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Abstract We study the Emden—Fowler equation —Au = |u|”~'u on the hyperbolic space
H". We are interested in radial solutions, namely solutions depending only on the geodesic
distance from a given point. The critical exponent for such equationis p = (n +2)/(n — 2)
as in the Euclidean setting, but the properties of the solutions show striking differences with
the Euclidean case. While the papers (Bhakta and Sandeep, Poincaré Sobolev equations in
the hyperbolic space, 2011; Mancini and Sandeep, Ann Sci Norm Sup Pisa CI Sci 7(5):635—
671, 2008) consider finite energy solutions, we shall deal here with infinite energy solutions
and we determine the exact asymptotic behavior of wide classes of finite and infinite energy
solutions.
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1 Introduction

In this paper we consider the following nonlinear elliptic equation

Au+ulPlu=0 inH", (1.1)
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376 M. Bonforte et al.

on the simplest example of manifold with negative curvature, the hyperbolic space H", in
dimension n > 3. A is the Laplace-Beltrami operator on H" and we take p > 0. When posed
in the Euclidean space R”" this equation is known as the Emden—Fowler equation and the
study goes back to Lane [22], Emden [13], Fowler [14], Chandrasekhar [9] and others, and
plays an important role in Astrophysics. Attention was focused on the existence and descrip-
tion of radial solutions. There is a host of later important contributions to the subject; among
them we must mention the famous paper by Joseph and Lundgren [21] where a complete
classification of radial solutions is done. For more general nonlinear elliptic equations in the
Euclidean space R” we refer to [4,16-18,24,25,27].

The existence of radial solutions of the Emden—Fowler equation can be addressed in the
hyperbolic space in the setting of radial functions provided we define a function to be radial
if it depends on the Riemannian distance r from a pole 0. We recall that several models can
be used to describe H" in an explicit coordinate system. For instance, one may realize H" as
an embedded hyperboloid in R"**!, endowed with the inherited metric. It is also possible to
use one of the two Poincaré realizations, namely the ball model or the half—space model, in
the sense that topologically one can identify H" with the unit ball in R” or with the upper
half-space, each of which endowed with an appropriate metric with the property that the
Riemannian distance from any given point to points approaching the topological boundary
tends to +00. Another possible realization is the Klein model, see [2,28] for a comprehensive
discussion. Because of the structure of the isometry group of H" it is convenient to describe
the hyperbolic space as a model manifold, see [19] for details. On such a manifold, a pole o
is given and the metric has the form

ds? = dr? + f(r)*de?,
for an appropriate function f, where r is the Riemannian distance from the pole o and dw?
denotes the canonical metric on the unit sphere. The hyperbolic space H”" is obtained by
making the choice f(r) = sinhr. It is then known, see [11] and references therein, that the
radial part of the Laplacian has the explicit expression, on radial functions u,

Araqu(r) = u"(r) + (n — 1)(coth r)u'(r) = [sinh )"’ ()], (1.2)

(sinh r)n—1

and that in such coordinates the volume element is di# = (sinh r)"_1 dr dv,,_1, where dv,_
is the volume element on the (n — 1)-dimensional unit sphere st

Our aim in this paper is to classify the smooth radial solutions to (1.1), which satisfy the
ODE

u"(r) + (n — D(coth r)u’(r) + |u()|P'u@r) =0 forr > 0, (1.3)
together with the initial conditions
u(0) =a, u'(0)=0. (1.4)

The mathematical study of this problem was initiated in [5,23] for the slightly more gen-
eral equation Au + Au + |u|P~'u = 0 in the range p € (1, %) and energy solutions are
considered. An energy solution is a function in H! (H"), which is the natural space where

variational methods can be successfully employed.
1.1 Results and methods

Here we study the whole class of radial solutions to (1.1)—(1.4) and consider all values of
p > 0. The study of non-variational solutions is quite natural both in the supercritical case
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Emden—Fowler equation on the hyperbolic space 377

p > Z—f%, where no radial solution belongs to the energy space, but also in the subcritical

case p € (1, %), where there exist infinitely many positive solutions to (1.1) which do not

belong to the energy space, see [23].

We determine the intersection properties and the asymptotic behavior at infinity of all radial
solutions. In the subcritical case we also prove that there are infinitely many sign-changing
solutions of (1.1) not included in the energy space; we determine again their asymptotic
behavior as well as the asymptotics of the (sign-changing) energy solutions. We also show
that any sign-changing solution has finitely many oscillations, in striking contrast with the
Euclidean behavior, see [27]. Finally, in the sublinear case 0 < p < 1, we prove that no
positive radial solution to (1.1) exists and that all sign-changing solutions exhibit infinitely
many oscillations.

For the proof of our results we construct a generalized PohoZaev-type functional (notice
the alternative spelling Pokhozhaev) [26] in the hyperbolic setting. This construction requires
a delicate choice of the test functions involved: instead of powers of r we use particular com-
binations of the hyperbolic functions. This functional gives several different information in
the three cases p > :1%, l<p< Z;g, and 0 < p < 1. We refer to [3,8,16,26] for infor-
mation on the roles played by these exponents in R”. The next step consists in adapting the
techniques developed by Ni—Serrin [24,25] to this new framework. The decay rate of solu-
tions to (1.3) follows by a careful reworking of the differential equation at hand combined
with the PohoZaev-type functional.

The exact statements of our results are given in next section, at the end of which we
shall also discuss briefly, for the sake of completeness, the linear case p = 1. In Sect. 3 we
complement our results by further remarks and open problems.

In Sect. 4 we introduce the PohoZaev-type functional which turns out to be very powerful
in the study of the qualitative behavior of solutions to (1.3) for any value of p. Section 5 is
devoted to the proofs of the results in the supercritical case. Sections 6 and 7 deal, respectively,
with the proofs of the results concerning positive solutions and sign-changing solutions in
the subcritical case. Finally, in Sect. 8 we briefly deal with the sublinear case p < 1. In these
sections we shall also provide numerical simulations and plots of the qualitative properties
of solutions.

We conclude this introduction with two remarks:

(1) The case of the hyperbolic space with curvature —c2, ¢ > 0 can be easily reduced to

the case ¢ = 1 that we treat here in detail. Actually, for ¢ # 1 the radial solutions of
(1.1) satisfy an ODE of the same form

u”(r) + (n — 1)c coth(cr) u'(r) + |u(r)|p_1u(r) =0 forr > 0. (1.5)
The change of variables
u(r)=clu(cr), ¢=2/(p—1, (1.6)

transforms solutions #(r) of (1.5) into solutions u(r) of (1.3). Note that ¢ coth(cr) —
1/r as ¢ — 0, so we recover the Euclidean case in that limit. We will comment later on
some consequences, see Remark 2.5 (iii).

(2) We expect that the study of the elliptic problem (1.1) might be relevant for the study
of the fine asymptotics of the solutions to the corresponding evolutionary problem
u; = Au™, with 1l >m = %, as initiated in [6], in the spirit of the recent results given
in [7]. This same elliptic problem has been recently considered in [10] in the study of
existence and stability of finite energy solitons for the subcritical nonlinear Schrodinger
equation. Although our results can be extended to the equation
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378 M. Bonforte et al.

Au+ f(u) =0 inH", (1.7)

where f satisfies suitable assumptions, in the present paper we limit ourselves to con-
sider the particular case f(u) = lu|P~u.

2 Classification of radial solutions: statement of results

The results strongly depend on the exponent p in three different ranges. When p > ”+§ we

say that p is supercritical, when 1 < p < "*% we say that p is subcritical, when 0 < p < 1

we say that p is sublinear.

2.1 The supercritical case

Our main result for this case (see Figs. 1,2) is the following.

Theorem 2.1 For any p > ”*2 5 equation (1.1) admits infinitely many positive radial solu-

tions u = u(r) and inﬁnitely many negative solutions. In fact, all radial solutions u to (1.1)
with u(0) > 0, u’(0) = 0, are everywhere positive and decay polynomially at infinity with
the following rate

n— 1\ /=D
lim /P Du@r) = c(n, p) —( ) 2.1)
r— 400 p—1
and
u'(r) _u(r)

lim = lim =0
r—+o0 u(r) r—+o0 u'(r)

On the other hand, for u(0) < 0, u’(0) = 0, the solutions are everywhere negative and decay
polynomially with just the opposite limit —c(n, p), in (2.1). In particular, any such solution
u belongs to L1 () only for g = oo

This result is qualitatively similar to the Euclidean case, but the power-law decay deter-
mined in (2.1) is different. We recall that solutions in the Euclidean case decay like r2/(p=1)
see [25, Theorem 2.2], except in the critical case in which the rate of decay is F(n=2),

As a byproduct of the proof of Theorem 2.1 we obtain the following non-existence result
for solutions to the Dirichlet problem in a ball:

Corollary 2.2 If p > "+2 , then for any radius R > 0, equation (1.1) admits no positive
radial solution u = u(r) vanvfymg u(R) =0.

n+2

This result may also be obtained by adapting the arguments in [29] valid for p = to

n+2
the supercritical range p > =5

2.2 The subcritical case
A first main novelty of this case is the existence of a positive global solution having fast decay

at infinity (a hyperbolic nonlinear ground state). This type of solution has been obtained by
Mancini-Sandeep [23, Theorems 1.3—1.4, Lemma 3.4] using variational methods in the space

H!(H") = {u € L*(u); Vu € L* (), u = u(r)},
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Emden—Fowler equation on the hyperbolic space 379

0

Fig. 1 Phase plot of some solutions when d = 3, p = 6 (supercritical case)

where p is the Riemannian measure, V is the Riemannian gradient and r is the Riemannian
distance from a given pole o. We state their result for convenience.

Theorem A ([23] Theorems 1.3-1.4, Lemma 3.4) Let1 < p < % There exists a unique
JunctionU € Hr1 (H") which is a radial, smooth, positive and bounded solution to the Eq. 1.1.
The function U is (radially) decreasing and there exists ¢ > 0 such that
lim " VU@) =z (2.2)
r—+400
Of course, there exists a unique negative ground state which is given by —U. We use
the ground state U in the classification of all radial solutions to (1.3)—(1.4). Without loss of
generality we restrict ourselves to the case u(0) = o > 0. One first class of radial solutions
is given by the next result.

Theorem 2.3 Letl < p < Z—f% and let U be the positive ground state described in Theorem

A. Each local solution u to (1.3)—(1.4) satisfying
0 <u(0) <U(®Q) (2.3)

can be extended as a positive solution for 0 < r < 00, hence generating a positive radial
solution to (1.1) on H". Moreover, there exists a unique ro > 0 such that u(ro) = U (ro) and
the asymptotic behavior is given by

lim /P Dyu@) =c, p), (2.4)

r—+00

the constant of (2.1). None of these slow-decaying solutions belongs to the energy space.

The first part of the result is known from paper [23], and our contribution is the bound (2.4),
which is exactly the same as in the supercritical case, and makes the solutions non-variational.

A second main difference with the supercritical case is the presence of sign-changing solu-
tions, which we now discuss. Recall that in the Euclidean case, Pucci—Serrin [27, Theorem
15] show that all sign-changing solutions in R” have infinitely many zeros. We prove that this
never happens in H", namely any sign-changing radial solution to (1.1) has a finite number
of zeros. Finally, we show that there exists infinitely many solutions of infinite energy.

Theorem 2.4 Let p and U be as in Theorem 2.3. If u is a solution to (1.3)—(1.4) with
u(0) > U(0), then it is sign-changing. Moreover:
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(1) the solution with initial data o vanishes for the first time at a finite point ry, and the
map o > ry is a monotone decreasing 1-1 map from (U (0), oo) onto (0, 00);
(i) any radial sign-changing solution has finitely many zeros;
(ili)  there exist infinitely many radial sign-changing solutions u ¢ H'(H"), having exactly
one zero, and satisfying
lim /P D) = —cn, p), (2.5)
r—>-+00
the constant of (2.1);
(iv) foranyintegerk > 1 there exists infinitely many solutions to (1.3)—(1.4) having exactly
k zeros, and satisfying either (2.4) when k is even or (2.5) when k is odd;
(v) any radial sign-changing solution u € H'(H") satisfies (2.2) for some real constant
C.

Remark 2.5 (i) As a corollary of our results, we see that we can identify the solution U
with the separatrix between the sign-changing class from the globally positive radial
solutions in hyperbolic space. In particular all radial solutions u satisfying u (0) > U (0)
change sign.

(i) The L*-norm U (0) of the variational solution U (r) is the optimal a priori bound for
all positive radial and global solutions in the subcritical case. Sign-changing solutions
have no a priori bound.

(iii) When we work in the hyperbolic space with curvature —c> # —1 the rescaling stated
in (1.6) implies that the ground state is U, (r) = c2/P=Dy (cr). Therefore the a priori
bound is

M. = supUc(r) = P~ DU(0),
r>0
which goes to zero as ¢ — 0. This explains how the hyperbolic ground state disappears
in the Euclidean limit.
(iv) Infact, from our proof one sees that Item (iv) can be complemented with the statement
that for any integer k > 1 there exists oz > 0 such that if #(0) > «, then the solution
to (1.3)—(1.4) has at least k zeros.

As for previous results, it was proved in [23, Proposition 4.4] that the corresponding
Dirichlet problem admits a unique radial positive solution in any ball of finite radius. More-
over, Bhakta—Sandeep [5, Theorem 5.1] showed that there exist infinitely many sign-chang-
ing solutions to (1.1), which can be chosen to be radial and belonging to H L(H") and that
[5, Theorem 4.2] any solution in the energy space, not necessarily radial, satisfies the bound

u(x)| < Ce " T" (2.6)

where r = o(x, 0), 0 € H" is the pole and g is the Riemannian distance. Moreover, the proof
of [5, Theorem 3.1] shows that for radial solutions the upper bound (2.6) can be improved
from % to "2;1 We show that such solutions satisfy the stronger property (2.2) for a suitable
real constant ¢ and we discuss their oscillation features.

2.3 The sublinear case
In this case we have no globally positive solutions at all. Moreover all sign-changing solu-

tions have infinitely many zeros and “slow” decay at infinity in the sense that the bound
lu(r)| < Ce~ =D cannot hold for all » > 0 and a suitable C > 0, contrary to (2.2).
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Emden—Fowler equation on the hyperbolic space 381

Theorem 2.6 LetO < p < 1. Then there exists no positive radial solution to (1.1). All radial
solutions to (1.1) change sign infinitely many times and

n—1 n—1
limsup er* " u(r) >0, liminf e» u(r) <O0. 2.7
r—+00 r—+00

2.4 Some comments on the linear case

Note that if p # 1 and u solves the equation Au + |u|?~'u = 0 on H", then v = /(1P
solves the equation Av + ¢ |v|?~!'v = 0. But, of course, this simplifying trick does not apply
when p = 1. For completeness and comparison with the nonlinear cases p # 1, we recall
here some facts about the linear case p = 1.

It is well-known [2,11] that the Lz-spectrum of —A on H" coincides with the half-line
[A, +00) where A = (n — 1)2/4. The equation

Au+cu=0 inH", (2.8)

has a radial positive solution (generalized ground state) with exponential decay for ¢ = A.
In Sect. 3 we show that any such solution u is comparable to (1 + r)e_%’ when r — 400
so that, in particular, u & L.

If0 < ¢ < A, thenradial solutions to (2.8) with #(0) > 0 are positive and slowly decaying
at infinity, this behavior bears some similarity with solutions corresponding to small initial
data in the subcritical case, see Theorem 2.3. On the other hand, when ¢ > A, it belongs to
the L2-spectrum. In this case, radial solutions u to (2.8) change sign infinitely many times
and |u(r)] < C(1 + r)ef% ". This behavior has now to be compared with the sublinear
case, see Theorem 2.6. Further details are given in Sect. 3.

3 Further remarks and open problems
3.1 Functional analysis on the hyperbolic space
H" is a non-compact manifold and, since the Ricci curvature is constant and negative and

the space is simply connected, both the Sobolev and the Poincaré inequality hold. In other
words, denoting by u the Riemannian measure, we have both the inequalities

n-2)/n
/|u|2"/<”*2) du - a/mﬁdu 3.1)
H’l Hn
and
2 2
/u d,u§C2/|Vu| du 3.2)
H/‘l H’l

for all u € H'(H"), the usual Sobolev space. For generalizations and sharp form of such
inequalities see [5,23]. These properties are important in the variational analysis.
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3.2 Some explicit ground states

There are at least three explicit ground state solutions in the subcritical case 1 < p <
(n+2)/(n —2). They are

[n*(n — D]~ n
U = f = —
@) (1 + coshr)r—1 orp n—1
[n(n — 1]=D/2 n+1
Ur)=—FF—— f =
) (cosh r)n—1 P=0T
nn—1)\""V/4 1 n+3
U(V)=(7) oo forp=-—17.
ntl ((coshr)2 - L) o n-l
n+1

They solve (1.1) and have the announced exponential decay. The first two solutions have
been already found in [23]. These explicit solutions provide extremals in the Sobolev-type
inequalities

2n — 1 2n 2n+2
7_1, q: q:

by making use of Theorems 2.1 and 5.1 in [23], see also [5]. These inequalities can be obtained
by interpolating between the L2 gap inequality (3.2) and the Sobolev inequality (3.1).

lully = CliVull2, g =

n—1 n—1"

3.3 Asymptotic behavior in the linear case

If ¢ = A, then by [2,11] we know that (2.8) admits positive solutions u. Moreover, these

solutions satisfy the upper bound u(r) < C(1 +r)e” 2 7, see e.g. [1]. To show a similar
lower bound we proceed using a strategy which inspires the one in the proof of Theorem 2.4.
Any radial solution u to (2.8) with ¢ = A and u(0) > O satisfies the inequality

0=u"(r)+ (n — D(cothr) ' (r) + Au(r) <u” () + (n — D' (r) + Au(r)

as long as u’ < 0. In turn, this happens as long as u > 0 since [(sinh )"~ 'u’) = —Au and
u’(0) = 0. Therefore, as long as u > 0, we have

/

5 en;] p !
r " u(r) > 0. 3.3)

Integrating this inequality on [0, r] gives

n—1 r /
(e i u(r)) > 1O (3.4)
r r

Since the derivative of the function r > " ~D/24(r) is positive at r = 0, we know that

§ =" D2y (e) —u©) > 0

provided ¢ > 0 is sufficiently small. Choose one such ¢ and integrate (3.4) on [¢, r] to get

n=l . n—1
e 2 e 2 1 1 1)

u(r) > Eu(a) —u(0) (— — ;) > Vr>e.

& & &
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n—1

Hence, u never vanishes and there exists K > 0 such that u(r) > K(1 +r)e” 2 " for all
r>0.
If 0 < ¢ < A, we claim that for all ¢ > 0 and suitable constants cg, ¢ (¢) > 0 we have

coe™" <u(r) <cre” M7, (3.5

A1 being defined below. This means that radial solutions to (2.8) with #(0) > 0 are positive
and slowly decaying at infinity. To prove this claim we set

n—1—ymn—-12%-4c n—1+4+vmn—-12%—4c
2

A: ,)\,:
1 ) 2

so that A, > A1 > 0. Then, by arguing as for (3.3), we see that in any interval [0, R] on
which u is positive we get

(3.6)

I:e()»z—)»l)f (e)“”u(r))/]/ > 0. 3.7

By integration we obtain (e)‘"u(r))/ > Lu(0)e*1=*2)" Integrating again yields:

u(0)
A=A
This first shows that u never vanishes since the r.h.s. is always positive, and then that u is
lower bounded at infinity by a multiple of e*1” with A1 given in (3.6), so the lower bound
(3.5) is proven. As for the upper bound, integrating (3.7) once and taking the conditions at
r = 0 into account gives, for all » > 0,

u(r) > [Aae™ 1" — aje ™. (3.8)

W () 4+ Au(r) > Mu0)e ™2 > 0.

By (3.8) we know that u is everywhere positive, hence we have that ®(r) > —\; for all

r > 0, where @ (r) := u/(r)/u(r). Recall also that © is negative. We now compute

w (Nu(r) —u'(r)> _ u"(r)
u(r)? ©ou(r)

e'(r) = —0@)? = —(n— D(cothr)®@F)  (3.9)

—c— 0@

Assume first that © has infinitely many stationary points r,, so that ®’(r,,) = 0 and r,,, —
400 as m — +o00. Hence, using (3.9), we see that

O@rm) [(n — D)(cothry,) + O(rm)] + ¢ = 0.

This implies that, as m — +o00, ®(r,,) tends either to —Aj orto —A;. Since ®(r) € [—Ay, 0],
only the first possibility can hold and ®(r) | —A; as r — +oo0. If instead ® has finitely
many or no stationary points, then ®(r) has a limit as » — +oo and (3.9) shows that
©®'(r) as well has a limit, necessarily zero (recall that © () € [—A1, 0]). This corresponds to
(n — D(cothr)O(r) + ¢ + ©%*(r) — 0 as r — 400, which again implies that ©(r) | —A
asr — +o00. Hence this latter fact holds true in any case. In particular for all ¢ > 0 and all r
sufficiently large we have u’(r)/u(r) < —(A| — €), so that u(r) < cje=*1=9" forall r > 0
and a suitable ¢y (¢) > 0. This is precisely the upper bound in (3.5).

Finally we discuss the case ¢ > A, so that ¢ belongs to the L?-spectrum. As a straightfor-
ward application of [12, Theorem 2.1(b)], we see that solutions to (2.8) change sign infinitely
many times. It is also known [1] that any eigenfunction u satisfies |u(r)| < C(1 + r)e’% "
where, by the above calculations, the r.h.s. describes the asymptotic behavior of any eigen-
function corresponding to the eigenvalue A.
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3.4 The two-dimensional case

Since when n = 2 any exponent p > 1 is subcritical, Theorems 2.3 and 2.4 hold for any
p > 1 when n = 2. Moreover, when n = 2, Theorem 2.6 holds with no modifications.

3.5 Numerics and open problems

(1) Is it possible to get explicit bounds on U (0), as given by Theorem 2.3?

(2) In the subcritical case, numerical analysis seems to show that the number of zeros of
a sign-changing solution increases as u(0) increases, see Figs. 5, 6. Several natural
questions then arise. Is it true that the number of zeros of u in nondecreasing as u(0)
increases? What is the asymptotic behavior as k — oo of the shooting levels ax where
the solution to (1.3)—(1.4) switches from k to k + 1 zeros? We conjecture that the solu-
tions corresponding to o have finite energy. In this respect, [5, Theorem 5.1] proves
the existence of infinitely many radial sign-changing finite energy solutions to (1.1),
whose energy is arbitrarily large.

(3) Numerics shows that in the supercritical case and for large dimensions and p large
the solutions are ordered and do not intersect. The corresponding result is well-known
and quite interesting in the Euclidean setting, see [21]. This seems to require further
investigation.

4 A Pohozaev-type functional

We are here interested in studying the behavior of local solutions to (1.3)—(1.4), namely
solutions to the Cauchy problem

( W'(r) + (n = D(cothr) e/ (r) + lu@) P u@r) =0 @ > 0)

u@) =a, u'(0)=0 4.1)

for some o > 0. By arguing as in Proposition 1 in the Appendix of [25], one sees that (4.1)
has a C? local solution. In fact, these solutions are global and vanish at infinity. This fact is
known inthecase 1 < p < th from [5, Theorem 4.1] in case of general solutions to (1.1).
We give here a simpler proof in the case of radial solutions which works for any p > 0.

Lemma 4.1 Let p > 0. Forany a > 0 the local solution u = u(r) to (4.1) may be continued
SJorallr > 0andlim,_, 1 u(r) = 0. Also in the non-Lipschitz case p € (0, 1) each solution
intersects the r-axis transversally.

Proof We introduce the Lyapunov functional

F(r) = lM’(r)z + u(r)|P*! (4.2)

2 p+1
and we show that F is decreasing. Indeed, by (1.3) we get
F'(r) = [u”(r) + |u(r)|1’*1u(r)]u/(r) = —(n — 1)(cothr)u'(r)* < 0. (4.3)

This implies in particular that both « and u” are bounded. A straightforward calculation using
(4.3) shows that

[(sinhr)z("_l)F(r)]/ >0

@ Springer
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with strict inequality holding at least for » small. Hence F(r) > O for all » > 0 and in
particular # may intersect the r-axis only transversally.

Suppose that u does not admit a limit as »r — +o00. Since F is decreasing, u cannot
oscillate while having a constant sign. Then u admits infinitely many negative minima and
infinitely many positive maxima. Let r; ) pe the sequence of zeros of u and r, ) be the

sequence of the first maximum points of u after rl( ). We then have:

o o
IF(r) = Fori)| = /F(r)dr = n—l)/(cothr)u(r)zdr
rl(k) (k)
o o
> (n—1) / Wy’ dr=—(n—1) / u(ryu” (r) dr
g a 4.4
o (4.4)

=(n—1) / u(r) [(n = D(coth r)u'(r) + u(r)”] dr

(—) ((k))’

where we used the positivity of # and «” in [r{k), rz(k) ] and the fact that u (rl(k)) =u (rék) ) =
0 forall k. As F(r) is decreasing, it has a finite nonnegative limit. Therefore, the Lh.s. of (4.4)

(k)

tends to zero as k — +00. We conclude that u (r ) tends to zero as well when k — +o00.

Therefore u tends to zero on its maxima. Similar considerations hold for the minima, so that
we can conclude that u(r) — 0 as r — 400 as claimed. ]

‘We now introduce the function
r
@n(r) = / (sinhs)" ! ds. (4.5)

We point out that the integral involving ¢, can be explicitly computed in terms of elementary
functions, but since its form appears complicated, we leave it as in (4.5). For any p > 0 we
also define the function

_ p+3 . el _ .
Yp(r) = 72( D (sinh r) (n — )@, (r)cothr (r > 0) 4.6)

which is linked to local solutions to (1.3) by means of the following statement.

Lemma 4.2 Let p > 0. For any local solution u = u(r) to (4.1) let

. W' (r)? | fu(r)]Pt! o u(ru(r)
W (r) .—wn(r)( > P )+(s1nhr) il 4.7
Then
W) =0 and W'(r) =u'(r)>¢,(r). (4.8)

@ Springer



386 M. Bonforte et al.

Proof We use twice (1.3) to obtain

W(r)? Ju@r) P

W'(r) = (sinh )" ( ) +0u ) () + ) 1P ) ) ()

2 p+1
-1 inhr)"~!
+ Z+ [ (sinh r)' "2 (cosh r) u(r)u'(r) + % u' (r)?
inh 7)1
% u(r)u” (r)
()2 p+1
— (sinh -1 (L7 )] — (1 — Dgn(r)(coth r) u' (r)?
2 p+1
. _1 . _1
(sinh r)” WY — (sinhr)” ()P
p+1 p+1
inh n—1 inh n—1
= (% — (n — g, (r)(cothr) + %) u' (r)2.
2 p+1
Recalling (4.6), this proves the statement. O

In the supercritical case, the function W is negative:
Lemma 4.3 Assume n > 3 and p > % For any local solution u = u(r) to (4.1) the

function V defined in (4.7) satisfies W' (r) < 0 forall r > 0. Hence, ¥ (r) < 0 forall r > 0.

Proof In view of (4.8), the statement follows if we show that ¥, (r) < O forallr > 0. In
turn, since lim, .o ¥, (r) = 0, it suffices to prove that 1//1’) (r)y <Oforallr > 0.
Some computations show that

p—1 . n—
Vi) = ( hr)2 [wn(r) 2,y ()" cos r] G )2 (r). (4.9
We are so led to determine the sign of 4. Further computations show that

Wy = 2P Gyt [1 - (1 ) ("+2)) (coshr)z]. (4.10)

2(p+1) 3p+1
In view of the assumption p > ”+2 , this shows that 4'(r) < 0 for » > 0. Since h(0) = 0,
this shows that 4 (r) < O for r > 0 so that 1// (r) < Oforallr > 0. ]

In the subcritical case, we obtain a different statement

Lemma 4.4 Assumen >3 and1 < p < Zﬁ For any local solution u = u(r) to (4.1) the

function V defined in (4.7) admits a limit as r — +o00.

Proof Let ¥ be as in (4.6). Since 1 < p < ZJFZ, one sees that

'R, , > 0 suchthat ¥ ,(R, ;) =0 4.11)
and ¥,(r) > O for r < Ry, , whereas ¥,(r) < O for r > Rj ,. Then (4.8) shows that

W'(r) <Oforallr > R, p so that r = W(r) is eventually decreasing and admits a limit as
r — —4o0. [}

Remark 4.5 In the sublinear case 0 < p < 1, (4.9) yields wl’,(r) > 0 for r > 0. Hence,
Y¥p(r) > 0 and, by (4.8), one sees that W'(r) > 0 for all » > 0. Finally, ¥(r) > 0 and ¥
admits a positive limit (possibly +00) as r — +o0.
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5 Supercritical case: proof of Theorem 2.1

We treat the case p > (n + 2)/(n — 2). It is clearly sufficient to deal with radial solutions
satisfying u(0) > 0. Notice that (1.3) may be rewritten as

/
——— | (sinh )" ! ’r]:— P 5.1
E— [sinhry' ™1 /()] = =) ur) 5.1)
so that the map r > (sinh r)" !y’ (r) is strictly decreasing as long as u(r) remains positive.
Since its value at r = 0 is 0, we infer that u’(r) < 0 as long as u(r) remains positive and two
cases may occur:

(1) There exists p > 0 such that u(r) > 0 for r € [0, p), u(p) = 0, and u’'(p) < 0;
(2) u(r) > 0forallr € [0, 00).

If p > Oasincase (1)exists, then ¥ (p) > 0, where W in as (4.7), contradicting Lemma 4.3.
This rules out case (1) and shows that case (2) occurs.

This, together with Lemma 4.1, shows that for any &« > 0 the Cauchy problem (4.1) admits
a unique global positive solution which vanishes at infinity. This proves the first assertion in
Theorem 2.1.

The rest of this section is devoted to the proof of the limit (2.1). This requires several
intermediate results.

n+2

Lemma 5.1 Assume that p > 755

Co > 0 and rog > 0 such that

and let u = u(r) be a solution to (4.1). Then there exist

u(r) > Coy T forall r > rg.

Proof We use the function W defined in (4.7). By Lemma 4.3 we see that there exists § > 0
and ro > 0 such that
Y(r) < —§ forallr > rg.

Therefore,

a1 u(u'(r)

inh
(sinhr) 1

< —§ forallr > rg

so that, for a suitable constant C > 0,
u(ru'(r)y < —Ce'"=™" forall r > ry.
By integrating this inequality over (r, +00) we get

u(r)? C
_ =
2 n—1

and the stated lower bound follows. ]

e(lfn)r

forall r > rg

Lemma 5.2 There exist no strictly positive constants C, B such that the bound u(r) < Ce™ P
holds for all r > 0.

Proof In the sequel, C will denote a positive constant which can change from line to line.
Suppose by contradiction that, for suitable C, 8 > 0 the bound

u(r) < Ce Pr (5.2)
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is satisfied for all » > 0. Using (5.1) we get

by LSRN @] = ) = e

and hence, using the inequality sinhr < e" /2,
[Gsinh )"~/ ()] = —Ce= 1P, (5.3)

In order to reach a contradiction one can assume that 8 is small, in particular that 8 <
(n — 1)/ p. Let us assume this condition and integrate (5.3) between 0 and r. We get, for all
r > 0:

(sinh )"~ (r) = € (1 = 71 7Pr).
Therefore, for r sufficiently large, recalling thatn — 1 — pg > 0:
W'(r) > Ce~ = Dr (1 - e("_l_pﬂ)r) > —Ce PP,
The latter inequality can be integrated between r and +o0 so that, recalling that u(r) — 0
asr — 400, we have —u(r) > —Ce PP" or:
u(r)y < Ce PPr,

first for sufficiently large r and then for all r since u is continuous. Therefore, compared
with (5.2), we have proven a faster decay at infinity for u, since p > 1. The procedure
can be iterated to prove that u(r) < CeP"P" for all positive integers k such that p¥=18 <
(n — 1)/p and for all » > 0. Therefore we conclude that the bound u(r) < Coe—n—1-er
holds, given any positive ¢, for a suitable constant C, and for all positive . This contradicts
Lemma 5.1. O

Lemma 5.3 The equality

. u'(r)
lim =0
r—+oo u(r)

holds true.

Proof We first derive an auxiliary inequality. Let ¢, be defined as in (4.5). We notice that by
de I’Hopital’s rule

@n(r) , (sinhr)"—1 1
im —— = - = . 5.4
r—oo (sinhr)"=1 r—oo (n — 1)(sinh r)"~2(cosh r) n—1
This proves that for any & > 0 there exists r. > 0 such that
1
#n(r) forall r > re. (5.5)

(sinhr)"~! = n—1+¢
From Lemma 4.3 we know that the function W defined in (4.7) is strictly negative, namely

on(r) (u’(r)2 u(r)“‘) REGIAG)
(sinh )71 2 p+1 p+1

<0 forallr > 0.

In turn, by using (5.5) this shows that

1 u'(r)? u(r)u' (r)
n—1+¢ 2 p+1

<0 forall r > re.
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Dividing by u’(r) < 0 the latter inequality we obtain
2(n —1
W)+ 21D 20 forallr > (5.6)
p+1
Set now O(r) := u'(r)/u(r), and notice that ®(0) = 0, ®(r) < 0 for all » > 0. We can
rule out the possibility that
limsup®(r) <0

r—>+00

since this would imply a uniform exponential upper bound for u, against Lemma 5.2. There-
fore, either the statement is true or ® has no limit. Should the latter possibility hold, ® has
infinitely many maxima and minima r,,, at which ®’ vanishes, with r,, — +ocasm — +o0.
This means that, at each r,,, u”u — (u’)?> = 0. Multiplying equation (1.3) by u, we thus get,
for all m,

u' (r) [(n = Durp) (cothry) + ' (r) ] = —u ()P

Recalling that u never vanishes shows that the quantity in the Lh.s. above never vanishes as
well, so that we may rewrite the above equality as

u(rm)P!
(n — Du(rm)(cothry,) + u/(rm).

Since p > 1, using the auxiliary inequality (5.6), we have that

(5.7)

u/(rm) = -

(n — Du(rm)(coth ry) + ' (rm) > u(rm) |:(n — 1)(coth rpy) — zw]
p+1
= u(ry)(n — 1) [(cothrm) 2 w]
p+1 n-—1
- u(rm)
o

for a suitable positive constant «, provided 0 < ¢ < (p — 1)(n — 1)/2 and m is sufficiently
large, say m > m. Putting this bound into (5.7) yields, for m > m:
0> u'(rm) > —au(ry)?
which shows that, for the same set of indices,
u'(rm)
u(rm)

This and Lemma 4.1 imply that u’(r,,)/u(r,,) — 0 as m — +o00. The definition of the
sequence {r;,} then shows that u’(r) /u(r) — 0 as r — +o00 even if ® has infinitely many
stationary points. This concludes the proof. O

> —au(r,)P L.

We have now all the ingredients to prove (2.1) (see Fig. 2). By using an argument similar
to the one in the proof of Lemma 5.3 we show that ® ,(r) := u'(r)/u(r)? has a limit as
r — +oo. This would clearly hold if ®, has finitely many maxima and minima (or none
at all). If there is instead a sequence {r,,} of extremals, with r,, — 400 as m — 400,
we would have, by computing explicitly derivatives and recalling that # never vanishes,
w”" (F)u(rm) — pu’(rm)? = 0. Using (1.3) this would imply that

“(rm)p+l

(n — Du(rm)(cothry) + pu' (1) .

' (rm) = —
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Fig. 2 Plot of some solutions when d = 3, p = 6 (supercritical case)

But we have proved in Lemma 5.3 that u’ = o(u) as r — 400, in particular along the
sequence {ry,}. Therefore we have u'(r,) ~ —u(ry,)?/(n — 1) (where f ~ g means that
f/g — 1), and in particular ® ,(r,) — —1/(n — 1) as m — +oo. By the definition of the
sequence {ry,} this entails that ® ,(r) — —1/(n — 1) as r — +o0. In any case ®,(r) has a
limit as r — +4o00.

Using again (1.3), we may write

u”(ry  u(r)?
u'(r)y — u'(r)

— 1—n asr - +oo.

u”(r)

“() has been shown to have a limit as r — 400, iG] has a limit as well. But then

Since )
de I’'Hopital’s rule and Lemma 5.3 imply that

W) W)

m = m =
r—+oo u'(r) r—+oo u(r)

)

as claimed in the statement. Thus we have proved that

u'(r) 1
m = .
r—+oo u(r)P 1—n

Therefore, for all ¢ > 0 there exists r, such that, for all » > r,:

p—1
n—1

—e< (u]_p)/(r) < pi_ll—l—e.
n—

By integration between r, and r we then get

_ =1/(p—1)
[(”—1 + s) (r— ra>+u(r8)1—P} < u(r)

n—1
_ —1/(p—=1)
< |:(]7 : _8)(r —re) +”(r5)1_pi| .
n—1

@ Springer



Emden—Fowler equation on the hyperbolic space 391

6A
SA
4A
S 34
=
za
IA
O T T T T T 1
1 2 3 4

Fig. 3 Plot of some positive solutions when d = 3, p = 2 (subcritical case). The special exponentially
decaying solution U corresponds to the blue line (U(0) = 6). (Color figure online)

Multiplying such inequalities by '/(?=1 we obtain

p—1  \“Vo-D
(7 —I—{;‘) < liminf /=Dy )
n

—1 r—+00
p—1 —1/(p=1)
glimsuprl/(pfl)u(r) < (7 —8) .
r—+00 n—1
Finally, since this holds for all positive ¢, the proof of (2.1) is complete. O

6 Subcritical case: proof of Theorem 2.3

Let u be a local solution to (4.1) satisfying (2.3). By [23, Corollary 4.6], there exists a unique
ro > 0 such that u(rg) = U (rg). Therefore, u is positive on [0, +00) (Figs. 3,4). Moreover,
we have

Lemma 6.1 Assume that p > 1, let u be a solution to (4.1) which is positive for all r > 0
and assume that there exist C, o > 0 such that u(r) < Ce=*" for all r > 0. Then also the
bound

u(r)y < Ae==br (6.1)
holds for a suitable positive constant A and for all r > 0.

Proof Proceeding as in the proof of Lemma 5.2, we can improve the bound u(r) < Ce™%"
by showing that u(r) < Cee™"~1=9)" for any & > 0. To arrive at the stated upper bound, we
go back to the proof of that Lemma. It has been shown there that the bound u(r) < Ce™*"
implies that [(sinh r)”*lu’(r)]/ > —Ce"17P9"  with no restriction on « and p needed
up to that point. We can then take « sufficiently close ton — 1 so thatn — 1 — pa < O.
Integrating the latter differential inequality between O and r we get, say for all r > 1,
(sinh )"~/ (r) > —C for a suitable C > 0. We integrate again between r and 400 so that,
recalling that lim, _, 4 o #(r) = 0, we have —u(r) > —Ae= D" oru@r) < Ae~Dr.

By Theorem A we know that any u as in the statement of Theorem 2.3 cannot satisfy (6.1).
In fact we shall now prove that (6.1) improves to (2.2). Notice indeed that from equation
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(1.3) we learn that r — (sinh )" ~1U’(r) is decreasing and admits a limit £ € [—o0, 0). If
{ = —o0, de ’Hopital’s rule shows that U(r)e("_l)’ — +o00 as r — 400, in contradiction
with (6.1). Therefore, there exists y > 0 such that

lim " VU (r) = (6.2)

r—-+400
Using again de 1’Hopital’s rule yields that
lim e Dy = Y (6.3)
r—+00 n—1
as claimed. Hence, Lemma 6.1 shows that also Lemma 5.2 holds.
According to Lemma 4.4, two cases may occur:

() lim W@r) <0 (i) lim W(r) > 0.
r—+400 r—+400

If case (i) occurs, then we obtain again (5.6) provided r, is sufficiently large. Since Lemma 5.2
and (5.6) hold, we can proceed exactly as in the supercritical case p > %, see all what
follows (5.6), and obtain (2.4).

If case (ii) occurs, then W (r) > 0 for all » > 0, that is

W'(r)? u(r)Pt! Luru' (r)
Gﬂn(r)( 3 + 1l 7[)4_1

>0 forall r > 0.

) + (sinh )"~

In turn, since ¢, (r) < (sinhr)"~!/(n — 1), we obtain

u'(r)* + 2n 1) u(ryu'(r) + 2
p+1

u@Pt >0 forallr > 0.
p+1

We solve this as a second order inequality with respect to u’(r). By Lemma 4.1 we see that
the discriminant of this equation, namely

12
E”;;Z W(r)? — —— u(r)P,

p+1
is eventually positive, say for r > rq suitably large. By continuity, one of the following
alternatives holds:

_ 2 12
(@) u'(r) < _n-t u(r) — ((n b u(r)? — 2 u(r)p+1) for all r > ro,

pt1 (p+1)? P+ 1
N2 ) 172
(b) u'(r) > _L-l-l u(r )+(E +1;2 (r)z—mu(r)’”l) for all r > rg.
If case (a) holds, then
u'(r) n—1

forall r > rg.
u(r) p+1

By integration over (g, r) we obtain
u(r) - n—
u(ro) p+1

(r —rg) forallr > rg

_n-l, .. .
so that u(r) < ce” »™", in contradiction with Lemma 5.2.
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Fig. 4 Phase plot of some positive solutions when d = 3, p = 2 (subcritical case). The special exponentially
decaying solution U corresponds to the blue line (U (0) = 6). (Color figure online)

Therefore, case (b) holds, namely

_ 172
u'(r) > n- | u(r) |:—1 + (1 _ et D u(r)p_l) ] for all r > ry.
p+1

(n—1)?

We may then exploit the inequality /1 —« > 1 — « valid for all @ € [0, 1] to get

u'(r) > — : u(r)? forallr > rg

where ro > 0 is such that u(r) < 1 for all > r¢. By integrating this inequality over (g, )
we obtain

u(r) > forall r > r|

c
r1/(p=1
for suitable r; > rg and some constant ¢ > 0. The limit (2.4) may now be obtained as in the
supercritical case, see Lemma 5.3 and the subsequent arguments.

7 Subcritical case: proof of Theorem 2.4

Consider the set P of initial values u(0) > O corresponding to positive solutions. By contin-
uous dependence, P is closed as a subset of (0, +00), hence its complement P¢ in (0, +00)
is open. Moreover we have just proved that (0, U(0)] € P, see Theorem 2.3. As a first main
result of this section we want to prove equality of such two sets.

The set P¢ coincides with the set of « = u(0) such that the corresponding radial solution
u to (4.1) changes sign. This set is contained in (U (0), +00). Let us prove that it contains all
the large values of «.
Lemma 7.1 Let u be the solution to (4.1) with 1 < p < %, corresponding to an initial
datum u(0) = o with o > «g large. Then there exists a first point ro > 0 depending on «
where u(rg) = 0. Moreover, ro(a) — 0 as « — +00 and u intersects U exactly once in

[0, rol.
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Proof We use a blow-up method. Let u,, be the solution of (4.1) with u, (0) = o = A2 =D,
Define

v, (Ar) = u,\(r)k_%, so that v, (0) = 1. (7.1)

Setting s = Ar, we obtain that v, satisfies the equation

n—1 S\ S
vy (s) + — (coth X) ; V).(8) + [0 ()P up(s) = 0.

Let S > 0 and take the limit . — o0, so that for 0 < s < S we have coth (s/A) (s/A) — 1
uniformly and the solution v, tends to the solution v of the equation

n—1

v (s) + V' (s) + [9(s)[P " 0(s) =0, with v(0) = 1,

s
and the convergence of v) — v holds in C L0, S). Although the equation is singular at
s = 0, the singularity is associated to the radial Euclidean Laplacian and there is a regu-
lar branch of solutions such that v/ = 0 at s = 0. Such solutions depend smoothly on the
coefficients and the data, and 0 < S < oo is still to be chosen.

Choose S as bit larger than the first point So for which v(Sp) = 0 (we also know that
v'(S) < 0), hence, by the C Lo, s ])-convergence we can prove that also v, (s) crosses trans-
versally the s-axis, in a point s; close to Sp. Going back to the original variables, we have
proved that i, (r) crosses transversally the r-axis when the initial datum u; (0) = 2>/ (P~ is
large, at a point ro which is approximatively So/A. This also shows that the last claim holds
true, indeed ro = O(1/A). As long as crossing of the axis is transversal rg is a C! function
of a. O

Lemma 7.2 P€ is connected so that there exists A > U (0) such that if u is a radial solution
to (1.1) satisfying u(0) > A then it is sign-changing, whereas if 0 < u(0) < A then u is
positive.

Proof Suppose by contradiction that P¢ contains a maximal connected interval (a, b) with
b > a > U(0). Then the radial solutions corresponding to u(0) = a or u(0) = b are every-
where positive. Continuity with respect to the initial datum then implies that the first zero
of solutions corresponding both to initial data approaching a from above and b from below
must tend to +o0. This violates uniqueness of the solution to the Dirichlet problem on balls,
as proved in [23, Proposition 4.4]. Therefore, P¢ is connected as claimed. O

We want to prove that A = U (0). To prove this fact we shall need several intermediate
results.

For any two positive solutions u, and ug defined in some interval (0, R) and satisfying
ug(0) = o, ug(0) = B we study the sign of the difference w = uy — ug, which satisfies the
equation

ug(r)? —up(r)?

w” + (cothr)w' + b(r)w =0, b(r)= T — ) pal~'(r)
all)—Up

where i (r) is an intermediate value between uy (r) and ug(r). We have b(r) > 0.

Lemma 7.3 Let oy > o2 > a3 > ag > 0. Then the first intersection between uy, and u,
cannot take place after the first intersection between uq, and g, .
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Proof Let wi = Uy, — Ug, and wy = g, — Ug,. We have wi(0), w2(0) > 0 and u/l 0) =
w’z(O) = 0. As long as there is no zero of w; and wjy, say for 0 < r < ry, they satisfy

w} + (cothr) wi + b1 (r)w; =0, wj + (cothr) w) + by(r) wp =0,

and the assumptions imply that b; > by in [0, r1]. A Sturm-type Theorem then implies that
w1 must vanish at least when w; vanishes for the first time, or before. In fact, the equation
satisfied by the quotient z = w /w3 is

w2 7" + Qw) + (coth r)wy) 7' = —z(by — by)wy <0,

and moreover z(0) > 0 and z/(0) = 0. Integrating once this inequality it follows that
7/(r) < 0, hence z < z(0) for 0 < r < ry, which implies that z, cannot vanish before z;. 0O

Given a continuous function # = u(r) defined on a closed interval / C R, the positive
and negative sets of u are defined as follows:

QF={rel:u@r)>0}, Q ={rel:u()<0}

u

A component of Q" (or ;) is a maximal open connected subset.

We define the number of sign changes of « in I as the number (finite or infinite) of con-
nected components of {r : u(r) # 0} minus one. This is also known briefly as the lap number
of u in I, and is denoted by Z(u, I). Alternatively, Z(u, I) is the supremum of the integer
numbers k such that there exist k + 1 points from 7 such thatrgp < r; < -+ < ry, satisfying

u(rj) - u(rjy1) <0 Vj=0,1,...k—1.

We will apply the known facts of the theory of lap numbers (see [15,31]) to the difference
of two solutions of the Emden—Fowler equation defined in an interval I = [0, R] C [0, 00).
One of the solutions in this application will be U, the other one u,, for some« > 0, 7# U(0).
We call

Ve (r) = ug(r) —U(r)

Let I, be the closure of the first connected component of QL and let Z, := Z(vy, 1y).
Lemma 7.4 For0 <a < U(0) and o > A we have Zy = 1.

Proof (i) Fora < U(0) we know that I, = [0, co) and the set where v, # 0 has two
connected components, a negative one near » = (O and a positive one for large r,
separated by a unique zero r,. Hence, Z, = 1 for all @« € (0, U(0)).

(i) Let us now consider @« > A. We have proved in Lemma 7.1 that for all « > «g large
enough, u, crosses U transversally at some small r, and after that v, is negative until
uy becomes zero at some R, > 0, also small. This means that

Zy = Z(vg, [0, Rg]) =1 Vo > ap.

(iii) We prove now that Z, does not change in value when we let « | A. Indeed, for
all @ € (A, o0) v, is positive at the beginning and negative at the end of I, so that
Zy > 1. The fact that Z, < oo is obtained by contradiction at a limit point of the
set of zeros, since at that point v, must have horizontal tangent, which contradicts the

local uniqueness of solutions of the Cauchy problem (4.1).
Next, we note that an increase in the number of connected components as « decreases
cannot take place near the ends of the defining interval. But in the middle of the interval an
increase of Z, means a new small interval of positivity and another one of negativity, hence
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Zy is always odd. When « reaches «g, defined as the supremum of those « for which Z, > 1,
there exist a zero of v, with horizontal tangent at any point which is limit of the connected
component that is lost as @« — (. Again, this goes against the local uniqueness of solutions
of the Cauchy problem associated to the differential equation considered. Therefore, Z, = 1
forall @ > A. O

We can now prove
Lemma 7.5 One has A = U(0).

Proof Assume that A > U (0). The result that U4 has at least one intersection with U comes
from Lemma 7.3, applied to ;1 = A, a2 = a3 = U(0) and 0 < g < U(0), since we know
that the last two cross once at a finite distance, hence U4 must cross U before. The result
that it does not have two or more intersections is proved by contradiction: if there is a later
point at which v4(r1) > 0 using continuity of the solutions Z, would be larger than 1 for
o = A + e near A. Hence, Z(A) = 1.

But then, since U, cannot change sign, it will be less than U for all r sufficiently large,
and this is a contradiction with the uniqueness of global positive fast-decaying solutions. O

The just proved lemma shows that « = U (0) is the threshold between positive solutions
and sign-changing solutions to (4.1). Let us now prove the four Items in Theorem 2.4.

Let R(a) denote the first zero of radial solutions corresponding to u(0) = a > U (0).
By [23, Proposition 4.4] we know that the corresponding Dirichlet problem admits a unique
radial positive solution in any ball of finite radius. This fact and the above results show that
a — R(a) is strictly decreasing with lim,_, y () R(a) = +o0 and lim,_, ;0 R(a) = 0. This
proves Item (i)

In order to prove Item (ii) we argue by contradiction assuming that u oscillates infinitely
many times. By Lemma 4.1, for any ¢ > 0 there exists rp such that |u(r)| < e!/(P=D for all
r > ro. Let r; > ro be a point such that u(ry) = 0, let ro > r; the first maximum of u after
r1 and r3 > r; the next zero of u, so that u > 0 in [ro, r3). For any r € (r2, r3] we also have
u'(r) < 0in view of (5.1). Since cothr > 1 for all r > 0, from (1.3) we thus get

u" +(n—Du' +eu>0 Vr elr,r].

We can and shall assume now that & < (n — 1)2 /4. Put

_n—=1—y/(n—1)2—4e n—14++({m—1)2—4¢
2

A= ,)\,:
1 ) 2

so that X, > A1 > 0. In the new variable s = r — r, the differential inequality satisfied by
V(s) = u(r — rp) reads

(7.2)

[e(h_)")s (ek”V(s))/], >0,

with V satisfying the initial conditions V(0) = B > 0, V'(0) = 0. Integrating from 0 to s
yields:

2408 (15 (5)) = A V(0) + V/(0) = i B (7.3)

or, equivalently, (¢*1°V)" > ij Be®1772)%  Integrating again from 0 to s yields:

HV(s) — Bz 18 [1—(“2—*1”].
Ay — A
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Fig. 5 Phase plot of some sign-changing solutions when d = 3, p = 2 (subcritical case)
This latter inequality can also be written as

B
V(s) = ——— [hae™™5 — a1e™]
Ay — A
or, in the original variable r,
B =X (r—r2) A (r—ra)
u(r) > P [Age W= Je™ 20" ] Vr € [r, r3]. (7.4)
2 — Al

But the r.h.s. of the latter inequality is positive since Ay > Aj. This means that u(r3) > 0,
a contradiction. Therefore, u(r) never vanishes for » > r, and hence its number of zeros is
finite. This proves Item (ii).

In fact, the above arguments allow to prove the following stronger statement:

Lemma 7.6 Let u be a sign-changing solution to (4.1) and assume that there exists ro > 0
such that

12
W () =0 and ¢:=|u()|’ ! < %. (7.5)

Then u does not vanish on [ry, +00) and there exists C > 0 such that
lu(r)| = Ce™" Vr >y, (7.6)

where A1 is as in (7.2).

Proof This result was proved above in the case where r is a relative maximum (at positive
level) for u. The case where r; is a relative minimum (at negative level) for u can be treated

.. . .. 12
similarly. Indeed, suppose that r, is a local minimum of u such that & := |u(rp)|?~! < %.
For contradiction, assume that there exists r3 > rp such that u(r3) = 0. We can use the fact
that u is negative in [rp, r3) and that u’ is positive in (2, 3] to conclude that

W' @)+ m—Du'(r) +eu@r) <0 Vr e lr,r].

Proceeding exactly as before we can conclude that u(r3) < 0, a contradiction. Hence u
remains negative for all » > r,. Moreover, for a suitable B > 0, the bound
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ur) < — [R2e™ 1072 — a1e7207] ¥r € (g, 1]
2

_ )\'1
holds true. This also proves (7.6). ]

We are now ready to prove Item (iii) (see Figs. 5,6). For any § > 0 consider the radial
solution u to (4.1) with initial data « = U (0) 4 § and let R(«) denote the first zero of u. By
C! continuous dependence w.r.t. to initial data, we see that

R(a) = 400 and u'(R(x)) = 0 asd — 0.

The Lyapunov functional F defined in (4.2) satisfies F(R(«)) = u’(R(a))2/2. Since F is
decreasing this implies that, if we denote by r the first minimum of u after R(«), |u(r2)| <
[(p+ D' (R())?/2]Y/P+D) — 0as 8 — 0. Provided § is sufficiently small, the above steps
then imply that (7.5) holds. Hence, Lemma 7.6 shows that for any such § (7.6) holds. In view
of (7.2) we know that Ay — 0 as 6 — 0. This proves that for all § > 0 sufficiently small
the radial solutions corresponding to u#(0) = o = U(0) 4 § do not belong to L2(H"), hence
they do not belong to H' (H") as well. Moreover, again by Lemma 7.6, these solutions only
have one zero.

In order to complete the proof of Item (iii), we still have to prove (2.5). To this end,
consider one of the solutions just found, namely a radial sign-changing solution u to (4.1)
passing from positive to negative at some rg, being the unique zero of u. Since |u(r)| < ¢
sufficiently small for all » > rp, we may proceed as in the proof of (7.3). Setting s =r —r;
and V(s) = u(r — r1) with r; > rg the first (unique) minimum of u, we find that

P25 (P19V () < A V(0) + V/(0) = —A1 B
for B = —V(0) > 0. This inequality implies that
V/(s) < —A1V(s) — Be ™™ < —p 1V (s). (7.7)

We now go back to the proof of Lemma 5.3. It was proved there that © () := u'(r) /u(r) — 0
as r — 00 in the supercritical case and for positive solutions only. The proof was based on
the bound (5.6). A careful investigation of the proof of Lemma 5.3 shows that it relies on the
fact that % < n — 1 for ¢ small. One can check that Lemma 5.3 still holds for negative
solutions satisfying u’(r) < —vu(r) for all r sufficiently large anda v < n — 1. In the present
situation, (7.7) shows that u’(r) < —Aju(r) for all r > r|. Since A1 is given by (7.2) we see
that A; < n — 1 provided ¢ is small. Therefore, Lemma 5.3 applies and u’(r) = o(u(r)) as
r — —+o0. Since the argument outlined just after the end of the proof of Lemma 5.3 depends
exactly on the fact that u’(r) = o(u(r)) as r — +o00, with the same arguments used there
we conclude that (2.5) holds. This completes the proof of Item (iii).

In order to prove Item (iv) we remark that Lemma 7.6 shows that zeros of u, may enter
Sfrom infinity one by one as « = uy(0) increases. A further zero may only enter when the
last critical point of u, violates (7.5). So, since for u,(0) < U(0) we have no zeros at all, it
suffices to prove that the number of zeros of u, can be arbitrarily large. To see this, we make
use of the same notations in the proof of Lemma 7.1. Since v has infinitely many zeros in
view of [27, Theorem 15], we know that for any integer k there exists Sx > 0 such that v has
exactly k zeros in [0, Sx] and v(Sk) # 0. The convergence v, — v in CL([0, Sk]) shows that
also vy has exactly k zeros in [0, Si] provided X is sufficiently large. In turn, by (7.1) also u;
has exactly k zeros in the interval r € [0, Si/A]. Therefore, u; has at least k zeros, provided
A is large enough. The last part of the statement follows as in the proof of Item (iii).

For the proof of Item (v) we consider radial solutions x in H' (H") and notice that, by the
proof of [5, Theorem 3.1], it follows that |u| satisfies a uniform exponential upper bound.
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Fig. 6 Plot of some sign-changing solutions when d = 3, p = 2 (subcritical case)

Both the proof of Lemma 6.1 and the proof of Lemma 5.2 can be repeated with no change
besides integrating over (1, r) instead of over (0, r), where ry is the last stationary point of
u. Then there exists ¢ > 0 such that [u(r)| < ce~"~D" for all r. Passing from this to (2.2)
can be done as in the comments just after the proof of Lemma 6.1. This completes the proof
of Item (v) and of Theorem 2.4. ]

8 Sublinear case: proof of Theorem 2.6

For contradiction, assume that there exists a local solution u to (4.1) which can be extended
to a positive solution on [0, +00). By (5.1) we have

- [(sinh =] u’(r)]/ = u(r)? (sinhr)"~" forall r > 0. 8.1)

By integrating this inequality and taking into account that u is decreasing we obtain
r
— (sinh )" '/ (r) = /u(s)p (sinh$)"'ds > u(r)P@,(r) forallr >0. (8.2)
0

where ¢, is as defined in (4.5). Hence,

ey = B foratr 0
sinr

By integrating over (0, r) and recalling that 0 < p < 1 we infer

-
_ 1-p 1-p _ Pn (t)
w(r)' P+ u©)' P = (1 p)/ b O
0

By letting » — 4-00 and by recalling (5.4) we see that the Lh.s. tends to u(0)!=? whereas
the r.h.s. tends to +00, contradiction.

The same argument can be used to show that any solution admits infinitely many oscil-
lations. Assume for contradiction that # admits a local maximum at some ry and remains
positive for all » > rg. Then integrate (8.2) over (g, r) to reach the very same contradiction.
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Fig. 7 Phase plot of one sign-changing solution whend = 3, p = % (sublinear case)

Similarly, one obtains a contradiction if # admits a local minimum at some ry and remains
negative for all » > rg. Hence, any local solution to (4.1) admits infinitely many oscillations.

For the proof of (2.7), by Remark 4.5 we see that any solution u satisfies ¥ (r) > § for
some & > 0, provided r > rs > 0. Hence, in any of the critical points p > rs of u, we have

o qup)rt!
Y(p) = ‘Pn(P)ﬁ >

so that

1/(p+1)
5(P+1)) b > o aTIP

= ( on(p)

and (2.7) follow (see Fig. 7).

Acknowledgments The authors acknowledge a contribution by the 2008 Spain-Italy research initiative
HI2008-0178. The work was partially done while first and fourth authors were visitors at MSRI, Berkeley.
These authors have been partially funded by Project MTM2008-06326-C02-01 (Spain).

References

1. Anker, J.-P, Pierfelice, V., Vallarino, M.: The Wave Equation on Hyperbolic Spaces. Preprint
arXiv:1010.2372

2. Beardon, A.F.: The Geometry of Discrete Groups. Graduate Texts in Mathematics, vol. 91 Springer,
New York (1983)

3. Benguria, R., Dolbeault, J., Esteban, M.J.: Classification of the solutions of semilinear elliptic problems
in a ball. J. Differ. Equ. 167(2), 438-466 (2000)

4. Berestycki, H., Lions, P.L.: Nonlinear scalar field equations, I: existence of a ground state. Arch. Rational
Mech. Anal. 82, 313-345 (1983)

5. Bhakta, M., Sandeep, K.: Poincaré Sobolev equations in the hyperbolic space. Calc. Var. (to appear, 2011).
Preprint: arXiv:1103.4779

6. Bonforte, M., Grillo, G., Vazquez, J.L.: Fast diffusion flow on manifolds of nonpositive curvature. J. Evol.
Equ. 8, 99-128 (2008)

7. Bonforte, M., Grillo, G., Vazquez, J.L.: Behaviour near extinction for the fast diffusion equation on
bounded domains. J. Math. Pures Appl. 97, 1-38 (2012)

8. Brezis, H., Nirenberg, L.: Positive solutions of nonlinear elliptic equations involving critical Sobolev
exponents. Commun. Pure Appl. Math 36(4), 437-477 (1983)

9. Chandrasekhar, S.: An Introduction to the Study of Stellar Structure. Dover, New York (1967)

@ Springer



Emden—Fowler equation on the hyperbolic space 401

10.

11.
12.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Christianson, H., Marzuola, J.L.: Existence and stability of solitons for the nonlinear Schrdinger equation
on hyperbolic space. Nonlinearity 23, 89—106 (2010)

Davies, E.B.: Heat Kernels and Spectral Theory. Cambridge University Press, Cambridge (1989)

Do Carmo, M.P., Zhou, D.: Eigenvalue estimate on complete noncompact Riemannian manifolds and
applications. Trans. Am. Math. Soc. 351, 1391-1401 (1999)

Emden, V.R.: Gaskugeln, Anwendungen der mechanischen Warmentheorie auf Kosmologie und meteo-
rologische Probleme, Chap. XII, Teubner, Leipzig (1907)

Fowler, R.H.: Further studies of Emden’s and similar differential equations. Q. J. Math. (Oxford
Series) 2, 259-288 (1931)

Galaktionov, V.A.: Geometric Sturmian Theory of Nonlinear Parabolic Equations and Applications. Chap-
man & Hall/CRC Applied Mathematics and Nonlinear Science Series, vol. 3. Chapman & Hall/CRC,
Boca Raton (2004)

Gazzola, F.: Critical exponents which relate embedding inequalities with quasilinear elliptic problems.
Discr. Contin. Dyn. Syst. Suppl., 327-335 (2003)

Gidas, B., Ni, W.M., Nirenberg, L.: Symmetry and related properties via the maximum principle. Com-
mun. Math. Phys. 68, 209-243 (1979)

Gidas, B., Ni, W.M., Nirenberg, L.: Symmetry of positive solutions of nonlinear elliptic equations in
R". Math. Anal. Appl. A Adv. Math. Suppl. Stud. 7, 369-403 (1981)

Green, R.E., Wu, H.: Function Theory on Manifolds Which Possess a Pole. Lecture Notes in Mathematics,
vol. 699. Springer, Berlin (1979)

Hebey, E.: Nonlinear Analysis on Manifolds: Sobolev spaces and Inequalities. American Mathematical
Society, Washington (2000)

Joseph, D.D., Lundgren, T.S.: Quasilinear Dirichlet problems driven by positive sources. Arch. Rational
Mech. Anal. 49, 241-269 (1972/1973)

Lane, J.H.: In the theoretical temperature of the Sun under the hypothesis of a gaseous mass maintaining
ots volume by its internal heat and depending on the laws of gases known to terrestrial experiment. Am.
J. Sci. Ser. 11 50, 57-74 (1869)

Mancini, G., Sandeep, K.: On a semilinear elliptic equation in H". Ann. Sci. Norm. Sup. Pisa Cl.
Sci. 7(5), 635-671 (2008)

Ni, W.M,, Serrin, J.: Nonexistence theorems for quasilinear partial differential equations. Rend. Circolo
Mat. Palermo (Centenary Suppl.) Ser. I 8, 171-185 (1985)

Ni, W.M,, Serrin, J.: Existence and nonexistence theorems for ground states for quasilinear partial differ-
ential equations. The anomalous case. Acad. Naz. Dei Lincei Atti Dei Convegni 77, 231-257 (1986)
Pohozaev, S.1.: Eigenfunctions of the equation Au + Af (1) = 0. Sov. Math. Dokl. 6, 1408-1411 (1965),
Russian original: Dokl. Akad. Nauk SSSR 165, 36-39 (1965)

Pucci, P, Serrin, J.: Continuation and limit properties for solutions of strongly nonlinear second order
differential equations. Asympt. Anal. 4, 97-160 (1991)

Ratcliffe, J.G.: Foundations of Hyperbolic Manifolds, 2nd ed. Graduate Texts in Mathematics, vol. 149.
Springer, New York (2006)

Stapelkamp, S.: The Brezis—Nirenberg problem on H". Existence and uniqueness of solutions. In: Ellip-
tic and Parabolic Problems (Rolduc/Gaeta, 2001), pp. 283-290. World Science Publications, River Edge
(2002)

Vézquez, J.L.: Asymptotic behaviour for the porous medium equation in the whole space. Monatsh.
Math. 142, 81-111 (2004)

Véazquez, J.L.: The Porous Medium Equation. Mathematical Theory. Oxford Mathematical Mono-
graphs. The Clarendon Press/Oxford University Press, Oxford (2007)

@ Springer



	Classification of radial solutions to the Emden--Fowler equation on the hyperbolic space
	Abstract
	1 Introduction
	1.1 Results and methods

	2 Classification of radial solutions: statement of results
	2.1 The supercritical case
	2.2 The subcritical case
	2.3 The sublinear case
	2.4 Some comments on the linear case

	3 Further remarks and open problems
	3.1 Functional analysis on the hyperbolic space
	3.2 Some explicit ground states
	3.3 Asymptotic behavior in the linear case
	3.4 The two-dimensional case
	3.5 Numerics and open problems

	4 A Pohožaev-type functional
	5 Supercritical case: proof of Theorem 2.1
	6 Subcritical case: proof of Theorem 2.3
	7 Subcritical case: proof of Theorem 2.4
	8 Sublinear case: proof of Theorem 2.6
	Acknowledgments
	References


