exist for which (#min, 7'max) = (0,00)? What is their asymptotic
behavior as r — 0%, and as r — oo? In Section 4 we prove the existence of a large amplitude
sign changing solution in the (h, h') phaseplane (see top left panel of Figure 4). This solution
forms a large amplitude outward spiral as the independent variable T decreases. Such global
analysis has not previously been achieved.

Our Approach

Standard methods to analyze solutions of (1.4) include Pohozaev integral estimates, or
topological shooting. Obtaining global results with such methods is difficult since (1.4) is
nonautonomous. Thus, to successfully address the issues in Specific Aims I-1I, our advance is
to develop a two-step approach which significantly simplifies the analysis. The first step is
to transform the nonautonomous ODE (1.4) into a simpler, autonomous ODE. Let w(r) solve
(1.4), and define [10, 11]

_ w(exp(7))
h(t) = m, —00 < T < 0. (1.7)
Then h(T) solves
" N-2 N +2 ) 2(]\]_2) N B )
h +p_1<p—N—2>h+(p_1)2 <p_N_2><|h|plh_h>—O (18)

Because (1.8) is autonomous, we can apply phase plane techniques to analyze the behavior
of solutions. The second step of our approach is to use the “inverse” formula

w(r) =wi(r)h(In(r)), 0<r<oo (1.9)

to analyze corresponding solutions of the w equation (1.4). For example, in Section 2 we
analyze (1.8) in the subcritical range N/ (N -2) < p < (N +2)/(N —2) and prove that there is
a nonmonotonic heteroclinic orbit (labeled B; in Figure 1) leading from (1,0) to (0,0) in the
(h, 1) phase plane. We then use (1.9) to show that, corresponding to this heteroclinic orbit,
there is an entire continuum of new positive singular solutions of (1.4). Let w,(r) denote a
member of this continuum (Figure 1, 3rd row). Then w,(r) intertwines with w; (r) infinitely
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Figure 1: Subcritical example: N = 3, p = 4. ((a) and (b)) The unstable manifold (A; and A;) and
stable manifold (B; and B,) lead from (0,0) into the (h, k') phase plane. ((c)-(f)) (c) and (e) show the
h components of solutions on Aj, Ay, B, By; (d) and (f) show corresponding solutions of (1.4): wy is

generated by A1, w,(r) is the new positive singular solution generated by By, and w; (r) = (2/ 9)1/ 3213,
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often as r — 0*. That is, there are infinitely many positive values {r;}, withr; — Oasi — oo,
such that

wy(ri) =wi(ri), i1 (1.10)

Furthermore, there is a value D > 0 such that

war) _, 1 asr — 07, walr) Dy~ ((N=2/(p=INp-N/(N-2) _, 0 asr — oo. (1.11)
wi(r) w1 (r)

Thus, wy(r) ~ wi(r) as r — 0%, but wy(r) — 0 faster than w;(r) as r — oo. To our
knowledge, this family of solutions has not previously been reported.

In the conclusion, Section 5, we state an open problem which gives a conjecture for the
role that w» (r) might play in the analysis of the full time-dependent PDE (1.2).

In Sections 3 and 4 we use similar techniques to prove the existence of new families
of solutions in the critical case p = (N + 2)/(N — 2), and the supercritical regime p > (NN +
2)/(N - 2), respectively. In particular, in Section 4 we prove the existence of a continuum
of “super singular” sign changing solutions, each of which exists on an interval of the form
(7min, 0). For these solutions it remains a challenging, and important, open problem (see
Open Problems I and I in Section 4) to prove whether 7min = 0 Or 7min > 0.

2. The Subcritical Case: N/(N -2) <p < (N +2)/(N -2)

In this section we consider the parameter regime N > 2and N/(N-2) <p < (N+2)/(N-2).
In this range we first analyze solutions of the h equation (1.8) and then show how these
solutions translate into corresponding solutions of the w equation (1.4). The remainder of
this section consists of the following.

(I) Lemmas 2.1 and 2.2 state fundamental properties of solutions of (1.8) that satisfy
|h| <1 onaninterval [, o0) for some 7y € R. These properties will be applied in the
proof of Lemma 2.3 which asserts that there exists a solution h, of (1.8) such that
h, — 0 monotonically as 7 — oo. In Lemma 2.4 we show that

hy(7) _N—2< N

- . 2.1
e ot (P Ng) T -

This will be used to prove Lemma 2.5 which shows that the asymptotic behavior of
hz is

N-2 N
hy(T) ~Dexp<—p_1 <p— N_2>T> asT — oo, (2.2)

for some constant D > 0.

(I) Solutions along the unstable manifold, A;, described in part (i) of Theorem 2.9,
translate into nonsingular solutions of (1.4). Of particular importance is the
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heteroclinic orbit solution, By, described in part (ii) of Theorem 2.9. Theorem 2.10
asserts that the trajectory B; generates an entire continuum of strictly positive
singular solutions of (1.4), each of which intertwines infinitely often with w; (r) as
r — 0". To our knowledge, this family of solutions is new and has not previously
been reported.

(III) Numerical Experiments. Figure 1 shows solutions of (1.4) and (1.8) when (N, p) =
(3,4). However, it must be emphasized that it is illegitimate to claim that numerical
results are rigorous proofs. Complete analytical proofs are needed to determine
properties of solutions of (1.4) and (1.8).

The following two technical lemmas are used to help prove that i, — 0 monotonically
asT — oo.

Lemma 2.1. Suppose that h is a nonconstant solution of (1.8) such that 0 < h(my) < 1and h'(15) > 0
for some Ty € R. Then there exists a constant A > 0 such that h(ty+ A) = 1. Likewise, if =1 < h(1p) <
0 and K (1y) <0, then there exists a constant A > 0 such that h(tg + A) = -1.

Proof. The proof of this lemma relies on the property
0<h(r)<1, Hh(r)>0 impliesthath”(r) >0 (2.3)

which is an immediate consequence of the case assumption N/ (N -2) <p < (N +2)/(N -2)
and (1.8). Since h is a nonconstant solution, then uniqueness of solutions [12, Chapter 1]
implies that either h(1p) > 0 or h'(7) > 0. This and (1.8) imply that h"(7y) > 0. Hence,
0 < h(r) <1and K (1) > 0 on an interval (79, 70 + o) provided that o > 0 is sufficiently small.
By (2.3), h"(1) > 0 on (79, 70 + 0). The increasing values of '(T) > 0 on (79, 7o + 0) imply the
existence of A > 0 such that h(7y + A) = 1.

In a similar manner, -1 < h(7p) < 0and k'(7y) < 0 implies the existence of a value A > 0
such that h(m) + A) = —1. This completes the proof. O

The following lemma is also used to show that i, — 0 monotonically as 7 — oo.

Lemma 2.2. Suppose that h is a nonconstant solution of (1.8) such that |h| < 1 on [Ty, 00). Then
h(t)#0 on [, ).

Proof. Suppose that h(11) = 0 for some 7; > 7. Since h is a nonconstant solution of (1.8), then
K (1) #0. By Lemma 2.1, there exists a constant A > 0 such that h(7; + A) = 1if H'(7y) > 0
and h(m + A) = -1if h'(71) < 0. This contradicts the assumption that || < 1 on [7, o0) and
concludes the proof of the lemma. O

Lemma 2.3. There exists a solution h, of (1.8) such that
(a) lim'r—nso(hz(T)/ h’z(T)) = (0/ 0)/ and
(b) hy(1) > 0and h)(T) < 0on [0,0).

Proof. A linearization of (1.8) around the constant solution k = 0 gives

, N-2/ N+2\, 20N-2)/ N\,
h+p_1<P N_2>h (p_1)2<p N_2>h—0. (2.4)
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The eigenvalues associated with (2.4) are

2 N-2 N
.)L1—P_l>0, )Lz——p_l<p—N_2><0. (25)

Since 1, < 0, the Stable Manifold Theorem [12, Chapter 13] ensures that there exists a one-
dimensional stable manifold containing (0,0) in the (h, k') phase plane. Let h; be a solution
of (1.8) such that (h2(0), h,(0)) is a point on the stable manifold. That is,

Tlg{}o (hz(T), h,z (T)) =(0,0). (2.6)

Thus, h; satisfies part (a).

We now show that h, can be chosen to satisfy (b). Since solutions of (1.8) are
translation-invariant, there is no loss in generality in assuming that |h,(7)| < 1 on [0, ).
Combining this with Lemma 2.2 yields hy(7) #0 on [0, o0). According to the fact that h, and
—h, are both solutions of (1.8) that satisfy (2.6), we may also assume that h,(7) > 0 on [0, c0).
Lemma 2.1 implies that 1} (7) < 0 on [0, o). This proves (b) and concludes the proof of this
lemma. O

Description of the Stable Manifold

Throughout the remainder of this section we let h, denote the solution of (1.8) that satisfies
0<hy(r)<1, hy(r)<0 onl0,00). (2.7)
Furthermore, we define
By = {(h2(7), (7)) | T € (Tmin, 0) }, (2.8)

where (Tmin, 00) denotes the maximal interval of existence of the solution h;. In Lemma 2.6
we will show that Tiin = —oo. In addition, we define the negative counterpart of B; by

B, = {(-hz(’l‘), _hIZ(T)) | T € (Tmin, Oo)} (2.9)
The top row of Figure 1 depicts B; and B, for N =3 and p = 4.

Asymptotic Behavior of hy

To state Lemma 2.4 correctly we need to derive basic properties of the functional Hy(7) =
exp(—A27)hy (7). It follows that H, satisfies

2(N -2) N =
"n_ _ I _ _ ho|P .
Hj - (N -2)H 1) <p N_2>| 2" Ha (2.10)
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Also, hy(7) > 0 for all 7 > 0 implies that

Hy(t) >0 VY7 >0. (2.11)
It follows from (2.10) and (2.11) that

H,(t)>0 V7>0. (2.12)

By (2.12), all that remains is to show that Hy(7) is bounded above. That is the purpose of the
following two lemmas.

Lemma 2.4. The solution H, of (2.10) satisfies

H,(7)
im =0. 2.13
T— Hz (T) ( )
Moreover,
h,(7)
lim -2 = Ap. 2.14
rowhy(T) 2 (2.14)

Proof. Define p = H,/H,. Our computations show that
P+ pr+ (A= M)p = Mg ko (2.15)

Alternatively, (2.15) can be written as

pr==(p-p)(p—ps) (2.16)
where y_ and p., are defined by
ML+ \/(/\1 = 12)? +4h Aoy (2.17)
He = .
2

Since hy(T) — 0as T — oo, it follows from (2.17) that

limpu_ =0, lim p, = Ay — Ao (2.18)

T— 0

Thus, it is sufficient to show that 0 < p(7) < p_ for all T > 0. We accomplish this by process of
elimination.

First, p < 0 is impossible due to (2.11) and (2.12). A consequence of (2.16) is that p
increases to u, whenever u_ < p < p, and p decreases to yu, whenever p > .. In either case,
if p(0) > p_, then

limp = lim p, =4 — L. (2.19)

T— 00 T— 00
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Since p = Hy/Hy = (h)/hy) — A3, then (2.19) implies that
!

h
lim h_2 =\ (2.20)
T— 0 2

The fact that \; > 0 contradicts (2.7). Therefore, p > p_ is impossible. This leaves 0 < p < p_
as the only possibility. Consequently,

!

H
0< limp = lim —2 = lim u-=0. (2.21)

T— o0 T—woHy T—w

Combining this result with H)/H, = (hy/hy) — A, yields lim, _ o (hy(7)/h2(7)) = ;. This
completes the proof of the lemma. O

We now prove that lim,_, ,,h2(T) exp(—A27) = D for some constant D > 0.
Lemma 2.5. The solution H, of (2.10) satisfies lim,_, o H»(7) = D for some finite constant D > 0.

Proof. Because of (2.12) it is sufficient to show that H,(7) is bounded above on [0, o0). For a
contradiction, assume that

1im H(7) = co. (2.22)

By (2.13) there is a value 79 > 0 such that H,/H, < -Ay(p — 1)/2p for all 7 > 79. Hence,
H, + (\2(p—-1)/2p)H, < 0 for all T > 75 which yields

Aa(p-1)
Hy (1) < Kyexp —TT VT > 10, (2.23)
where K, = Hy (1) exp(L2(p — 1)710/2p).
Integrating (2.10) over [, T] gives
, 2(N -2 N\ (", .
e (( 1)2) (- xog) [ el rean @2y
P- o

where Ky = H)(19) — (N - 2)H>(70). Next, we use (2.23) to show that f:;’ |h2|’”’1H2d11 exists
and is finite. Subsequently, we divide both sides of (2.24) by H, and let 7 — co.
Combining (2.23) with the fact that hy(7) = exp(A,7)Ha(7) > 0 for all 7 > 0 yields

o (7) P~ Hy (1) = exp(Ja(p — 1)7) HY (7)

Lp-1
<exp(la(p-1)T)K} exp <_#T> (2.25)

A -1
= Kg exp<—2(p2 )T>
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This implies that

f |haP Hadn < oo. (2.26)

To

Dividing both sides of (2.24) by H, and letting 7 — oo we obtain —(N - 2) = 0 as a
consequence of (2.13), (2.22), and (2.26). This is an obvious contradiction. Thus, there exists
a finite constant D > 0 such that

lim hy(7) exp(=A27) = lim Hy(T) = D. (2.27)
This concludes the proof of the lemma. O

Conclusion. It follows from (2.27) that the asymptotic behavior of h; described in (2.2) is now
proved.

The next lemma shows that h; exists on R and that h(7) — 1as7 — —co.

Lemma 2.6. The solution hy of (1.8) is defined on R and satisfies lim, _, _o,(h2(7), h,(7)) = (1,0).
Furthermore, there is a decreasing sequence {7y}, with limy_, ,Tx = —oo, such that

h(tg) =1 Vk>1, W (m) <0 ifkisodd, H(rk) >0 ifkiseven. (2.28)

Proof. Let (Tmin, o0) denote the maximal interval of existence of h,. We claim that Tin = —co.
To prove this, we make use of the functional

1,02 2(N-2) N [hP K2
S=5(H)"+ R (p—N_2><p+1—7>, (2.29)

and the region U defined by

U={(hh)|h>0S<0}. (2.30)

Let U° denote the interior of U (Figure 1, upper right). Note that the constant solution
(h(t),H (7)) = (1,0) € U°. Since p < (N +2)/(N - 2), a differentiation of (2.29) gives

. _N—2< N +2

"2 )
- P—l p N—2>(h) >0 VTE(Tmm/OO)- (231)

We conclude from (2.2), (2.6), (2.14), (2.29), and (2.31) that, when h = h;,

S(e) =0, S'()20, S(1)<0 V7€ (Tmin,0). (2.32)
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Therefore, (h2(7), b, (7)) is uniformly bounded on (7iin, o). From this and standard theory it

follows that Ty, = —oo. Thus, for the solution hy, we conclude that S(7) < OforallT € R and
that

(ha(7), Hy(7)) € U° V71 € (~00,0). (2.33)

From (2.31) we also conclude that (1.8) has no periodic solutions. In addition, the constant
solution (h, K') = (1,0) is the only constant solution in U°. Thus, it follows from (2.33) and
standard phase plane arguments that

ha(r) >0 YT eR, lim (hy(r),Hy(r)) = (1,0). (2.34)

Finally, we need to determine precisely how solutions approach (h,h') = (1,0) as 7 — —oo.
For this a linearization of (1.8) around the constant solution h = 1 gives

, N-2 N+2\ , 2(N-2) N -
h+p_1<p N—2>h+ - (p N_2>h—0. (2.35)

The eigenvalues associated with (2.35) are complex, with positive real parts. Thus, solutions
with initial values on the curve B; must spiral into the constant solution (h, k') = (1,0) as7 —
—o0. Property (2.28) follows as a consequence. This completes the proof of the lemma. O

In Lemma 2.3, the eigenvalue A, < 0 defined in (2.5) led to the existence of the solution
hy of (1.8). The decay rate of hy as T — oo is described in Lemmas 2.3-2.5. The methods used
to prove Lemmas 2.3-2.5 can be applied to the eigenvalue \; > 0 defined in (2.5) to result in
the following lemma.

Lemma 2.7. There exists a solution hy of (1.8) such that
(a) lirn’r—>—oo (hl (T)r h’l (T)) = (O/ O)/
(b) hi(t) > 0and hi(t) > 0on (-0,0],
() lim;—, o (K (7) /1 (T)) = Ay, and
)

(d) lim;—,_oh1 (T) exp(—=MT) = ¢ for some constant ¢ > 0.

Description of the Unstable Manifold

As shown in the proof of Lemma 2.3, the solution h; is chosen so that (h;(0), 1 (0)) is a point
on the unstable manifold of the constant solution (h, h') = (0,0). As depicted in Figure 1 we
let A; denote the component of the unstable manifold in the h > 0 and k' > 0 quadrant. Also,
we denote the component of the unstable manifold in the h < 0 and h’' < 0 component by A,.
Precisely,

Ay = {(h(7),hy(7)) | T € (=90, Tmax) }, (2.36)
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where (-0, Tmax) denotes the maximal interval of existence of h;. Noting that —h; is also a
solution of (1.8) such that lim. . _,(=h1(7),-h| (7)) = (0,0) we can define

A = {(=hi(7), =H\(T)) | T € (=00, Tmax) }- (2.37)

In the next lemma, we continue our analysis of the solution h; as 7 — 7.

Lemma 2.8. There is an increasing, positive sequence {ty} such that

W(t)=0 Yk>1, () >1 ifkisodd,  hy(m)<-1 if kiseven.  (2.38)

Proof. The corresponding solution wy(r) of (1.4) satisfies

1/(p-1)
w(r) = I (In(r)) <2(N - (2) (”1 )‘21) - 4> 2000 ps0, (239)
.

and it follows from parts (b) and (d) of Lemma 2.7 and (2.39) that wy(r) > Oforallr > 0, and

_ 1y 1/(p-1)
wo(r) — wo = C<2(N 2)(p 21) 4> >0 asr—0. (2.40)
(p-1)

It follows from standard theory that solutions that are bounded at » = 0 must satisfy w’(0) = 0.
Thus, for solutions of (1.8) such that (h(0),h'(0)) € A;, and satisfying parts (b) and (d) of
Lemma 2.7, the corresponding solution wy(r) of (1.4) is nonsingular and satisfies wy(0) =
wo > 0, wy(0) = 0. Haraux and Weissler [2] showed that wy(r) has at least one positive zero.
Chen et al. [1] proved that wy(r) has infinitely many positive zeros. These results, and the
fact that hy = w/w;, imply that solutions of (1.8) satisfying (h1(0), K (0)) € A; have infinitely
many positive zeros. Thus, there is an increasing, positive sequence {7x}, where h; attains a
positive relative maximum when k > 1 is odd, and a negative relative minimum when k is
even. It follows from (1.8) that

hi(tx) >1 whenkisodd, hi(tx) < -1 whenkiseven. (2.41)

This concludes the proof of the lemma. O

The following theorem summarizes our results obtained thus far. In particular, part
(i) of the following theorem summarizes the results of Lemmas 2.7 and 2.8 regarding the
solution hy. Part (ii) summarizes the results of Lemmas 2.3-2.6 regarding the solution h,.

Theorem 2.9. Let N >2and N/(N -2) <p < (N +2)/(N -2).

(i) There is a one-dimensional unstable manifold of solutions of (1.8) leading from (0, 0) in the
(h, 1) phase plane. One component, A1, points into the positive quadrant, and its negative
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counterpart, Ay, points into the negative quadrant. If (h(0), h'(0)) € A, and h(0) > 0 is
sufficiently small, then there is a value ¢ > 0 such that

h(t) >0 V7€ (-o0,0], h(t) ~ cexp<%> asT — —oo. (2.42)

Furthermore, there is an increasing, positive sequence {7y} such that

H(te) =0 Vk>1, h(te) >1 if kisodd, h(te) < -1 if kiseven. (2.43)

(ii) There is a one-dimensional stable manifold of solutions leading to (0,0) in the (h, h') phase
plane. One component, By, points into the h > 0, h' < 0 quadrant of the phase plane, and
its negative counterpart, By, points into the h < 0, h' > 0 quadrant. If (h(0),h'(0)) € B,
then

h(r)>0 ¥reR, lim (h(r),H(r)=(1,0), lim(h(r),K(1)=(00).  (244)

Also, there is a decreasing sequence { Ty}, with limy _, ., Tk = —oo, such that

h(re) =1 Vk>1, H(m)<0 ifkisodd, H(r)>0 if kiseven. (2.45)

Finally, there is a constant D > 0 such that

h(t) ~ Dexp<—]r\f__12 (p - N]\i 2>T> asT — oo. (2.46)

Solutions of the w Equation

Below, in Theorem 2.10, we show how to combine part (ii) of Theorem 2.9 with the formula
w(r) = h(In(r))w:(r), (2.47)

to prove the existence and asymptotic behavior of a new family of singular solutions of the
w equation (1.4). Our approach is to let (1(0), h'(0)) be an arbitrarily chosen element of the
continuous curve Bj. Since r = €7, the initial conditions for the corresponding solution of
(1.4) are given at r = €° = 1 and satisfy

w(l) = h(0)wi (1),  w'(1) = K (0)w(l) + h(0)w'(1). (2.48)

Since (h(0),h'(0)) € Bj, and B is a continuous curve, then (2.48) generates an entire
continuum of solutions of the w equation. We show how these solutions intertwine with
w1 (r) infinitely often as r — 0*. In addition, we show how to prove the limiting behavior of
each solution at both ends of (min, max), its maximal positive interval of existence.
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Theorem 2.10 (a continuum of new singular solutions of (1.4)). Let N >2and N/(N - 2) <
p < (N +2)/(N —2). Let w (r) denote the positive singular solution of (1.4) defined in (1.5), and
let hy () be a solution of (1.8) which satisfies (h2(0), h,(0)) € By in part (ii) of Theorem 2.9. The
corresponding solution wy(r) = hyo(In(r))w1 (r) of (1.4) has initial values

wy(1) = (0)wr (1), wy(1) = K5 (0)zwi (1) + ha(0)zoy (1). (2.49)

Furthermore, (0, 00) is the maximal interval of existence of wy(r), and there is a decreasing positive
sequence, {ri}, with limy_, 1 = 0, such that

0<wy(r) <wi(r) Vr>mn, wy(ri) =wi(ry) Yk2>1, (2.50)

war) _ w21 5 N2/ (1) (-N/(N-2)

_, . 2.51
r—0* 01 (T‘) w1 (r) asr — ( )

Numerical Example

In Figure 1 we let (N,p) = (3,4) so that A, = —1/3. The stable manifold B; (third row, left
panel) is generated by solution h,(7) of (1.8) with (h2(0), 15(0)) = (.93,.07). The right panel
shows the corresponding solution w»(r) of (1.4). For this example the asymptotic properties
(2.51) become

2 1/3 ‘
wy(r) ~wi(r) = <§> r 23 asr—0°, wy(r) ~ $ asr — oo. (2.52)

Proof of Theorem 2.10. Let h, denote a solution of (1.8) which satisfies part (ii) of Theorem 2.9.
The solution of (1.4) corresponding to h is

wy (1) = ha(In(r))wi (r). (2.53)
It follows from (2.45) in Theorem 2.9 that the sequence {ry} defined by
re =exp(tx) Vk>1 (2.54)
is positive and decreasing in k, with limy_, ., 7% = 0, and
wy(ry) =wi(re) Vk2>1. (2.55)
Next, it follows from (2.53), and the definition 7 = In(r), that

wy(r)

w1 (r)

= hy(In(r)) = hy(T). (2.56)
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Sincer =e”™ — 0asT — —oo, and since hy(T) — lasT — —oo, it follows from (2.56) that

wy (1) _
r—0" w1 (1") B

1. (2.57)

This proves the first part of (2.51). It remains to prove the asymptotic behavior of the solutions
as r — oo. For this we combine property (2.46) in Theorem 2.9 with (2.56) and substitute
T = In(r) to obtain

Wa(1) 1 ~(N-2)/ (p-1) (p-N/(N-2)

o1 (1) asr — oo. (2.58)

This completes the proof of Theorem 2.10. O

3. The Critical Case: p = (N +2)/(N -2)

In this section we investigate the behavior of solutions of (1.4) and (1.8) when N > 2 and
p=(N+2)/(N -2).In this case (1.4) and (1.8) become

w e Nl oV N 2w =0, r>0, (3.1)
r
dh (N-2 2<|h|4/(N‘2)h ~h)=0 (3.2)
dr? 2 !
and (1.5) reduces to
— (N-2)/2
wi(r) = (—N2 2) r~(N2/2 5. (3.3)

The remainder of this section consists of the following.

(I) Theorem 3.1 gives a complete classification of solutions of (3.2).

(II) In Theorem 3.2 we show how to combine the results of Theorem 3.1 with the
formula w(r) = h(In(r))w:(r) to obtain a continuum of new positive singular
solutions of (3.1), and also a continuum of new sign changing singular solutions.

(L) Figures 2 and 3 illustrate our results when (N, p) = (3,5).

Theorem 3.1. Let N >2and p = (N +2)/(N —2). Each solution of (3.2) satisfies

1,00 (N=2\/N-2_ oo HY _
E(h) +< 5 ><2N |1 5 )=E (3:4)

where E is a constant. Define E, = —(N — 2)%/4N.
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(i) If E < E,, then there are no real solutions of (3.2) which satisfy (3.4).

(ii) If E = E,, then solutions of (3.2) are constant, and either (h(t),h' (7)) = (1,0) or
(h(t),H (1)) = (-1,0) forall T € R.

(iii) If E, < E < 0, then solutions of (3.2) are nonconstant, periodic, they have one sign, and the
interior of their trajectories in the (h, h') phase plane contains one of the constant solutions
(£1,0).

(iv) If E = O, then there is a one parameter family of solutions

(N-2)/2

2N

he(T) =% e>;1/o§3'_)2 , k#0, TER. (3.5)
N(N =2) + |x]* )exp(ZT)

Depending on the sign of «, these solutions are either strictly positive or negative. Their trajectories
form homoclinic orbits in the (h, h'") phase plane, with one of the constant solutions (£1,0) in their
interior, and

lim (h(r), K (7)) = (0,0). (3.6)

(v) If E > 0 solutions of (3.2) are nonconstant, periodic, they change sign, and the interior of
their trajectories in the (h, h') phase plane contains all three constant solutions (£1,0) and
(0,0).

Proof. Let Q = (1/2)(K)*+((N =2)/2)*((N=2)/2N)|h*™' N2 _h2/2). Then Q' = Oforall 7,
hence

1o (N=2\*/N-2 onna B\ _
2 (1) +( . )<2N | T)=E v (37)

where E is a constant, and (3.4) is proved. Properties (i)—(v) follow from (3.7). O

Numerical Experiments

Figure 2 illustrates homoclinic orbits solutions, and also periodic solutions, of (3.2) in the
(h, 1) plane when (N, p) = (3,5). Graphs of the h components of these solutions are shown
in the left column of Figure 3. The corresponding solutions of the w equation (3.1) are shown
in the right column of Figure 3. Proofs of their existence are given below in Theorem 3.2.

Solutions of the w Equation

We now show how to combine the results of Theorem 3.1 with the formula

w(r) = h(In(r))w; (r), (3.8)



International Journal of Differential Equations 17

dh/dr N=3 p=5

0.5 F

S NS/

-1 0 1

Figure 2: Critical case: N = 3, p = 5. Periodic and homoclinic orbits of (3.2) proved in Theorem 3.1.

to prove the existence and asymptotic behavior of solutions of (3.1). First, part (ii) of
Theorem 3.1 shows that when E = E, = —~(N - 2)?/4N, then h = +1. This and (3.8) imply
that the corresponding solutions of (3.1) are w(r) = +w;(r). Below, in Theorem 3.2, we show
how parts (iii)—(v) of Theorem 3.1 generate continuous families of strictly positive solutions of
(3.1), and also a family of sign changing singular solutions.

Theorem 3.2. Let N >2andp = (N +2)/(N —-2).
(a) A Continuum of Positive Nonsingular Solutions. For each x > 0 (3.1) has the nonsingular
solution

N(N-2) (N=2)72
wo(r) =k _ , r>0. (39)
o) <N<N —2)+ |1<|4/<N‘2’r2>

(b) A Continuum of Positive “Interlacing” Singular Solutions. Let hy(T) be a member of
the continuum of positive periodic solutions of (3.2) which satisfy part (iii) of Theorem 3.1. The
corresponding solution wy(r) = hy(In(r))w1 (r) of (3.1) has initial values

wy(1) = ha(0)wi (1), wy(1) = Ky (0)w (1) + ha(0)wy (1), (3.10)

and its interval of existence is (0, o0). Furthermore, the solution w(r) interlaces with w1 (r); that is,
there is a positive increasing sequence, {ry}, with imy _, o, 1% = 0 and limg _, o1 = oo such that

wy(ry) = wi(rx), -0 <k <oo, (3.11)

lin&wz (r) = oo, lim w,(r) = 0. (3.12)
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Figure 3: Critical case: N = 3, p = 5. ((a), (c), and (e)) Homoclinic and periodic orbit solutions of (3.2)
proved in Theorem 3.1. ((b), (d), and (f)) The corresponding solutions of (3.1) proved in Theorem 3.2:
wi (r) = 1/+/2r is the known singular solution, w,(r) is a new positive singular solution, and ws(r) is a
new sign changing singular solution.
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Figure 4: Supercritical example: N = 3, p = 7. ((a) and (b)) Trajectories of the unstable manifold (A; and
A) and stable manifold (B; and B) leading from (0, 0) into the (h, i') plane. ((c)—(f)) The h components
of solutions along A1, A, B1, B, (left) and corresponding w components along A; and By (right): wy(r) is
bounded at 7 = 0, w; (r) = (2/9)"/°r71/3 is the known singular solution, and w0, (r) is the new sign changing

singular solution corresponding to B;.
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(c) A Continuum of Sign Changing Singular Solutions. Let h3(T) be a member of the family of positive,
sign changing periodic solutions of (3.2) which satisfy part (v) of Theorem 3.1. The corresponding
solution ws(r) = hs(In(r))w:(r) of (3.1) has initial values

w3(1) = h3(0)wi (1),  wi(1) = K5(0)w1(1) + hs(0)w) (1), (3.13)

and its interval of existence is (0, o0). Furthermore, the solution ws(r) changes sign infinitely often as
follows: there is an positive increasing sequence, {r;}, with lim;_, _o,#; = 0 and lim;_, ,,r; = oo such
that

ws(r;) = wi(r;) if iiseven, ws(r;) = —wy(r;) if iisodd, (3.14)
hrrn_>501+1p w3 (r) = oo, lirrrl(i)pf ws(r) = —oo, rler;Owg(r) =0. (3.15)

Remarks. (i) The solutions given in (3.9) were first derived by Joseph and Lundgren [3]. (ii)
To our knowledge, the singular solutions described in parts (b) and (c) have not previously
been reported.

Proof of Theorem 3.2.

Part (a). For each x > 0, let h,(7) denote the solution given in (3.5) in Theorem 3.1. Setting
7 =In(r) in (3.5) gives

N (N-2)/2
.
he(In(r)) = x , r>0. (3.16)
<(in(r)) <N(N—2)+|x|4/<N-2>r2>

Next, substitute (3.3) and (3.16) into (3.8) and obtain

N(N-2) (N-2)/2
wo(r) = x — . r>0. (3.17)
° <N<N ~2)+ |1<|4/<N2>r2>

Part (b). Let hy(7) be a member of the continuum of positive periodic solutions of (3.2) which
satisfy part (iii) of Theorem 3.1. The trajectory of (hy, h}) lies in the positive quadrant of
the (h, h') plane and surrounds the constant solution (k, k') = (1,0). Thus, there are values
L, > L1 > 0 and a positive increasing sequence {7}, such that

i ros e fimr = 619
O0<L;< hQ(T) <L, VTeR, I’lz(Tk) =1 Vk. (319)

The solution of the w equation (3.1) corresponding to h; is

wy(r) = ho(In(r))wy(r) r>0. (3.20)
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Define r, = e forallk. It follows from (3.18)-(3.19)-(3.20) that limg__,rx = 0 and
limy _ 7% = o0, and

wa(ri) = ha(Ti)wi (1) = wi(rk) Vk. (3.21)

This proves property (3.11). It remains to prove property (3.12). For this we combine (3.19)
with (3.20), and the fact that T = In(r), to conclude that

0 < Lyw(r) <wy(r) < Lywy(r) Yr>0. (3.22)
It follows from (3.3) and (3.22) that

lin&wz (r) = oo, lim w,(r) = 0. (3.23)

This completes the proof of property (3.12).
Part (c). Let h3(T) be a member of the continuum of positive periodic solutions of (3.2) which
satisfy part (v) of Theorem 3.1. The trajectory of (hs, h}) surrounds the constant solutions
(h,K') = (0,0) and (h, k') = (£1,0) in the (h, I') plane. Thus, there exists a value L > 0, and a
positive increasing sequence {7;}, such that

-L<hs(t)<L VT€ER, (3.24)
lim 7; = —oo, lim7; = oo, (3.25)
hs(T;) =-1 ifiisodd, hs(t;) =1 if iiseven. (3.26)

The solution of the w equation (3.1) corresponding to hj is

ws(r) = hs(In(r))w1(r) r>0. (3.27)

Define r; = " foralli. It follows from (3.24)-(3.25)-(3.27) that lim; _, _,,7; = 0, lim; _, ,7; = oo,
and

ws(r;) = —w1(r;) if iisodd, ws(r;) = w1 (r;) if iiseven. (3.28)

This proves property (3.14). It remains to prove property (3.15). For this we combine (3.24)
with (3.27), and the fact that 7 = In(r), to conclude that

—Lwi(r) < ws(r) < Lwy(r) Vr>D0. (3.29)
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It follows from (3.3), (3.28), and (3.29) that

lirrnésotlp ws3(r) = oo, lirrrl(i)pf ws(r) = —co, rler;Ow3(r) =0. (3.30)
This completes the proof of property (3.15) and of Theorem 3.2. O

4. The Supercritical Case: p > (N +2)/(N -2)

In this section we investigate the behavior of solutions of (1.4) and (1.8) when N > 2 and
p > (N +2)/(N —2). The remainder of the section consists of the following.

(I) Theorem 4.1 classifies the behavior of solutions of (1.8). Again, we focus on
solutions whose trajectories in the (h, i) phase plane form the stable and unstable
manifolds of solutions associated with the constant solution (0,0). Part (ii) of
Theorem 4.1 gives a detailed proof that solutions on the stable manifold form an
outgoing spiral in the (h, k') phase plane as T decreases from 7 = co. The proof
is sufficiently general as to include Galaktionov’s numerical observation of large
amplitude oscillations [10]. For these spiraling solutions it remains a challenging
open problem to prove their asymptotic behavior at the left endpoint Tmin of their
interval of existence (see Open Problem I after the statement of Theorem 4.1).

(IT) Theorem 4.5 shows how to combine the results of Theorem 4.1 with the formula
w(r) = h(In(r))w:(r) to obtain a continuum of positive nonsingular solutions of
(3.1). In addition, we prove the existence of a continuum of new sign changing,
“super singular” solutions which, to our knowledge, have not previously been
reported. For these sign changing solutions it remains a challenging open problem
to prove their asymptotic behavior at the left endpoint 7, of their interval of
existence (see Open Problem II after the statement of Theorem 4.5).

(L) Figure 4 illustrates the behavior of solutions when (N, p) = (3,7).

Theorem 4.1. Let N >2andp > (N +2)/(N -2).

(i) There is a one-dimensional unstable manifold of solutions of (1.8) leading from (0,0)
into the (h,h') phase plane. One component, A, points into the positive quadrant, and
its negative counterpart, A,, points into the negative quadrant (Figqure 4, upper left). If
(h(0), H'(0)) € Ay, then h(t) > Oforall T € R, and there is a constant ¢ > 0 such that

h(t) ~ cexp(%) asT — —oo, Thjr(}o(h(T)'h,(T)) = (1,0). (4.1)

(ii) There is a one-dimensional stable manifold of solutions leading to (0,0) in the (h, h') phase
plane. One component, By, points into the h > 0, h' < 0 quadrant of the phase plane, and
its negative counterpart, B, points into the h < 0, ' > 0 quadrant (Figure 4, upper left).
Additionally, if h(0) > 0 is sufficiently small and (h(0), h'(0)) € By, then thereisa D >0
such that

N-2 N
> —~ — — . .
h(t)>0 V>0, h(t) Dexp( | <p N—Z)T> asT — o (4.2)
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Leth = (p+1)/ 2)1/ ®=D There is a negative decreasing sequence {Tn} such that
W(n)=0 VN>1, h(tn)>h if Nisodd,  h(rny) <-h if Niseven.  (4.3)

Moreover, |h(TN)| increases as N increases.

Remarks. The proof of part (i) of Theorem 4.1 uses straightforward phase plane type
arguments. The proof of (ii) is admittedly more technical. Our numerical experiments
(Figure 4, lower left) indicate that the amplitudes of the oscillations of the solutions described
in part (ii) grow without bound as 7 decreases. It remains a challenging open problem to
determine whether these solutions exist on the entire interval (-oo,o0), or if they exist only
on a semi-infinite interval of the form (Tmin, o). These fundamental theoretical questions are
summarized in the following.

Open Problem I (Super Singular Solutions). Let {Tn} denote the decreasing sequence described
in part (ii) of Theorem 4.1. Prove whether Tpmin = -o0, OF Tmin > —oo. Second,
prove whether limsupy;_, |h(7n)]| is finite or infinite. Our numerical study suggests that
limsupy,_, |h(7n)| = 0.

Proof of Theorem 4.1.

Part (i). First, note that properties of solutions on the component A; of the unstable manifold
leading from (0, 0) into the positive quadrant of the (h, h') phase plane are the same as those
seen in Lemma 2.7. From these properties it again follows that if (h(0), #'(0)) € Ay, and h(0) >
0 is sufficiently small, then h(7) > Oforall 7 < 0, and

h(t) ~ cexp(MiT), h—: — A asT— - (4.4)

for some ¢ > 0, where A1 = 2/(p — 1). This proves the first part of (4.1). To complete the proof
of (4.1) recall that the functional S and the region U defined in the proof of Lemma 2.6 are

1,0 2(N-2) N |hPtt R?
S_E(h) " (p-1)° (P_N—2><p+1_7>’ (45)

U={(h#)| h>0,S<0). (4.6)

Again, let U° denote the interior of U, and note that U° contains one constant solution,
(h,1') = (1,0). A differentiation of (4.5) gives

S =

N-2/ N+2
=5 <p_Nf2>(h’)zso. (47)

Thus, if (h(0), ' (0)) € A1, and h(0) > 0 is sufficiently small, we conclude from (4.4)—(4.7)
(Figure 4, upper right) that h(7) exists for all 7 € R, and

S(-0) =0, S'(t) <0 VvYr<0, S(tr) <0 VreR. (4.8)
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Therefore,
(h(t),H (1)) e U’ VreR. (4.9)

From (4.7) we conclude that (1.8) has no periodic solutions. Also, a linearization of (1.8)
around the constant solution (h, k') = (1,0) shows that (1,0) is an asymptotically stable
equilibrium point in the (h, k') phase plane. Thus, if h(7) is a solution of (1.8) with initial
condition (h(0), H'(0)) € Ay, it follows from (4.7)—(4.9), and standard phase plane arguments,
that

h(r)>0 VreR, lim (h(r),H (1)) = (1,0). (4.10)

Part (ii). It follows from (2.5) that there is a one-dimensional stable manifold of solutions
leading to (0,0) in the (h, k') phase plane. As in Theorem 2.9, one component, B;, points into
the quadrant h > 0, i’ < 0, and along B; solutions satisfy

lim (h(r), (1)) = (0,0, Tlgr;% =1, <0, (4.11)

where A, = -((N-2)/(p—-1))(p—N/(IN-2)). Thus, if h,(7) is a solution of (1.8) with h,(0) >0
sufficiently small and (h,(0), 1, (0)) € By, thereis a D > 0 such that

hy(t) >0, hy(r) <0 Vr>0, (4.12)
hy(1) ~ Dexp(AoT) asT — oo. (4.13)
Along this solution S (Figure 4, upper right) satisfies

S(0)=0, S(r)<0, S(r)>0 VYr>0. (4.14)

To complete the proof of (i) let h = ((p +1)/2)" PV be the unique positive h value where
S = h' = 0. We need to prove that (hy(7), h, (7)) rotates counterclockwise around (1,0) and
that (ha(7), I, (7)) generates an outwardly growing spiral as 7 decreases. For this we show
that there is a decreasing sequence of negative values {7y} such that

hy(tn) =0,  |ha(Tni)l > [ha(Tn)| YN > 1, (4.15)
and that
ho(ty) >h if Nisodd,  hy(7n) <—h if Niseven. (4.16)

The proof of (4.15)-(4.16) is in two steps. First, we prove three technical results, Lemmas
4.2-4.4. Secondly, we use these lemmas to follow (hy(7), hy(7)) as T decreases. The proofs of
Lemmas 4.2 and 4.4 are straightforward. The proof of Lemma 4.3 is admittedly technical. O
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Lemma 4.2. Let T € (-o0,0). (a) If a solution of (1.8) satisfies

p+1

_ 1/(p-1)
0§h(?)<h:< > ., H@E) <0, SE) >0,

then there is a T < T such that
W(r)<0 Vrel#7], hE) =h
(b) If a solution of (1.8) satisfies
~h<h(¥)<0, KW@ >0, S >0,
then there is a T < T such that

W(r)>0 Vrel[F 7], h(F)=-h

25

(4.17)

(4.18)

(4.19)

(4.20)

Proof. (a) Let 6 = 25(T) > 0. Since (4.7) implies that S'(7) < Oforall7, then S increases
monotonically as 7 decreases. It follows from the definition of S in (4.5) that b’ < —/6 for

7 < T aslong as 0 < k() < h. An integration of &' < —v/& shows that k(%) = h at some
first T € [7 + (h(F) - h)/V/6,7). This proves (4.18). The proof of part (b) is the same and is

omitted.

Lemma 4.3. Let T € (—o0,0). (a) If a solution of (1.8) satisfies

_ 1/(p-1)
h(%):h:(p;1> . H®E <0,

then there is a T < T such that
W(t)<0 Vre(r7], H(*)=0, h(r*)>h.
(b) If a solution of (1.8) satisfies
h(F)=-h, H(F) >0,
then there is a T* < T such that

H(t)>0 Vre(r,T], H(t*) =0, h(t*) < -h.

Proof. (a) The first step is to assume, for contradiction, that 7* does not exist and that

H(r) <0 Vre (T,7),

O

(4.21)

(4.22)

(4.23)

(4.24)

(4.25)
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where (T,T) denotes the maximal left interval of existence of the solution. We claim that
T = —co. Suppose that T > —oo. Then standard theory implies that /' must be unbounded on
(T, 7). To show that this cannot happen we use the function H = (1')*. Then H satisfies

H' -2 +A)H = A1A2<|h|P"1 - 1>hh’ >0 Vre(T,7), (4.26)
since 1Ay <0, h(t) > 1and b’ < Oforall T € (T, T). Integrating (4.26) gives
0 < H(t) < H(T)exp(-2(M + L) (T —-71)) VT e (T, 7). (4.27)

From (4.27) it follows that k' is bounded on (T, T), contradicting the previous conclusion that
K’ is unbounded on (T, T). We conclude that T = —o0. Therefore, (4.25) becomes

H(r) <0 V1€ (~o0,7). (4.28)

Next, to obtain a contradiction of (4.28) we need to prove two technical properties. The first
is that

H'(t) >0, H(r)<H((@T)<0 VT<T, lim h(7) = co. (4.29)

To prove the first part of (4.29), differentiate (1.8) and get

hlll +

N-2/ N+2\., 2N-2p(N-2 . ,
( )h _2N-2p(N-2) )<p|h|P1—1)h >0 (4.30)

p-T\" N2 (r-17

for T < T as long as h(t) > h > 1.If there is an a < %, where h’(a) < 0, then an integration of
(4.30) gives

hl/(T)Sh/I(a)eXp<]:__2< N+2

] p—N_2>([1—T)><O V1 < a. (4.31)

An integration of (4.31) gives h'(7) > 0 for T <« a, contradicting (4.28). We conclude that
h'(t) > OforallT < T, and the first part of (4.29) is proved. In turn, this implies that

h(t) <KW (T)<0 Vr<7T, lim h(7) = oo, (4.32)
and the proof of (4.29) is complete. The second property we need is

o(r) = O 5 - mmin(y, p(®) VT <7, (433)

where p(7) satisfies the ODE

P+ (p=M)(p-L2) = LAy |hfP . (4.34)
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Property (4.33) follows immediately from (4.34), since (4.34) implies that p' < 0 whenever
P < J\z.

We now show how to use properties (4.29) and (4.33) to obtain a contradiction of
(4.28). First, an integration of (4.34) gives

((p(r) — da)e Fo=04) =y fplem s, yr < 7 (4.35)

Integrating both sides of (4.35) from 7 to T, we obtain

p(1) =X+ L1 (7) + Lo(7), (4.36)
where
1(7) = (p(F) — Ay ) ek P2, (4.37)
(1) = —ek 45, ), r |hPle he=tds g (4.38)
Our goal is to prove that
Tlil‘flmll =0, Tl_i)I‘flwlz = 0. (4.39)

Once we prove these properties, we combine (4.39) with (4.36) and conclude thatp = h'/h > 0
when 7 « 7. Since h(t) > 0, this implies that i’ > 0 when T « T, which contradicts (4.28).
To prove the first part of (4.39), evaluate the right side of (4.37) and get

Li(t) = (p(T) - Az)%e‘)‘lﬁ_ﬂ —0 asT — —oo, (4.40)

since Ay > 0 and 0 < h(T)/h(t) < 1forallT < 7. To prove the second part of (4.39), recall from
(4.32) that lim; _,_,h(7) = oo. Thus, since p < 0 and A; > 0, we conclude that

f |h|p_1€7ﬁ(p7h)dsdﬂ > f |hfP'dy — o0 asT — —oo. (4.41)

Next, i~t follows from (4.33) that —\; > p— Ay > —m— ;. This, (4.41), and the facts that \;1, <0
and el (P-1)45 _, 0 as T — —oo allow us to apply L'Hospital’s Rule to I, (7). This gives

.  ((Mdalh(n)!
lim I =1 —— ] = 0. 4.42
A () Ti@m< pm-n )" (442

This proves part (a). The proof of part (b) is the same and is omitted. O
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Lemma 4.4. Let 7* € (—o0,0). (a) If a solution of (1.8) satisfies

_ 1NV P-D
h(r*) > T = (’”; ) . K =0, (4.43)

then there is a T < T* such that
H(r)>0 Vre[r™, 1, h(r™) = 0. (4.44)
(b) If a solution of (1.8) satisfies
h(t*)<-h,  H(*) =0, (4.45)
then there is a T* < T* such that

H(r)<0 Vre[r™ 1), h(r™) =0. (4.46)

Proof. (a) Since h > 1, it follows from (1.8) that h”(7*) < 0. Thus, there is an a < 7* such that

H(t)>0 Vt€larTt), h< h(a) < h(t"). (4.47)

Since h < h(a), a calculation shows that

h R ha)  H(a)

. 4.48
prl 25 prl > whenh € [0, h(a)] (4.48)

Recall from (4.7) that S'(7) < Oforall 7. Thus, S(7) > S(a) forall T < a, and (4.48) implies that

(H(1)*  (W(a)’ |h*'(a)  K(a) |B(7) | H(T)
) Z—)q)uz( pr1 2 pel 5 >0 (4.49)

for 7 < a aslong as 0 < h(r) < h(a). Integrating h'(T) > h'(a) > 0 shows that there is a
™ € [a— W (a)/h(a), a) such that

W(t)>W(a)>0 VYre[r™,a), h(r™)=0. (4.50)

This proves part (a). The proof of part (b) is the same and is omitted.
We now return to the proof of Theorem 4.1. It remains to prove that (hy(7), b (7))
rotates counterclockwise around (0,0) in the (h, ') plane as 7 decreases from 7 = 0.
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To accomplish this we use Lemmas 4.2-4.4 to show that (h(7), h, (7)) passes infinitely often
through the sets

={(nw)10<h<h K <0,8>0}

(hH) | h=hH <0}

(hH) | h>hH =0}

(hH) | ==k} >0}

(hH) | <R} =0}

{
{
{
{(n,W) | h=0,1 >0} (4.51)
{
{
{

Ry
R
R;
Ry
Rs
Re
R7

(h,H) | h =0,k <0).

Recall that (hy(0),h,(0)) € B; and that (4.12) is satisfied, consequently (h(0),h'(0)) € R;.
Lemma 4.2 implies that there is a first T < 0 such that (h(7), W'(T)) € Ry, thatis, h(T) = hand
h'(T) < 0. This and Lemma 4.3 imply that there is a 7y < 7 such that i, (t) < Oforall T € (7, 7],
hy(71) =0, and hy (1) > h. Thus, (h(71), K (11)) € Rs. It follows from Lemma 4.4 that there is a
T < 11 such that k(1) > OforallT € [7**, ;) and hy(7*) = 0, hence (h2(7**), by (7)) € Ry.
This and part (b) of Lemma 4.2 imply that there is a b < 7** such that h(7) > OforallT €
[b,7*] and hy(b) = —h, hence (h(b), W' (b)) € Rs. This and part (b) of Lemma 4.3 imply that
there is a 7, < b such that hy(7) > OforallT € (7, b], hy(12) = 0, and hy(12) < —h, hence
(h2(12), hy(12)) € Rs. This and part (b) of Lemma 4.4 imply that there is a ¢ < 7, such that
hy(t) < OforallT € [c,m2) and hy(c) = 0, hence (h2(c), hy(c)) € Ry. We have shown how
(hz(T),h’z(T)) passes sequentially through Ry, ..., Ry as T decreases. Since Ry is contained
in Ry it follows from a repetition of the steps given above, and mathematical induction, that
(ha(7), h'z(‘r)) passes sequentially through Ry, ..., Ry infinitely often as T decreases from 7 = 0.
This produces a decreasing sequence {7x} where ) (7y) = 0forall N > 1,

ho(tny) >h when Nisodd,  ha(7n) <—h when Niseven. (4.52)

Finally, since S increases as T decreases, it follows that |h(7n)| increases as N increases. This
completes the proof of Theorem 4.1. O

Solutions of the w Equation

Below, in Theorem 4.5, we show how to combine part (ii) of Theorem 4.1 with the formula
w(r) = h(In(r))w: (r), (4.53)

to prove the existence and asymptotic behavior of families of nonsingular and singular
solutions of the w equation (1.4). In particular, in part (b) of Theorem 4.5 we show how a new
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family of “super singular” solutions is generated. Open Problem II stated after Theorem 4.5
describes important, and as yet unproven, properties of this continuum of singular solutions.

Theorem 4.5. Let N >2and p > (N +2)/(N -2).

(a) A Continuum of Positive Nonsingular Solutions. Let ho(T) denote a solution of (1.8)
which satisfies (ho(0), hy(0)) € Ay in part (i) of Theorem 4.1. The corresponding solution wy(r) =
ho(In(r))w1(r) of (1.4) is strictly positive and satisfies

wo(1) = ho(Q)wi(1),  wy(1) = hy(0)wi (1) + ho(0)z (1). (4.54)

Furthermore, its interval of existence is (0, o),

’ . wo(r)
0 0 0) =0, 1
< wp(0) < oo, w,(0) an;owl(r)

= 1. (4.55)

(b) A Continuum of Sign Changing Singular Solutions. Let hy(T) be a member of the family
of “spiraling” solutions of (3.2) which satisfy (h2(0), h,(0)) € By in part (ii) of Theorem 4.1, and
let {Tn} denote the decreasing sequence of T values which satisfy property (4.3). The corresponding
solution wy (r) = hy(In(r))w. (r) of (3.1) satisfies

wy(1) = (0)wy (1),  wh(1) = Ky (0)w (1) + hy(0)ew, (1). (4.56)

Its interval of existence is of the form (rmin, 00). Asr — oo, wa(r) — O faster than wi(r). That is,
there exists D > 0 such that.

Wa1) N2/ -D) -/ N-D) 50 as 7 — oo (4.57)

w1 (r)
As r decreases from oo, ws(r) changes sign infinitely often. That is, along the decreasing sequence
{rn = exp(Tn)}, one has imy - —o "N = Tmin,

wy(rn) > w1 (ry) if Nisodd, wy(rN) < —wi(ry) if Niseven. (4.58)

Open Problem 11 (Super Singular Solutions). Let {rn} denote the decreasing sequence in part
(b), which satisfies imn — 7N = min. Prove whether rpin = 0 or 7min > 0. Secondly, prove
whether lim supy,_, |w>(rn)]| is finite or infinite. Our numerical experiments suggest that
lim supy,_,  |w2(rn)| = co. As in Open Problem I, our analytical methods have not allowed
us to resolve these fundamental theoretical issues.

Proof of Theorem 4.5.

Part (a). Let ho(7) be a solution of (1.8) satisfying (ho(0), h(0)) € Ay in part (i) of Theorem 4.1.
The corresponding solution of (1.4) is

wo(r) = ho(In(r))w1 (7), (4.59)
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where we recall that

1/(p-1)
wi(r) = <2(N _(2) (Pl>—21) _ 4> r 2D 5. (4.60)
p-

Because r = exp(7), the initial point 7 = 0 for ho(7) translates to r = 1 for wy(r). This, (4.59)
and (4.60) give (4.54). Next, it follows from property (4.1) and the fact that 7 = In(r) that
there exists ¢ > 0 such that

ho(In(r)) ~ cr® PV asr — 0, lim ho(In(r)) = 1. (4.61)

We conclude from (4.59), (4.60), and the first part of (4.61) that

1/(p-1)
wo(r) —>c<2(N_2)(p _21) _4> >0 asr— 0" (4.62)
(P-1)

It then follows from standard theory that wy,(0) = 0. This agrees with a result of Haraux and
Weissler (see Theorem 4 in [2]). Finally, we conclude from (4.59), (4.60), and the second part
of (4.61) that

_wo(r) _
rh—golo o) rerc}oho(ln(r)) =1 (4.63)

This completes the proof of part (a).

Part (b). Let hy(7) be a solution of (1.8) satisfying (h2(0), h,(0)) € B; in part (ii) of Theorem 4.1.
The corresponding solution of (1.4) is

wy(r) = ha(In(r))w, (r). (4.64)
It follows from (4.2) that there exists D > 0 such that

hy(In(r)) ~ Dr~((N-2/(-D)(p-N/(N-2)) g4 o0, (4.65)
Combining (4.60), (4.64), and (4.65) gives

Wa(1) P N2/ (-1 p-N/(N-D) 57 —s op, (4.66)
wi(r)

This proves the first part of property (4.57). Next, let {rny} denote a sequence of T

values satisfying property (4.3) in Theorem 4.1. Then {7xn} decreases as N increases, with

limpn _ TN = Tmin, and

ho(tn) >h if Nisodd,  hy(tn) <-h if Niseven. (4.67)
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Define ry = exp(7n) forall N > 1. Setting 7n = In(rn) in (4.67) gives
hoy(In(ry)) > h if Nisodd,  hy(In(ry)) < —h if Niseven. (4.68)
Finally, we combine with (4.64) and (4.68) and obtain

wo(rN) > Ewl(rN) if Nisodd, wy(rN) < —Ewl(rN) if Niseven. (4.69)
Since & > 1, this completes the proof of (4.58) and of Theorem 4.5. O

5. Conclusions

In this paper we have developed an analytical method to classify the behavior of radially
symmetric, time-independent solutions of the nonlinear heat equation (1.2). These solutions
satisfy the ODE (1.4). We have studied solutions which remain strictly positive on their
entire intervals of existence, and also solutions which change sign. There have been few
analyses in the literature of sign changing solutions. Our analytical method follows a three-
step approach:

Step 1. Transform the nonautonomous w equation (1.4) into the autonomous h
equation (1.8).

Step 2. Analyze (1.8) using phase plane methods.

Step 3. Use the inverse transformation

w(r) = h(In(r))w (r), (5.1)

to translate results for (1.8) into new results for the w equation (1.4).

Our Advance

This approach has allowed us to prove the existence and asymptotic behavior of several new
families of solutions of (1.4). In particular, we mention two important classes of solutions
which, to our knowledge, have not previously been reported.

(I) When N > 2and N/(N -2) <p < (N +2)/(N -2), we proved (see part (ii) of
Theorem 2.10) the existence and asymptotic behavior of a continuum of positive,
singular solutions which “interlace” with the known singular solutions w (r).

(I) When N > 2 and N/(N -2) <p < (N +2)/(N -2), we proved (see part (ii) of
Theorem 4.1) the existence of sign changing solutions of the h equation which form
outward spirals in the (h, k') phase plane. These solutions transform, by means of
(5.1), into “super singular” sign changing solutions of the w equation (1.4). Open
Problems I and II (see Section 4) summarize important issues for these solutions
which have not yet been resolved.

Below, we describe challenging problems for further research.
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Open Problem III. When N/(N -2) < p < (N +2)/(N - 2), do the new positive singular
solutions, which interlace with w (r), play an important role similar to that of w; (r) (e.g., see
[5]) in proving the large time behavior of solutions of the time-dependent problem (1.2)?

Open Problem IV. Equation (1.1) is a canonical model for the general equation

Au+ f(u) =0, (5.2)

where f(u) > 0 is positive and superlinear [1-5]. A natural extension of our investigation is
to use our new singular solutions of (1.4) as a guide in analyzing (5.2) for the existence of
new classes of solutions.

Open Problem V. Gazzola and Grunau [13] investigate the behavior of solutions of the
biharmonic equation

~A%u+ [ufPlu=0. (5.3)

This equation has the singular solution w; = Ar~#/ 1, r > 0. It is hoped that our approach
can be used to look for new classes of solutions of (5.3).

Open Problem V1. Develop a comparison technique which allows one to use the new singular
solution w;(r) to establish blowup of solutions of the full time-dependent PDE.
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