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Abstract

We consider nonnegative solutions of the porous medium equation (PME) on
Cartan-Hadamard manifolds whose negative curvature can be unbounded. We
take compactly supported initial data because we are also interested in free
boundaries. We classify the geometrical cases we study into quasi-hyperbolic,
quasi-Euclidean and critical cases, depending on the growth rate of the cur-
vature at infinity. We prove sharp upper and lower bounds on the long-time
behaviour of the solutions in terms of corresponding bounds on the curvature.
In particular we estimate the location of the free boundary. A global Harnack
principle follows.

We also present a change of variables that allows to transform radially
symmetric solutions of the PME on model manifolds into radially symmetric
solutions of a corresponding weighted PME on Euclidean space and back. This
equivalence turns out to be an important tool of the theory.
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1 Introduction and outline of results

This paper is concerned with the porous medium equation (PME for short)

(L1) {ut:Aum in M x RT,

u(-,0) =wup in M,

where m > 1, A denotes the Laplace-Beltrami operator on a Riemannian mani-
fold (M, g) without border and the initial datum w, is assumed to be nonnegative,
bounded and compactly supported. The main assumption on M is that it is a Cartan-
Hadamard manifold, namely that it is complete, simply connected and has everywhere
nonpositive sectional curvature.

The study of the PME on such kind of manifolds is quite recent, and the first results
in this connection concern the special case in which M = H", the n-dimensional
hyperbolic space, a manifold having special significance since its sectional curvature
is —1 everywhere. In fact, two of the present authors considered recently in [13] the
case of the fast diffusion equation (namely, (1.1) with m < 1) in H", proving precise
asymptotics for positive solutions. In [24], the last of the present authors constructed
and studied the fundamental tool for studying the asymptotic behaviour of general
solutions of (1.1) on H", namely the Barenblatt solutions, which are solutions of (1.1)
corresponding to a Dirac delta as initial datum. Two of the most important results
of [24] can be summarized as follows:

e The decay estimate
(1.2) [u(t)]|oe < C (logt/t)m=T

holds for all ¢ sufficiently large. This bound is quite different from the corresponding
Euclidean one, where the sharp upper bound takes the form u(z,t) < Ct=*™, with
exponent a(n) = (m—1+(2/n))~! which is strictly less than 1/(m — 1) for all n; the
difference is smaller as n — oco. Estimate (1.2) bears closer similarity to the estimate
that one obtains when the problem is posed in a bounded Euclidean domain and
zero Dirichlet boundary data are assumed, since then the sharp estimate is u(z,t) ~
C(z)t=Ym=1  differing from the (1.2) only in the logarithmic time correction.

e Solutions corresponding to a compactly supported initial datum are compactly
supported for all times, and in particular the free boundary R(t) of the Barenblatt
solution behaves for very large times like R(t) ~ «vlogt + b for some precise constants
v, b. In fact, the free boundary of general solutions tends to be a sphere of radius R(¢)
with R(¢) as above.

Later on, it has been shown in [14] that (1.2) holds on a large class of Cartan-
Hadamard manifolds, namely those which support a Poincaré inequality, namely such
that the spectrum of A is bounded away from zero, see e.g. [16]. This includes of
course H", as well as every Cartan-Hadamard manifold whose sectional curvature is
bounded away from zero. See [2, 3] for some previous results.

No result is however available as concerns analogues of (1.2) when a Poincaré in-
equality does not hold, which may be the case when the sectional curvature is negative



but tends to zero at infinity. Nor it is known if a stronger smoothing effect holds if
the curvature is allowed to be unbounded below. Besides, no analogue of the free
boundary behaviour, nor any related lower bound on solutions, is known but on H".

Notations for asymptotics. We use the following notations for asymptotic approx-
imations as r — oo: by f(r) ~ g(r) we mean that there exist two positive constants
c1 > ¢g > 0 such that ¢ < f(r)/g(r) < c1, whereas by f(r) ~ g(r) we mean the more
precise behaviour: lim, . f(r)/g(r) = 1.

1.1 Description of the asymptotic results

In this paper we aim at dealing with certain Riemannian manifolds which, to some ex-
tent, generalize hyperbolic space. More precisely, we shall consider Cartan-Hadamard
manifolds whose negative curvatures have bounds from above and below that are pow-
ers of the geodetic distance.

Quasi-hyperbolic range. To start with, we assume that both bounds behave like
—r?" as r — oo, with p € (—1,1) and r = dist(z, 0), o being a given pole and dist
being Riemannian distance. We call this range for convenience the quasi-hyperbolic
range, since the results bear a resemblance with the study of the equation on the
hyperbolic space H" done in [24]. In that case our results imply that positive solutions
of equation (1.1) starting from bounded and compactly supported initial data satisfy
for all large times

(1.3) lu() | ~ ¢ (log t) T

Moreover, if we denote by R(t) the radius of the smallest ball that contains the support
of the solution at time ¢ (or, equivalently, the biggest ball contained in the support),
then

(1.4) R(t) ~ (logt) T

as t — +o00. Note that (1.3) covers all powers of log ¢ between 0 and +o00 as p ranges
in (—1,1), while (1.4) covers all the powers between 1/2 and +o0o0. These results
follow from the precise space-time bound:

C 1-p N
. (vo[log(t+to)]1+~—r1 “) 1

(t + to) 7T -

Cl lop 1—p ml—l
< u(z,t) < T(’h log(t + to)|F» —r )
(t + to)"“l +

Ve € M\ Bg,(0),Vt > 0 and Ry large enough. This is a global Harnack principle,
using a terminology introduced, in the case of Euclidean fast diffusion, in [7], [4].

In the special case u = 0 we are dealing with a variation of the hyperbolic space.
In the precise case of H" we recover the estimates obtained in [24], although a more



accurate analysis was carried out there in order to get a sharp estimate over (1.4),
namely

logt

(1.5) RO~ D0 =T)

(where the curvature is taken as —1). On the other hand, in n-dimensional Euclidean
space it is well known (see e.g. [23]) that

n(m—1)

(1.6) u(t)||! ~ ¢ 7o T8E | R(E) A tree T

so that, informally, estimates (1.3) and (1.4) can be seen as limits of (1.6) as n — 400
plus some logarithmic corrections. If we let pn — 1, then estimate (1.4) reads

N[

(1.7) R(t) =~ (logt)2

while in (1.3) the logarithmic correction seems to disappear. In fact, by carefully
tracking multiplicative constants in our barrier methods when p — 1, we are able
to handle the critical case g = 1 in the limit. We shall prove that (1.7) does hold,
whereas (1.3) yields a loglog correction, namely

(1.8) lu®)|% ~ " (loglogt).

Again, (1.7) and (1.8) follow by a precise global Harnack principle, see formula (3.14)
below.

So far, we have not been too precise about our requirements on the behaviour of
curvatures as r — +o0o. In Section 3 below we shall make those assumptions clear
and we shall give precise statements of our separate estimates from above and below.
In fact, we shall see that a bound from below of the type of —r? on the radial Ricci
curvature of M is enough in order to provide pointwise bounds from below for positive
solutions to (1.1) with compactly supported initial data, whereas an analogous bound
from above on radial sectional curvatures allows us to get pointwise bounds from
above. The proofs are contained in Sections 4-5.

Weighted PME. Another major contribution of the paper is the application of
these results on the PME posed on model manifolds (a particular case of the Cartan-
Hadamard manifolds) into the study of the weighted version of the same equation
posed in Euclidean space. This is done in Section 7 and uses an interesting radial
change of variables introduced in [24]. Tt leads to an equivalent formulation of the
radial problem in a different context. In the end, the particular weight depends on
the starting geometry, see the summarizing table in Section 7.3. In the standard
examples the weight is a logarithmic correction of the critical density p(z) = |z|72,
a case where the mathematical analysis is particularly difficult due to the complete
homogeneity under scaling, see e.g. [20, 17].

In this paper we use the equivalence, in some cases to transfer results from the
geometric setting to the Euclidean weighted setting (we refer to Theorem 9.1 below),



in other cases to transfer them in the opposite direction, as we will see in the next
paragraph.

Quasi-Euclidean range. The situation is completely different in the range p <
—1 that corresponds to very small curvatures at infinity and can be seen as quasi-
Euclidean range. In fact, if p < —1 we show that the Euclidean-type bounds (1.6) still
hold. This uses known results for the PME in Euclidean space and the equivalence
of formulations explained above. Manifolds M whose curvature decays faster than
dist(x, 0)* with u < —1 and o fixed have been widely investigated in the literature
since it is known that such condition implies that M has finite topological type, see
[1] (a fact which need not be true when p = —1, see [18]) and in some precise sense
such manifolds are “close” to R™, see e.g. [8].

There are two critical exponents in this classification, 4 =1 and g = —1. The lower
critical exponent p = —1 is very interesting: assuming that curvatures behave like
—Qr~2? asr — 0o, we will show that the decay estimates have exponents that depend
on the coefficient (). In particular, the sup norm estimates fill the gap between
t=1/(m=1) and the Euclidean exponent ¢t~/ ((m=D+2) Thjs is stated in Section 6 and

proved in full detail in Section 8.

The figure below describes the variation with u of the exponents «, 5 in the bound
lu()[[27! ~ 7 (logt)”.

It should be remarked that when g > 1 it will be shown elsewhere that a bound of
the form ||u(t)||e ~ t~¥1=™) which bears close analogy with the case of the PME
posed on bounded domains with Dirichlet boundary conditions, holds, thus justifying
the corresponding part of the figure.

Organization of the paper. After a section on functional and geometric preliminar-
ies, Section 2, we present the detailed statement of the results in the quasi-hyperbolic
case in Section 3, followed by the proofs in the subcritical range in Section 4, while the
critical case u = 1 is covered in Section 5. We then state the results of the Euclidean
range in Section 6, but the proof is delayed becuase it relies on the study of the
transformation of equations for radial solutions that leads to the equivalent problem
for a weighted version of the Euclidean PME, which is done in Section 7. The proof
of the main results in the quasi-Euclidean range is done in Section 8. Section 9 is
devoted to the corresponding asymptotic results for the weighted, Euclidean PME.

In the last section we gather a number of comments and extensions. Two of them
are worth mentioning here:

(1) We do not cover the supercritical case x> 1 which is related to manifolds with
very negative curvature. It has not been included because it represents a yet different
situation that needs new techniques.

(2) We make a first attempt at comparison with the linear case, m = 1, where there
is of course some available information. To our surprise, this information seems not
to be explicit at least at the level of detail of our nonlinear results above.
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Figure 1: The exponents «, 3 in the bound ||u(t)||™ ! ~ t=*(logt)”.

2 Preliminaries

2.1 Existence and uniqueness of solutions

A satisfactory theory of existence and uniqueness for (1.1) when initial data are
positive, finite Radon measure, has been given very recently in [15], when n > 3, on
the class of manifolds we study here, namely Cartan-Hadamard manifolds such that

Ric,(z) > —C(1 + dist(x, 0)?) for some C' > 0,

where o0 is a given pole, dist denotes Riemannian distance, and Ric, is Ricci curvature
in the radial direction. The case n = 2 has some peculiarities, due to the methods
of proof that we have used. Notice that the above condition is known to be sharp
for stochastic completeness, and hence for conservation of mass, in the linear setting,
see [10]. However, for any n > 2 existence and uniqueness of strong solutions e.g. for
smooth compactly supported data hold by standard arguments, see [23], where we
use the following concept of solution:

Definition 2.1. We say that u is a weak solution to (1.1), given uy € L*(M), if the
following holds:

u € C([0,+00); LY(M)) N L>®(M x (1,00)) for all T >0,

V (u™) € Lige((0, 00); L*(M)),



/ / u(z, t)p(z, t) dV(z dt—l—/ / (x,t), Vo(z,t))dV(x)dt = 0

for any ¢ € C°(M x (0,00)), with limy_,ou(t) = uy in L*(M). We also say that u is
strong if in addition u, € L32.((0,400); LY(M)).

Notice that standard comparison theorems hold for sub- and supersolutions, pro-
vided they are strong, as well. This will be crucial below, and in fact the sub- and
supersolutions we shall construct will satisfy such property.

2.2 Geometric preliminaries

We remind the reader that Cartan-Hadamard manifolds are defined to be complete,
simply connected Riemannian manifolds with nonpositive sectional curvatures. It is
known that they are diffeomorphic to R™ and that the cut locus of any point o is
empty (see, e.g. [10], [12]).

One then defines polar coordinates around any given pole o. Set indeed, given any
r € M\ {o}, r(x) := d(x,0) and define §# € S"™! so that the geodesic from o to =
starts at o with the direction 6 in the tangent space T,M. By construction, 6 can be
regarded as a point of S"1 := {z € R": |z| = 1}.

The Riemannian metric in M \ {o} in such coordinate system will then read

ds® = dr* + A;;(r,0)do"d¢’

where (0%,...,0"1) are coordinates in S"~! and (A;;) is a positive definite matrix.
As a consequence, the Laplace-Beltrami operator in the given coordinates has the
form

32

(2.1) A= il

A
or? or a8

where m(r,0) := %(log \/Z), A = det(A;;), Ag, is the Laplace-Beltrami operator
on S, := 0B(o,r), B(o,r) denoting the Riemannian ball of radius r centered at o.
We say that M is a model manifold, if it is endowed with a Riemannian metric of the
form

ds* = dr® + *(r)do?,

where r then denotes Riemannian distance from a given pole o € M, df? is the
standard metric on S"7!, and v belongs to the set of functions A defined as

(2.2)

A= {¢p € C((0,400)) N C*([0,400)) : ¥'(0) =1, (0) =0, ¢ >01in (0,+00)}.

That is, one requires spherical symmetry of the given metric. To be precise, we may

write M = My; furthermore, we have \/A(r, 0) = "~ (r) n(#) (for a suitable function
n), so that

0? "0

7



where Agn-1 is the Laplace-Beltrami operator in S*~!.

It is well known that for ¢)(r) = r one recovers the Euclidean space, namely M = R™,
while for ¢)(r) = sinh r one gets the n—dimensional hyperbolic space, namely M = H".
The choice ¥ (r) = sinr yields the unit sphere, although we shall not be interested in
positive curvature here.

For any = € M \ {0}, denote by Ric,(z) the Ricci curvature at x in the radial
direction %. Moreover, denote by K, (z) the sectional curvature at the point z € M
of the 2-section determined by a tangent plane w including %. Note that if M, is a
model manifold, then for any = = (r,0) € M, \ {o} we have

_w//(r>
()

Sectional curvature H, (z) w.r.t. planes orthogonal to such direction is given by

Ha(w) = (1=97) /4%

Ky (z) =

Finally,

Ric,(z) = —(n — 1)12}”(%) :
)

where by Ric,(z) we denote the Ricci curvature at x in the radial direction .

We shall make an essential use of comparison results for sectional and Ricci curva-
tures. By classical results (see e.g. [9], [10, Section 15]), if

K,(z) < —M for all x = (r,0) € M\ {o},
o(r)
for a given 1 € A, then
m(r,0) > (n — 1)1{(” for all r>0,60€S"!.
b(r)
On the other hand, if
. Q/J”(T) B
Ric,(z) > —(n — 1)—— for all = = (r,0) € M \ {o},
o(r)
for some function ¢ € A, then
W'(r)

m(r,0) < (n—1) for all >0,60€S" !,

e(r)

Of course the two above bounds and the expression (2.1) for the Riemannian Lapla-
cian yield, for radial (i.e. depending only on geodesic distance from o) and monotonic
functions, comparison results for the Laplacian in terms of the Laplacian of a model
manifold defined by the function v in terms of which the curvature bounds are sup-
posed to hold. This will be of crucial importance below.

8



Remark 2.2. Our results still hold under milder assumptions on M. In fact, it
suffices to suppose that M is a manifold with a pole o in the sense (see e.g. [9]) that
the exponential map at o is a diffeomorphism between T,M and M, and that the
appropriate bounds on radial curvatures required throughout the present paper are
satisfied.

2.3 Relative behaviour of 1 and the curvature

Note first that the quantity that appears in the Laplacian of a model manifold is
g ="/ = (log(®)))’. Then the (sectional, radial) curvatures are given by

(2.4) CK(r) = %) = g(r) + ¢(r)

(up to constants). Since we are interested in nonnegative curvatures it follows that
1 must be convex, hence increasing since ¢'(0) = 1. For the reader’s benefit we shall

use a cut-and-paste approach to show the relation between functions ¢, g and K that
will be useful later on. We will basically consider only large enough values of r.

Type I. We first consider functions @ with exponential growth, more precisely, we
take ¢ (r) = Ae®™ + B with a;,a, A > 0, B € R, for » > 7 and T large enough so
that in particular ¢» > 0 for » > 7. Then we have, again for r > 7:

g(r) ~ayar*t.

For a > 0 we get K(r) ~ ¢g*(r), hence
K(r) ~ —aia?r? 2,

i.e. we get —K(r) ~ r? with u = a—1 > —1. Note that o = 1 gives us the hyperbolic
space. An explicit choice of 1 on [0, +00) which gives rise to a C* Cartan-Hadamard
manifold matching such asymptotic behaviour is the following:

r if r € [0, 7]
Aem™ —en™) +7 ifr>T,
where 7 is the unique solution of

—_—y — Yo}
Aaa; 7 tem™ =1

when a > 1, whereas when « € (0, 1) one has to require that

1—a
A< L (1 _ a)
aaq (67051
and then 7 is the unique solution to the above equation satisfying the condition 7 >
[(1 = «)/(car)]"®. If & = 1 one requires A < 1/a; and then takes 7 = —[log(a; A)] /ay.

9



Type II. In order to get the critical case u = —1 we have to change the form of ¢
into a lesser growth. We thus consider powers, i.e. for large r we set ¥(r) = a; r*+ B
with a1, > 0, B € R. Then,

g(r) ~afr,

so that
K(r) ~ —ala—1)r2.

We get zero curvature for @ = 1 (Euclidean space), while negative curvature implies
that & > 1 (or < 0 that is excluded since ¢ is increasing). Note that o = 0 gives
the 1-dimensional Laplacian (in fact the manifold in this case is a sort of cylinder),
which is also, formally, a case of zero (radial) curvature.

An explicit choice of ¥ on [0,+00) which gives rise to a C! Cartan-Hadamard
manifold matching such asymptotic behaviour, in the relevant case a > 1, is the

following;:
r if r € [0, 7]
¢(T)_{a1ra+7"‘7_1 if r>7,

where 7 := (aja) o1,

Type III. A limit case of the previous calculation is obtained by perturbing the
Euclidean case 1 (r) = cr and considering, for large r, ¥(r) = crlog(r)* 4+ B for some
c>0,a#0, BeR. Weobtain

g(r) ~ % + %gm
and .
K () ~ a ala—1)

r2log(r) * r2(logr)?’
so that — K (r) is positive for large r only if @ > 0. In that case

—K(r) ~ar?(logr)™".

An explicit choice of 1 on [0, +00) which gives rise to a C'! Cartan-Hadamard manifold
matching such asymptotic behaviour can be done by matching the outer behaviour
with a standard behaviour near o, as done before. We omit the easy details.

Type IV. Finally, we want to find Cartan-Hadamard models such that K(r) ~ r?*
as 1 — +oo with u < —1. To this aim, we consider a still smaller perturbation of the
Euclidean case of the form 1 (r) = Are “ + B for large r and for some ¢ # 0, a > 0,

B € R. We get
1 ac

g(T) ~ ; - ro+1

and
ala—1)c  a?c?

’I“O‘+2 + T2a+2 :

~K(r) ~

10



Let first aw # 1. In that case we have 2u = —(a + 2). Negative curvature at infinity
is obtained for a > 1 if ¢ > 0 and then we cover the range p < —3/2, or a € (0,1)
and ¢ < 0, and then we get all € (—3/2,—1). As for the case = —3/2, may take

logr

Y(r) = Are”*"+ + B, and then

1 c

~———=(1-1
g(r) ~ = = (1~ log)
and 21 logr)?
c c(1—logr
—K(’l"> ~ 7"_3 + ra )
so that for ¢ > 0 we recover, approximately, the case = —3/2 as well.

An explicit choice of 1 on [0,+00) which gives rise to a C' Cartan-Hadamard
manifold matching such asymptotic behaviour is constructed as follows. Let o >
1,e>0o0ra€(0,1),c <0 hold. Assume also that A > 1. Then we set

{r if r € [0, 7]

vir) = A (T e — Fecra> +7 ifr>T7,

where 7 is the unique solution to the equation
1=Ae" " (1 —aer™).
In the case u = —3/2, hence ¢ > 0 to get a negative K, we let A > 1 and set

r if re|0,7
w):{ =

_clogT —_ _clogT _ . —
A(recr —recf)—i—r ifr>r,
where 7 is the unique solution to

log r

1=Ae

[1 - ; (1 —logr)} .

Finally, note that the inverse problem of finding v given —K (r) can be viewed as
the problem of finding first ¢ and then integrating. Now, the equation for g given K,
namely (2.4), is a Riccati equation that does not have closed formulas for the general
solution. It can also be seen as the inverse problem for the Schrodinger equation

P (r) + K (r)(r) = 0.

3 Statement of the results in the quasi-hyperbolic
range

Throughout this whole section and on, it is understood that o € M is a given pole,
and we implicitly set
r=r(x) :=dist(z,0) Ve M.

Here we state our main results concerning lower and upper bounds for solutions to
(1.1) when our power-type assumptions on the curvatures of M at infinity are quasi-
hyperbolic and subcritical, namely when the power lies strictly between —2 and 2.

11



Theorem 3.1 (Upper bounds, quasi-hyperbolic subcritical powers). Let M be an n-
dimensional (n > 2) Cartan-Hadamard manifold. Let u be the solution of the porous
medium equation (1.1) starting from a nonnegative, bounded and compactly supported
initial datum ug Z 0. Suppose that

(3.1) K,(z) < —Q.r** Va & M\ Bg(o)

for some py € (—1,1) and Q1, R > 0, where K, (z) denotes the sectional curvature at
x corresponding to any 2-dimensional tangent plane w containing the radial direction
w.r.t. 0. Then the following bound holds:

(7 1—py 4%?
(32) “WSm(mmg@m]w_rlm) 1
1)™m™™
Vo € M\ Bry(o), V20,

where C,v1, Ry,t1 are positive constants depending on n,m, pu1, Q1, R, ug. In partic-
ular, the estimates

1-m
(log#) i

(3.3) ()2 < G and R(t) <7, (logt)Tm

hold for suitable 51,371 > 0 and all t large enough, where R(t) is the radius of the
smallest ball that contains the support of the solution at time t.

Theorem 3.2 (Lower bounds, quasi-hyperbolic subcritical powers). Let M and u be
as in Theorem 3.1. Suppose that

(3.4) Ric,(z) > —(n — 1) Qyr*2 VYo € M \ Bg(o)

for some ps € (—1,1) and Q2, R > 0, where Ric,(x) is the Ricci curvature at x in the
radial direction w.r.t. o. Then the following bound holds:

C 1-po ml_l
(3.5) u(e,t) > ———— (7 flog(t + )] 7752 — ')
(t + tz) m—1 +

Ve € M\ Bg,(0), Vt>0,
where Cs, 79, Ro,to are positive constants depending on n,m, s, Qa, R,ug and on

infep,(0) Rico(x). In particular, the estimates

1—po
(log t) Tr2

(3.6) ()|t > Gy and R(t) > 7, (logt) T

hold for suitable 52,;?2 > 0 and all t large enough, where R(t) is the radius of the
biggest ball that is contained in the support of the solution at time t.

In the quasi-hyperbolic and critical case, that is when curvatures are quadratic, we
have significantly different bounds.

12



Theorem 3.3 (Upper bounds, quasi-hyperbolic critical power). Let M, K, u and
R(t) be as in Theorem 3.1. Suppose that

(3.7) K,(z) < —Q,7* VYo € M\ Bg(o)
for some Q1, R > 0. Then the following bound holds:

1
m—1

1 1
(3.8) u(z,t) < Ll {771 + — loglog(t +t;) — logr
(t 4 ty)m1 2 +
Ve € M\ Bg,(0), Yt>0,

where k1,n1, Ri,t1 are positive constants depending on n,m, Q1, R, uy. In particular,
the estimates

loglogt

N |=

(3.9) M@MS%( Y” and R(t) < 7 (log )

hold for suitable k1,7 > 0 and all t large enough.

Theorem 3.4 (Lower bounds, quasi-hyperbolic critical power). Let M,u be as in
Theorem 3.1 and Ric,, R(t) as in Theorem 3.2. Suppose that

(3.10) Ric,(z) > —(n —1)Qa7* Vo € M \ Bg(o)
for some Qa, R > 0. Then the following bound holds:

1
m—1

K 1 m—1
(3.11) w(z,t) > —2—— {172 + — loglog(t + t3) — logr
(t + tg)m-1 2 +
Ve € M\ Bg,(0), VYt>0,
where Ko, Ro,ts are positive constants and ny is a negative constant depending on
n,m,Qa, R,ug and on inf,cp, o) Ricy(x). In particular, the estimates

loglogt

D=

(3.12) ()]l > 7 ( )m_l and R(t) > 7 (log 1)

hold for suitable k9,15 > 0 and all t large enough.

Remark 3.5. These results motivate a number of comments.

i) The case of the hyperbolic space treated in [24] basically corresponds to the
choice py = po = 0.

ii) The situation is particularly clear when p; = po = p. In that case upper and
lower bounds match and our results read

C 1o T
(t+ to) —— (% log (t + to)] 7 — Tl_”) 1
0 m—1

< e, 1) € (o flog(t + 1) T — =)
(t + to) ™

+

(3.13)

+

13



iii)

iv)

vi)

vii)

4

Vo € M \ Bg,(0),Vt > 0,, Ry large enough, which bears some similarity with
the global Harnack principle introduced, in the case of Euclidean fast diffusion,
in [7], [4].

In particular, in that case the support of the solution is contained in a ball whose
radius is comparable, for large ¢, with

R(t) = [log(t)]V/ V),

and contains a ball whose radius is comparable with the same quantity. Of course
(3.13) also shows the qualitative sharpness of our results.

It is remarkable that our results are formally the same both when p, s € (—1,0)
and when py, po € (0,1). In fact, the first case corresponds to curvatures tending
to zero polynomially at infinity, whereas the second corresponds to curvatures
bounded in terms of quantities diverging polynomially at infinity. We find par-
ticularly striking the fact that the bounds valid in the first case are qualitatively
similar to the ones valid in H", and not to the ones valid in R", although cur-
vatures tend to zero at infinity. In particular, the function of time appearing in
the r.h.s. of (3.3) does not depend on the space dimension even in that case.

We deal with long-time asymptotics only, short-time bounds being of course
identical to the Euclidean ones.

If both curvature bounds (3.10) and (3.7) hold, of course the two-sided bound

1

loglog(t + t =
/io{no—i-—g gé 0>—logr}
(3.14) *
¢ log log(t + ¢ =
BTEO M RS TESSR
(t +to)m—1 2 +

Vo € M\ Bg,(0),Vt > 0, Ry large enough, which is again a global Harnack
principle.

Lower bounds on solutions clearly also hold for nonnegative data ug which are
not necessarily compactly supported but belong e.g. to L!.

Proofs in the quasi-hyperbolic, subcritical range

Our strategy relies on the construction of suitable explicit barriers, namely supersolu-
tions and subsolutions to (1.1). To this end, we shall make a constant use of Laplacian
comparison theorems as recalled in Section 2.2, by choosing a model manifold associ-
ated with an appropriate function 1 that reproduces the assumed curvature bounds.
In this regard, the next two lemmas will be crucial. The corresponding proofs are
quite similar, so we give only the first one.

14



Lemma 4.1. Let R,Q > 0 and p € (—1, 1] be fized parameters. Let 1) be the solution
to the following ODE:

(4.1) V(r) =w(r)d(r) Yr>0, '(0)=1, (0)=0,
where

0 vr € [0, R],
(4.2) w(r) = { L% (. _R) vre (R,2R)],

Q r Vr > 2R.

Then v € C*([0,+00)) is positive on (0, +00) with lim, ., ¥(r) = +oo, ¥’ is positive
on [0,+00), and there holds

Y'(r)
¥(r)

Proof. First of all note that, w being a continuous function on [0, +00), by standard
ODE theory ¢ € C?([0,+00)). Moreover, given the initial conditions in (4.1) it is
straightforward to deduce that ¢ is bigger than 1, so that v is positive on (0, 4+00)
and diverges as +oc.

(4.3) ~VQrt asr— 400,

We are therefore left with proving the asymptotic estimate (4.3). In view of the
above properties, we know that 1) satisfies

W'(r)=Qr*y(r) Yr>2R, ¢¥(2R)=a>0, $(2R)=b>0.

Let us introduce the following change of variables:

W'(r)
G(r) = Vr > 2R
(r) p(r) re h=st
from which we deduce that G is a positive solution of
1) — b (32 _ K iz __4a
G'(r) = —r* G*(r) TG(T)—{_QT Vr > 2R, G(QR)_QNRW)'

Hence, proving (4.3) is equivalent to proving that

(4.4) lim G(r) =+/Q.

r—+4o00

To this end, first of all let us show that G is bounded from above and from below by
positive constants. Indeed, by comparison it is enough to find £ > k£ > 0 such that

—92 — U — a
> —krt — k= # 2 k>
0> r " +Qr" Vr>2R, Z St
and p a
_12p 2 B
0< —k*r kr+QT Vr > 2R, ESZ“R/‘Z)



It is straightforward to check that the choices

= _ |1 1 a
b= max { serp T\ @ T TR wR

and

o |1l 1 a
k = min { 2Ry T\ T TRRE
will do. We have then shown that
(4.5) 0<E§G(r)§%<oo Vr > 2R.

Thanks to (4.5) and to the fact that > —1, we infer that for every ¢ € (0, 1) there
exists R, > 2R such that

G'(r)<r[-(1-e)G*r)+Q] and G'(r)>r"[-(14¢e)G*(r)+ Q] Vr>R..

By comparison with the corresponding solutions to the above ODEs, we end up with
the inequalities

. Cj — <liminf G(r) < hfﬂfip G(r) =[5 6;2 .

whence (4.4) given the arbitrariness of .

Lemma 4.2. Let R,Q,D > 0 and p € (—1,1] be fived parameters. Let v be the
solution to the same ODE as in (4.1), where in the case p € (—1,0) we set

D Vr e [0, R],
(4.6) w(r) = L (. _Ry4+ D (2R—7) Vre (R,2R],
Qr Vr > 2R,

whereas in the case p € [0, 1] we set
(4.7) w(r) :=max{D,Qr*}.

Then ¢ € C%([0,+00)) is positive on (0, +00) with lim,_, o ¥ (r) = +oo, ¥’ is positive
on [0,4+00), and (4.3) holds.

Remark 4.3. It is not difficult to check that the function w chosen as in (4.2) satisfies
w(r) <Qr* X(r+o) Vr € [0,00).
Similarly, the function w chosen as in (4.6) or (4.7) satisfies
w(r) > Qr** X(r4oo) + DXjo.r] Vr € [0,00)

provided D > QR?".
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4.1 Upper barriers: Theorem 3.1

As concerns upper bounds, we shall first provide a family of supersolutions to (1.1)
on a model manifold identified by the function ¢ of Lemma 4.1, and then exploit
the latter together with Laplacian-comparison results of Section 2.2 in order to prove
Theorem 3.1.

Lemma 4.4 (Upper barriers, pu € (—1,1)). Let m > 1. Under the same assumptions
and with the same notations as in Lemma 4.1, consider the function U(r,t) defined,
for allt >0, by

(4.8)
L € (7 log(t + 1)) 7 — 1) ™ Vr> Ry,
(t+to)m1U(r,t) = - + 1
C7<yﬂogﬁr+t0ﬂT€i—-5%§% 2-—l§H}%“)+ Vr € [0, Ro) .

Then U is a supersolution to the equation

(n — 1)y’
(G

provided Rqy s larger than a lower bound depending only on n,m, u, R, Q) and ty, C,~y
comply with the following conditions:

(4.9) up = (u")pr + (u™), inRTx RT

(4.10) to > e "

1 1

9 m—1 y { QR(I)-HA :|m1
m(1—p)(n—1)\/Q/2 m(1—p)(E+1) ’

(4.11) c >

(4.12)

m(1+ p)(1 — p)Cm=17 758 m (1 — )2 et
i { m—1 ] v<1+(m—1)[m(1—u)(1+E)Cm1_R(1)+u]>’

where E is a positive constant depending only on n, u, R, Ry, Q.

Proof. We split the proof in 3 steps, which correspond to a barrier in an outer region,
a barrier in an inner region and the final global barrier.

e STEP 1: AN UPPER BARRIER FOR LARGE 7. Let r > Ry. In view of (4.8), by
direct computations we get:

1

77_11 —_— . C % 1_#' m—1
(t+to)™ Ut(ﬁt)——m<’7[log(t+t0)] e >+
Cry (1 — ) [log(t + to)] T N =
A g

17



1
-1

(7 ot + to)] 5 = 17#) "

(t+ to)mT (Um)r (rt) = - mCm(A—p)r

m—1

+
m_ o =—m C™u(l — — () 1—p =
(#1075 (), ) =L g4 1) 56— o) ™
mC™ (1 — pu)?r=2 IER AN
e (’y [log(t + to)]TFe —r >+

With a slight abuse of notations, the quantity {y}(f_”i/(m_l) = 0 is meant to be zero

if y < 0, for all m > 1. Note that Uy, (Um)r and (U m)rr are always integrable as
functions of r, so that it does make sense to consider U as a (weak) supersolution of
(4.9). Now let us choose Ry so large that

=IO _b g

(4.13)

We point out that such a choice is feasible since p > —1 and Lemma 4.1 ensures that
(4.3) holds. In particular, a sufficient condition for U(r,t) to be a supersolution in
the region [Ry, +00) x R* is

1
-1

3

m(1—p) (n=1)V/Q/20™ " ~ 1} (’V [log(t + to)]% - rl’“>

+
2p
1 — p) [log(t +to)] ™ 1w e
(4.14) + r(=p) [10—gi—(,u o)l ™ (’Y [log(t + to)] e rlfu)+
S mC™ (1 — p)?r=2 i

<7 log(t + to)] 77k — Tl_u>

m—1 +

In order to satisfy (4.14), we have to pick C, v and t, large enough. First of all, for
any given k > 1 let us set

1
m—1

2% ]
(= - Dvar|

(4.15) C =

so that (4.14) becomes

1

(2k —1) <’y [log(t + to)ﬁ%ﬁ _ rl—ﬂ> :%1

N

(7 Mog(t + to)] 5 — 1) ™
+

—m

4 (L= ) log(t + to)] T
IT+p
2]{: (1 — ILL) 7‘72” ;7/"‘ 1_“ ?r;jrll
Z - V- 1)J/0%2 (7[log(t—i—t0)] W > .

In the region

+

(4.16) RIH < ploi < oy [log(t 4 to)] 1Tk |

18



upon supposing with no loss of generality that v > 1 and logty, > RéJr“ , the previous
inequality reads

v (1 — p)
14 pu

P (2k — 1) rtH

7 (2k = 1) log(t + 1)) 7 + log(t + )]

2k (1 — p)
C(m=1Dn-1)y/Q/2
It is straightforward to check that one can choose Ry so large (depending only on n,
m, @ and independent of k > 1, u € (—1,1)) that the r.h.s. of (4.17) is monotone

increasing for r > Ry. Hence, in view of (4.16), it is enough to require that (4.17) is
satisfied at r = /0= [log(t + t,)]"/* "), which leads to the condition

(4.17)

2k (1 + p) =
(m=1)(n - 1)vQ/2

(4.18) =

We have therefore shown that U as in (4.8) is a supersolution to (4.9) in the region
(4.16) provided (4.15) holds with k > 1, v > 1 satisfies (4.18), logt, > Ry and R,
is large enough. On the other hand, it is apparent that (4.14) is fulfilled in the region
r > MO0 [log(t + to)] /U,

e STEP 2: AN UPPER BARRIER FOR SMALL r. We now move to the region r € [0, Ry):

note that the two branches of U match at » = Ry with C" regularity. Still from (4.8),
we get:
(t +to)m1 Uy(r, t)

C 1—p 1— 1 _\ ™1
=——1(ﬂ10g<t+t0>]m_ P2 ”Ré“)

m— 2R, 2 n
24 2—m
Cvy (1 — p) [log(t +t)] ™% ( I S LR . ) (IR
v [log(t + to)] T+r — re — Ry " ,
(1+p)(m—1) 2R, 2 .
(t+to)m1 (TU"), (r,t)
1
mC™ (1 —p)r 1w l—p o T4p g\t
=— log(t + to)] ™ — - "
o (st £ ] ¥ = ot R

(t+to)=1 (U") (rt)

__mem Q- e
= - ] (3 ot + o)

r°—=—

L—p o 1+MR1_“ met
2R 2 7

+

M

mCm(l—u)Qr2< i 1—p oy T4p oy, \ 7
+ v [log(t + to)]T+r — re— Ry " :
(m—1)2 Ryt 2R, 2 N
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The properties of ) and ¢’ from Lemma 4.1 ensure that there exists a positive constant

E = E(n,u, R, Ry, Q) such that

(4.19) (n= Dy(r)r >FE Vrel0,Ry).

(r)

Hence, to make sure that U(r,t) is a supersolution in the region [0, Ry) x R¥ it is

enough to require
(4.20)

m (L= p) (B+1)
R(1)+u

7 (1 — ) [log(t + t)] T
" L+ p (

cml_ 1} (v log(t + )] 774 —

-

1— 1
1 [log(t + to)] 5 Moz 1K

1

]-_/J“ 2 1+:u 1—p m=t
TR

3+

—1

3

— R+
DY R )

+

2—m

>mcm71 (1—,“)27"2 ( 1w

1 + L B m—1
e\ ot i)l - Ry M) '
- 0

re —
2Ry 2 .

Upon recalling the choice of C' (4.15), the assumptions v > 1 and logty > Réﬂ‘ , we
deduce that (4.20) reads

(4.21)
2k (E+1) B o l—p o THp i
[m—nm—/mw | (rtontc el gt )
7 (1= ) log(t + o)) 77 2k (1 — p1) )
+ 14+ p (m—l)(n—l)\/Q/2R3+2“r =0

By neglecting the penultimate term we find that sufficient conditions for (4.21) to
hold are e.g.

Lo (=) /Q2 R
- E+1

2k (1 — pu)
(m—1) [26(E+1) = (0 1)/QR R™|

which have to be understood in addition to £ > 1 and (4.18).

e STEP 3: THE GLOBAL UPPER BARRIER. In conclusion, through steps 1 and 2 we
have shown that the function U defined by (4.8) is a supersolution to (4.9) provided Ry
is large enough (with a lower bound depending only on n,m, u, R, Q), logty > R(1)+“
and C and ~ satisfy the following conditions:

and y>1+

1

(422) C= 2k ]ml with &>1V (”_1>VQ/2R3+M,
m(1—p)(n—1)/Q/2 E+1
(4.23) N
2k (1 + ) o 2k (1 — pu)
”ELm—nm—n @m] o

(m—1) [Qk;(E +1) - (n—1)/Q/2 Rgﬂ
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which yield (4.10)—(4.12) (the parameter £ has been introduced for later purpose —
see the proof of Lemma 5.1). O

Proof of Theorem 3.1. First of all, by exploiting Lemma 4.1 with ) = @1 and p =
(R is meant to be the same as in (3.1)), Remark 4.3 and recalling that K, < 0
everywhere, we infer that the corresponding function ¢ satisfies

B ¢//(7,)

U(r)
Hence, we can apply the Laplacian-comparison results discussed in Section 2.2 along
with Lemma 4.4 to deduce that the function x — U(r(z),t), with U as in (4.8), is a

supersolution to (1.1), since (4.9) is precisely the differential equation appearing in
(1.1), for radial functions, on the Riemannian model identified by .

K,(z) < Ve e M\ {o}.

Let us set Ry = Ry and t; = ty satisfying (4.10). In order to complete the proof,
we only have to show that the parameters C' = C; and y = 74, subject to (4.11) and
(4.12), can be chosen in such a way that U(r(x),0) > ug(x) for all z € M. With no
loss of generality, we can suppose that ug is supported in B (0) for some R > R; and
has maximum M > 0. Then, a sufficient condition for U(r(z),0) to lie above ug(z)

1S

1 14+ R
Ci>t"" M, m>——r,

(log £1)
which must be added to (4.11) and (4.12) (with C' = C; and v = ;). Finally, as
for (3.3), we just remark that U(-,t) is supported precisely in Bg, «)(0) with R (t) :=
A/ og (t + )] ) and attains its maximum at r = 0. [

4.2 Lower barriers: Theorem 3.2

As for lower bounds, we proceed in a similar way as above, that is we first obtain
a family of subsolutions to (1.1) on a Riemannian model related to the curvature
bounds (3.4), and then prove Theorem 3.2 by means of such result.

Lemma 4.5 (Lower barriers, pn € (—1,1)). Let m > 1. Under the same assumptions
and with the same notations as in Lemma 4.2, consider the function U(r,t) defined,
for allt >0, by

(4.24)
_1
1 O (7 llog(t + to)) 55 — 1) ™ > R,
(t410) 75 U, 1) = L .
C (’y log(t + to)] ™+ — 21R_T“u r? — HT“Ré_“) " vr e [0, Ry).
0 +

Then U is a subsolution to (4.9) provided Ry is larger than a lower bound depending
only onn,m, u, R,Q, D and the positive parameters C,~y,tq comply with the following
conditions:

(4.25) O™l < =0

1 { 1 N\ Ry (m — 1)Ry™ ]
2(n —1)v2Q  4(F+1) 2+ (m-1)(F+1)]]’
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(4.26)

(4.27)

14+p
1—p

1+p
RO

logty > [

1—p
1

+h

9

4m — DR — dm(1 = p)[(m — D(F +1) + 1 — g 0175
(34 p)(m — D)Ry™ — 4m(m — 1)(1 — p)(F + 1) Cm-1

Y

where F' is a positive constant depending only on n, u, R, Ry, Q, D.

Proof. As in Lemma 4.4, we split the proof in 3 steps.

e STEP 1: A LOWER BARRIER FOR LARGE r. Let r > Ry and take Ry so large that

(4.28)

(n—=D¢'(r) _ _p

Sy

<(n—1)y/2Q Vr> Ry,

which is feasible thanks to Lemma 4.2 and to the fact that 4 > —1. In view of (4.24)
(note that it is the same expression as (4.8)) and the explicit derivatives computed
in the proof of Lemma 4.4, we infer that a sufficient condition for U(r,t) to be a
subsolution in the region [Ry, +00) x R is

(4.29)

1
-1

L (1) 0= )2 (5 ot + )} ') ™

(L= ) log(t + )] (ot + )% — i) &
14+ up 0 +

Cm—l 1 — 2 .—2u 1u %
>_ (L=p)r <’y [log(t + to)] T rl_“> "

N
+

—m

m—1 +

Now let us set, for all A € (0,1],

(4.30)

1

“= [zmu—m?n—wm}

so that (4.29) becomes

(4.31)

_1
m—1

(1—=h/2) (7 log(t + to)] 7 — Tl—u)

. (1= ) [logt + to)]_% <’Y [log(t + tO)]%’j - rl_“> wt

+

1+ p +
h(1—p)r=2 e 4y e
>~ S e~ Ty (LB ) =)

To make sure that the quantity between brackets is not identically zero (i.e. that our
subsolution is not trivial), we assume that

(4.32)

logty > 7_% Ry
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Hence, we can deduce that (4.31) is equivalent to

3 (1= b2 (e -+ )} 15 — =2 o 44077
5 AL )2 -
>~ s g A

in the region (4.16). As in the proof of Lemma 4.4, we can choose Ry so large
(depending only on n, m, @, p € (—1,0) and independent of h € (0,1}, u € [0, 1))
that the r.h.s. of (4.33) is monotone increasing for r > Ry. It is therefore enough to
require that (4.33) is satisfied at r = /01 [log(t + t,)]"/ "), which yields

1—p

h(1+ p) T
"= 2m - D Dvag

We have then shown that U as in (4.24) is a subsolution to (4.9) provided (4.30) holds
with h € (0, 1], v satisfies (4.34), t, satisfies (4.32) and Ry is large enough.

e STEP 2: A LOWER BARRIER FOR SMALL 7. In the region r € [0, Ry), by proceeding
as in step 2 of the proof of Lemma 4.4 and defining the positive constant F' =

F(”vlu’ R> ROaQaD) by

(4.34)

(- D)
w(r> <F Vre [O,RQ),

we find that, under assumptions (4.30) and (4.32), in order to ensure that U is a
subsolution in the region [0, Ry) x RT it is enough to ask

(4.35)

(4.36)
h(F+1) e l—p o THp i
1- 2n 1)\/@Ré+u] <7 [log(t + to)] —QR(l)W r2 5 R, u)
(L= ) [log(t + )] T h(1—p) )
1+ p +2(m—1)(n—1)m}23+2“r =0

Upon requiring

0]

and

(n = D)VIQRy™  2(m —1)(n —1)y/2Q Ry
(4.37) L oS AR ey g v o y

it is easy to see that (4.36) is satisfied provided e.g.

h(F+1) 1—pu Lu
e
>R1MP‘ h(F+1) h(1—p)
- 2(n — 1)v2Q Ry™  2(m—1) (n—1)v2Q Ry™
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which can be rewritten as

(4.38)

[
=

Ry™ [4(m — 1)(n — 1)yv2Q Ry —2h[(m — 1)(F + 1)+ 1 —p]] 7"
St L B+ p)(m — 1) (n — 1)v/2Q Ry — 2h(m — 1)(F + 1) ‘

logty >

It is easy to check that the term between brackets in (4.38) is larger than 1 under
(4.37), so that (4.32) is implied by (4.38).

e STEP 3: THE GLOBAL LOWER BARRIER. Summing up, through steps 1 and 2 we
have shown that the function U defined by (4.24) is a subsolution to (4.9) provided
Ry is large enough (with a lower bound depending only on n,m, u, R, @, D) and C,
v, to satisfy the following conditions:

h m—1
(4.39) ¢= l2m(1 — ) (n— W@}
with
(n = D)VEQRS™  2m = 1)(n = 1)y/2Q Ry
0<h<1A 2(F+1) A 2+(m—-1)(F+1)
h(1+p) i
(4.40) O<7s< [z(m —1)(n— 1)\/@}
and
(4.41)
T gty > {4(771— 1)(n = DVIQ R = 20 [(m — )(F +1) +1— )] 7
B S TG mm— V- )G R —2h(m - )(F+1) |

whence (4.25)—-(4.27) (again, the parameter h has been introduced for later purpose
— see the proof of Lemma 5.2). O

Proof of Theorem 3.2. We shall use Lemma 4.2 with the choices ) = Q2, pt = o, R
the same number appearing in (3.4) and

(4.42) D = max{ sup —Ric,(x), Qo R2“2} ,

N — 1 zeBg(o)

so that the corresponding function ¢ complies with (upon recalling Remark 4.3)

Y"(r)
¥(r)
By combining Laplacian-comparison results of Section 2.2 with Lemma 4.5, it follows
that the function z +— U(r(x),t), with U as in (4.24), is a subsolution to (1.1).

Let us set Ry = Ry. In order to complete the proof, we have to show that the
parameters C' = Cy, v = 7, and tg = t3, subject to (4.25)—(4.27), can be chosen in

Ric,(z) > —(n — 1) Ve e M\ {o}.
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such a way that U(r(x),0) < ug(x) for all z € M. To this end, first of all we point
out that, in view of (4.25), condition (4.27) is implied by

_ l4pg

1+po
logty >y, " Ry KTk

for some constant K > 1 that depends only on n, m, i, Ry, Q2, F' (which in particular
can be taken to be independent of C3). Then, with no loss of generality, we shall
suppose that

(4.43) inf w(x) = L£>0, R:=KTmR,.

z€BR(0)

Indeed, since (1.1) written in local coordinates is a standard diffusion equation of
porous medium type, upon waiting some finite time condition (4.43) is certainly
satisfied (provided the initial datum is non trivial). Hence, under such assumptions,
it is straightforward to verify that the condition U(r(z),0) < ug(x) is finally met

provided e.g.
L

(K — 22yt pyr!

2
(4.25)-(4.26) hold and one chooses ty as

Cy <

1+V42 1t +,u2
" Tng K2 reT—py
tz — 2 R, K1I-n2 )

As for the bounds (3.6), it is enough to note that U(-,t) is supported precisely in
Bg, 1)(0) with Ry(t) := A A7) oo (t + )] 2 and its maximum is attained at
r=0.]

5 Proofs in the quasi-hyperbolic, upper-critical ca-
se: Theorems 3.3, 3.4

The strategy we adopt here is very similar to the one we developed in Section 4,
namely we first provide supersolutions and subsolutions to (4.1) with g = 1 and then
exploit the latter in order to prove Theorems 3.3 and 3.4. In fact the construction of
such barriers is a consequence of the results given by Lemmas 4.4 and 4.5: it suffices
to take limits carefully as p — 17.

Lemma 5.1 (Upper barriers, p = 1). Let m > 1. Under the same assumptions and
with the same notations as in Lemma 4.1 in the case p = 1, consider the function
U(r,t) defined, for allt >0, by

(5.1)

L K [+ 3 loglog(t +to) — 10g7’}_’;+ Vr > Ry,
(t+to)m 1 U(r,t) == .
K [n + 3 loglog(t + to) — —log Ry + } Vr € [0, Ry) .

+
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Then U is a supersolution to (4.9) provided Ry is larger than a lower bound depending
only onn,m, R, Q and ty, k,n comply with the following conditions:

(5.2) ty > efto
(5.3) K2 [m (n— i) Q/2] h Y [%] - ’
(5.4) n> % {log (22,_177@1-1) v (m—1) [mQ(ZL iml_)lmm—l — Rj } ’

where E is a positive constant depending only on n, R, Ry, Q.

Proof. Upon recalling (4.22)—(4.23), let us choose C' and v by

(5.5) C= =——— and y=1+n(1—p)

m (1) (n—1) @/2] 1= )

for any k and 7 satisfying

(5.6) e [m (n— ?) Q/Q] T {W(QELEU} -
and
(5.7) "= % {log (2:/46—1%1_1> Ty [mZ(g iml_)lﬁm‘l — Rj] } ’

whereas we suppose that ¢, satisfies (5.2). The definitions of Ry and E above are the
same as in (4.13) and (4.19) (under the additional constraint that the r.h.s. of (4.17)
is increasing for r > Ry): in fact it is not difficult to show that they can be taken
(large and small enough, respectively) to be independent of p € (—1,1]. Note that
the r.h.s. of (5.7) is obtained by taking the first-order approximation of condition
(4.23) with respect to 1 — u, where C' is as in (5.5) subject to (5.6) (the latter, up
to the strict inequality, is equivalent to (4.22)). Hence, in view of Lemma 4.4, the
function U = U, defined by (4.8) with the choices (5.2) and (5.5)(5.7) satisfies

(n — Dy,
Yu

for 11 close enough to 1, where, to avoid ambiguity, by 1, we denote the function 9 of
Lemma 4.1 corresponding to p. The statement then follows by passing to the limit
in (4.8) and (5.8) as pr — 17, upon observing that v, locally converges to 1, along
with its derivatives. The removal of the strict inequalities in (5.6) and (5.7) is an
immediate consequence of another passage to the limit. ]

(5.8) U, = (T,), + (T)), inRfxR*
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Proof of Theorem 3.3. Once we have at disposal Lemma 5.1, we can let () = )7 and
proceed as in the proof of Theorem 3.1. In particular, we set Ry = Ry, t1 = to
satisfying (5.2) and suppose that ug is supported in Bg(o) for some R > Ry and has
maximum M > 0. In order to ensure that U(r(z),0) > ug(z) it is enough to require
that k = k1 and n = n, fulfil (5.6), (5.7),

_1 1
Ky >t P M oand o > 1+1logR — éloglogtl.

As for (3.9), it suffices to remark that U(-,¢) is supported precisely in Bg, (o) with
Ry(t) := e™ [log(t + t1)]*/* and attains its maximum at r = 0. [

Lemma 5.2 (Lower barriers, u = 1). Let m > 1. Under the same assumptions and
with the same notations as in Lemma 4.2 in the case p = 1, consider the function
U(r,t) defined by (5.1). Then U is a subsolution to the equation (4.9) provided Ry
is larger than a lower bound depending only on n,m, R, Q, D and k,n,ty comply with
the following conditions:

(5.9) 1 , oL R =
O<“§[%unjnwﬂﬂmlA[EE§%jﬂ A[mp+&m_ﬁf%+n] ,
(5.10) < 5ls <%) |

(m—1)RZ — 4m ™!
4(m — 1) RE —4m(m — 1) (F + 1) k=1’

1
(5.11) n+ 3 loglogty > log Ry +

where F' is a positive constant depending only on n, R, Ry, Q, D.

Proof. We mimick the proof of Lemma 5.1. That is, based on (4.39)-(4.41), we let

h m=T K
(=) - v2a) g s
and pick &, n, to satisfying (5.9)—(5.11) with strict inequalities. Again, the definitions
of Ry and F' above are the same as in (4.28) and (4.35) (under the additional constraint
that the r.h.s. of (4.33) is increasing for » > Ry), since they can be taken to be
independent of p € (0,1]. Conditions (5.10)—(5.11) are obtained by means of a first-
order approximation of (4.40)—(4.41) with respect to 1 — p, where C as in (5.12).
Lemma 4.5 ensures that U = U, defined by (4.24) subject to (5.9)-(5.11) satisfies

(n— 1)y,
U
for p close enough to 1, where by 1, we denote the function 1) of Lemma 4.2 corre-

sponding to such p. One then passes to the limit in (4.24) and (5.13) exactly as in
the proof of Lemma 5.1. ]

(5.12) C

(5.13) (U,.), < (Uy),, +

=

("), inR*xR*
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Proof of Theorem 3.4. In view of Lemma 5.2, we set Q = )2, Ry = Ry, K = Ko,
n =12, lo = t2

1
D = max sup —Ric,(z), Q2 R* } |
N — 1 xeBg(o)

with R as in (3.10), and argue similarly to the proof of Theorem 3.2. Namely, first
of all we remark that condition (5.11) subject to (5.9) is implied by

1
Mo + §log10gt2 >log Ry + K

for some constant K > 0 that depends only on n, m, Ry, QQ2, F. With no loss of
generality, we also suppose that

inf wg(x) =L>0, R:=e"R,.

z€BR(0)
It is then straightforward to verify that U(r(z),0) < ug(z) holds provided e.g.
L
Kg S ————5—,
(1 )

(5.9)-(5.10) are satisfied and one picks ¢, as

ty = eR% e2(K—n2)

Finally, as concerns the bounds (3.12), note that U(-,t) is supported precisely in
Br, 1) (0) with Ry (t) := €™ [log(t + t2)]"/? and its maximum is attained at r = 0. J

6 Statement of the results in the quasi-Euclidean
range

Now we turn to quasi-FEuclidean settings. First we deal with subcritical powers,

namely powers strictly smaller than —2.

Theorem 6.1 (Upper bounds, quasi-Euclidean subcritical powers). Let M, K, u
and R(t) be as in Theorem 3.1. Suppose that

(6.1) K, (7) < —Qir*" Vo € M\ Bg(o)
for some py < —1 and @1, R > 0. Then the following bound holds:

1

C 2 m—1
(6.2)  wu(x,t) < CRNN P U V(z,t) € M x RT,
(t + tl) 2+n(m—1) (t + t1)m

+

where C,v1,t1 are positive constants depending on n,m, 1, R, ug. In particular, the
estimates

C ~
(6.3) ()] < —— and R(t) < —4
t2+n(m-1) tm

hold for suitable (71,7?1 > 0 and all t large enough.
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Theorem 6.2 (Lower bounds, quasi-Euclidean subcritical powers). Let M, u be as
in Theorem 3.1 and Ric,, R(t) as in Theorem 3.2. Suppose that

(6.4) Ricy(x) > —(n — 1) Qo r*? Vo € M\ Bg(o)

for some puy < —1 and QQo, R > 0. Then the following bound holds:

1

C r? mt
(6.5) u(z,t) > - Yy — _ V(x,t) € M x RT,
(t + t2) 2Fn(m—1)

where Cy, 72, ty are positive constants depending on n,m,Qz, R,uq and on inf,cp, (o)
Rico(z). In particular, the estimates

6 -
(6.6) u(t)|lo > —o— and R(t) > 7—12
t2+n(m—1) tm

hold for suitable (72,% > 0 and all t large enough.

We finally consider the quasi-Euclidean setting in the critical case where curvatures
are bounded by inverse-quadratic powers.

Theorem 6.3 (Upper bounds, quasi-Euclidean critical power). Let M, K, u and
R(t) be as in Theorem 3.1. Suppose that

(6.7) K, () < —Qir™? Yz € M\ Bg(o)
for some Q1, R > 0. Let
1+ I +40,

(6.8) q:= 5 . ngi=1+¢q(n—-1).
Then the following bound holds:
Cl 7’2 ﬁ
(6.9) wu(x,t) < o Y — 5 V(z,t) € M x R,
(t + ty)2+ratm=D (t + tq)2tratm=1

where Cy, 71, t1 are positive constants depending on n,m,Q1, R, ug. In particular, the
estimates

(6.10) Ju@le < —S— and R(t)< —

t2+nq(m71) t2+nq(m—1)

hold for suitable 61,% > 0 and all t large enough.

Theorem 6.4 (Lower bounds, quasi-Euclidean critical power). Let M,u be as in
Theorem 3.1 and Ric,, R(t) as in Theorem 3.2. Suppose that

(6.11) Ric,(z) > —(n —1) Q272 Vo € M \ Bg(o)
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for some Q2, R > 0. Let g and n, be as in (6.8), with Q1 replaced by Q2. Then the
following bound holds:

1

C 2 m—1
(6.12) u(z,t) > 2 o (e d— V(z,t) € M x RY |
(t + t2)2+nq(m—f) (t + t1)2+nq(mfl) N

where Cy, 72, ty are positive constants depending on n,m,Qq, R, ug and on inf,cp, (o)
Ric,(x). In particular, the estimates

. .
(6.13) [u(t)]|oo > —— and R(t) > —2
{2 ng(m=1) ¢2Fng(m=1)

hold for suitable 52,% > 0 and all t large enough.

The proofs of all the above results rely on the change of variables that we will discuss
in detail in the next Sections 7 and 8.

Remark 6.5. Note that the bounds in Theorems 6.1-6.2 are dimension dependent
(but independent of curvature) and coincide with corresponding Euclidean ones, in
contrast with the quasi-hyperbolic bounds given in Theorems 3.1-3.4. This is ex-
pected when curvature decays to zero fast enough. On the other hand, the curvature
decay —@Qr~? is critical for our goals, in the sense that bounds in Theorems 6.3-6.4
depend both on the dimension and on the multiplicative constants (). In this regard,
note also that (6.9) and (6.12) can formally be seen as analogues of the corresponding
Euclidean bounds in the “fractional” dimension n, > n defined in (6.8). Clearly, as
@ — 0 it follows that ¢ — 1 and then n, — n. Hence, the above bounds interpolate
smoothly between the exponents of the Euclidean and the hyperbolic space, although
a logarithmic correction appears in the latter case.

7 Radial change of variables into Euclidean diffu-
sion with weight: a general approach

In this section, we transform radial solutions of the porous medium equation on certain
model manifolds into radial solutions of the same equation in Euclidean space with
a particular weight (or density) by means of a suitable change of variables, which is
presented in Section 7.1. Such a transformation, which by the way applies to a larger
class of diffusion problems, has been introduced by [24, Section 6], and was an essential
tool in the study of the asymptotics of solutions of the porous medium equation in
the special case of hyperbolic space. Here, we aim at extending it to a quite general
class of quasi-hyperbolic (according to the terminology adopted in Section 1.1) or
super-hyperbolic (namely, corresponding to p > 1) Riemannian models of dimension
n > 3. This is discussed in detail in Section 7.2. By means of slight modifications
to our approach, it is also possible to deal with quasi- Fuclidean Riemannian models
and to cover the 2-dimensional cases: the former are addressed in Section 7.3, along
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with a large class of explicit examples, whereas the latter are investigated in Section
7.4. Nevertheless, the assumptions that n > 3 and that the model is super-Euclidean

(i.e. quasi- or super- hyperbolic) allow us to obtain a very general result, see Theorem
7.1 below.

7.1 The change of variables

Let us present the main ideas. We start with a radial solution u = u(r,t) (for all
t > 0) of the porous medium equation in some general geometry of the type of a
Riemannian model manifold M with metric given by di? = dr? + [¢(r)]* dw? with
r>0,weS,_ 1, that is

(TL _q/)l)d}/ o

for all regular radial functions v = v(r), where ¢ € A and the class A is defined by
(2.2). At this stage we take dimension n > 3 for convenience. Through the change of
variables s = s(r), we want to transform (7.1) into an equation for 4(s,t) = u(r(s),?)
of the form

(7.1) up = Ay(u™)  with Agjp=10"+

(7.2) p(s) iy = Ag(a™),

where now Ay is the Euclidean radial Laplacian in dimension n (the radial coordinate
being s = |z|), and p(s) is a suitable positive weight. It follows that we need

ds dr

7.3 = .
9 N O
By integrating between r and +o0o we find the identity

1 / too 1

7.4 —— = ——dt.
T 2 ) W
Hence, an additional assumption we need require on 1) is

+00 1
(7.5) / ——dt < +00.
1 [t
Recalling that, by assumption,

7.6 li =0 li "r) =1
(7.6) Tim (r) =0, lim ¢(r) =1,
it follows that
(7.7) lim s(r) =1, lim s(r)=1,

r—0t T r—0t

so that the change of variables is very uniform at s = 0. It is then easy to show that

r(s))]2Y
(7.8) p(s) = % Vs € (0,400).
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In view of (7.6)—(7.7) we then deduce that p € C*((0, +00))NC([0, +00)) is a positive
function such that

7.9 li =1 li '(s)=0.
(7.9) lim p(s) =1,  lim sp(s)
For future convenience, analogous to (2.2), let us label the class of functions the
weight p belongs to:
(7.10)
B:= {p € C*™((0,4+00)) N C([0,4+00)) : p(0) =1, lim sp'(s) =0, p> 0} .

s—0t

We are really interested in the behaviour of p(s) for large s. It depends on the
behaviour of 1(r) (and of ¢'(r)) as r — +o00. We shall discuss such issues in detail in
Subsections 7.2-7.3. For the moment just note that, by (7.3) and (7.8), the inverse
transformation to (7.4) reads

(7.11) r = /0 [p(7)]? dr .

7.2 An equivalence result for quasi- and super-hyperbolic
Riemannian models

Let us now focus the precedent ideas on model manifolds that fall within the quasi-
hyperbolic or super-hyperbolic framework, thus significantly differing from the Eu-
clidean space. We are able to deal with a class of models more general than the ones
considered in Section 2.3, namely we need not curvatures to behave like powers at
infinity. Such a class of models will give rise to weights p(s) which turn out to be
very small perturbations of s=2 at infinity. We also consider the opposite problem,
namely we start from weights that are suitable small perturbations of s~2 and show
that the associated manifolds belong precisely to the same class we start from.

Note that calculating p given % is in principle simple: integration of equation (7.4)
allows us to find the relation between s and r and then formula (7.8) yields the
expression for p. The converse transformation proceeds similarly: given p we use
formula (7.4) to find s as a function of r, and then use again (7.8) to get

(7.12) (r) = s(r) [p(s(r)]7= D Vr € (0,+00).

The nontrivial part is to express r as a function of s and vice versa: in general one can
only obtain asymptotic estimates for such relation, which will have to be plugged into
(7.8) and (7.12) to get in turn asymptotic information on p(s) and 1 (r), respectively.

Theorem 7.1. Let n > 3. Assume that ¢ € A where A is given in (2.2), with
lim, 1o ¥(r) = 400 and that there exists a positive function h € C*(R) satisfying

. W(r)
(7.13) Am s T
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and

h(t + L log h(1) + - log (2=1) + o(1
(7.14) lim (7 + s log h(r) + 7y log (355) +0(1) .
T—400 h(T)

such that

iy Jogw(r))
r=oo (log $(r))

Then the weight p related to ¢ by (7.4) and (7.8) belongs to B where B is given in
(7.10) and obeys the asymptotic laws

=il

(7.15)

7.16 p(s) ~ as s — 400
( ) ( ) 52 [h(:;—:f 1()g8)i|2
and
/
(7.17) T VAGY
s=+oo p(s)

Conversely, assume that p € B satisfies (7.17) and (7.16) for some positive function
h € CY(R) complying with (7.13), (7.14) and

(7.18) /1 h %dT = +00.

Then the model function v related to p by (7.11) and (7.12) belongs to A, satisfies
lim, 1o ¥(r) = +00 and obeys to (7.15).

Proof. We divide the proof into two steps.
e STEP 1. DIRECT PROBLEM: FROM % TO p.
It is convenient to rewrite 1 as 1(r) = e/, where log = f € C*°((0, +00)) satisfies

(7.19) lim f(r) =400, lim f(r)=—o0, lirégr f(r)y+log f'(r)=0

r—-+00 r—0+
in view of the assumptions on . Moreover, (7.13) implies

(7.20) lim 2080 _ 0;

T—+00 T
in particular, by means of the change of variable 7 = f(t) we can deduce that

+o00
(7.21) / e VIO 4t < 400,
1

which ensures the validity of (7.5). By (7.13), (7.15), (7.19), (7.20) and (7.21) we get

. +o0 (-1 ) 4 ef(nfl)f(r)
.22 —\n= t~ 0
( ) /T e (n—l)h(f(r))_} as r — +0o0o,
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as follows from L’Hopital’s rule. Upon defining the new space variable s € (0, 4+00)
through (7.4), thanks to (7.22) there holds

— ]_ ﬁ n—1
(7.23) s ~ [(n 2) h(f(r))} en21) 5 4oo as T — 400,
n j—

whence, by taking logarithms,

r—++oo | N — n—2

lim {n_ilogs—nillog<n_l>— ! logh(f(r))—f(r)]:O,

that is

(7.24) Z:i logs:f(r)—l-nillogh(f(r))%—nil log (Z_ ) +o(1).

Now we want to compute p(s) according to (7.8): as explained above, the fact that
p € B is a direct consequence of the fact that ¢ € A. In order to establish the

asymptotic behaviour as s — 400, by means of (7.14) and (7.23) we obtain:
(7.25)

p(s) =

= (222)’

n—1

I TH ) [h (f(r) + babli) 4 e(ici) *O(l))r |

where for greater readability we have dropped the dependence of r on s. Hence, the
validity of (7.16) is a consequence of (7.24). Furthermore, it is straightforward to
show that (7.17) also holds in view of (7.3), (7.15), (7.23) and (7.25).

STEP 2. INVERSE PROBLEM: FROM p TO ).
Upon recalling (7.11), let us set

r= [ b dr =gl Vs o400,

Note that the assumptions on p along with (7.18) ensure that

+oo 1
/ [p(7)]2 dT = +00.
0
Hence, thanks to (7.12), we have that ¢ (r) = /(") with

(7.26) f(r)y=1logg *(r) + ;1) log p(g_l(r)) Vr € (0,+00),

2(n —
so that

2(n—1) plg~'(r) + 97 '(r) p’(g:(?“))
2(n —1) g=(r) [p(g~*(r))]>

(7.27) f'(r)= Vr e (0,400).
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Since p € B, one checks that f € C*((0,+00)) satisfies (7.19), so that ¢ € A and
lim, o ¥ (r) = +00. Moreover, due to (7.26)—(7.27),
(

lim f'(r) = lim (g 5)
r—+400 h(f(?”)) §—+00 ( (g(S)))

(7.28) . 2(n— 1) p(s >+sp'< )

S22 9(n — 1) s [p(s)]2 h(logs—l— 21 log p(s )) |

In addition, it is straightforward to check that (7.14) is equivalent to

. h(r— L logh(r) — L log (2L )—i—o(l))i
(7.29) im h(r) =1

As a consequence of (7.16) and (7.29), we therefore obtain

1
hi1l — 1
(ogs 3o ogp(S))
n—2 1 n—2 1 n — 1

—h(logsit — — h(logsii) — 1 1
(7.30) (Ogs n—1 (Ogs > n—log(n—2)+0( ))
Nh(n_ilogs>~ n-? ,

" (n—1)s[p(s)]
so that from (7.17), (7.28) and (7.30) we finally deduce that

)
ARGy T

N[

namely (7.15).

Remark 7.2. In Theorem 7.1 it is apparent that a major role is played by the function
h. Even though the latter is not given explicitly in terms of f = logv and f’, we shall
see in Section 7.3 below a certain number of significant examples that fall within our
framework where everything is easily computable. In fact by (7.15) we are requiring
that, at infinity, the function f satisfies (approximately) the autonomous equation
/" = h(f). As it is clear from the proof, assumption (7.13) (which to some extent
means the model is super-Euclidean) on h is crucial. Also (7.18), which basically
means that ¥ (r) can be at most doubly exponential, is essential: it is a compatibility
condition between (7.15) and the fact that ¢(r) — 400 as r — +o00. On the other
hand, the technical assumption (7.14) has been used in order to simplify the discussion
and give a clear asymptotic profile for p(s). In principle it could be weakened. Finally,
note that the hypothesis n > 3 is essential to have (7.4).

7.3 Some significant examples and quasi-Euclidean models

We first provide some explicit examples of model functions ¢(r) that satisfy the
assumptions of Theorem 7.1, so as to illustrate what kind of perturbations of the
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weight s72 one deals with in a super-Euclidean setting. We refer in part to the

terminology of Section 2.3. For the reader’s convenience, at the end of this section we
provide Table 1 which sums up, in all of our examples, the correspondence between
P(r) and p(s).

e Quasi- and super-hyperbolic models. Here we have in mind functions v that
correspond to models of Type I, i.e. ¢h(r) = e* ™ for large r, with a > 0 and p > —1.
Then it is readily seen that (7.15) holds with

(7.31) h(r) = k7T, ki=aT (1+ p)

for large 7. It is easy to see that such a function h does satisfy (7.13), (7.14), (7.15)
and (7.18). More generally, it is easy to check that the class of functions ¢ € A for
which (7.15) holds for some h(7) as in (7.31) is given by all ¢ € A such that

V()

7.32 ~Crt asr—+o00, (Ci=—-——.
e o0r) T+
By integrating (7.32) we find that the latter is equivalent to ¥(r) = e/(") with
C 1+p /
~— , ~Crt — +00.
f(r) 1+,ur f(r) r asr 00

Hence, in this case (7.16) reads

@ﬁyﬁ
(7.33) pls) o —=
k2 s? (log s) T+

as s — +00,

which is a log perturbation of the famous inverse square potential, p(s) = c¢/s*. As
concerns the change of variables r = r(s) (and back), from (7.24) we deduce that

1+pn—2\m
C n-—1 )

o
r~c (logs)™e ass— 4oo, ¢ = <

Finally let us remark that the case u = 0, where the logarithm in the weight p(s)
disappears, corresponds to hyperbolic models, including the hyperbolic space itself
(where 9(r) = sinhr), for which the connection with the weight s=2 has already been
deeply investigated in [24].

e Extremal super-hyperbolic models: doubly exponential growth. As the
reader may note, the power of the logarithm in the denominator of (7.33) is strictly
smaller than 2, such a power being formally attained at y = +00. Let us verify that
the latter is associated with model functions 1 € A with doubly exponential growth.
More precisely, let (7.15) be satisfied with h(7) = C' 7 for some C' > 0 and large 7
(clearly (7.13)—(7.15) and (7.18) are still fulfilled).

It is readily seen that the corresponding model functions are precisely those which
can be written as ¥(r) = /") with f(r) = ") for large r, for some regular ¢ such
that

lry~Cr, l(r)~C asr— +00.
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Hence, the weight p associated with such ¢ through (7.16) satisfies

1

~————— ass— +00.
C? 52 (log s)?

p(s)
In this case the change of variables from r to s yields

1
roe el loglogs ass— 4o00.

Now we turn to quasi-Euclidean models: namely we want to consider, for large r,
Y (r) = ar? for some ¢ > 1 and a > 0, or small perturbations of this kind of functions
(we refer to Types II-1V, according to the terminology adopted in Section 2.3). Note
that, with such a choice, condition (7.15) is satisfied with h(7) = ge~"/9. Hence,
in this case (7.13) fails and we can no more apply Theorem 7.1. Nevertheless, we
shall see that the particular structure of these models still allows us to get precise
information over the asymptotic behaviour of the corresponding weight p(s).

¢ Quasi-Euclidean models I. Let v € A fall within the framework of Type II
models, namely let it satisfy

(7.34) P(r) ~ar? asr— 400

for some ¢ > 1 and a > 0. Set

2(n—1)(¢—1)

note that 0 < p, < 2. Direct computations show that in this case (7.4) yields

1
2— n— — 2 (n—1)gq—1
(7.36) re~cs 20 ass— +o0, c:= o s S [ ,
(n—1)g—1

so that the weight p(s) related to ¢ (r) by (7.8) satisfies
(7.37) p(s) ~c1sP ass— +oo, ¢ := q2(n=1) 2(n—1)g

There is an intuitive calculation behind these transformations. Indeed, going back
to formula (2.3) (for the radial Laplacian), we see that using ¢(r) ~ ar? is more
or less equivalent to working in a “fractional” Euclidean dimension n, such that
ny,—1 = q(n —1) (precisely the one defined by (6.8)), so this does not really produce
essentially new geometrical results, at least when dealing with radial solutions. But
it must be said that it will allow us to handle the long-time behaviour of the PME on
such type of (and more general) manifolds for a wider class of data, and this is very
relevant for completeness of our presentation (see Section 8).

¢ Quasi-Euclidean models II. A closer approximation to Euclidean space happens
in Type III models, where we suppose that

W(r) ~cr(logr)? asr— +oo
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for some ¢, ¢ > 0. By using L'Hopital’s rule in (7.4), it is not difficult to deduce that
recThE g (logs)fq% as s — +oo,
whence

2(n—1) _2g9(n=1)

(7.38) p(s) ~c »2 (logs)” »2 ass— +oo.

In contrast with case I, this kind of models are not equivalent to a Euclidean manifold
up to a change of spatial dimension. This is well illustrated by the logarithmic weight
appearing in (7.38), and we are not aware of any available result for the corresponding
weighted Fuclidean PME.

¢ Quasi-Euclidean models III. Finally, let us consider functions 1 that basically
correspond to manifolds of Type IV. Namely, let ¢ € A satisfy

(7.39) Y(r) ~ar asr— 4oo

for some a > 0. It is readily seen that everything works exactly as for quasi-FEuclidean
models I, up to letting ¢ = 1 and so p = 0 there. Hence, in this case we have that
p(s) tends to a positive constant at infinity:

n—1
n—2

(7.40) lim p(s) = a2

s——+00

This situation is then in some sense fully Euclidean (i.e. with the same dimension n).

Type of model manifold Wp(r) p(s) ~

Quasi/super-hyperbolic | /"), f(r) ~rite, p> <1 | 57 (logs)

Doubly exponential ) ~r 572 (log s) ™
: : _2(n=1)a-1)
Quasi-Euclidean I ~rd, og>1 s~ a1
Quasi-Euclidean II ~r(logr)?, ¢>0 (log S)*Zqﬁgl)
Quasi-Euclidean 111 ~ T const.

Table 1: Correspondence between the model function ¢ (r) and the weight p(s) after
the change of variables of Section 7.1. The asymptotic symbol ~ is understood as r
and s go to +00, and wherever it appears it has to be meant up to a multiplicative
constant. Moreover, the analogues of the asymptotic assumptions on f(r) and ¢(r)
must be required on f'(r) and ¢'(r) as well (we dropped them here for simplicity).
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7.4 The 2-dimensional cases

When the spatial dimension is n = 2, clearly formula (7.4) cannot be used for the
following reason: integration of (7.3) in this dimension yields

(7.41) logs:A—l—/lrﬁdt

for some arbitrary real constant A. However, if 1/ (r) is integrable at infinity, as
it happens e.g. in quasi- and super-hyperbolic models or quasi-Euclidean models I
(we refer to Section 7.3), the variable s as a function of r cannot range in the whole
(0, +00) since it is forced by (7.41) to stop at some finite sy > 0. For the same
reasons, the weight p(s) given by (7.8) becomes singular at such sg. This is well
illustrated in [24, Section 9], where the focus is on a function ¢ of hyperbolic type,
i.e. ¥(r) ~ sinh(r).

In order to overcome these issues, we propose to give up the request that the spatial
dimension associated with s and r be the same: in other words, we can impose

ds  dr
190
for some (possibly non-) integer n; > 2, so that (7.41) becomes
1 e
(7.42) —_ = ——dt

(m —2)sm=2 [ ()

and equation (7.1) in dimension n = 2 is transformed into (7.2) in dimension n;, with

(7.43) p(s) = % Vs € (0,+00).

The drawback now is that (7.7) and (7.9) do not hold anymore (whereas they do
if ny = n = 2 provided we ask a bit more on ¥(r) as r — 0%, see below): this
is natural since locally we are turning a Euclidean space of dimension n = 2 into
a Euclidean space of dimension n; > 2. In particular, one sees that p(s) vanishes
exponentially as s — 0. Nevertheless, this is not a major problem because to our
purposes the change of variables (7.42) is really important only in the complement of
a ball (see Section 8.2). On the other hand, in the cases where 1/1(r) is not integrable
at infinity (think of quasi-Euclidean models III for instance), in principle (7.41) still
yields a well-defined one-to-one change of variables between R™ and R™T.

Let us then check briefly what the situation looks like for some of the explicit models
of Section 7.3, in which we are especially interested having in mind the asymptotics
of (7.1).

e Quasi-Euclidean models I. In view of (7.42), we have that the (asymptotic)
relation between r and s is

g1 — 1) 12
(744) S ~ Crr’nl—Q as r — ‘I’OO, c = |:a(q ):| 7
ny — 2
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while (7.43) reads

2q

~ 9gni—a-l - ny — 2 |a-1
7.45 p(s) ~ Cst as s — +oo, ¢:=a’ {—} :

Note that given ¢ > 1 one can make the exponent 2[n; —g—1]/(¢—1) in the expression
for p be negative. Besides, for all choices of n; > 2, such exponent is supercritical,
namely strictly larger than —2.

¢ Quasi-Euclidean models III. In this case we need not change the spatial di-
mensions and use (7.41). However, as the latter only provides us with asymptotic
information over logarithms of r and s, asking (7.39) is not enough in order to de-
scribe precisely the behaviour of p(s). Since we would like it to tend to a positive
constant both as s — 07 and s — +o0, it is reasonable to assume that 1) € A and,
for some a > 0,

1
(7.46) Y(r) ~ar asr — +oo ; / dt < +oo.
0

M [
o(t) L et at
From (7.41) and (7.46) we therefore end up with

At [P (=2 ) dt
§~cr asr— +0o, c:=e i (w(t) t) ,
whence lim, o, p(s) = ¢

It is then straightforward to verify that one can choose A so that (7.7) and (7.9) are
fulfilled.

Remark 7.3. Throughout this whole section we have dealt with radial solutions
to (7.1) and (7.2). However, it is apparent that everything continues to work if we
consider sub- or supersolutions instead: in other words, radial subsolutions and super-
solutions to (7.1) are transformed, by means of the change of variables of Section 7.1,
into radial subsolutions and supersolutions, respectively, to (7.2). This is important
also in the light of Laplacian comparison results recalled in Section 2.2.

8 Proof of the main results in the quasi-Euclidean
range

In this section we sketch the proofs of our asymptotic results when the assumptions
on curvatures are of quasi-Euclidean type, namely Theorems 6.1-6.4. In such a range
it is convenient to exploit the results of Section 7 and work on the Euclidean weighted
PME (7.2). We shall separate the critical and subcritical cases, since some significant
differences arise.
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8.1 The lower-critical case y = —1: Theorems 6.3 and 6.4

First of all, let ¢ be the same model function as Lemma 4.1 or in Lemma 4.2. By
definition, ¥ € A, ¢ € C%([0, +o0)) and it satisfies 1" (r) = Q r~24(r) for all r > 2R.
In particular, since solutions to the latter equation are explicit, we have that ¢(r) =
a; r™ +ag r® for all ¥ > 2R and some constants ay, as, where ¢ := (1++/1+4Q)/2 >
1 and ¢o := (1 — /1+4Q)/2 < 0 are the solutions of ¢(q — 1) = Q. The positivity
of ¥, ¢/ 4" trivially implies a; > 0, so that (7.34) holds with ¢ = ¢; and a = a;.
Hence, in the case n > 3, to such a 9(r) we can apply the results of Section 7.3
(quasi-Euclidean models I), which associate it with a weight p(s) satisfying (7.37),
the latter falling within the framework of [21]. In particular, the Barenblatt-type
function

(8.1)

1

CO 52_pq m—1
B(s,t) = g Yo — ———— V(s,t) € (Ry, +o0) x R,
(t + to)m (t + tO) 2 ng(m—1)

where n, is defined by (6.8) and p, is defined by (7.35), is either a subsolution or
a supersolution to (7.2) provided to, Ry are large enough and Cp,~, are small or
large enough, respectively. Hence, the change of variables (7.36), Remark 7.3 and
Laplacian-comparison results recalled in Section 2.2 easily imply that the barrier
functions appearing in (6.9) and (6.12) are indeed supersolutions and subsolutions to
the PME in (1.1), respectively, at least in the complement of a ball. In order to show
that they are also inside a ball, one can make direct computations as in Lemmas 4.4
and 4.5 (step 2 of the corresponding proofs).

Finally, in order to manage the case n = 2, we can resort to the discussion of Section
7.4, in particular to (7.44) and (7.45), and argue exactly as above: the expression of
B is the same as (8.1) up to choosing p, :=2(¢+ 1 —ny)/(g — 1) instead.

8.2 The subcritical range u < —1: Theorems 6.1 and 6.2

If 4 < —1 the situation is more delicate since the equation for v reads ¢" = @ r?* ) for
large r, and no explicit nontrivial solution is available for it. In order to understand
the asymptotics of ¢(r) as r — +00 in such cases, we therefore need a preliminary
technical lemma.

Lemma 8.1. Let R, ) > 0 and p < —1 be fixed parameters. Let ¥ satisfy
(8.2) "(r)y=w(r)Y(r) Yr>2R, 9¢'(2R)>0, ¢(2R) >0,
where w(r) := Qr*. Then ) ~ cr as r — +00, for some ¢ > 0.

Proof. We proceed by means of a fixed point argument. To this end, let Ry > 2R to
be chosen later. By integrating twice (8.2) between Ry and r > Ry, we get:

T

(8.3) $(r) = $(Ro) + ¥ (Ro)(r — Ro) + / (r — Tyw(r)p(r)dr

Ro
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Let v(r) := 1(r)/r, so that ¢(Ry) = Ry v(Ro), V' (Ro) = Rov'(Ro) + v(Rp) and (8.3)
reads

v(r) =a+b(r— Ry) % + 1 /T 7(r — T)w(r)v(r)dr =: (Topv)(r),

T JR,
where we have set v(Ry) =: a and v'(Ry) =: b. Consider now the Banach space
X = C([Ry, +00)) N L>®((Ry, +00)) endowed with the L* norm. Clearly T, ,v € X

for all v € X since g(r) := a + b(r — Ry)Ry/r is bounded and the structure of w
implies that, for all » > Ry,

1 T Q T
. /R 7(r — T)w(T)v(7) d7| < [|v||Lee ((Ro,+00)) s 2 (r — 1) dr
(8.4) ’ . 2424 ’
<||v]|g,0 . T dr < — 0 V|| Lo 00)) -
<IIvl[Lee (o 400y @ . < Q2+2M [[V][Lo0 (R0, +00))

We claim that T, is a contraction on X provided one picks Ry large enough. In fact

Topvr — Topve = %/ 7(r — T)w(7) [v1(7) — vo(7)] dT =: S (v1 —v2) Vv, € X,
Ro

and estimate (8.4) implies that S is a bounded linear operator on X with norm at
most — (@) Rg”“ (2+2u). Since p < —1, by choosing Ry large enough we can make such
norm as small as needed (independently of a,b), so that T, is indeed a contraction
on X with a fixed point ¥. By construction, ¢(r) := ro(r) satisfies " = w¢ in
(Ro,+00) and we can choose a,b so that ¢(Ry) = ¢¥(Rp) and ¢'(Ry) = ¢'(Ry). By
uniqueness, it follows that ¢ = 1. Convexity of v implies that ¢’ is increasing, so it
has a limit as r — +o0, and such limit has to be finite (and nonzero) by the above
fixed point argument. Hence ¢(r) — +oo0 as r — +oo. L’Hopital’s rule yields the
claim. [

In the case n > 3 we can now reason exactly as in Section 8.1: the model functions
1 of Lemmas 4.1-4.2 clearly fulfil the assumptions of Lemma 8.1, thus falling within
the class labelled as quasi-Euclidean models IIT in Section 7.3, and therefore being
associated with a density p(s) that satisfies (7.40). Hence, equation (7.2) is purely
Euclidean, so that the barrier functions appearing in (6.2) and (6.5) are classical
Barenblatt profiles.

In the case n = 2 we can argue similarly: in order to apply the results of Sec-
tion 7.4 we only have to prove, in addition, that the function 1) of Lemma 8.1 sat-
isfies the integral estimates in (7.46) with a = ¢. To this end, first of all note that
fol |1/1(t) — 1/t| dt is finite as a trivial consequence of the fact that ¢ € ANC?(]0,1)).
As for finiteness of f1+oo |1/4(t) — 1/ct| dt, it is enough to show that ¢(r) = cr+ A(r)
with A(r) = O(r'=¢) as r — +oo, for some ¢ € (0,1). Lemma 8.1 ensures that
A(r) = o(r); moreover, it satisfies (for large r) the equation A” = w (er + A),
so that A is eventually convex and therefore A’ has a limit as r — +oo. The
fact that A(r) = o(r) forces such a limit to be zero: in particular, we can write
Al(r) = — [7 A"(r)dr. Since A"(T) ~ Qe7**! as 7 — +oo and p < —1, it is clear
that there exists € € (0,1) such that A(r) = O(r' ™), and this concludes the proof.
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9 Asymptotic behaviour of a weighted Euclidean
porous medium equation

By combining the results of Sections 3 and 7 (we refer in particular to Sections
7.2-7.3), we can provide asymptotic information over the behaviour of solutions,
corresponding to compactly supported data, to the following weighted porous medium
equation:

9.1) p(x)u; = A(u™) in R® x R,
u(+,0) = ug in R,
provided p is a positive weight having suitable decay properties at infinity.

Theorem 9.1. Let n > 2 and u be the solution of the weighted porous medium equa-
tion (9.1) corresponding to a nonnegative, bounded and compactly supported initial
datum ug # 0. Suppose that the positive weight p € LS. (R™), with p~' € L2, (R™),
satisfies

1 < plz) < C
v SPT)S T AT
Claf (oge])” = " = TP (log Ja])
for some C' >0 and v € (—o0,1). Then the following bound holds:

(9.2) Vr € B

Co floa(t + 1)) [ ( log |z > "< <
(t + to)mT 0 log(t + o) - T
(9:3) . Ty
Ch [log(t + to)] ™1 B ( log || >1_V m
(t+t0)ﬁ ! log(t + o) ],

Ve e By, Vt>0,
where Cy, C1, Y0, 71, to are positive constants depending on n,m, v, C, ug.

Theorem 9.2. Let the same assumptions as in Theorem 9.1 be satisfied, with (9.2)
replaced by

1
Cle ogla] =" = e log
for some C' > 0. Then the following bound holds:

(9.4) Vr € B

1

1 o1
Ll {_,70 ~log (L‘x’)} < u(z,t) <
(t+ to)mT log(t+to) / |,

o ()]
(t+tg)m L log(t +10) /] .

Vz e BS, V>0,

where Cy, Cy, ng, N1, to are positive constants depending on n, m, C, ug.

(9.5)
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The rigorous application of Theorem 7.1, up to modifications to be taken into ac-
count to deal with the 2-dimensional case (Section 7.4) and Remark 7.3, would allow
us to state the above results only for positive radial weights p € C*(R™\ {0})NC(R")
satisfying

(9.6) p(0)=1, limz- -Vp(z)=0
z—0
and
. x-Vp(z) c
9.7 1 —_— =2 ~—_—
OO0 B Tm T P gy T

for some v € (—o0, 1] and ¢ > 0. However, direct computations (which we omit) show
that the left-hand and right-hand sides of (9.3) and (9.5) yield good barriers (outside
a ball) for (9.1) under weaker assumptions on p as in the statement of Theorem 9.1
or 9.2.

10 Comments and open problems

e Extensions. One may wonder what happens outside the range of u we have
treated. The supercritical case g > 1 contains manifolds with very negative curvature
at infinity. It is then known that stochastic completeness is lost or, equivalently, that
mass conservation for integrable solutions of the corresponding heat equation does
not hold anymore (see for instance [10]). Having in mind similar arguments as in [5]
and [19], we expect that separable solutions come up, which should play the main
role for asymptotics at least in inner regions. We plan to treat that issue elsewhere
in the future.

e Comment on the linear case. We do not know of explicit, detailed results for
the linear equation u; = Ay(u) under general negative-curvature conditions like the
ones used in this paper, except for the well-studied case of the hyperbolic space. Such
lack of information was surprising for us. Some partial results are however available,
and most likely other ones can be derived using the general theory developed e.g. in
[11, 12, 22, 6]. We confine ourselves here to making some relevant comments. First,
Grigor’yan condiders the volume V' (r) of Riemannian balls of a model, centered at a
pole o, and states in [12, Example 5.36] that when V (r) behaves like €™ for large r
with @ € (0,1) (i.e., with our notation, 1 (r) ~ r@=D/(n=Der®/(n=1)) "the heat kernel
satisfies N
pt(07 0) ~ 6_61tm

for a suitable ¢; > 0 and all ¢ > 1. A similar lower bound holds also when
r?/log(V(r)) is increasing for large r, a condition which holds when V(r) ~ e
in the wider range o € (0,2), on general manifolds, which can be seen e.g. applying
Theorem 6.1 of [6]. In the case a € (1,2) we could not find a corresponding upper
bound in the literature, although it might be possible to derive it at least on models
by Corollary 5.34 in [12].
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e Volume estimates. Let us make some volume-propagation considerations, that
is, let us compute the volume occupied by a compactly supported solution at large
times (which we label V(t)), relying on our estimates on R(¢). In Euclidean context,
in view of (1.6) we deduce that

(10.1) V(t) ~ titm-nFe

n—1)R(t)

In hyperbolic space, since V(t) behaves like ¢! , estimate (1.5) yields

(10.2) V(t) ~ tmT

which reads (10.1) as n — +o0. In particular, we remark that the speed of propaga-
tion is slower on H™ with respect to RY if one looks at distances covered, while it is
slightly faster if one looks at volumes covered.

e The restriction of compact support on the data is important for the upper barriers
we construct. On the other hand, the assumption of bounded initial data is only
made for convenience, since it is not difficult to prove that, like in the Euclidean
case, integrable and compactly supported initial data implies bounded and compactly
supported solutions for small times.

e Smoothing effects, meaning that ug is assumed to be only in L', are not discussed
here. The problem of a general smoothing effect in our context (we only have barriers
for bounded and compactly supported initial data) is open and appears to be non
trivial.

e Finally, some of our results still hold if we allow the manifold to have positive
curvature in a compact set. In fact, for the lower bounds it is actually enough to
choose R so large that inf,cp, () Ric,(x) = 0 in (4.42). However, in the case of upper
bounds apparently there are problems in assuming this relaxed sign condition, in fact
one needs some “smallness” condition either over curvature or diameter of the ball
where curvature is positive so that the function ¢ defining the model manifold used
for comparison remains positive.
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