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Some rigidity results for Sobolev inequalities
and related PDEs on Cartan-Hadamard manifolds

MATTEO MURATORI AND NICOLA SOAVE

Abstract. The Cartan-Hadamard conjecture states that, on every n-dimensional
Cartan-Hadamard manifold M", the isoperimetric inequality holds with Euclid-
ean optimal constant, and any set attaining equality is necessarily isometric to a
Euclidean ball. This conjecture was settled, with positive answer, for n < 4. It
was also shown that its validity in dimension n ensures that every p-Sobolev in-
equality (1 < p < n) holds on M" with Euclidean optimal constant. In this paper
we address the problem of classifying all Cartan-Hadamard manifolds supporting
an optimal function for the Sobolev inequality. We prove that, under the valid-
ity of the n-dimensional Cartan-Hadamard conjecture, the only such manifold is
R", and therefore any optimizer is an Aubin-Talenti profile (up to isometries). In
particular, this is the case in dimension n < 4.

Optimal functions for the Sobolev inequality are weak solutions to the crit-
ical p-Laplace equation. Thus, in the second part of the paper, we address the
classification of radial solutions (not necessarily optimizers) to such a PDE. Ac-
tually, we consider the more general critical or supercritical equation

—Apu=u?, u>0, on M”" |

where ¢ > p* — 1. We show that if there exists a radial finite-energy solution,
then M is necessarily isometric to R”, ¢ = p* — 1 and u is an Aubin-Talenti
profile. Furthermore, on model manifolds, we describe the asymptotic behavior

of radial solutions not lying in the energy space W 1:2(M™), studying separately
the p-stochastically complete and incomplete cases.

Mathematics Subject Classification (2020): 58J05 (primary); 35B53, 35J92,
58J70, 46E35 (secondary).

1. Introduction and main results

Given an integer n > 2 and p € [1,n), it is well known that, on any n-dimensional
Cartan-Hadamard manifold M" (that is a complete and simply connected Rieman-
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nian manifold with nonpositive sectional curvature) the Sobolev inequality

I/ Lo quny < Cop IV fllLouny VS € WhPM"),  p*i= n—p’ (1.1

holds, with a constant C,, , > 0 that depends only on n and p (see for example [23,
Lemma 8.1 and Theorem 8.3]). Here W17 (M") denotes the closure of C}(M")
with respect to | V()| L» ). In particular, for p = 1 we have

1A sy < Cod IV flrqeny VS € W™,

which by standard approximation arguments turns out to be equivalent to the isope-
rimetric inequality
1

Per(Q) > — [V(Q)]"7 . (12)

n,l
where Q C M” is an arbitrary bounded measurable set, d V' stands for the volume
measure on M"”, and

Per(2) := sup {/ xo div®@dV : ® e C}M"; TM"), [Pl oo ny <1
Mn

is the perimeter function induced by d'V'.

A first nontrivial question concerns the exact value of the optimal constant
in (1.1), namely the smallest constant for which the inequality is true. That such
constant must be larger than or equal to the Euclidean one is a standard fact due
to the infinitesimally Euclidean structure of any (smooth) Riemannian manifold.
Whether it is equal to the latter is a much harder problem; the special case p = 1
is known in the literature as the Cartan-Hadamard conjecture, that we now recall.

Cartan-Hadamard conjecture in dimension n. Let M” be an n-dimensional
Cartan-Hadamard manifold. Then the Euclidean isoperimetric inequality holds
on M”, that is for every bounded measurable set 2 C M?” it holds that

n—

1
n (1.3)

Per(Q) = n o} [V(Q)]

where w, is the volume of the unit ball in R”. Furthermore, equality holds if and
only if € is isometric to a ball in R” (up to a set of volume zero).

So far, the conjecture has been settled, with positive answer, only up to di-
mension 4 (see [4,11,26,52]). Although we will discuss in more detail these issues
in Section 2, it is worth mentioning here that, as shown in [23, Proposition 8.2], if
the optimal constant in (1.2) is Euclidean (namely the Cartan-Hadamard conjecture
holds) then also the optimal constant in (1.1) is Euclidean.

A further related question concerns optimal functions, that is, functions u €
WP (M") attaining the optimal constant in (1.1). In the Euclidean space R”, it
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is well known since the celebrated results by Aubin [3] and Talenti [49] that such
functions do exist, and have the explicit expression

_n=—p

u(x)=a(b+|x—xo|%) r forae. x € R” (1.4)

for some x, € R",a € R\ {0}, and b > 0. One of the main purposes of the present
paper is to address the problem on a general Cartan-Hadamard manifold. More
precisely, supposing that the Cartan-Hadamard conjecture holds in dimension 7,
we can completely characterize all the Cartan-Hadamard manifolds supporting an
optimal function. In fact, up to isometries, the only possibility is that M"* = R”.

Theorem 1.1. Let M" be a Cartan-Hadamard manifold and 1 < p < n. Suppose
that the Cartan-Hadamard conjecture in dimension n holds. Let u € WP (M")

be a nontrivial optimal function for the Sobolev inequality (1.1), in the sense that
u #£ 0and

||V”||Lp(Mn) _ . ||Vf||LP(Mn)
||”||Lp*(Mn) fewlr(n), f#£0 ||f||Lp*(Mn)
Then M" is isometric to R", and

_n—p

u(x) =a (b + dist(x,xo)%) ’ forae x € M" (1.5)

Sfor some x, € M", a € R\ {0}, and b > 0, where dist(x, x,,) denotes the Rieman-
nian distance of x from x,.

In particular, thanks to the validity of the Cartan-Hadamard conjecture in low di-
mension, we deduce the following.

Corollary 1.2. Letn = 2,3,4, p € (1,n), and let M" be a Cartan-Hadamard
manifold. Suppose that there exists a nontrivial optimal function u € WP (M™)
Sfor the Sobolev inequality (1.1). Then M" is isometric to R", and u is of type (1.5).

Remark 1.3. In the above quoted papers where the Cartan-Hadamard conjecture
was proved for n < 4, the result is typically established for smooth sets (actually
submanifolds). That is, it is shown that

Per(Q) > n ol [V(Q)]"5 (1.6)

for all bounded smooth sets Q2 C M”, and moreover, if equality holds for some
2 within this class, then 2 is isometric to a Euclidean ball. By approximation,
it is straightforward to extend (1.6) to general bounded measurable sets. It is less
obvious that a bounded measurable set attaining equality in (1.6) is smooth, and
thus isometric to a Euclidean ball. Nevertheless, this is surely true up to dimension
n = 7, as a consequence of subsequent regularity results for the so-called isoperi-
metric hypersurfaces (see for example [18, Theorem 2] or [35, Corollary 3.7]).
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In proving Theorem 1.1, a key point lies in the fact that any (non-negative)
optimal function of the p-Sobolev inequality weakly solves, up to a multiplicative
constant, the following critical p-Laplace equation:

—Apu:u”*_l, u>0, on M" , (1.7)

where we recall that Ap,u = div( |Vu|P~2 Vu). A first crucial step consists in
showing that such optimal functions are globally bounded and decay uniformly
to zero at infinity. Since we do not assume curvature bounds on M” other than
Sect < 0 (where Sect denotes the sectional curvature), it does not seem possible to
obtain such properties by means of the usual Euclidean-like techniques. Therefore,
we need to set up a specific argument that can also be extended to frameworks more
general than Cartan-Hadamard manifolds; we refer to the proof of Proposition 2.2
for the details. Once that decay and regularity of the solutions are proved, we are
able to adapt the symmetrization technique, originally developed in [49], on the
manifold M", obtaining the rigidity result of both the manifold M" and the optimal
function u.

Recently, similar rigidity results regarding interpolation inequalities were
proved in the papers [27,28], either upon requiring or not the validity of the Cartan-
Hadamard conjecture (see also [15]). As for the Sobolev inequality with p = 2,
it was shown in [24, Theorem 1.1] that no radial optimal function can exist unless
M" = R”, actually without assuming the Cartan-Hadamard conjecture. However,
this result will now follow as a particular case of Theorem 1.4 below.

We also mention [29, 46, 53], which concern rigidity results for Sobolev in-
equalities on manifolds with non-negative or asymptotically non-negative curva-
ture, that is, in the somehow complementary setting with respect to ours.

Having discussed the relation between optimizers of the Sobolev inequality
and solutions to (1.7), a further natural step consists in studying rigidity results
regarding solutions to (1.7) that are not necessarily optimal functions. Again, in
R”, the problem is essentially understood: if p = 2, then the only solutions to (1.7)
are of type (1.4), see [8];if 1 < p < n with p % 2, then the same holds under the
additional assumption that u € W -7 (R"), see [12,48,51] and the recent paper [10]
for a different original approach. In all these contributions, a key step consists in
proving the radial symmetry of positive solutions. However, when working on a
manifold, this step becomes particularly involved since powerful tools available
in the Euclidean context, such as the moving planes method, do not work (with
the exception of some particular cases for which we refer to [1]). Therefore, in
the above generality the problem remains open, and we focus instead on radial
solutions to (1.7).

In fact, we consider the more general critical or supercritical equation

—Apu=u?, u>0, on M", withg > p* —1, (1.8)

addressing existence and asymptotic properties of ngc’p (M™) N L2 (M™) radial
weak solutions (from now on we will simply write “radial solution” for the sake of
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brevity). Given the radiality assumption, it is natural to suppose further that M”" is
a Cartan-Hadamard model manifold: namely, there exists a pole 0 € M” such that
the metric is given, in polar (or spherical) global coordinates about o, by

gzdr®dr+w2(r)g§n71 , (1.9)

where 7 is the Riemannian distance of a point of coordinates (r, 8) € Rt x §"~!
from o, ggn—1 stands for the usual round metric on the unit sphere, and ¥ :
[0, +00) — [0, +00) is a regular function with ¥ (0) = 0 and ¥'(0) = 1. The
Cartan-Hadamard assumption turns out to be equivalent to the fact that v is in ad-
dition convex. A prototypical example is represented by the choice ¥ (r) = sinhr,
which gives rise to a well-known realization of the hyperbolic space H".

For notational convenience, from here on and without further mention, we set

r o n—1
@(r):::&—'ﬁ——iiE Vr >0, (1.10)

Y

that is ® accounts for the volume-surface ratio of geodesic balls centered at the pole
o. This function, as we will see below, takes a primary role in our radial results.

When p = 2, existence and qualitative properties of radial solutions to the
Lane-Emden equation (1.8) on the hyperbolic space and on more general model
manifolds was recently investigated in [5, 7], also for subcritical powers. In partic-
ular, in [5, Proposition 2.1] it is proved that when p = 2 and g > 2* — 1 there exist
infinitely many radial solutions to (1.8), under fairly general assumptions on .
Moreover, under stronger assumptions, the authors were able to completely char-
acterize the asymptotic behavior of the solutions, see [5, Theorem 2.4], showing
also that radial solutions with finite energy cannot exist. Here we generalize these
results in two directions (provided v is of Cartan-Hadamard type): on one hand,
we weaken the asymptotic assumptions on ¥ which are needed in [5, Theorem 2.4]
(see the discussion below Theorem 1.6); on the other hand, we extend the results
toany 1 < p <n.

In the sequel, if u is a radial function with respect to a point o € M", that is
u(x) = @(dist(x, 0)) for some real function ¢, for simplicity we adopt the notation
u = u(r), with r = r(x) := dist(x, 0) € [0, +00).

Theorem 1.4. Let M" be a Cartan-Hadamard manifold, 1 < p < n and q >
p* — 1. Suppose that there exists a radial solution u to (1.8) such that

/|deV<+m. (1.11)
Mn

Then M" is isometric to R", ¢ = p* — 1 and u is of type (1.5).

Note that here we do not require M” to be a model manifold, although for con-
venience we will carry out complete proofs in that case only (see Remark 3.13
below on the modifications needed so as to treat the general case). Moreover, we
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do not even require u € W2 (M"), but only that the gradient is integrable. This,
for instance, allows us to include solutions with positive limit at infinity. It is worth
mentioning that such solutions do exist, under suitable assumption on M” (this was
already observed in [5]). In fact, in proving Theorem 1.4 (for model manifolds) an
interesting dichotomy arises according to different integrability properties of the
function ® defined through (1.10). More precisely, we have the following.

Theorem 1.5. Let M" be a Cartan-Hadamard model manifold, 1 < p < n and
q > p* — 1. Then there exist infinitely many radial solutions to (1.8) and the
following alternative occurs:

a 1f
o7 ¢ LY(RY), (1.12)

then any such solution is decreasing and tends to 0 as r — +00;
(ii) Ifinstead

O7 1 e LI(RY), (1.13)

then any such solution is decreasing and tends to a positive constant as r —
+o0.

To sum up, the critical or supercritical p-Laplace equation on a Cartan-Hadamard
model manifold always admits infinitely-many solutions. Such solutions may van-
ish at infinity or not, according to the dichotomy entailed by (1.12) and (1.13).
However, they never satisty the integrability condition (1.11), unless M" is isomet-
ricto R"?, g = p* — 1, and u is of type (1.5).

When p = 2, assumption (1.12) is equivalent to the stochastic completeness
of the model manifold at hand. This property is originally related to the fact that
the trajectories of the Brownian motion acting on M", almost surely, do not blow
up in finite time. In fact, such a property turns out to bear several analytic equiva-
lent formulations, regarding both elliptic and parabolic equations (see [19,20,45]).
When p # 2, it was already observed in [6,34] that (1.12) can still be interpreted,
at least from the point of view of elliptic PDEs, as a nonlinear version of stochastic
completeness, to which we will refer as p-stochastic completeness in analogy with
the previous literature. Our Theorem 1.5 then connects the vanishing at infinity of
radial solutions with this global property of the ambient model manifold M”".

Our last result concerns a more detailed study of the asymptotic behavior of
radial solutions at infinity.

Theorem 1.6. Let M" be a Cartan-Hadamard model manifold, 1 < p < n and
q=p*—1
(1) Under assumption (1.12), suppose further that either there exists y € [0, 1)
such that
rry(n)

Jim e =: £ € (0, +00) (1.14)
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or

e 0 e S0 ()] -0 o

If u is a radial solution to (1.8), then

o e p—1 \##
lim (/ er—T ds) u(r) = (—) ; (1.16)
r—>+o0 0 q +1- p

(ii) Under assumption (1.13), if u is a radial solution to (1.8) with A =
limy— 400 u(r) > 0, then

+o0 -1
lim (/ ®pl—lds) u(r) —A) = APoT

r—>+o00

Moreover, the limit value A satisfies the universal bound

p—1 % +o0 1 _%
A< (—+ 1) ( / ortt ds) . (1.17)
qT+pP— 0

Assumptions (1.14) and (1.15) entail growth conditions, which to some extent en-
sure that iy has at least an exponential-like behavior at infinity (see below). On
one hand, as already mentioned, the case p = 2 in Theorems 1.4, 1.5 and 1.6-(i)
was partially covered by [5, Proposition 2.1 and Theorem 2.4], for a class of model
manifolds that is slightly more general than the Cartan-Hadamard one. On the
other hand, besides the fact that we also consider the case p # 2, our assumptions
include certain manifolds that were not covered therein. Indeed, in [5] it is required
that either (1.15) holds (but without the v/’ term in the rightmost limit) or that
v (@) /y(r) - £ € (0,400) as r — 400, which is a particular case of (1.14);
this latter condition allows us to treat model functions of type

w(r)fve”l_y asr — +oo,withy € (0,1)andc > 0, (1.18)

which do not fulfill the assumptions in [5]. Note that these kinds of manifolds have
a relevant role both as concerns radial Sobolev inequalities and nonlinear diffusion
PDEs, as discussed in a series of recent papers [21, 36,37]. On top of that, we
stress that in Theorems 1.4 and 1.5-(i) we do not need any additional assumption,
whereas in [5] similar results are obtained still under the aforementioned conditions
ony'/y.

It is not difficult to check that (1.14) actually implies (1.12), whereas (1.15)
in general does not (one can take for instance model functions as in (1.18) with
y=1—p—efore>0).

We point out that, without assuming (1.14) and (1.15), the thesis of Theo-
rem 1.6 may fail. In fact, in the next proposition, we show that if i has a power-like
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growth at infinity then the asymptotic behavior described in Theorem 1.6 cannot
hold. In addition, we can show the existence of Cartan-Hadamard model mani-
folds, whose function ¥ does not have a power-like growth, where it is not even
possible to describe precise asymptotics of solutions at infinity.

Proposition 1.7. Let M" be a Cartan-Hadamard model manifold, 1 < p < n and
g > p* — 1. Suppose that

ro~-2- _
7Tyl
lim inf —J0 yas
Tt yn=1(r) O(r) [y ©7T ds
Then (1.12) holds, but formula (1.16) fails for radial solutions to (1.8) . In partic-
ular, this is the case if (1.14) is satisfied with y = 1.

Furthermore, for every 1 < p <n, q > p* — 1 and o > 0, one can construct
a Cartan-Hadamard model manifold satisfying (1.12),

) _

Lr

>0. (1.19)

lim sup 400 Vi >0, (1.20)

r—>+oo €

and a corresponding radial solution u to (1.8) with u(0) = « such that the limit in
(1.16) does not exist.

We finally mention that radial and weighted Euclidean equations, to some extent,
can be related to the radial version of (1.8) (see also problem (3.1) below), by means
of a change of variable introduced in [21, Section 7]. In this regard, at least when
p = 2, such problems have largely been studied previously: see for example [9]
for nonexistence results, [25, 39, 40] for existence of solutions that do not vanish at
infinity and [41,54,55] for the analysis of zeros and asymptotics of radial solutions.

Remark 1.8. On one hand, the fact that the asymptotic behavior of solutions, in the
power-like case, cannot be of type (1.16) is not surprising. Indeed, if M" = R”,
apart from the well-known special case ¢ = p* — 1, in [47, Theorem 9.1] (for
p = 2and ¢ > 2% — 1) it was established that the limit constant is different
from the one appearing on the right-hand side of (1.16). Moreover, for analogous
weighted Euclidean equations (recall the above discussion), it was proved in [14,
Theorem 5.33] (for p = 2 and ¢ = 2*—1) that actually solutions tend to “oscillate”
around the expected asymptotic behavior. On the other hand, a general condition
valid for all p and g such as (1.19) seemed to be unknown, as well as the fact that
there are non-power-like model functions i for which the limit in (1.16) does not
exist.

Structure of the paper

Section 2 is entirely devoted to the proof of Theorem 1.1, along with crucial pre-
liminary results dealing with a priori estimates for optimal functions. In Section 3
we focus on radial solutions, proving Theorems 1.4, 1.5, 1.6 and Proposition 1.7
after a series of technical lemmas.
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2. Optimal functions for the p-Sobolev inequality

The goal of this section is to establish that, upon assuming the validity of the
Cartan-Hadamard conjecture, optimal functions for the Sobolev inequality (1.1)
on a Cartan-Hadamard manifold M" cannot exist unless M” is (isometric to) R”.

By means of a classical variational argument, it is plain that any non-negative
optimal function for (1.1) satisfies in a weak sense, up to a multiplication by a
positive constant, the following p-Laplace equation:

—Apu =u?"! on M" . 2.1

In the next two results, which are stated under more general assumptions and may
have an independent interest, we establish global boundedness and vanishing at
infinity for general non-negative energy solutions to (2.1), namely non-negative
(weak) solutions that in addition belong to the Sobolev space W1:7(M"), such as
optimal functions. As a consequence, we will in particular deduce that actually
(2.1) implies (1.7). It is worth mentioning that, without further bounds on the Ricci
curvature of M", it does not seem possible to derive gradient estimates, starting
from the L°° bounds, as in the Euclidean case. In general, also Calderén-Zygmund-
type results may fail (see [44]). Therefore, the fact that energy solutions to (2.1)
decay at infinity does not follow from standard arguments, and we need to devise
an ad hoc method which may be useful in different contexts.

First of all, we prove that energy solutions are globally bounded. Here and in
the sequel, for the sake of readability, for all g € [1, c0] we set ||« |4 := || - || La@um)-

Lemma 2.1. Let 1 < p < n and let M" be any complete, noncompact Riemannian
manifold supporting the Sobolev inequality (1.1). Let u be an energy solution to
(2.1). Then u € L°°(M").

Proof. The proof can be carried out exactly as in the Euclidean case, for which we
refer to [S1, Lemma 2.1] and [43, Appendix E]. We omit the details. O

We can then show that in fact solutions vanish at infinity.

Proposition 2.2. Let 1 < p < n and let M" be any complete, noncompact Rieman-
nian manifold supporting the Sobolev inequality (1.1). Let u be an energy solution
to (2.1). Then u is of class C'(M™) and, given any o € M", it holds

lim u(x) = 0.
dist(x,0)—>+o00

In particular, this and the previous result hold on every Cartan-Hadamard manifold.

Proof. Note that (2.1), written in local coordinates, is a weighted Euclidean p-
Laplace equation, and hence one can apply for instance the regularity results of [50,
Theorem 1] (see also [13]) to infer that u € C!(M") (actually the gradient of u
is locally a-Holder continuous, for some « € (0, 1) that may vary from compact
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set to compact set. We refer also to [33] for a more complete account of the lit-
erature concerning the regularity theory of p-Laplace-type equations). To prove
the vanishing at infinity, we will exploit a localized version of the Moser iteration
technique. Let 0; € M" be any sequence such that lim;_, dist(0;,0) = 4oc0.
Clearly, proving the thesis amounts to showing that

lim u(0;) =0. 2.2)
1—>00
Let £ € C®°(]0, +00)) be a nonincreasing cut-off function satisfying

§(r)=1 foreveryr €[0,1], &@r)=0 Vr=>2,
0<&(r)<1 foreveryre(1,2),

and consider the (decreasing) sequence of radii

1
R =|1—-—— | Ry VkeN, Ry =2. 2.3
k+1 [ 2(k—|—1)2} k 0 (2.3)
Note that
Roo := lim Ry € (0,2),
k—o00
since
st
2
Fali 2k +1)

We construct the following sequence of cut-off functions on M":

dist(x, 0;) — Rg+1
Ri — Ri+1

£ (x) = s"( N 1) Vx € M

Since each & is radial about o; and the sequence Ry fulfills (2.3), the following
estimates hold:

i 20 |8 [loo (k + 1)?
‘vskp (x)| = pooR XBRr, (Oi)\BRk-H(oi)('x) Vx e M"; (2.4)
00
P 1 o | D ®
P ( +Olk) Ek ‘VuH'Tk dV = %—kup +oag dv
(p +ap)? Jum Mn 2.5)
r—1 o o o -2 ’
—( P ) / W E Ve vt vt | ay,
V4 +Olk M
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Note that the second term on the right-hand side can be bounded, using Holder’s
and Young’s inequalities, by

p—1 o o
( p ) / W EVE Vi
P+ ok M

p ay 1 o
ZP—‘/ ul-‘rTV%-p 'Vu1+7
M7 k

(p+ar)?!
1
P p % N
= p—_ uP*tek gy ’ §k V't
p—1
(p + ar) M M
P p—1pP(1 +ay)

p—1
= ( P ) / uPtee dy 4
1+og M P (p+o)? Jyn

Therefore, from (2.5) we infer that
b4

pp—lH_—ak £ vultF " av
(p +ai)? Jyn
, 2.6)

p—1
(L) [ e av s [ awriear.
1+O{k M7

MH
On the other hand, by convexity
1 o p r—1
[olrlse ) ar=(G5)
M”n P — 1 M~
+ pp—l/ Ek ‘Vul-i-aTk
MVI
This estimate, combined with (2.6), gives
14+ o /
(p + ax)? Jym

p \?! p—1)\7! 1+ ag
+(P—1) [(H'Olk) +(P+Olk)p:|/w

Now, for ag > p* — p, we pick the sequence oy, as follows:

p—2
dv

74
VuH D

ag |p—2 r—1
VM1+ >

p—1
} Pav) "
Vg, dV)

p

1
vEL av.

€k )VMH%I(

1

%74

p
uPtek gy

1

%74

p
dv.

1 « p *
v@;w+£)'dV§Hw&‘f/ g uftore dy
Mn
» .7
ubtex qy .

1

VE?

* * k
p V4
akp1=p —p+ 70% = ax = (?) (o +p)—p. (2.8)

From here on, for the sake of readability, we will let A denote a general positive
constant which is independent of k, but may depend on «g, 1, p, Reo, &, ||1]co
and change from line to line. We also recall that C, , denotes the constant of
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the Sobolev embedding in (1.1). Having that in mind, by virtue of (2.4) and (2.8)
estimate (2.7) entails

s A

D * * E3

lp / up+0tk+] dv < lp ( Ek;:nup*-i-lznakdv)l)
Cnsp BRk—‘rl (0[) Cn:p M7

L o p
L)
Ml’l

k11, 12 Hex
<A ||u||Lp+ak (Br, (01))°

A

A

namely

k+1
i
el rsencss (B, o) = A7 W lrtan (s o)

Yh=o %
=4 n [l Loteo (B, (o) -

so that by letting k — oo we end up with |ju ”L‘X’(BROO(OI')) < Allull L r+oo (B, (0;)):
which in turn yields (2.2) upon letting i — oo, since u € L?+%0 (M"). O

The strategy of proof of Theorem 1.1 is a suitable combination of the cele-
brated symmetrization tools introduced in [49, Lemma 1] (see also the simultane-
ous paper [3]) and adapted to the manifold setting in [23, Proposition 8.2]. There,
as mentioned in the introduction, the author proves that the validity of the Cartan-
Hadamard conjecture ensures that the optimal constant in (1.1) is indeed Euclidean
for every Cartan-Hadamard manifold, but existence/nonexistence of optimal func-
tions is not investigated. Before recalling some basics of the radial symmetrization
technique, we point out that for our strategy to work it is crucial that 4 and its su-
perlevel sets are bounded, which is guaranteed by Lemma 2.1 and Proposition 2.2.

Given a measurable function f : M” — R such that

VExeM": f(x) >1t}) < +oo Vi >0,

we can introduce its Euclidean radially decreasing rearrangement f* : R* — R*
by setting

+o0
£10) = /0 Kieemn: rormn ) dE Yy €R".

where, for every measurable set A C M” of finite volume, A* C R” denotes the
Euclidean ball centered at the origin having the same (Euclidean) volume as A,
namely V(A) = |A*|. By construction f* is a (measurable) function that depends
only on the variable |y|. and is nonincreasing with respect to it. With some abuse
of notation, for the sake of readability, below we will sometimes write f*(|y]).
Since the superlevel sets of f* have the same Lebesgue measure as the Riemannian
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volume measure of the corresponding superlevel sets of f, thanks to the classical
layer-cake representation (see for example [30, Theorem 1.13]) the two functions
also share L4 norms:

/(f*)"dy=/ f9dV Vg ell,o00).
R”? i

The last key ingredient we need is the so-called coarea formula. This is a well-
established result originally due to Federer [16, Theorem 3.1], and later extended
to merely W, ;él functions, up to choosing a precise representative (we refer to [32]
and the literature quoted therein).

Proposition 2.3. Let f : M" — R be a locally Lipschitz function and g : M" —
R a measurable function. Then it holds

[ g|Vf|dV=[/ gdods, 2.9)
M RJf=1({s})

where do stands for the (n — 1)-dimensional Hausdorff measure induced by d V.
We are now in position to prove the main result of this section.

Proof of Theorem 1.1. With no loss of generality, we can and will assume that u is
non-negative, thanks to the plain fact that if u is an optimal function, so is |u|. Let
us then introduce the volume function

V(i) :=V({x e M" : u(x) >1t}) Vi >0.

Clearly V(¢) is finite for all > 0 since u € L?" (M"). Moreover, by definition, it
is a nonincreasing function, thus its pointwise derivative V’(¢) exists, is finite and
nonpositive for almost every ¢ > 0.

As observed above, we know that u is a non-negative energy solution to the
Euler-Lagrange equation (2.1), up to a multiplication by a constant. By virtue of
Lemma 2.1 and Proposition 2.2, we can assert that it is bounded, of class C v,
and vanishes at infinity. In addition, by the strong maximum principle (see for
example [45, Proposition 6.4]), we have that u is strictly positive on the whole M”,
so that it complies with (1.7).

By regularity, the coarea formula (2.9) holds with f = u, so that upon choos-
ing g as the characteristic function of each superlevel set {x € M" : u(x) >t} we
end up with the identity

+o00
/ |VuldV = / O(u_l({s})) ds vt >0,
u—1((t,4+00)) t

which yields

d

—/ |VuldV = —o(u™'({t})) forae.r>0. (2.10)
dt Ju=1((t,400))
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Similarly, by using the same function g multiplied by |Vu|? ~! we obtain
d p p—1
— |Vul? dv = — |Vul?~" do forae.t > 0. (2.11)
dt Ju=1((t,+00)) ()
Note that the coarea formula itself guarantees that
0</ |Vul?'do < 400 forae.t € (0, [|ulls)- (2.12)
u=l({rh

On one hand, this is easily seen by testing it with the characteristic function of the
set of critical points {x € M" : |Vu(x)| = 0}, which makes sure that fora.e. t > 0
the function x — |Vu(x)| is o-a.e. positive on ™! ({}), and o (u~ ({r})) > 0 for
every t as in (2.12) by virtue of the continuity of . On the other hand, finiteness
follows from (2.11).

The derivative in (2.10) can be bounded from below by resorting to Holder’s
inequality. Indeed, for incremental ratios we have (for all z, 4 > 0)

S 1@ 400p VU AV = [t n ooy 1 VUV
h
1

-1
< (fu_l (@ +00n YU AV = [t (o h rooy [Vl dv)p(v(t)—v(f = )p”

h h

so that, by passing to the limit as # — 0, and using (2.10)-(2.11), we deduce the
bound

1
o(u™'(r}) < (/ |Vu|P~! do)p |V’(z)|% fora.e.r>0. (2.13)
u=l({t})

Note that estimate (2.13) itself, combined with (2.12), ensures that V’(¢) is nonzero
for almost every ¢ € (0, ||u]|00), Whence

o?(u='({t})) / -1
_— < |[VulP™" do forae.t € (0, |lullo ).  (2.14)
VP T S ( )

If the Cartan-Hadamard conjecture in dimension » holds, then

nof VT (@) < Per(u™ (1 +00) <o) Vi>0. @19)

(Recall that Per(2) = 0(d€2) provided €2 is smooth enough, while in general we
have that Per(2) < ¢(0€2) as consequence of the structure theorem for sets with
finite perimeter, see for example [2,31]).

It is worth observing that in (2.15) we have implicitly exploited two addi-
tional key properties of u: continuity (so that du~!((¢, +00)) € u~'({t})), and
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boundedness of the superlevel sets (which allows us to apply (1.3)), ensured by
Proposition 2.2. As a consequence, integrating (2.14) along with (2.11) entails

n—1

lull oo P m lulloo -1
/ n?w,’ A0} p(f)l dt 5/ —Up(u ({2)) dt
0 IV/(£)[? 0 IV/(1)]”

5/ |Vu|PdV=/ IVul? dVv .
U= (0. ulloo)) M

Let us consider the Euclidean radially decreasing rearrangement u* of u, which by
definition shares with u the same volume function V(¢) and the same L norm. It
is straightforward to check that it is continuous (otherwise V'(¢) would vanish in
an interval). We claim that it is locally Lipschitz. Indeed, upon integrating (2.10)
and using (1.2) (here the optimal value of the isoperimetric constant is inessential),
for all £, h > 0 we have:

(2.16)

L, (V(t) = V(t + h)) z/ \Vu|dV
u—1((¢,t+h))

ftt+h Viere (s)ds
Cn,l

t+h
_ f o (u~'({5))) ds > 2.17)

t

n=1
. V7 (t + h) I

Cna

where L; stands for the Lipschitz constant of u in u~!((¢, +00)). Given any r, >
r1 > 0 complying with 0 < u*(r2) < u*(r1) < |#]|0o, from the definition of V(r)
it is clear that V(u*(r2)) < w, r} and V(u*(r1) — €) > wy r{ for arbitrarily small
e > 0, so that by putting = u*(r) and t + h = u*(r;) — ¢ in (2.17) we end up
with

n—1
n

. _
Lyx(ryy @n (13 —17) = —(;l ) rp! (u*(r1) —e —u*(rp)).
n,

and this readily implies, upon letting ¢ — O and r; — r5, that u™ is Lipschitz in the

n
/ . Because

open set {x € R" : u*(x) > u*(rp)} with constant Ly (r,) Cy,1 7 wn
u* > 0 everywhere, the claim follows.

At this stage, given the local Lipschitz regularity of u* (recall Proposition 2.3),
we can repeat all the above computations with u replaced by u* (and M” by R").
Since Vu™* is constant on every level set (u*)"'({¢}), and the latter is the boundary
of the Euclidean ball (u*)™"((z, +00)), for almost every ¢ € (0, |u]loo) (Where
3V’(t) < 0) both (2.14) and (2.15), thus (2.16), hold as identities, whence

llll oo p Ve
/ nl’w,?—(f)ldz:/ |Vu*|?dv .
0 V'(0)|? R”
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In particular, from (2.16), we deduce the Pélya-Szeg6-type inequality
IVu* Lo @ny < VUl Lr @y,

However, because [[u* (|, p* gny = [[u[lf p* qn) and the optimal constant in (1.1) is
not smaller than the Euclidean one, the only possibility is that u* is also an optimal
function for the p-Sobolev inequality in R”, and therefore (2.16) is actually an
identity. In particular, it holds

/nuuoo 0P (! (1) — n? o VTP (1) dt =0
0 ,

V()"

which in view of (2.15) yields

O(Lt_l({t})) = Per(u_l((t, +oo))) =n a)n% Vnn;l(t) forae.t € (0, ||u]o0) -

Thanks to the rigidity result encompassed by the Cartan-Hadamard conjecture, this
implies that almost every superlevel set A, := u~!((t,+00)) is isometric to a
Euclidean ball of volume V(¢), up to a set of volume zero. In particular, we can
deduce that A; is isometric (in the metric sense) to a closed Euclidean ball. Hence,
since u is continuous, has no zeros and M” is noncompact, there exist a decreasing
sequence f; — 0 and a corresponding increasing sequence Ry — 00 such that

oo
M"=|J4,. A, €Ay, VkeN,
k=0

where each Z,k is isometric to E;k, the latter symbol denoting the closed Eu-
clidean ball of radius Ry centered at the origin. This means that for all k € N one

can find a bijective map Ty : B L= Ay, , along with its inverse Sy : A;, — E;k,
such that

dist(T (%), Te(§) = |2 — | V&.9 € By, 218
< dist(x,y) = Sk (x) = Sk (¥)] Vx,ye€ Z,k

and
Te(Sk(x) =x Vxed, <= Si(Tk(®)=3% VEeBy . (219

If we drop the request that the Euclidean balls are centered at a common given
point, then up to a translation in R” (that may depend on k) we can assume that for

a fixed xg € Zto and a corresponding X¢ € E; 0 it holds

Tk(.fe()) =x9 <= Si(xg) = Xo Vk e N. (2.20)
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For notational convenience, we will not change symbols and still refer to such
translated maps and balls as T, Sk and B; . » respectively. Since M" is a complete

manifold and {4, } is an exhaustion of M" such that 4;,, € Ay, 4o forallr >0
one can pick k, € N (large enough) satisfying

By(xo) C Ay, <= Bf(%o) C By,  Vk >k . (2.21)

By virtue of (2.18), (2.20) and (2.21), we are in position to apply Ascoli-Arzela
theorem to infer that there exist two maps 7' : R* — M" and § : M" — R” such
that (up to a subsequence)

lim T (x) =T(X) VxeR" and lim Si(x) = S(x) VxeM",
k—00 k—00

with both limits occurring locally uniformly. As a result, by passing to the limit
in (2.18) and (2.19), we infer that T, along with its inverse S, is in fact a (metric)
isometry between R” and M"; thus it is also a smooth isometry between Rieman-
nian manifolds (see [38,42]), and the thesis follows. Note that (1.5) is then a direct
consequence of the results of [3,49]. O]

Remark 2.4. In the final part of the above proof we took advantage of a purely
metric argument, which uses very little of the particular structure of a Cartan-
Hadamard manifold (noncompactness and completeness). Nonetheless, it would
have been possible to exploit a more geometric one, by observing that {A4;, } is an
exhaustion of flat open sets of M", since each A;, is isometric to a Euclidean ball
up to a negligible set. As a result, the simply connected manifold M” is flat and
thus isometric to R” thanks to the well-known characterization of flat manifolds.

3. Radial solutions to the (critical or supercritical) p-Laplace equation

In this section we focus on radial positive solutions to the p-Laplace equation (1.8):
—Apu=u?, u>0, on M" ,

where M" is an n-dimensional Cartan-Hadamard model manifold associated to a
corresponding “model function” ¥ as in (1.9) and ¢ > p* — 1. We will take these
assumptions for granted from here on.

3.1. Preliminaries and basic properties of radial solutions

First of all, we consider the radial p-Laplace equation on M" with positive initial
datum, that is

n—1,,/1P=2 /= _n—1 g—1
{(W [u/| u) Y ul9 forr >0 G.1)

u'(©0)=0, u(0)=a>0.
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Existence and uniqueness of a local classical solution u € C ([0, T)), with w :=
|u’|P~2u’ € C'((0,T)), can be established as in the Euclidean case ¥ (r) = r,
studied in [17,22] (see in particular the appendices in those papers); this fol-
lows from the fact that ¥ is regular and ¥(r) = r + o(r) asr — 0. Asin
[17, Lemma 1.1.1], one can actually show that w € C!([0,T)), with w’(0) =
—a?/n < 0. Since w(0) = 0, we deduce that w, and hence v/, are strictly negative
in a neighborhood of r = 0. We aim to show that u can be globally extended on the
whole interval [0, +00) remaining positive, with ' < 0 on (0, +00). To this end,
following a similar strategy to [5], we will take advantage of a Pohozaev-type tech-
nique. In the sequel, by “maximal existence interval”, we mean the largest interval
I = [0, T) (with possibly T = +00) where u is a classical solution to (3.1).

Remark 3.1. Note that, if u € Wl;cp (M™) N L2 (M") is a radial weak solution to
(1.8), then u can be regarded as a solution to (3.1) in the sense specified above. In
the proofs of Theorems 1.4-1.6, we will always implicitly use this fact. Indeed, by
[13,50] we have thatu € C!([0, +00)), and integrating the equation down to r = 0
this ensures that |u/|?~2u’ € C!([0, +00)). In the special case ¢ = p* — 1 local
boundedness is actually for free (one can adapt the proof of Lemma 2.1 above),
whereas it is well known that for ¢ > p* — 1 locally unbounded radial solutions
with local finite energy can exist (see for example [47, Section 9]).

Given a solution to (3.1), let us introduce the associated energy function

|u(r)|q+‘,

Fu(r) == } ‘)” +
p

along with the Pohozaev function

+1

Note that the differential equation in (3.1) can equivalently be written as

n—1
P, (r) —(/ Vi 1ds)F(r)+w ()| ’(r)|p_2u(r)u/(r).

()" w) + @ =1 WE, /[P 4 T =0, (3.2)

Lemma 3.2. Ifu is a solution to (3.1) defined in its maximal existence interval I,
then both u and u' remain bounded in I .

Proof. We have

D
p—1

’

|u/|17 _ ’|u/|p_2u/

so that |u’|? is also C (1) and
(}u"p)/ __P “u/’P—Z ' = }u/‘P—Zu/(’u/’p—Z u/)/
p—1

= % u' (\u/ip_z u’)/.
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Thanks to (3.2) we thus obtain

v W'|” <0, 3.3)

!/
Fy = (/|2 ) + ™’ = —n — D
whence it follows that F,(r) < F,(0) = a?t!/(q + 1), for every r € I. This
clearly implies that both u and u’ remain bounded in 1. 0

Integrating the equation, it is readily seen thatif u > 0in I’ C I thenu’ <0
in I’ \ {0}. Hence, due to Lemma 3.2 and standard ODE theory, at this point we
have only two alternatives: either u exists in the whole interval [0, +-00) remaining
positive, with u’ < 0 on (0, +00), or there exists R > 0 such thatu > Oandu’ < 0
in (0, R), u(R) = 0 and u’(R) < 0. We will prove that only the first alternative is
admissible; in order to establish it, we need the following lemma.

Lemma 3.3. Ifu is a solution to (3.1) defined in its maximal existence interval I,
then

P,(r) = K(r) |u'(r)|p foreveryr €1,
where K is a suitable function depending only on q, p, W, n, such that K(r) < 0 for
allr > 0and K(r) = 0 for somer > Oifand only ifq = p* — 1 and y"(s) =0
Jorevery s € (0,r). In particular, we have that P,(r) <0 foreveryr € I.

Proof. By direct computations, we have:
r
Py(r) = y" () Fu(r) + (/ y"! dS) Fy(r)
0

’ n—1
n u(r) <wn—l |u/|p_2u/) ) + 4 +(1”) |u’(r)|p

q+1
— "7 () (—1 + —) ' )|”
P g+
n q”:_r_)l [w”‘l(r) lu(r) 2 u(r) + (an_l |u/{p_2 ”/)/ (r)]

n—1 _ W() / V4
(/‘” ds)(" Doy Ol

_ r—1 1 n—1 ( n—1 ) _ ‘/f()] 1| P
() ro-(f v a)e-oig el

=:K(r)

where we have used the differential equation in (3.1) and (3.3). Integration by parts
yields

wn lw/ 1//"(7‘) 1 r wn WN
n— ld oy — — d
/ v / v T Tl @ @
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Therefore we can rewrite K as

_(r—1 L on=1\ o n=1y'(r) (Ty"y”
K(r)_( p JrCIJrl n )1// ") no oY) Jo )2 as.

where the coefficient of 1"~ 1(r) is smaller than or equal to 0 since ¢ + 1 > p*
(with equality if and only if ¢ +1 = p*), the second term is also nonpositive (recall
that ¥’(0) = 1 and v is convex) and can vanish at some r > 0 if only if ¥/ (s) = 0
for every s € (0, r). Finally, the fact that P, < 0 in / follows from P,(0) = 0
along with the monotonicity of P,. O

A first relevant consequence of Lemma 3.3 is that any solution to (3.1) is
global and remains positive in the whole [0, +00).

Lemma 3.4. [fu is a solution to (3.1) defined in its maximal existence interval I,
then I = [0, +00) withu > 0in [0, +00) and u’ < 0 in (0, +00).

Proof. As observed above, either the claim is true or there exists R > 0 such that
u > 0and v’ < 0in (0, R), u(R) = 0 and u/(R) < 0. The possibility that
u’(R) = 0 can be immediately ruled out, by integrating the equation on (0, R);
while the fact that u’(R) < 0 gives a contradiction with Lemma 3.3, since it would
imply P,(R) > 0. O

We complete this subsection with two further useful properties of radial solu-
tions. From here on we will take for granted that u is positive and globally defined
in [0, +00).

Lemma 3.5. If u is a solution to (3.1), then u(r) — A € [0,u(0)) and u’'(r) — 0
asr — +oo.

Proof. The monotonicity and positivity of u ensure that u(r) — A € [0,u(0)) as
r — +o00o, whence
liminf |u'(r)| = 0. (3.4)
r—+o00

We are left with proving that actually u’(r) — 0 as r — +oo. To this end, we
integrate both sides in (3.3) on an interval (rg, r), with 0 < ro < r, deducing that

Fu(r):Fu(ro)—(n—l)/ %]u’]pds = ijllu'(r)V’

qg+1 roq
= F,(ro) — uq +(1r) —(n— 1)/ % |u’|p ds.

Clearly the right-hand side in the last identity has a limit as r — 400, and so does
the left-hand side. This means that |u’(r)| itself has a limit as r — 400, which
thanks to (3.4) completes the proof. O
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Lemma 3.6. Let M" #£ R” and let u be a solution to (3.1). Then there exists 7 > 0
such that
P,(r)<0 Vr>r.

Proof. In terms of ¢, the assumption M"” # R” is equivalent to ¥”(r) > 0, at
least for every r ranging in an open interval (rq, ;). Therefore, by Lemmas 3.3
and 3.4 we have that P (r) = K(r) |u'(r)|? < 0 for all r > r,, whence the thesis
follows. O

It is convenient to sum up what we have proved so far. We have shown that,
on any Cartan-Hadamard model manifold, there exist (unique) solutions to the ra-
dial problems (3.1) which are globally defined, remain positive and decrease, with
u(r) - £ € [0,u(0)) and u’(r) — 0 as r — +00. Moreover, the Pohozaev func-
tion P, is nonincreasing, nonpositive and, if M[" # R”, strictly negative for large
r. To proceed further, we now distinguish between the p-stochastically complete
and incomplete cases.

3.2. Proof of the main results for p-stochastically complete manifolds.

Throughout this whole subsection we assume that the Cartan-Hadamard manifold
at hand is p-stochastically complete, namely (1.12) holds.

Proof of Theorem 1.5-(1). By what we have established in Subsection 3.1, we can
assert that for all @ > 0 there exists a unique solution to (3.1), which is in fact
classical and complies with (1.8); vice versa, any radial solution to (1.8) satisfies
(3.1) for some @ > 0. Because different values of o give rise to different solutions,
there are infinitely-many such solutions.

Let now u be any solution to (3.1). Since P, (r) < 0 forall 7 > 0, in particular
we have that

( / Cyr ds) W) — ) [ O] ) <0 V> 0
0

(recall that ¥ > 0 and u’ < 0). From the above inequality, straightforward compu-
tations give

oy p—1 r ’
a0 Zwl_”(r)/ plds = 0 S ety vrso.
ud(r) 0 ur=1(r)
By integrating both sides on (0, r), we deduce that
p—1 : S P / "ot ds > + +
— > =T ds — 400 asr — 400,
q + 1- P qu;l—ilp (r) aqj;l—ilp 0

thanks to assumption (1.12). Therefore u(r) — 0 as r — +o00, and more precisely

N T R
u(r) < (—) (/ O7P-T ds) Vr>0. (3.5)
g+p—1 0 O
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Remark 3.7. In order to prove Theorem 1.5-(i), we could have also argued in
the following way: since we know that any radial (positive) global solution is de-
creasing, it is enough to show that infy;» u = 0. To this end, the p-stochastic
completeness of M" allows us to apply the weak maximum principle at infinity
in [34, Theorem 1.2] to —u, whence the fact that u(r) — 0 as r — o0 follows.
However, in the sequel we will need the decay estimate (3.5).

Having established that solutions vanish at infinity, we are ready to prove The-
orem 1.4 in the p-stochastically complete case.

Proof of Theorem 1.4 under (1.12). Suppose by contradiction that there exists a ra-
dial solution u to (1.8), satisfying (1.11), on a Cartan-Hadamard model manifold
M" £ R” complying with (1.12). In particular, we know that u is a (classical) solu-
tion to (3.1) for some o > 0. Hence, by virtue of Lemmas 3.2-3.6 and Theorem 1.5-
(i), we can assert that u(r) — 0 as r — 4o0 and P,(r) < P,(r) =: —C < 0 for
all r > 7, for some ¥ > 0. By the definition of P,, this yields

Y H(r)

i1 |u’(r)}p_2 w'(ryu(r) < -C Vr>7.

That is, since ¥’ < 0 and u > 0,

u'(r)

VO WOl = -C

Vr>7r.

Upon integrating on (7, ), we deduce that
r
/ |u/|p v" Vds > Clog(u(r)) — C log(u(r)) — 400 asr — 400;
7
on the other hand f;oo Ju’|? Y"1 ds must be finite by (1.11), which leads to the

desired contradiction. O

We now address the proof of Theorem 1.6-(i). To this end, recall that we re-
quire the additional assumptions (1.14) and (1.15). We will prove the result through
a series of lemmas, following a similar strategy to the one developed in [5], where
the case p = 2 is treated. Let us start with some preliminary observations.

Remark 3.8. Assumption (1.14) implies in particular that there exist two constants
¢1, 2 > 0 such that, for all § > 0, one can pick rs > 0 so large that

c1(1=9) ec2(=8)r!= <yY@Er)<ci(1+6) ec2H8) rt= Vr >rg.

On the other hand, assumption (1.15) ensures that for all M > 0 there exist
Cpr.ry > 0 such that

w(r)zCMeM’ Yr>rpy.
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In both cases v has at least an exponential-like growth at infinity. We also notice
that, under either (1.14) or (1.15), it holds

VO YO
Jy vt ds v ()

where by the symbol ~ we mean that the ratio tends to 1. Indeed, in case (1.14) is
satisfied, then by L’Hdopital’s rule we have

Y )

asr — +00, (3.6)

__r 7 — y—1
fOr wn—l ds =D V(r) o (3.7)
N(n—l)%’/’()r)—)(n—l)ﬁ asr — +00;

whereas in case (1.15) is satisfied, still L’Hdpital’s rule yields

oy ($8) v o+ e pee)

Jo Vs yni(r)
Lemma 3.9. Let u be a radial solution to (1.8). Suppose that (1.12) and either

(1.14) or (1.15) hold. Then there exist no positive constants C, B > 0 such that
u(r)y < Cy=B () forallr > 0.

—-n—1 asr - 4o0.

Proof. Assume by contradiction that there exist two constants C, 8 > 0 as in the
statement. For the sake of readability, along the proof C will stand for a general
constant, which may actually change from line to line but will not be relabeled.
Since u is bounded and ¥ (r) — 400 as r — 400, it is not restrictive to assume
further that 8 < (n — 1)/¢. By integrating (3.1) on (0, r), we thus find that

. — 1-n ! n—1 14 P=1
w o) = (70 [y uras)

1

<c (wl—"m /0 b ds) T vrso:

a subsequent integration on (r, +00) yields

“+o0o K} ﬁ
u(r)fC/ (wl—"(s)f w”—l—ﬁqdz) ds Vr>0, (3.8
r 0

where we used the fact that u(r) — 0 as r — +o00 (Theorem 1.5-(i)). Note that
the integral on the right-hand side of (3.8) vanishes as r — +o0: this can be seen,
for instance, upon bounding the innermost integral by s "~ 1~84(s) and exploiting
the exponential-like growth of v, as observed in Remark 3.8.
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We claim that, for every ¢ € (0, g + 1 — p), there exists C; > 0 (which neither
will be relabeled from line to line) such that

1 +o0 - /s Y )pl_l
- n n d d
wv%wml (v [ v AR EX)

<C, for r large enough.

In order to prove (3.9), it suffices to apply L’Hopital’s rule to the ratio on the left-
hand side and take advantage of (3.6) (which actually holds for any real n > 1)
along with the just recalled exponential-like growth of v, to deduce that in fact
such ratio vanishes at infinity. In view of (3.8), estimate (3.9) then entails u(r) <
C, y~P4/(P=1%8) () which is stronger than the initial bound since ¢/(p — 1) > 1.
We can therefore iterate the previous argument a finite number of times, inferring
that

u(r) < Ce w_ﬂ(ﬁ) (r)y Vr>0,

k—1
-1
for every k satisfying f (L) < ! .
p—1+¢ q

In particular, because 8 can be taken as small as needed, we can assert that

u(r) < Coy ™ r=1¥e(r)  ¥r>0. (3.10)

We will now reach a contradiction by obtaining an incompatible estimate in the
opposite direction. To this end, recall that P, () < 0 in view of Lemma 3.3. As a
result,

(/ Y ld) | ‘)| + +(1)| ‘)PP ur) W' (r) <0 Vr>0.

Since u’ < 0 and u > 0, we deduce that there exists r, > 0 such that
W) p V)
u(r) = (p=D(@+1) [yyntds
Cpi—1+e) Y0
(p—D@@+1 ¥(r)

the last inequality following from (3.6). By integrating (3.11) on (r¢, r), we con-
clude that

(3.11)

Vr >rg,

__pn—l+e)
u(r) = CLY~T=D@E(r)  Vr >,

where C/ is another suitable positive constant. A comparison with (3.10) gives the
desired contradiction, since ¢ > 0 can be chosen so small that p(n — 1 4 &)(p —
l+e)<m—1—¢e)(p—1(g+1). O
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Lemma 3.10. Let u be a radial solution to (1.8). Suppose that (1.12) and either
(1.14) or (1.15) hold. Then

o VO Y0
oo u(r) Yr)

Proof. We consider at first the case when (1.15) holds, and start by showing that

sy ) VO _
rtoe WD) V)

Indeed, if this limsup were smaller than —8 < 0, then it would be immediate
to deduce that u(r) < C A (r) for a suitable C > 0, in contradiction with
Lemma 3.9. Therefore, it remains to establish that the lim sup is in fact a limit. To
this aim, we proceed again by contradiction. Should the limit not exist, there would
be a sequence r,,, — +o00 of local minimizers for the differentiable function ”7/ %
along which the latter does not tend to 0. Let us set

T(r) = [log (‘5((:)))} . (3.13)

It is easy to check, by extremality, that for allm € N

(3.12)

W (r) u(rm) = (' (rm))* + () W (r) T (7m)

(note that, since ' < 0 on (0, +00), u is actually C2((0, 4+00))). If we multiply
(3.2) by u, this identity reads
-1 _ utt! (rm)

Y p =
( u (”m)) (p—Du'@m)+ (@ —Du@m) Trm) +m—1) 1@((:,") u(rm)

Recall that for every & > 0 small enough estimate (3.11) holds at r = r, for all m
sufficiently large, whence

- u?(rm)
(_u/(rm))p ' =
— =142 LI 4 (p— )T () + (n — 1))
ul (rm)
T CEE 1+ o(1)

as m — 0o, where we have used assumption (1.15) and the fact that p < g + 1.
Here and in the sequel C stands for a generic positive constant, whose explicit
value is irrelevant to our purpose. As a consequence,

u'(rm) 1;”(rm) u‘”;__lp (Fm) (W(rm) )1+p
”(rm) v’ (rm) N " V' (rm)
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for all m large enough. Since u(r) — 0asr — 400, and (1.15) holds, this implies
that the limit of the left-hand side is also O, in contradiction with the definition of
the sequence {ry, }.
Let us turn to the case when (1.14) holds, and proceed similarly. Note that
(3.12) amounts to
rYu'(r)

m
r—+oo u(r)

The fact that the lim sup is zero can be shown exactly as in the previous case. In
order to establish that the above limit does exist, we argue again by contradiction,
assuming that there is a sequence r,, — +o00 of local minimizers for the differen-
tiable function ryuiz;gr)’

for all m € N we have

along which the latter does not tend to 0. By extremality,

0 (1) () = (' ()" = = (1) 0 ()

Hence, upon multiplying (3.2) by u, this identity gives

uq+1(rm)

—u’ 1 _ '
( u(rm)) (p_l)u/(rm)_(p_])%u(rm)-l-(n—l)%u(l‘m)

Thanks to (3.11) and (1.14) (recall that y < 1), we thus deduce that for every ¢ > 0
small enough

1 u? (rm)

¥/ (rm) ¥/ (rm) ¥ (rm)

IA

(= (rm)) "~

__pP
g+1
Cr)ul(ry)

IA

for all m sufficiently large. Hence,

y _ oy m -1 py
_Im ¥ (rm) <cuF (rm) rn’fp_yl =C (/ Cr ds) rrﬁp_yl . (3.14)
u(rm) 0

where in the last step we used estimate (3.5). Due to (3.7), we infer that

r r
_1 _Y _Y
/ ®r-I ds~C/ s T ds ~ Crp-1T! asr — 400,
0 0

which plugged in (3.14) yields

)

<Crr '>o0 as m — 0o
u(rm) — " '

in contradiction with the definition of the sequence {r,}. O
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Lemma 3.11. Let u be a radial solution to (1.8). Suppose that (1.12) and either
(1.14) or (1.15) hold. Then

1 1
! ! =T 1 =
lim ¢ Z(r)) (‘” (r)) - ( ) . (3.15)
r—>+00 51 (r) \ V(1) n—1
Proof. We assume at first that (1.15) holds. To begin with, let us prove by contra-
diction the existence of the limit in (3.15). Should the latter not exist, then there

would be a sequence 7, — +00 of local maxima/minima points for the C! func-
tion

(') (W'(r))v‘—l
w7 (1) \ ()

such that {®(r,,)} does not have a limit. By extremality, for all m € N we have

(r) =

) ulrm) = - ) =

u(rm) u'(rm)

1 C(rm) .

where I" is defined in (3.13). Up to multiplying (3.2) by u, this identity entails

- u (rm)
(_u/(rM))p ' = ’
e NCORNUEIE 7

whence

S )T Y )
@’ m) = u9(rm) Y (rm)
_ |:CI u' (rm) ¥ (rm) _ Y (rm)
u(rm) ¥'rm) ¥’ (rm)

as m — oo, where in the last passage we have used Lemma 3.10 and assump-
tion (1.15). However, by assumption {®(r,,)} does not have a limit, thus we have
reached a contradiction and the existence of the limit in (3.15) is proved. Now let
us compute it. By (3.2) we have

u’(r) ¥(r) ul(r)  y(@r)
p —(n—1D+ =1 7
(=u'(r) ¥'(r) (= (r))P~ 1 y'(r)
what we have proved so far implies that the limit as r — 4-00 of the first term on
the left-hand side does exist as well. On the other hand, assumption (1.15) ensures
that

—1
1

I‘(rm)+n—1:| - —

n—1

(p—1) ———

=0 Vr > 0; (3.16)

RGN, (”"(”_r(r)) V()
oo /() YI()  r=oe \ (1) v

)
[ vy ey
= lim .

r—+o0 u'(r)
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This implies that the rightmost limit does exist and hence, by Lemma 3.10 and
L’Hopital’s rule,

' (r) ¥ (r) ; [”'(F)W(r) (W'(r))_l] . " (r) ¥ (r)

0= r—>+oo u(r) ¥’ (r) r—}I-il:loo u'(r) _’_}I"POO w'(r) v'(r)

Taking advantage of this information in (3.16), we necessarily obtain

W) )
e ()P Y0

which is equivalent to (3.15).

The case when (1.14) holds can be treated in a similar way. To prove the
existence of the limit in (3.15), we argue again by contradiction: claiming that
the latter does not exist is equivalent to admitting that one can pick a sequence
rm — +00 of local maxima/minima points for the C! function

=n-—1,

!/
W(r) = —u'(r)) —r
ur=t(r)
such that {W(r,,)} does not have a limit. By extremality, for all m € N we have
" . q ’ 2 y u(rm) u/(rM)
u’ (rm) u(rm) = 1 (u (rm)) (P —1)rm

From this identity, using (3.2) multiplied by u, we easily deduce that

p—1 _ uq(rm)

(_u/(rm))

which (thanks to Lemma 3.10) in turn yields W2~ (r,,) — 1/[(n—1){] asm — oo,
a contradiction. Thus, the existence of the limit of W(r) as r — +o0 is proved. In
order to compute it, let us observe that still by (3.2) we have

r’u”(r) r’ Y (r) r’Y ul(r)
1
o TV e T ey

What we have proved so far, along with (1.14), ensures the existence of the limit
of the first term on the left-hand side, which can be rewritten as

VY " V. ’
r—+00 r r—>+o0

(p—1) ——— =0 Vr>0. 3.17

r—+oo  u'(r) u'(r) u'(r)
Therefore, by Lemma 3.10 and L’Hbpital’s rule, we end up with

0= fim DO o W) ()
= oo u(ry — rotoo w/(r)  rotoo u/(r)
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so that (3.17) yields

Yy
im e,
oo (< (1)
which is equivalent to the desired result when assumption (1.14) holds. O

We are now in position to prove the asymptotics of solutions under either
(1.14) or (1.15).

Proof of Theorem 1.6-(1). By Lemma 3.11, for every ¢ > 0 small enough there
exists r, > 0 such that

I v 17T W) 1 w(r) 7T
[(n—l_g)w'(r)} <_up"—1(r)<[(n—1“)w'<r>] vretes

whereas, for a possibly larger r,, we have
Y (r)
v'(r)

in view of (3.6). Therefore, by combining the above estimates, we deduce that for
a suitable C > 0 (depending only on n) it holds

nm—1—6)0B(F) <

<(m—-14¢)0() Vr > re

1 u'(r) 1
(1 -=Ce)(O(r)r T < ——F < (14 Ce)(O(r))rT Vr >re.
ur=i(r
By integrating, we obtain
1-— ! - -
(1— Cs)‘”—ll’/ OF T ds <u™ 71 (r) —u~ P ()
P — re

1_ r
<(1+cs)q+—pf @7 ds
p_l re

for every r > rg, that is

—1
-1 r -1 _
1+Cs+p—(/ ®ﬂllds) w T (1)
g+1—p\J,

pa— r p—
<M(/ @1)1—1ds)u(H1;l—lp(r)
p_l re

-1
-1 r -1 _
< 1—C8+p—(/ @Pl—lds) u_qtl—lp(rs)
qg+1-=p\Jr

for all r > re. The thesis follows by letting first r — 400 and then ¢ — 0, using
assumption (1.12). ]
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Finally, we show that without assuming (1.14) or (1.15) the just established
asymptotic behavior fails.

Proof of Proposition 1.71. As a key starting point, we claim that thanks to (1.19)
there exist k > 0 and 7 > 0 such that

f pl(s)(/ p]dz) A /w"ldtds

(D (3.18)
1 TgqF1T-p
>K/ (4 lds(/ ®P—1ds)
for every r > 7. Indeed, formula (1.19) can be rewritten as
= n=ldtd
hmﬁnff & (s)f v > >0

r—eo 7T ds n=ldg

Js Jo ¥ (3.19)

— JrerT(s) [y dt ds -

N O ds fo ¥n~Vds

for every r > 7, with constants &, 7 > 0 as above, from which (3.18) easily follows
by monotonicity of the innermost integral involving ©.

The validity of (1.12) under (1.19) is a consequence of (3.19), since the latter
is equivalent to

[mg (/()r@)zall ds):| Z/?[log(/or®pl—l(s)/0sw”_l dtds)} Vr>F

and the monotonicity of ¥ ensures that

2p—1
r K -1 r o, n—1 d p—1
/ Y (s)/ Y Vdids = L Uo ]//p(n ”S) Vr>0.
0 0 2p—1 Vo= (r)

If the ratio on the right-hand side were bounded, this would imply that

o
/ Yl ds = 400
0

at some finite ro > 0, which is absurd.

In order to establish that (1.16) cannot hold, we can argue by contradiction.
Should such an asymptotic behavior be true, then upon integrating (3.1) at infinity
we would end up with the identity

el 1
r aFi—p [to© Sl yd 4\ 27!

([ o) [ (B
° ’ (3.20)

( p—1 )qi’l_lp
S \g+1-p '
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Now we observe that

r 1 % +o0 1
lim (/ ®r-T ds) / —ds =0. (3.21)
r—>+o00 0 r wp_l

This is a direct consequence of the fact that ¥/'(r) > 1 and ¥ (r) > r:
r 1 % +o0 1
([ 7T ds) / —ds
0 r w p—1
1
r sy n—1 " dt —T1 +o00 1
0 Y (S) r (/]

TH=p p too
S (/ 1/”’ ! dS) / n—l1 dS
nq—H r r wpfl

—1

p—1
rq+1 D too FaFI=p [T 1
wﬁl 7 (r) ds§ : e — ds
r

nq+1 D 1// na+i—-p wp—l q+1—p
_p—1_ P _n—p
rati—p +oo 1 rati—p~ p—I
= +} ”_11 — —+} ds - 1 1 1 1 )
qF1=p Jr p—1 "~ gF1—p gF+1—p - __I _
n s n (p_l R )

and it is readily seen that for p € (1,n) and g + 1 > p* the power appearing in the
last identity is negative. In particular, from (1.16), (3.20) and (3.21) we necessarily
deduce that

s ST =
lim /w" luth— hm /w 1(z)(/ G)p—ldr) dt =+00.
§—>—+00 0 0

As aresult, we can assert that (3.20) is actually equivalent to

r 1 q-ﬁl_—lp
lim (/ ®r-T ds)
r—-+o00 0
_ (=g =T (3.22)

voo | fg vty (f @7 T dT) T dr g+1—p
| PEEIEY)
r yrl(s) p—1
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Integration by parts, along with (3.18), yields

; CoL R
/ w"—l(z)(/ @P-ldt) dt
0 0

_(p—Dg

s s 1 qF1—p
=/ w”‘ldt(/ @vldt)
0 0
(p=1gq
-1 s q+l p
+%/ l(z)(/ @Flldl’) /w" dr dt
(p—Dg

(p — gk o1 ( L )—q+1,,
2[1 - }/w dt/@ dt

for all s > 7, whence

(p—lg p—1

+o00 s t . —gFi—p
/ wl_”(s)/ Y1) (/ er-rT d‘[) dt ds
r 0 0
-1 +o00 s —$
z[H—u} f @pl—l(s)(/ @pl—ldt) T ds
Q"_l_ r 0
g r S i |
=q+1—p[1+(p—1)q/<]p 1 (/ @pl_lds) THT=D
p—1 q+1-p 0

for all r > 7, which is clearly in contradiction with (3.22).
If (1.14) holds with y = 1, then by L’Hopital’s rule it is readily seen that

. O(r) 1
lim = ,
r—>+o0 1 nm—1Dl+1

whence
_pP _
lim Jo @771yt ds
r—>-+oo wn l(r) @(r) fO @,7 T ds

P e sTT T e ds p
= — 1m =
p—1rotoo LS yn-1(y) 2p =14 (m—1D(p—1t

’

where in the last passage we have used again L’Hopital’s rule.

Finally, given o > 0, let us exhibit a p-stochastically complete Cartan-Hada-
mard model manifold, satisfying (1.20), where the limit in (1.16) of the solution
u to (3.1) that starts from u(0) = « cannot exist. We will proceed by means of
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a recursive construction. First of all, note that in view of the asymptotic results
established above we know in particular that if 1 complies with

A0
rtoo Y (1)

then u satisfies (1.16). On the contrary, by reasoning similarly to the above disproof
of (1.16) under (1.19), it is not difficult to check that if ¢ fulfills

mlfgleu+m)
r—->+oo r

€ (0, +00)

then

(3.23)

( p—1 )qil__lp[l 24 i|q+%—p
< R — - - .
" \g+1-p n(g+1-p)

Our strategy strongly relies on this dichotomy. We pick an increasing sequence of
radii {r¢}xen C [0, +00) and a corresponding sequence of smooth convex func-
tions {¥x }xen, Which will be carefully chosen below, such that the global function
Y defined by

v(r) = yvr(r) forevery r € [rg, rk+1) (3.24)
gives rise to a p-stochastically complete Cartan-Hadamard model manifold that
meets our purpose. For the sake of readability, along the k-th recursive step we
will (implicitly) still let ¥ denote the function that fulfills (3.24) on the whole
[rr, +00) rather than on [rg, rp41).

We start the iteration by taking ro = 0 and ¥¢(r) = r. In particular, due to
(3.23) we can pick r; > 1 so large that

no \dds p—1 FRae 1\ aF=7
(/ Or-T ds) u(r)) < (—) (1——) , u(r)<l1,
0 g+1—p n

whereas the next function ¥, is chosen to be smooth, convex, complying with
/
r
im V() =2
r—>+o0 Y1(r)

and gluing to ¥ in such a way that ¥ is also globally smooth and convex. Hence,
thanks to Theorem 1.6, the solution constructed so far satisfies (1.16); we are thus
allowed to select r, > r; + 1 so large that

2 1 q-ﬁl_—lp p—1 q-ﬁl_—lp 1 ﬁ
(/ er-T ds) u(rp) > (—) (1 — —) ,
0 q+1—p 2n

V1(r2)

e

< =, >1.
u(ra) 2 >
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The subsequent (recursive) steps of the procedure go as follows. Given ry, ...7g
and Yo, ...V¥r—1, with k > 2 even, first we choose ¥ to be smooth, convex,
fulfilling

im 20 ¢ (1 oo

r—>+00 r

and gluing to Y1 in such a way that ¥ is also globally smooth and convex. Due
to (3.23) we can then pick rg4+; > rr + 1 so large that

RN o p—1 \a¥tr» 1\ 7¥1=7
R N o
0 g+1-p n

1
M(rk+1) < 2_k . (325)

Similarly, given rg, ...rg and ¥y, ... ¥r—_1, with k > 3 odd, we choose ¥ to be
smooth, convex, complying with

Vi (r)
im =
r—+o0 Y (r)
and gluing to Y¥x_; in such a way that ¢ is globally smooth and convex. The

solution constructed so far satisfying (1.16), we can therefore select rp 1 > rg + 1
so large that

p—1 p—1 1
Tk+1 aF1=p —1 q+1—p 1 q+1—p
/ Q7T ds U(rg4+1) > _p= 11— — ,
0 g+1-p 2n

1 Vi (rk+1)
u(res1) < F ke > 1.

2k

(3.26)

By applying iteratively this procedure, we end up having constructed a Cartan-
Hadamard model manifold represented by a function i defined as in (3.24) where,
by virtue of (3.25) and (3.26), the solution u to (3.1) fulfills

r 1 qurl_lp p—1 qurl_lp 1 q+}fp
lim inf (/ P ds) u() < (—) (l — —)
r—>+o00 \ Jo q+1—p n

p—1 qil_ip 1 q+Lp . oo qil_flp
<| — 1— — <lim sup Or-1ds u(r),
g+1-p 2n r—+oo \Jo

and u(r) — 0 as r — +o00, while

v _

eerk

lim sup ~+00 Ve>0.

k—o00

The thesis is therefore proved (note that in the light of Theorem 1.5, the fact that
u — 0 at infinity ensures p-stochastic completeness). Let us point out that, in
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each step, the choice of v depends only upon {r;}ico,.. k3 and {V¥;}ieo,..k—1}>
whereas the choice of r;4; depends upon the same quantities plus the solution u
constructed on [0, +00) with y(r) = Y (r) forall ¥ > rg (thusonly on o, g, p, ),
leaving however such a solution unchanged in the interval [0, ry]. O

3.3. Proof of the main results for p-stochastically incomplete manifolds

Now we address the case when the Cartan-Hadamard manifold at hand is p-stochas-
tically incomplete, namely (1.13) holds.

We will first need the following elementary lemma, whose simple proof is
omitted.

Lemma 3.12. Forall @ > 1 and ¢ > 0, there exists C; > 0 such that
x+»*<A+ex*+Coy*  Vx,y>0.

Proof of Theorem 1.5-(ii). As concerns the existence of infinitely-many radial so-
lutions to (1.8), and the fact that they all satisfy (3.1), the same observations as in
the proof of case (i) hold.

Let then u be any solution to (3.1) under (1.13), and suppose by contradiction
that u(r) — 0 as r — 4o00. The case ¥ (r) = r does not fulfill (1.13), and
this necessarily means that M” # R”. Therefore, Lemma 3.6 holds and P, (r) <
P,(r) =: —C < O forall r > ¥, provided 7 is large enough (here and below C
or analogous constants will not be relabeled). In particular, we infer that for every
r>r

VO [ O T ) S -C = umT ) = =Cy ),

where we recall that u” < 0 and u > 0. By integrating on (r, +00), since we are
supposing that u — 0 at infinity, we thus obtain that

-1 too
P () < —C yrt ds
r
for all large r enough, which in turn gives
+o00 l—n %
([ Y=t ds) <Cu(r)y—0 asr — +o0o. (3.27)
-
Now we claim that
1 _ +o0 n
lim sup u(r) = (r) wﬁ ds > —1. (3.28)
r—>+oo U(r r

To prove the claim, we argue by contradiction and suppose that the above lim sup
is less than or equal to —1: that is, for all £ > 0 there exists r, > 1/¢ such that
u/(r) n—1 Foo

Y r=1(r) Iﬁ%dsf—l—l-e Vr >re.
u(r) r
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By integrating we obtain

+o0 l;—’;d
log(u(r))f(l—e)log M Vr > re

u(re) +oow11;_’{ ds

re

(note that the integrals on the right-hand side are finite as y(r) > r and p < n). In
turn, this implies that there exists C, > 0 such that

1—¢

too
u(r) < Ce (/ /) ds) Vr >re.

However, by taking ¢ < 1 — (p — 1)/ p, a comparison with (3.27) yields
+oo 1—n l—s—thl
O<C8§( wl’—lds) -0 asr — 400,

r

which is a contradiction. This proves the claim (3.28), and hence there exist § €
(0, 1) and a sequence r,, — +00 such that

u (rm)  n-1 oo,
Y =1 (ry) Yr=ids>—1+4§ for m large enough. (3.29)
u(FWl) m

Now we go back to the equation solved by u in (3.1): by integrating it on (ry,, ),
and using the fact that u’ < 0, we deduce that

_ Y ) (U )"

(—u'(r)" V() +y! () /r y" tulds Vr>rm.
Thus
—u'(r)
n— ) -1 r =T 3.30

and to proceed further we distinguish between two subcases: p > 2 or p < 2.
If p>2then1/(p—1) < 1, and hence (x + y)V/?~D < x1/(p=1 4 1/(p=1)
for all x, y > 0. Therefore, from (3.30) we infer that

1

_u/(r) < wﬁ(rrzzl(_u/(rm)) + u%(rm) (wl—n(r) /r wn—l dS) p=l
T 0
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for all » > r,,, where in the last passage we have used the the monotonicity of
u. Note that the term inside brackets is nothing but the function ®(r) defined in
(1.10), so that a further integration on (r,,, r) gives the estimate

u(r) (3.31)

st (12220 +oo on
>u(rm)|1+ 1(”m) Wp Tds—u S (rm) ®p Tds

(m) 'm

for all r > r,,. Let us focus on the term inside brackets on the right-hand side. By
(3.29), assumption (1.13) and the fact that u(r,,) — 0 as m — oo, we obtain

1+

”((r::)) 7=t (1) r:wwp tds —u'se Tt (rm)/+oo®p Tds > 8+ o(l),

where o(1) — 0 as m — oo. In particular, upon taking m sufficiently large and
going back to (3.31), we end up with the estimate u(r) > §/2u(ry,,) for every
r > ry, which is in contradiction with the fact that u(r) — 0 as r — +oo. This
shows that, under assumption (1.13) and supposing that p > 2, we necessarily have
u(@r) > A >0asr — +oo.

Let us now consider the case p < 2. Since 1/(p — 1) > 1, it is no more true
that (x + y)/@=D < x1/@=1 4 /=1 for a]l x,y > 0. However, we can
exploit Lemma 3.12 with ¢ = §/2, where § is defined by (3.29). Thanks to this
choice, identity (3.30) implies that

) <( )w ) (< ()
N2 Y

+Cs u%(rm) (wl_”(r) /r Yl ds) " Vr>rpy.
2 0

Similarly to the case p > 2, we thus deduce that

u(r) > u(rm)|:1 + (1 + ) ’(rm) 51 (Tm) +oo¢p T ds

(rm) 'm

_ +oo
— C% uq;l—lp (rm)/ @t ds:|
'm

for all r > ry,. By virtue of (3.29), assumption (1.13) and using the fact that
Uu(rm) — 0 as m — oo, the right-hand side is greater than

U(rm) [14+ A +8/2)(—1 +68) +o(1)],

with o(1) — 0 as m — oo. As a result, by taking m sufficiently large we end
up with the estimate u(r) > &8/4u(ry,) for every r > r, which gives again a
contradiction. This completes the proof also for p < 2. O
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Now we can proceed with the proof of Theorem 1.4 in the p-stochastically
incomplete case.

Proof of Theorem 1.4 under (1.13). Suppose by contradiction that there exists a ra-
dial solution u to (1.8), satisfying (1.11), on a Cartan-Hadamard model manifold
complying with (1.13). As in the first part of the proof, we infer that u is a (clas-
sical) solution to (3.1) for some @ > 0. By combining the monotonicity of u with
Theorem 1.5, we have that 0 < A := lim, 400 u(r) < u(r) < a for all r > 0.
Upon integrating the differential equation in (3.1), we deduce that

wn—l(r) |M’(}’)|p_2 M/(I”) — /r I'”n—l u? ds
0

. o (3.32)
= |u’(r>|p=(w1—"(r> / w"—luqu)

for all r > 0, where we used again the fact that ' < 0. Upon multiplying by %",
integrating and exploiting the monotonicity of both u and , we obtain:

/r {u/|17 1/jn—l ds
0
:/r (wl_”(s) [s Y yd dt) " v (s) ds

0 0

[ (/ (/ 1dr) B :|ds (333)

> P “ e a1 =
> (r)[ [2p (/ ) dt) :|ds
e p—1 ( n— 1) = a=mp f” (r)
AT 7—1
(L v eyt

for all » > 0, where C > 0 is a constant whose explicit value is immaterial, and
f(r):= [y " ds. We claim that

Tim sup fplv)_+w. (3.34)

r—>+oo (f’ (r))p T

If not, then the ratio is bounded, which means that for all » > 1

with f(1) >0 = f blowsupatafiniterg > 1,
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in contradiction with the definition of f. This proves that (3.34) holds and, recall-
ing (3.33), we can finally infer that

+o0
/ |u'|p v lds = 00,
0

which is incompatible with (1.11). That is, also under assumption (1.13) finite-
energy solutions do not exist. O

Remark 3.13. By reasoning similarly to [24, Section 2.2], it is not difficult to
check that if M is not a model manifold but still supports a radial solution to (1.8),
then the latter is in fact a solution to (3.1) with i replaced by

o(aBr(o»]nll

nwy

Yalr) = [

and such a function falls within the Cartan-Hadamard class. Moreover, we have

+o00
/ |Vu|”dV:na)n/ ’u”p =y,
M 0

so that the proof of Theorem 1.4 that we have just carried out applies to this case
as well.

Proof of Theorem 1.6-(ii). By the definition of limit, for every ¢ > 0 (small enough)
there exists 7, >0 such that A4 — e < u?(r) < A? + ¢ for all r > r,. Therefore, in
view of (3.32), for any such r we have that

[w‘—"(r) (cg +00-o [ Cyrt d)}

< —u'(r) < [1//1_”(1') (Cg + A1 +¢) /r Yl a’s)]p1 ,

with C, 1= [1¢y" 1u?ds > 0. A further integration on (r, +00) yields, still for
r>re,

+o0 s ﬁ
/ [wl‘”(s) (Cs+(A4—s)f w"—ldz)] ds

<u(r)—A< /+OO |:w1_"(s) (C‘8 + A1 +9) /‘S Yl dl)i|p_l ds.

By the arbitrariness of ¢ > 0 and L’Hopital’s rule applied to the integral terms, it is
not difficult to obtain the desired asymptotic result.

Finally, in order to prove (1.17), it is enough to observe that (3.5) actually
holds under both (1.12) and (1.13), whence the universal bound just follows upon
letting r — 400 in such estimate. O
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