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Abstract

Our first result is a change of variables which transforms radial k-
Hessian equations into radial p-Laplace equations. Then we generalize
the classical results of D.D. Joseph and T.S. Lundgren [9] by using
the method we developed in [12] and [13]. We provide a considerably
simpler approach, which yields additional information on the Morse
index of solutions.
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1 Introduction

J. Jacobsen and K. Schmitt [8] considered a class of radial quasilinear elliptic
equations on the unit ball

) (PP ) ) =0, W(0) =u(1) =0,

with parameters a, 8 and . This class of equations includes: the Laplacian,
incasea =n—1, =0,y =n— 1, p-Laplacian (p > 1), for a = n — 1,
B=p—2,vy=n—1, and k-Hessianincase a =n—k, 0 =k—1,v=n—1,
where n is the dimension of the space, and 1 < k < n is an integer. Recall
that the k-Hessian is defined as the sum of all principal k£ x k£ minors of the
Hessian matrix D?u. So that 1-Hessian is Au, and n-Hessian is det D?u, the
Monge-Ampere operator. The paper of J. Sdnchez and V. Vergara [20] has
a detailed exposition of k-Hessian equations, and the previous contributions



include L. Caffarelli et al [2], N.S. Trudinger and X.-J. Wang [21], J. Jacobsen
[7], and J. Jacobsen and K. Schmitt [8].

Our first result is a change of variables which transforms the problem

(1.2) into a Dirichlet problem for a p-Laplacian, with p = 5+ 2, in q—?—;l +1

dimensions, on another ball around the origin, of radius (¢ + 1)!1%1, where 0
and ¢ are defined below. In particular, one can reduce any k-Hessian equa-
tion to a p-Laplacian, and a class of non-autonomous p-Laplace equations to
autonomous p-Laplace equations. This extends our previous result in [14].

Then we present exhaustive results on multiplicity of positive solutions,
and global solution curves for (p > 1, a > 0)

1
(1.2) W Y (1T4u)P =0, 0<r <1, W'(0)=0, u(l)=0,
T

generalizing the classical results of D.D. Joseph and T.S. Lundgren [9], who
considered the case @ = 0. The approach in [9] was rather involved, and
it relied on the old results of E. Hopf [6], and S. Chandrasekhar [3] (see p.
261 in [9]). We use a considerably simpler method, involving generating and
guiding solutions, that we developed in [12] and [13]. In the present paper
we further simplify and improve this method, particularly in the case when
the solution curve is monotone, see Theorem 3.2 below. Our approach uses
the self-similar nature of the problem (1.2), which allows parameterization
of the entire solution curve, see [12] for the discussion. Singular solutions,
arising as limits of the regular solutions, are easy to understand for self-
similar problems, while for other equations with polynomial nonlinearities
this issue is rather involved, see e.g., F. Merle and L.A. Peletier [16].

In the last section we use the generating and guiding solutions to show
that all turning points of the problem are non-degenerate, and that the
Morse index of solutions increases by one at each turning point, when one
follows the solution curve of (1.2) in the direction of increasing u(0). For
the Gelfand problem, where f(u) = €%, such a result was first proved in
K. Nagasaki and T. Suzuki [17], and then in P. Korman [13], by using the
generating and guiding solutions.

2 Reduction of k-Hessian equation to p-Laplacian

Similarly to J. Jacobsen and K. Schmitt [8], we consider the problem
/
(2.1) (r I )P () + 17 f ) =0, w'(0) =0,
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with parameters o, 8 and v. We make a change of variables

q+1
(2.2) t="

with ¢ to be chosen shortly. Clearly, v, = usr?, and we have
/
(Ta+q(ﬁ+1)|ut|6ut> F T () = 0.
We now choose ¢ to equalize the powers of r:

at+q(f+1)=v-q=0,

(2.3) g=1—2

The common power 6 is then

By 4«
(2.4) 0= 75 np )
and we have
(2.5) <r9|ut|ﬁut>/ +7r0f(u)=0.

Theorem 2.1. Assume that f(u(0)) >0, B+ 1> 0, and
(2.6) y>a—F-2.

The change of variables (2.2), with q given by (2.3), transforms the problem
(2.1) into

o, ' ! o /
(2.7) (£757 [/ (6) 0 (1)) + 77 f(u) =0, w/(0) =0,
i.e., into (B + 2)-Laplacian in q—l—il + 1 dimensions.

1 1
Proof: Replacing in (2.5), r = (¢+ 1)+ttt and using primes to denote
the derivatives in ¢, we obtain the equation in (2.7).

Since u/(r) < 0 for small » > 0, and 3+ 1 > 0, we express from (2.1)

(—u/(r))m—l _ 1

L /0 2 f(ul)) dz.

,r.a



Using again that §+ 1 > 0, we have (observe that r — 0 as ¢t — 0, since
g+1>0, by (2.6))

du ! —u'(r) — fim [(—u’(r))m'l] 7T ’

dt - r—0 rd r—0 TQ(5+1)
and 441
()T 1 " _
Y I e /0 #1f(ul2))dz =0,
since 7y > a+q(f+1) — 1, by (2.6). O

In particular the k-Hessian equation is transformed into (2.7), with 5 =

k—1, and qf_;l = W, i.e., into a p-Laplace equation, with p = 42 =

k+1,in q—l—il +1= kg"k'" dimensions.

Radial solutions of (here s > —1 is a real parameter)
(2.8) Au+7rf(u) =0, u'(0)=0

in n dimensions satisfy

(2.9) (r"‘lu/)/ + " f(w) =0, 4/(0)=0.

The change of variables (2.2) becomes ¢t = 272%, and it transforms (2.9)
into

(2.10) (") () = 0, %(0) =0.

with m = 87;' =% This corresponds to Au + f(u) = 0 in m dimensions. So

that the non-autonomous term r° in (2.8) got removed (with the dimension
changing to m). We first proved this result in [14].

3 A generalization of a result of Joseph and Lund-
gren

By the classical theorem of B. Gidas, W.-M. Ni and L. Nirenberg [5], all
positive solutions of the Dirichlet problem (here u = u(z), x € R")

Au+A(14+u)? =0 for |[z| <1, u=0 when |z| =1



are radially symmetric, i.e., u = u(r), r = |z|, and they satisfy
—1

(3.1) W+ A (14u)? =0 for 0<r <1, ¢/(0)=0, u(l)=0.
r

Here X is a positive parameter, p > 1 a constant. Similarly to J.A. Pelesko

[19], we set v = 1 + u, followed by v = aw, and t = br, where a = v(0) =
1+ u(0). The constants a and b are assumed to satisfy

b2
Then (3.1) becomes
w,n—1 /
(3.3) w —I—Tw +wP =0, w0)=1, w(0)=0.
The solution of this problem is easily seen to be a decreasing function, going
to zero. In case of sub-critical p, 1 < p < Z—i’g, it is known that w(t)

vanishes at some tg > 0, since the Dirichlet problem for the equation in
(3.3) has a (unique) solution on any ball (as follows by the mountain pass
lemma). If p > 22 then w(t) has no roots on (0,00), which follows by
Pohozhaev’s identity (also a well known fact). Once we compute w(t) from

(3.3), u(r) = =1 + aw(br), and since u(1) = 0, we have
1 =aw(b),
so that a = ﬁ, and then A = b>wP~1(b). The global solution curve is

(A, u(0)) = <b2wp—1(b) ,—1+ ﬁ) :

parameterized by b € (0, %) in the sub-critical case, and b € (0, 00) for the
super-critical and critical cases. The solution of (3.1) at the parameter value
of b is )

u(r) =aw(br) —1 = 12)(((:)) -1

It will be convenient to use the letter ¢ instead of b as the parameter. So

that the global solution curve for p > Z—*_’% is
1
B )= (P, 14 ) re o).
w(t)
and the solution of (3.1) at the parameter value of t is u(r) = Tfﬂ%) -1,

where w(t) is the solution of (3.3).



In particular, A = \(t) = t2wP~!(¢), and
(3.5) N(t) =twP? 2w+ (p — Dtw] ,

so that the solution curve travels to the right (left) in the (A, u(0)) plane if
2w+ (p— 1)tw’ > 0 (< 0). The turning points correspond to the roots of
the function 2w + (p — 1)tw’. If we set this function to zero

2w+ (p— Dtw' =0,
then the general solution of this equation is
w(t) =ct™?, with g = % .
If we choose L
c=co=[B(n—1)=BB+1)]T,

then wo(t) = cot™ is also a solution of the equation in (3.3), and the issue
turns out to be how many times w(¢) and wy(t) cross as t — oo, as the
following lemma shows.

Lemma 3.1. Assume that w(t) and wq(t) intersect infinitely many times.
Then the solution curve of (3.1) makes infinitely many turns.

Proof:  Let {t,} denote the points of intersection. At {¢,}’s, w(t) and
wo(t) have different slopes (by uniqueness for initial value problems). Since
2wo(tn) + (p — D)taw)(t,) = 0, it follows that 2w(t,) + (p — Dt,w/(t,) > 0
(< 0) if w(t) intersects wp(t) from below (above) at t,. Hence, on any
interval (¢, t,+1) there is a point ¢, where 2w(tg) + (p — 1)tow’ (o) = 0, i.e.,
N(tg) =0, and ¢ is a critical point. Since X' (t,) and X (¢,41) have different
signs, the solution curve changes its direction over (¢, t,41). &

Using the terminology from [12], w(t) is called the generating solution,
while w(t) is the guiding solution.

The linearized equation for (3.3) is

n—1
2"+ TZ/ +pwPlz=0.

At w = wo(t), the linearized equation becomes

~1 1
(3.6) z”+nTz’+mt—2z=0, with v =p(n—-1)-p(8+1).



This is Euler’s equation. The roots of its characteristic equation are

—(n—2)+/(n—2)* —4py
5 .

r =

If (n —2)? —4py < 0, the roots are complex, the fundamental solution set of
(3.6) consists of "5 cos (wlnt) and "% sin (wint), with (n—2)?—4py =
—4w?, and it is natural to expect that w(t) — wo(t) changes sign infinitely
many times, and then the solution curve makes infinitely many turns. By
the result of P. Korman [10], this may happen only if p > 242

n—2"

Lemma 3.2. Assume that p > 2. Then (n—2)% —4py < 0 if and only if

n—2
4p [ D
. — 44— - 2.
(3 7) -1 + b1 >n
Proof: We have

(n—2)>—4py = (n—2)> —4pB(n — 2) + 4pB* < 0,

provided that n — 2 lies between the roots of this quadratic, i.e.,

4 4
R S A N Y iy e
p—1 p—1 p—1 p—1
The condition p > Z—*_’% implies that n > 2pp_—+12. Then
4 4
n—2> - > P 4 /P
p—1 p—1 p—1
completing the proof. O

Observe that the left hand side of (3.7) is a decreasing function, tending
to 8 as p — oo. It follows that in dimensions 2 < n < 10 the condition (3.7)
holds for all p > 1.

The following result is known as Bihari’s inequality.
Lemma 3.3. Assume that the functions a(t) > 0, and u(t) > 0 are contin-

wous for t > ty, and we have

(3.8) u(t) < C —I—/ a(s)u™(s)ds, fort>tg,

to



with some constants C > 0 and m > 1. Assume also that

t
C’l_m—(m—l)/ a(s)ds >0, fort>t.

to

Then ]
’LL(t)< 1 fOTtZto-

- [C’l—m —(m—1) fti a(s) ds} mT

Proof: Denote the right hand side of (3.8) by w(t). Then w(ty) = C, and
w' = a(t)u™ < a(t)w™.
Divide by w™, and integrate over (t,t). O

Lemma 3.4. Assume that p > Z—i’g, n > 3, and in case n > 10 assume

additionally that (3.7) holds. The general solution of

n—1 Py
Vi+ =y + gy = ()
18
n—2 1 n—2 t . t n
y(t) =Ct™ 2 sin(wlnt+ D)+ —t~ 2 / sin (wln— | s2 f(s)ds,
w to S
with (n—2)%—4py = —4w?, for any constant to fived, and arbitrary constants

C and D.

Proof: By Lemma 3.2, the fundamental set of the corresponding homo-
geneous equation consists of y;(t) = "3 cos (wlnt) and

ya(t) = "3 sin (wInt). Compute their Wronskian W (yy,y2) = wt!™, and
apply the method of variation of parameters. &

The following result is known, see e.g., J. Déavila et al [4]. Our proof
is a little different from the usual one, in that we avoid the language of
heteroclinic connections.

n+2
n—2’

Lemma 3.5. Assume that p >
w(r)

Then lim, oo —5 =
wo ()

and let w(r) and wo(r) be as above.

Proof: In the initial value problem determining w(r):
w, n—1, '

8



we make a change of variables y(r) = wo(r)v(r), followed by 7 = et. Then
v(t) satisfies

(3.10) V" +av —y(v—2P) =0, v(—c0) =1'(—0c0) =0, t € (—o0,00),

with a = =28+ n—2 > 0, and as above v = 3 (n — —2) > 0. (Since v =

%rﬁy, we have le—;’ lt=—0o = %ﬁ—z lt=—0o = % [ﬁrﬁ_ly(r) + rﬁy’(r)] rlr=o =

0.) We need to show that lim; .~ v(t) = 1. Since the energy

1 9 ’U2 ,Up—l—l
Et)==v"—v(—=—
(B =3v 7(2 p+1

is decreasing along the solution of (3.10), it follows that v(¢) is bounded,
and it cannot tend to zero as t — oo. (Observe that E(—oc) = 0, and
hence E(t) < 0 for all ¢.) From the equation (3.10), v(¢) > 0 can have local
minimums only if 0 < v < 1, and local maximums only if v > 1, and it can
tend only to 1, as t — oo. Hence, either v(¢) tends to 1 monotonously, or
it oscillates infinitely often around 1. We show next that in the latter case
v(t) also tends to 1.

Let v — 1 = z. By our assumption, z(¢) has infinitely many roots,
—1 < z < zp, for some zy > 0, and it satisfies

2"+ ad +7f(2) =0,

where f(z) behaves like z + 22 on (—1, 29), to which f(z) is equal in case
p = 2. The energy E(t) = %z’z +7F(z), where F(z) = [ f(t) dt, is positive
for z > —1, and decreasing, since

(3.11) E'(t) = —a2?.

Let Ep = limy_.oo E(t) > 0. Assume that FEy > 0. If ¢}, are the roots of z(t),
then |2/(tx)| get arbitrarily close to /2Fy, for k large. From the equation
(3.10), we get a bound on |2”(t;)]. Hence, |2’(t)| cannot change fast, so that
we can find an interval of fixed length (¢, t), + 6) on which |2'(¢)| > $+/2Ej,
independently of k. Integrating (3.11), we conclude that E(t) drops by at
least g\/m for each k, and eventually F(t) drops below Fy, a contradiction.
Hence, Ey = 0.

Let 7 be the point of maximum (minimum) of z(t) on (tx, tk+1). Then

F(z(m)) = E(7;) — 0, proving that z(¢t) — 0 as t — oo. &

Remarks



1. For p = Z—*_’%, the lemma does not hold (the proof breaks down since

a =01n (3.10)). In that case, the generating solution, i.e., the solution

of (3.3) is well-known to be w(r) = L . In standard
(Ham=r?) *

terminology, w(r) has slow decay for p > Z%v and fast decay at p =

n+2

n—2"

2. The transformation y = wgv is equivalent to the classical Fowler trans-

2
formation w =t P=Tw. So that the Fowler transformation can be seen
as the extension of the elementary “reduction of order” method, when
one of the solutions (here wg(t)) is known.

Theorem 3.1. Assume that p > "+2 ,n >3, and in casen > 10 assume ad-

ditionally that (3.7) holds. Then the solution curve of (8.1) makes infinitely
many turns. Moreover, the problem (3.1) has infinitely many solutions at
A=7v=pn-1)—-p(B+1), with 3 = =5, and at most finitely many
solutions at other \’s. As u(0) — oo, the solutzons of (3.1) tend to =% — 1,
for r # 0, which is a singular solution of (3.1).

Proof: By Lemma 3.2, the roots of the characteristic equation of (3.6) are
— 222 4w, with (n—2)? —4py = —4w?. We will show that y(t) = w(t)—wo(t)
has infinitely many roots. This will follow from the following asymptotic
formula

(3.12)  t"Z y(t) = Csin(wlnt + D) + Ot ™?H3780=2)) a5t — o0,

with some constants C' # 0 and D, and with —n/2+ 3 — G(p —2) < 0.
The function y(t) satisfies

n—1 -1
Y+ Ty’ +pwhy = f(t),
or

(3.13) g Ty Dy = ),

where f(t) = — [(y(t) + wo ()P — wh(t) — pw‘g_l(t)y(t)}. Using Lemma 3.4,
the general solution of (3.13) is
(3.14)

n— 1 _no2 [? t\ =
y(t):C’t_Tzsin(wlnt—l—D)—l——t_Tz/ sin (wln;) s2 f(s)ds.
w

to

10



We claim that for large ¢
(3.15) (O] < cawt™ P22,

with some constant ¢; > 0. Indeed, by the two-term Taylor’s formula with
a remainder term

_plp—1)
—f)==%5—

with some 6 € (0,1) and ¢ > 0, giving (3.15). (We estimated w(t) by a
multiple of wg from above (below), in case p > 2 (p < 2), using Lemma 3.5.)

[Bw(t) + (1 = O)wo(t)]"* y* < ewf 2,

Setting v(t) = tnz;2|y(t)|, we estimate from (3.14)

t
(3.16) o) < |C] + o1 / 52222 (5 ds

to

Since p > Z—i’g, it follows that

-n/2+2—-0B(p—2)<—1.
By Bihari’s inequality (Lemma 3.3)
1 1

3.17 t) < =&
( ) o(t) < ICI- — ¢ JZ) §—n/2+2-B(r—2) s ~ o

with ¢o chosen large enough, so that |C]~ —¢; ftf) s7/2H2-B0=2) s > ¢y > 0
for all t > tp, and some constant cy. By (3.14),

_n—2 1 no t . t n
y(t) =Ct™ =2 sm(wlnt—l—D)—;t 2 / sin (wln— | s2 f(s) ds
t S

gives for t < t1, with 7 large and fixed, the unique solution of (3.13), which
satisfies the appropriate initial conditions at ¢; (equal to the right hand side
and its derivative evaluated at t1). This solution is written using an integral
of itself. Then

w

n— t1 n
thy(t) :C'sim(wlnt—l—D)—l / sin <w1n2> s2 f(s)ds,
t S

and using (3.17) we estimate, for ¢ large,

h t\ = b
| —/ sin (w In ;> s2 f(s)ds| < cl/ §T2H2=00=2)2 () ds .
t

t

11



t
< % ! s—n/2+2—ﬁ(p—2) ds = O(t—n/2+3—ﬁ(p—2)) _ 0(1)’
proving (3.12). Hence, w(t) and wg(t) have infinitely many points of inter-

section, and by Lemma 3.1, the solution curve makes infinitely many turns.

Turning to the other claims, for large ¢, we have, by Lemma 3.5, u(r) =
w(tr) 1~ wo (tr)
w(t) wo(t)
A=l ~ tzw‘g_l = =, gives the vertical asymptote of the solution curve

of (3.1). &

Remark In case n > 11, define pg as the solution of

4p p
=1 44 /2 =n-2.
f(p) p—1+ e

The function f(p) is decreasing, f(Z—i’g) > n — 2, so that Z—i’g < po, and the
theorem requires that

—1=r"% —1, which is the singular solution of (3.1), and

n+2
n—2

<p<po-

To treat the case when the condition (3.7) fails, we need the following
elementary lemmas.

Lemma 3.6. Let the functions y(r) and z(r) of class C?]0, o) satisfy

n—1
(3.18) y'+——y +alr)y=0,
—1
(3.19) PLNR a(r)z >0,
r
(3.20) 0 < y(ro) = 2(ro), ¥'(ro) = 2'(ro) at somerq >0,

for some a(r) € C[0,00). Assume that y(r) > 0 on (rg,00). Then z(r) > 0
on (rp, 00).

Proof: Assuming the contrary, let 1 > 7o be the first root of z(r). From
(3.18) and (3.19) we get

[r"‘l (z/y — zy/)]/ >0 on (rg,r1) .
Integrating over (rg,r1), we get
n—1_/

i 2 (r)y(r1) >0,

which is a contradiction. &

12



Lemma 3.7. Consider the function y(r) = ars' + Br®2, with constants s1 <
s9 < 0 and a, B € R. Assume that at some rg > 0 we have y(ro) = A > 0,
y'(ro) = B <0, and

(3.21) B-A21>o.
To

Then y(r) > 0 for r > rg.
Proof: Write

r S1 r ED) r S1 r So—81
y(ry=c | — +co | — =|— cr+c | — )
70 70 70 70

with ¢; = ard' and ¢ = Brj?. We have s —s; > 0, and the proof will follow
if co > 0. (We have y(rg) > 0, and if y(r) has a root, it lies to the left of
r0.) Since

y(ro)=c1+c2=A
Y'(ro) = e+ 2o =B,

it follows that

cz=<B—As—1> o >0,
o/ S2 —S1

in view of (3.21). &

Theorem 3.2. Assume that p > Z—i’g, n > 11, and assume that (3.7) fails,
1.€.,

4p P
.22 L 44, /= <n-2.
(3.22) p—1+ p_l_n

Then the solution curve of (3.1) is monotone increasing in the (A, u(0))
plane, i.e., N(t) > 0 for all t > 0. Moreover, lim;_,oo A(t) = v = B(n —
1) —B(B+1), with § = ]ﬁ. It follows that that the problem (3.1) has a
unique positive solution for A < vy, and no positive solution for X > . As
uw(0) — oo, the solutions of (3.1) tend to r=% — 1, for r # 0, which is a

singular solution of (3.1).

Proof: Assume that the inequality in (3.22) is strict, the case of equality
is similar. The roots of the characteristic equation of (3.6) are now real and
negative
(3.23)

—(n—2) —/(n—2)*—4py —(n—=2)+/(n—2)* —4py

S1 = 9 < S9 = 5

13



We claim that the generating and guiding solutions satisfy
(3.24) w(r) < wo(r) forallr >0.

Let z(r) = wo(r) — w(r). We wish to show that z(r) > 0 for all » > 0. We
have

-1
2+ L + pwP~lz = wP — w}) — pwoP Hw — wg) > 0.

r
Denote A = A(rg) = wo(ro) —w(rg), and B = B(rg) = w((rg) — w'(ro). Let
y(r) be the solution of

y o n—1, p—1, _ —A / .
Y'Y Fpwe” Ty =0, ylro) = A, y(ro) =B,

so that y(r) = ar® + (rs2, with some constants «, 3, and s1 < s9 < 0 as

in (3.23). To apply Lemma 3.7, we shall find rq > 0 small, so that A > 0,
B <0, and

roB(ro)

(3.25) o)

> 81.

Recalling that wo(r) = cor™?, with 3 = ]ﬁ, and ¢y as above, we rewrite
(3.25) as
—cof3 — r€+1w’(r0)
¢o — ryw(ro)
This will hold for sufficiently small r¢, provided that
—cof3 —(n—2) —/(n—2)* —4py

> 81 =
Co 2

> 81.

The last inequality follows from § = % < "—52, which is in turn equivalent

to p > Z—i’g By Lemma 3.7, y(r) > 0 for r > rg, and then by Lemma 3.6,
w(r) < wo(r) for r > rg, and since ry can be chosen arbitrarily small, (3.24)

is justified.
By (3.5) we have X' (t) > 0 for all ¢ > 0, provided that
2 tw'(t
2w
p—1  w(t)
Recall that w(t) and w(t) are both solutions of w” + 2=tw’ 4+ wP = 0.
Writing this equation at w(t) and at wg(t), we conclude, in view of (3.24),

(3.26)

>0, forallt>0.

[t"‘l (wow — wow’)]/ = wow (wp_l - w8_1> <0, forallt>0.

14



The function ¢(t) = " (whw — wew') satisfies ¢(0) = 0 (observe that n —

1> p+1),and ¢(t) < 0. It follows that ¢(t) < 0, or that % > % for
all ¢ > 0. Then

2 tw'(t) 2 tw((t)

p=1  w() ~p-1  wot)

justifying (3.26), and so the solution curve is monotone.

=0,

Turning to the other claims, for large ¢, we have, by Lemma 3.5, u(r) =
w(tr) 1 wo (tr)

w® L™ wem 1=r"f—1,and A = 2wP~ ! ~ tzwg_l = =, while using

(3.24), A\(t) = t2wP~ ! < tzwg_l =, for all t > 0. O

We now consider the problem (3.1) for the critical and sub-critical cases,

p < Z—J_rg For p = ™2 the generating solution, i.e., the solution of (3.3) is

n—2"
well-known:

1
w(t) — n—2 9

(1 + mﬂ) B

see e.g., [14] for the references. In view of (3.4), the global solution curve of

-1 nt2
u”—l—n—u/—l—/\(l—l—u)ntg =0 for0<r<1, ¥/(0)=0, u(l)=0
r

is given explicitly by

327 (\u(0)) = (1+%t2>2’<1+ﬁt2>7_1 ,

for t € [0,00) (observe that here p — 1 = —4-).

Theorem 3.3. Consider the problem

—1
u”—l—n—u’—l—/\(l—l—u)pzo for0O<r<1, 4/(0)=0, u(l)=0,

T

with p < Z—J_rg All positive solutions lie on a single smooth solution curve,

which begins at (A =0,u=0), and makes exactly one turn to the left at
some \g > 0, tending to infinity as X\ — 0.

Proof: 1In casep < Z—i’g, this is Theorem 2.20 in [11]. For p = Z—i’%, the
result follows from the representation (3.27), particularly from

" 2
At = |———— |
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which shows that A(¢) has a unique point of maximum, and tends to zero as

t — o0o. One can explicitly compute \g = %. &
We now consider the problem
—1
(3.28) W+ A (1u)P =0, 0<7 <1, W/(0)=0, u(l)=0.
r

We shall assume that the constant p > 0, while the case p < 0 we
considered in [12] and [13], in the context of so called MEMS problems. Our
result will allow s < 0, under some conditions, i.e., singular problems. The
following is the main result of this section, which for s = 0 was proved in
D.D. Joseph and T.S. Lundgren [9].

Theorem 3.4. Assume that n > 1. Define m = 57;—451’ flp) = ;Tpl +
4

%, and assume that m > 1.

(i) If 0 < p < 1, the problem (3.28) has a unique positive solution for any
0 <A< o0

(ii) If 1 < p < Z—*_’g, then there is a critical A9 > 0 so that the problem

(3.28) has exactly two positive solutions for A € (0, \o), exactly one positive
solution at A = Ay, and no solutions for A > Ay.

(iii) If p > “£2 and f(p) > m — 2, then the solution curve of (3.28) makes
infinitely many turns. Moreover, the problem (3.28) has infinitely many
solutions at A =5 = (s/2 4+ 1)72[B(m — 1) — B(B+ 1)], with 8 = ]ﬁ, and
at most finitely many solutions at other \’s.

() If p > 22 and f(p) < m — 2, then the solution curve of (3.28) is
monotone increasing in the (A, u(0)) plane. Moreover, limy_ A(t) = 7,
limy—,oo u(0) = c0. It follows that the problem (3.28) has a unique positive
solution for A < 7, and no positive solution for A > 7.

,r,s/2+1

s/2+4+1’
followed by 7 = (s/2 4 1)t, and p = (s/2+ 1)% X, transforms (3.28) into

Proof: By above, see (2.9) and (2.10), the change of variables t =

"

1
W T b p (4w =0, 0<7<1, W(0)=0, u(l)=0,
T

with m = 87;' Jfl. Then the result follows by the Theorems 3.1, 3.2 and 3.3,

while the case 0 < p < 1 is well-known. &

16



4 Morse index of solutions

We now use the generating and guiding solutions to show that all turning
points of the problem (3.1) are non-degenerate, and that the Morse index
of solutions increases by one at each turning point. We address the non-
degeneracy first.

Theorem 4.1. Let u(t,) be a singular solution of (3.1), i.e., N(t,) = 0.
Then u(ty) is non-degenerate, i.e., N'(t,) # 0.

Proof: Recall that
N(t) =twP™? 2w+ (p — Dtw] ,

Since N'(t,) = 0, we have
(4.1) 2w(t,) + (p— Dtpw'(t,) = 0.
Then
(42)  N(t) = taw?2(t) [(p+ Dw'(ta) + (9 — D" (8)] |
and we need to show that

S = (p+ Dw'(tn) + (p— Dtnw”(ta) # 0,

to conclude that \’(t,) # 0. Using the equation (3.3), and then (4.1), we
express

S=[p+1-(n-1p-D]w(t) - (p— Dtnw’(tn)

2p+1-(-Dp-1)
(p_l)tn

(4.3) = w(ty,) — (p— DtwPL(t,)

For the guiding solution wq(t) = cot ™%, with g = ]% and

co=1[8(n—-1)—-p(B+ 1)]1’%1, we have by a direct computation
2p+1-(n-1)(p—1)]
(p - 1)tn

Observing that the quantity in the square bracket in (4.3) is a decreasing
function of w(t,), we conclude that S # 0, once we show that

(4.4) w(ty) # woltn) -

—(p— Dtpwt ™t (tn) = 0.
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If, on the contrary, w(t,) = wo(t,), we conclude from (4.1) and the identity
2wo(tn) + (p — Dtawg(ty) =0,

that w'(t,) = w((t,), and then by the uniqueness for initial value problems
w(t) = wp(t), a contradiction. O

By C.S. Lin and W.-M. Ni [15], any solution of the linearized problem
for (3.1) is radially symmetric, and hence it satisfies

-1
(4.5) w”—l—nTw/—l—/\p(l—l—u)p_lw =0,0<r<1, W(0)=w(l)=0.

We call u(r) a singular solution of (3.1) if the problem (4.5) has a non-trivial
solution. (Differentiating (3.1) in ¢, and setting ¢ = ¢, it is easy to see that
a solution is singular if and only if X'(¢,) = 0.) The following lemma gives
explicitly any non-trivial solution of (4.5).

Lemma 4.1. Let u(r) be a singular solution of (3.1). Then

gives a solution of (4.5).

Proof: The function v(r) = ru/(r) + ﬁu(r) + ]% solves the equation in
(4.5), and we have v'(0) = &'(0) = 0, v(0) > 0. By scaling of w(r), we may
assume that w(0) = v(0), and then by the uniqueness result for this type of

initial value problems (see [18]), it follows that w(r) = v(r). O

We now present the main result of this section for positive solutions of
the problem

(4.6) Au+A(1+u)P =0, for [z <1, =0, when |z|=1.

Theorem 4.2. Let u(t,) > 0 be a singular solution of (4.6), which means
that the corresponding linearized problem (4.5) has non-trivial solutions, or
that X' (t,) = 0. Then u(t,) is non-degenerate, i.e., \"'(t,) # 0. Moreover,
when one follows the solution curve of (4.6) in the direction of increasing
u(0), the Morse index of solution increases by one at each turn.

Proof: By [5] positive solutions of (4.6) are radially symmetric, and hence
they satisfy (3.1). The Morse index of solution is the number of negative
eigenvalues p of

Aw+ A p(Q4+u)P 7 w+puw=0, for |z) <1, w=0, when |z|=1.
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By [15] solutions of this problem are radially symmetric At a singular
solution p = 0, and then w(r) = ru ~*= by Lemma 4.1.
Assume that at a singular solution w(¢ ,u{;f = 0 is the k-th eigenvalue.
Following [17], we will show that g/ (¢t ) < 0, which means that for ¢t < t,

(t > t,) the k-th eigenvalue is positive (negative), i.e., the Morse index
increases by one through ¢ = ¢,,. We shall show that the sign of /' (¢,,) is the
same as that of — (\”(t,))?, which is negative by the Theorem 4.1. Denoting
f(u) = (14 u)P, recall the following known formulas, which also hold for
general f(u) (here u = u(t,), w is a solution of (4.5), and B is the unit ball
around the origin in R"):

,u/(tn)/sz dr = —/\(tn)/Bf”(u)w3 dr (p. 11 in [11]),

<W@LWWWWMJW@LﬂWM$m3mDm,

/Bf(u)wda: = %u/(l)w’(l) (p. 5in [11]).

Putting them together, we conclude

(4.7) ,u/(tn)/sz dr = ;:EZ; o/ (1)w'(1).
By Lemma 4.1, .
wm):zfﬁmm+u%m

Recall that u(r) = U:U(&t:)) — 1, so that /(1) = w{ff?,ff” and u(1) = w;((ttz))t%'

Using these expressions and (4.2), we have

/\//(tn)

ST RTIOVE

and finally, from (4.7),

/ _ (V' (tn)* /(1)
w(tn) /sz dr = NG (p — Utwor1(6) <0,

because /(1) < 0 and \’(t,) # 0. We conclude that z/(t,) < 0, completing
the proof. o
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