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RADIAL FAST DIFFUSION ON THE HYPERBOLIC SPACE

GABRIELE GRILLO, MATTEO MURATORI

ABSTRACT. We consider positive radial solutions to the fast diffusion equation u: = Au™ on
N—2

the hyperbolic space HY for N > 2, m € (ms, 1), ms = N1z By radial we mean solutions
depending only on the geodesic distance r from a given point o € HY. We investigate their fine
asymptotics near the extinction time 7' in terms of a separable solution of the form V(r,t) =
(1 —t/T)Y A=y /™ () where V is the unique positive energy solution, radial w.r.t. o, to
—AV = ¢ VY™ for asuitable ¢ > 0, a semilinear elliptic problem thoroughly studied in [29], [7].
We show that u converges to V in relative error, in the sense that ||u™(-,t)/V™(:,t) — 1]| ., = 0
ast — T~ . In particular the solution is bounded above and below, near the extinction time T,
by multiples of (1 —t/T)Y =™ e=(N=1r/m golutions are smooth, and bounds on derivatives
are given as well. In particular, sharp convergence results as t — T~ are shown for spatial
derivatives, again in the form of convergence in relative error.

1. INTRODUCTION AND PRELIMINARIES

We analyze the asymptotic behaviour of solutions to the following Fast Diffusion Equation
(FDE) on the N-dimensional hyperbolic space H'V (throughout the whole of this work we shall
always assume N > 2):

{ut:A(um) on HN x (0,7) a1

u=up>0 onHYx{0} ~’

where A is the Riemannian Laplacian, m € (ms, 1) and my is the critical exponent
N -2
Mms = & ok
The initial datum ug is assumed to be radial in the sense that it depends only on the geodesic
distance r from a given point o (which we shall indicate as d(z, 0)), such a point being considered
as fixed. Solutions to the FDE corresponding to radial data are of course radial as well for any
fixed time. In (1.1) the parameter T = T'(ug) denotes, for an appropriate class of data, the
extinction time of the solution u, namely the smallest positive time ¢ at which u(z,t) = 0
identically. In fact, the results of 8] show that, in a class of Cartan-Hadamard manifolds
which includes HY, such a time does exist finite for initial data which belong to L4(HY), where
g > max (1, N(1 —m)/2). We refer to such paper also for the relevant existence and uniqueness
results provided there for solutions to (1.1) (see however an alternative approximation procedure
sketched in Section 2).

It is well-known that the fine asymptotics of solutions to the FDE posed in the whole Eu-
clidean space RY is governed by (suitable rescalings of) Barenblatt, or pseudo-Barenblatt,
solutions. A huge literature on the topic has been produced in the last decade, and we
limit ourself to quote the recent book [34] and, without any claim of completeness, the pa-
pers [15, 13, 18, 14, 26, 20, 12, 30, 17, 5, 9, 6, 22, 19] and references quoted therein. Notice
that extinction in finite time holds, in this context and for appropriate class of data, only for
m < (N —2)/N (provided one takes, for simplicity, N > 3).

The situation on negatively curved manifolds is different from the Euclidean one since van-
ishing of solutions in finite time often occurs not only for m close to 0, but for all m < 1. In
fact, this is instead somewhat similar to what happens in the case of the homogeneous Dirichlet
problem on bounded Euclidean domains 2, which was deeply investigated in |21, 23, 2, 10, 32],
where at various levels of detail it is shown that the asymptotics of suitable classes of solutions

can be discussed in terms of separable solutions of the form (1 —t/T)/ (=) g1/ () S being a
1
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positive solution to the elliptic problem —AS = ¢SY™ in Q, S = 0 on 9, for an appropriate
value of the constant ¢ > 0 (in principle depending on the initial datum).

No positive solution to the above elliptic problem exists in the whole Euclidean space RY,
but the fact the the bottom of the L? spectrum of —A on HY is strictly positive points towards
existence of such a solution in HY. In fact, this result has been proved in [29]. More precisely,
it is shown there that, given any ¢ > 0 and m € (my, 1), the equation

AV =cVw onHY (1.2)

admits strictly positive solutions V' belonging to the energy space H'(HY) (what we call energy
solutions), which are necessarily radial with respect to some point o, the latter being therefore
the only free parameter characterizing such solutions. Notice that solutions to (1.2) associated
to different values of ¢ are related by scaling, namely they are all multiples of the solution
corresponding to ¢ = 1. The asymptotics of V' as r — oo has been studied as well in [29] and
slightly improved in [7]: the main result is the existence of constants [ = (¢, m, N) > 0 such
that, for all £ € NU {0},
dkv
Tim. e(N_l)TW(r) = (-DFNV - 1)k1. (1.3)
Actually, in [29] and [7], (1.3) is shown in to be valid for & = 0,1 only, but the equation satisfied
by V allows to prove it for any k& € N.

Infinitely many other positive solutions to (1.2) exist, but none of them belongs to H'(H™)
and their behaviour as r — oo is polynomial (see again [7]).

The asymptotics of a given solution u to (1.1) starting from a radial initial datum wg is
related to the energy solution V' of (1.2) having the same pole o as ug and corresponding to a
choice of ¢ that depends on ug itself via the extinction time of u, namely the one that satisfies

1 1

In fact, our main result is the following Theorem 1.1. Formula (1.5) in it will be proved in

Section 5, while formulae (1.6) and (1.7) will be proved in Section 6.

Theorem 1.1 (convergence in relative error and convergence of derivatives). Let u be the
solution to the fast diffusion equation (1.1) corresponding to a non-identically zero initial datum
ug > 0, which is radial w.r.t. o € HY and belongs to LI(HN) for some ¢ > N(1 —m)/2 with
qg>1. If T > 0 is the extinction time of u and V' s the unique positive energy solution, with
pole o, to the stationary elliptic problem (1.4), then

lim a —1|| =o. (1.5)
o1 - gy

Moreover, for all k € N there holds

[e.9]

lim ——— =0, (1.6)
SR

Ck(R)
where it is understood that
_ |2
Flowo = 558
for all reqular functions p. As a consequence, for all k € N there exists a smooth function
Fy(r), having the property

lim Fi(r) =1,
T—>00
such that
O u(t)
lim ork —F| =o0. 1.7
Sl e a-prEve o

o0



RADIAL FAST DIFFUSION ON THE HYPERBOLIC SPACE 3

Remark 1.2. Formulas (1.7), (1.3) (and identity (6.15) below) imply that, given k € N, for all
€ > 0 there exist t. € (0,7") and r. > 0 such that
ku
1—€e< gﬁ(n 2

1 1
(1= 4) = ()

<l4+e Vr>re, Vte|t,T). (1.8)

Notice that (1.7) bears some similarity with some of the results given, for the Euclidean case
and in the range of m for which there is no extinction, in [28]. See also [27] for similar results
for the Euclidean p-Laplacian driven evolution.

The method proof of Theorem 1.1 and the known behaviour at infinity of V' and its derivatives
allow to show that the next Theorem 1.3 holds. In it, we shall first state a global Harnack
principle, in the spirit of [21] and [11]. Secondly, we shall give upper and lower bounds on
derivatives of the solution. In fact, (1.9) will follow from Propositions 3.1 and 4.1, (1.10)-(1.11)
follow from the results given in Section 6 whereas (1.12) is an immediate consequence of (1.8),
(1.3) and (6.15).

Theorem 1.3 (global Harnack principle and bounds for derivatives). Let the assumptions of
Theorem 1.1 be valid. Then for all e > 0 there exist positive constants ¢y = c1(ug, m, N, ),
co = ca(ug, m, N,e) such that the bound

1 1
t\1-m _ N1 t\1-m _ N1
c1 <1 - T) e m " <ulrt) <ec <1 — T) e m " (1.9)
holds true for all ™ >0, t € [e,T). Moreover, for all k € N there hold

oF t = _N-1,

'arku(r, t)' S CLk; <1 — T> (& m N (110)
BL R(N=1) (5, —1)r Nea, N\ T
| < o (1-7) 1y

Vr >0, Vtele,T)

for suitable positive constants Cy ), = C1x(ug,m,N,e), Ca, = Co(ug,m, N,e). In addition,

for any k € N there exist t € (0,T), ¥ > 0 and a suitable positive constant C;, = C;.(ug, m, N)
h th *

such that

B , t ﬁ _N-1, B _
’Mu(r’t)’ > C, <1—T> e m Vr>7, Vtet,T). (1.12)
Notice that our global Harnack principle (as well as the corresponding bounds for derivatives)
is in the spirit of the one proved in the fundamental paper [21] by DiBenedetto, Kwong and
Vespri for bounded domains of RY, and of the corresponding results proved by Bonforte and
Vazquez [11] for the fast diffusion equation in R¥: in this latter case solutions can in fact be
bounded above and below for all times by suitable Barenblatt solutions. Convergence in relative
error was first discussed in [33] for solutions to the fast diffusion equation in RY the attractor
in that case being still a Barenblatt solution. Later, Bonforte, Grillo and Vazquez showed in
[10] that convergence in relative error to a separable solution occurs in the case of bounded
domains, thus improving the results of [21].

It is worth pointing out that the techniques of proof of Theorems 1.1 and 1.3 can be used to
capture the spatial behaviour of solutions, for any fized t > 0, to the FDE also in the subcritical
range m € (0,mg]. Indeed the following result holds (see Remarks 3.8, 4.6 and 6.1 for a sketch
of proof).

Theorem 1.4 (spatial behaviour for subcritical m). Let the assumptions of Theorem 1.1 be
valid, and suppose that m lies in the subcritical range (0,ms). Then for any fixred t € (0,T)
there exist positive constants c1 = ¢1(t,ug,m, N), co = ca(t, ug, m, N) such that the bound

c1 et < u(r,t) < ca et (1.13)
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holds true for all r > 0. Moreover, for all k € N the bounds

k N
S ulr, t)‘ <Crpe =", (1.14)

N—-1

(r, t)’ < Oy PV D=1 o= (1.15)

k
5
vr >0, Vt € (0,T)

hold true for suitable positive constants Cy 1, = Cy (¢, ug,m, N), Caj = Co (¢, ug, m, N).

Some words have to be said about the assumption of radiality that we require on the initial
data, which is related to two technical issues. Firstly, we need some a priori decay properties
for the solution in order to exploit suitable barrier arguments. Such decay properties hold
automatically for radial functions in the energy space but need not be valid for general solutions.
In second place, it is not obvious that the solution (suitably rescaled in time) corresponding
to a nonradial datum selects a unique limiting spatial profile V' along subsequences (recall the
degree of freedom given by o). This was proved in [23] in the Euclidean case (on bounded
domains) but it is not known up to now in the present context.

Remark 1.5. Keeping the fundamental hypothesis of radiality, our results hold in somewhat
more general geometric frameworks, but we preferred to state them in the case of HYV to
avoid bothering the reader with heavier notation and technicalities. In fact one could consider
Riemannian models (see |25, 3] as general references and [1] for the analysis of Lame-Emden-
Fowler equations in such context) whose metric is defined, in spherical coordinates about a pole
0, by ds®> = dr? + ¢?(r)d0?, © € SV, where 1 € C2([0,00)), ¥(0) = ¢"(0) = 0, ¥/(0) = 1
' (r) > 0 for every r > 0 and lim,_,o ¢/ (r) /¢ (r) € (0,00). Notice that sectional curvatures at
a point P tend, as the geodesic distance d(o, P) tends to oo, to a strictly positive constant. In
such a kind of manifold a radial energy solution having the properties of the present solution
V has been shown to exist in [1].

1.1. Preliminaries. As for the initial datum wy = wug(r) in (1.1), in principle besides its
nonnegativity we should also assume that it is bounded and such that ug' € Hrlad(HN ), where

H! (HY)= {v radial: H’UH%2 = / v?(s) (sinh s)V " 1ds +/ [v/(5)]? (sinh s)V " 1ds < oo} .
0 0

(1.16)
Notice that H! (HY) coincides with the space of radial functions about o which belong to
H'(HN). By energy solutions to (1.1) one should mean those starting from data ug as in (1.16)
(in the nonradial context, those starting from ug : uf* € H'(HY)), but in fact the results of
[8] show that the solution u corresponding to an initial datum which fulfils the integrability
conditions of Theorem 1.1 automatically satisfies u™(-,¢) € H (HY) N L (HY) for all € > 0.
This is stated in [8] for N > 3, but it holds true when N = 2 as well because the methods
of proof exploited in [8] rely only on the validity of a suitable Sobolev inequality in H'(H),
which is valid also when N = 2.
Let us see now what problem (1.1) reads like for radial solutions. Recall that the Riemannian
Laplacian on the hyperbolic space, for radial functions v = v(r), takes the form

1
(sinhr)N—1

!/

Av(r) = [(sinhr)V—1 v'(r)], =" (r) + (N — 1)(cothr)v'(r), (1.17)

where the apex ' stands for derivation w.r.t. . From (1.17) we have that studying energy
solutions to (1.1) for radial initial data is equivalent to studying energy solutions to the problem

ug = (u™)” + (N —1)(cothr) (u™) in (0,00) x (0,7)
(u™) = on {0} x (0,7) . (1.18)
u=1wuy >0 on [0,00) x {0}
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The fact that there exists a finite extinction time 7" > 0 is a straightforward consequence of
the validity in HL  (H”Y) (indeed also in H'(HY)) of both a Poincaré and a Sobolev inequality
(see, for instance, [34, Sect. 5.10] and |7, Sect. 3|), that is

lvll2 < Cpll'llz, vl 2 < Cs V']l (1.19)
for all v € HL ;(HY) and suitable positive constants Cp = Cp(N), Cs = Cs(N), where
Jollp = [ oP(s) sinh )Y N5, EEy(8Y) = {o radial: o], < oc).

Moreover, one can prove [4, Th. 3.1] that the embedding of H. ,(HY) into L ,(HY) is compact
for all p € (2,2N/(N — 2)). Notice that, since m € (ms, 1), this means in particular that
m+1

HL,(HY) e L

rad (HN) ) (12())
a crucial fact that we shall exploit in the next section. Recall however that the compact
embedding (1.20) fails in H'(HY), another nontrivial issue that points out the advantage of
working in the radial framework.

In the sequel, for notational simplicity, we shall write L? instead of LP (]HIN ) and do the same

for all the functional spaces involved.

rad

1.2. Plan of the paper. All the above results will be proved in several intermediate steps.
Local uniform convergence of /(1 — t/T)™/(1=™) to the stationary solution V is shown in
Section 2, along lines similar to the ones [2]. Then, a suitable upper bound for solutions (holding
as r — 00) is shown in Section 3, whereas a matching lower bound is proved in Section 4. The
more delicate issue, namely the passage to the relative error u™/[(1—t/T)™ =™V ] -1, is dealt
with in Section 5. Section 6 contains the proofs of the results concerning space-time derivatives
of solutions, which exploit both regularity theory and the claimed convergence in relative error.

2. LOCAL UNIFORM CONVERGENCE OF THE RESCALED SOLUTION TO THE STATIONARY
PROFILE

As previously mentioned, each solution to (1.1) extinguishes in a finite time 7" > 0. Therefore
the asymptotic behaviour of u is, from this point of view, trivial: the solution goes to zero as
t 1 T. In order to study finer properties of u it is very useful to look for separable solutions

o (1.1) (if any), so that their asymptotic behaviour might unveil at least the expected order
of convergence to zero of a generic solution. Hence, let us set u(z,t) = g(t) VY/™(x). After
some straightforward computations one gets that u is a solution to (1.1) for some ug > 0 (not
identically zero) if and only if g satisfies

g(t) = (1 - ;) " ee o) (2.1)

and V is a positive solution to the elliptic problem (1.4) for some parameter 7" > 0 (the
extinction time). When m € (mg, 1) existence and uniqueness of such a V' and its dependence
the sole radial coordinate r is guaranteed by compactness and by a moving plane method (see the
fundamental paper [29]). Local regularity and strict positivity of V are instead a consequence
of standard elliptic arguments. So the velocity of convergence to zero as t T T for separable
solutions is given by (2.1). This suggests that, in order to analyze a nontrivial asymptotics,
it is convenient to study the behaviour of the rescaled solution wu(r,t)/g(t). Notice that, if
u(r,t) = g(t) VY/™(r), then such rescaled solution trivially coincides with V''/™. For a generic
u this is of course not true: however, V1/™ seems to naturally maintain the role of an attractor
for u/g.

Motivated by the discussion above, given the extinction time 7' associated to the solution u
of (1.1), let us consider the rescaled solution w defined as

T

1
1—m T T T
— — (1—-m)T — - T — _—
w(r,T) <T — t> u(r,t) = e u (T,T Te T) , T7=Tlog <T — t) (2.2)
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Vr e (0,00), Vt € (0,T), V1 € (0,00).

Straightforward computations show that w solves the following problem:

wT:A(wm)—i—mw in (0,00) x (0,00)
(w™) =0 on {0} x (0,00) - (2.3)
w=1ug >0 on [0,00) x {0}

The aim of this section is to prove that w™ converges locally uniformly in {r € [0,00)} to V as
T — o0 (since V' is positive, this is equivalent to claiming that w converges locally uniformly
to V1/ ). The basic estimates one needs to exploit in order to prove such result were obtained
in a celebrated paper [2] by Berryman and Holland, though for regular solutions to the FDE
on regular bounded domains of RY. Here, first we shall only point out how their techniques,
with minor modifications, can be applied to this framework too. This will ensure local uniform
convergence at least away from {r = 0}, while some further work will be required to extend the
result to neighbourhoods of the origin o.

To this end, it is convenient to see w as a monotone increasing limit of the sequence of
solutions {u,} (with extinction times T},) to the problems

(un)y = A(ug')  in (0,n) x (0,T5)
up =0 on {n} x (0,7,)
(U™ =0 on {0} x (0,73,) ’
Up, = Ugp, > 0 on [0,n] x {0}

(2.4)

where {ug, } is a sequence of regular data such that ug,(n) =0, (u{:) (0) = 0, ug, < up, which
suitably approximates ug, and T;, T T. We shall identify u, (-, t) as functions in the whole [0, c0)
by extending them to be zero outside [0,n]. Notice that (2.4) corresponds to the radial FDE
with homogeneous Dirichlet boundary conditions posed on the ball of radius n of HY centred
at x = o.

Lemma 2.1. There exists a positive constant C = C(m, N) such that

t

1
1 1—m
C(T — )77 < [Ju(t)lyys < (1 - T) ltwollyy  ¥EE(O,T). (2.5)

Moreover, the ratio
m\/ t
[CRL0]F (26)
([ (@) |1,

18 nonincreasing along the evolution.

Proof. The left inequality in (2.5) can be proved exactly as in [2, Lemma 1] since it is a direct
consequence of the Poincaré-Sobolev inequalities in (1.19). To justify the right inequality and
that (2.6) does not increase, it is convenient to pass through the approximating solutions w,.
Indeed the proof of |2, Lemma 2| requires the finiteness of the quantity

/0 h u™ (s, 1) [A(u"(s, 1)) (sinhs)Vlds

for all t € (0,7T), which a priori may not hold here. However, one obtains the claimed inequalities
for w, (we can assume that «" is regular enough up to the boundary) and then passes to the
limit as n — oco. This is feasible since u™(t) converges weakly in H!, to u™(t), and by
monotonicity u,(t) converges to u(t) in L”%! and T,, converges to T'. O

The next result is a key one in order to establish the mentioned convergence of w™ to the
stationary profile V.
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Lemma 2.2. The following inequality holds true for all T € (0,00):

/°° B [(w™)' (s, 7-)]2 _ u_ﬂ;mwmﬂ(sﬂ_)} (sinh s)V~1ds

+m/ / (s,0) [wr(s,0)]? (sinhs)N"'dsdo (2.7)
<[5 gy W—% )] i)Y,

Proof. For the smooth rescaled solutions w,, inequality (2.7) is in fact an equality, since by
straightforward computations one verifies that

d [*]1 2 m . _
- [(wm) (s, T)] — 710,?“(8,7‘) (sinh s)V~1ds
" [ =St ] (2.8)
=— m/ 7) [(wy)+(s,7)]? X(0,n)(8) (sinh s)NV=1ds.

To get estimate (2.7) it suffices to integrate (2.8) from 0 to 7 and let n — oo: to the first
integral on the Lh.s. of (2.7) we can apply the weak convergence of u(t) to u™(t) in H_ ; and
the strong convergence of u,(t) to u(t) in L™, while the second integral is handled by means
of Fatou’s Lemma (thanks to local regularity we can assume that, up to subsequences, (uy)¢
converges pointwise to u¢) or by the fact that

m+1 m+

un? —u"? in HY0,T;L%,).

Now we are able to prove the following important result.

Lemma 2.3. Let w be the rescaled solution (2.2) to (2.3) and V the radial, positive energy
solution to the stationary problem (1.4). Then

. m .
Tlgfolo [w™(7) — VHLfgc((o,oo)) =0, (2.9)
that is w™(7) converges uniformly to V in any compact set K € (0,00) as 7 — 00.

Proof. We adapt the proof of [2, Th. 2|. First of all notice that, from (2.7), one deduces the
existence of a sequence 7, — oo such that

/ h w™ (s, 1) [we(s, m)]? (sinhs)N~lds — 0. (2.10)
0

This is an immediate consequence of the fact that, thanks to (2.5), the first integral on the Lh.s.
of (2.7) is bounded from below and the r.h.s. is a constant; therefore the integral

/ / (s,0) [wr(s,0)]? (sinhs)V 1dsdo

must be finite. Still from (2.7) and (2.5) one gets the boundedness of |[w™(7,)]2,2; hence,

up to subsequences, w™(7,) converges weakly in H ! .q to a certain function R. From the

compact embedding (1.20), such convergence is in fact strong in L(m+1)/ " In particular, R is a

nonnegative non-identically zero function (indeed (2.5) prevents Hw (7) | m4-1)/m from going
to zero) belonging to H! ,

The next step is to show that R solves (1.4). To this end, take any test function ¢ : [0,00) — R
with compact support in [0, 00), multiply by it the first equation in (2.3) (evaluated at 7 = 7,)
and integrate by parts in [0, 00). This leads to the identity

| et 666) Gsinh )Y s = = [ (s, 65 (i) Vs
0 ; (2.11)

OO#U)ST s) (sinh )V ~1ds
+/0 Ty (5, 7) 9(s) sinh ) s
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The two integrals on the r.h.s. of (2.11) are stable under passage to the limit as n — oo: indeed
w™(1y,) converges weakly in HL ; to R and w(r,) converges strongly in L™1! to RY/™ (and so

a
also in L%ad locally). Finally, the left hand side goes to zero since its modulus is bounded by

( /0 T 05, 1) 62() (sinhs)N1d3>2 < /O (5,7 [we (5, )2 (sinhs)Nlds>2 ,

which goes to zero thanks to (2.10) and to the boundedness of ||w(7,)||m+1. From the arbitrari-
ness of ¢ and the uniqueness of energy solutions to (1.4) we infer that R must coincide with V.
Moreover, convergence of w™(7,) to R =V in Hrlad is also strong. To prove that, just replace
#(+) by w™(-,7,) in the computations above and get

[e.9]

im ’U)mISTnQSin s)N-lds = 007
A [ L@ (s, )] (sinhis)™d /0 1—m)T

1 m
Vo (s) (sinh s)NV~tds

= /OOO[V’(S)]2 (sinh s)V~1ds.

Hence, weak convergence plus convergence of the norms in Hrlad gives the claimed strong con-
vergence. Since Hrlad is continuously embedded in L{Y (see e.g. Lemma 3.2 below), we have
proved (2.9) along the special sequence {7, }. To prove that such convergence takes place along
any other subsequence, one can argue by contradiction. That is, suppose there exists a sequence
{7} such that w™(7y) does not converge strongly in H! , to V. By (2.7) we can assume that,
up to subsequences, w"™ (1) converges weakly in Hrlad to a certain function ). Now notice that,

again from (2.5) and (2.7) (up to a time origin shift), both
leo(r) s

and

1 2 m 1
B H(wm)l(T)Hg - m IIw(T)IIf;‘L
are nonincreasing functions of 7. In particular,

Qllss = lim u(m)lyy = lim () = [V i (212)

and

I3 < spmint (™Y (] + =t Il

(1 (2.13)
= Tim_ [|(w™) (ma)||2 = ||V']|3 .
n-ro0 /2 2
Since V is the unique minimizer of ||v’||3 among all functions v with prescribed LEZSH)/ " norm

(see [29]), (2.12) and (2.13) necessarily imply that @ = V. Strong convergence of w™(73) to
@ =V is then a consequence of (2.13), which leads to a contradiction. O

We are left with proving that the uniform convergence (2.9) takes place also down to r = 0.
In order to do it, we shall use Lemma 2.3 and the following two lemmas, which show how
positivity and boundedness of w can be extended to a neighbourhood of o.

Lemma 2.4. For any € > 0 there exist r. > 0 sufficiently small and 7. > 0 sufficiently large
such that

w™(r,7) >V (0) —e Y(r,7) € [0,r X [Te,00) . (2.14)

Proof. We can adapt the techniques of [21, Lem. 6.2]. First of all recall that, thanks to the
local uniform convergence to the stationary profile (2.9), we have uniform boundedness away
from zero in any compact set which does not contain o. In particular, consider a point o € HY
such that ro = d(zg,0) € (0,1/2). For a given 79 > 0, set

k= inf w(d(z,0),7), (2.15)

(z,7): 7270, TEB, j2(z0)



RADIAL FAST DIFFUSION ON THE HYPERBOLIC SPACE 9

where B, /5(w) is the hyperbolic ball of radius ro/2 centered at xg. Thanks to the observations
above, k > 0 provided 7y is sufficiently large. Let us consider equation (2.3) (more precisely, its
interpretation as a differential equation on H') centered at g in place of 0. To avoid confusion,
we shall call p the radial coordinate about such xy. Upon defining

N=1+(N—-1) sup pcoth(p),
pe(0,1)

for any function f = f(p) such that f’(p) <0 we have

Af(p) = f"(p) + (N — 1) coth(p) f'(p) = f"(p) + Np_lf’(p) Vp e (0,1), (2.16)

where the term on the r.h.s. of (2.16) is the Euclidean Laplacian of f associated to the “artificial
dimension” N. Therefore in order to seek for a subsolution ¥ (p, ) to (2.3) centered at xg it is
enough to ask (we keep denoting as ’ derivative w.r.t. p)

wTs<wm>”+Np_1<wm>/, >0, (™) <0, (2.17)

as long as p varies in (0,1). The proof of Lemma 6.2 of [21] ensures that the function

(o) = b7 Gk

(1 + klom b )m

T—T0

{(p,f) c (%1) x (Wﬁ ’f)}

upon choosing appropriately the positive parameters 8 = [B(m, N), 0 = 0(m, ]V) and b =
b(m, N, k), k being as in (2.15). Let us check conditions on the parabolic boundary. For 7 = 7
and for p = 1 we have, by construction, 1) = 0 and so trivially ) < w. For p = ry/2 (actually for
any p € (0,1)) there holds ¢ < k, from which ¢ < w by definition of k. Hence, by comparison,

w (d(,0), 70 + 18/4) > (d(x, 7o), 70 + 15/4)

satisfies (2.17) in the region

3w

(1-()")
> (3r0/2, 10 + 12 /4) =k —=Co>0
(1 + 9bk1—m)T=m

3
Vo e HY : %O < d(z,z0) < %.
In particular we obtain the existence of a radius 1 > 0 and a time 71 > 0 such that
w(r,7) > Co >0 VY(r,7)€0,r1] x {11} (2.18)

Indeed (2.18) holds for all 7 greater than 71, rather than only for 7 = 7;. This is a trivial
consequence of the fact that Cj is a subsolution to (2.3) (the comparison condition on the
lateral boundary {r1} x (71, 00) is satisfied provided Cj is small enough, again as a consequence
of the local uniform convergence (2.9)).

Finally, we need to refine estimate (2.18). To this end, just observe that the function

g(r) = Cpeli-mir

is a solution to the differential equation in (2.3) for any 7. > 0. Still from the local uniform
convergence (2.9) (and from the fact that V(-) is decreasing) we have that, for any € > 0, we
can choose ry = r3(€) < 1 and 70 = T2(€) > 71 such that w™(re,7) > V(0) — € for all 7 > 7.
Therefore g(7), with the choice 7, = 72, is a subsolution to (2.3) in the region

{(TvT) € (07T2) X (7—277—3)}’
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where 73 is the time at which ¢”(73) = V(0) — €. Since the constant (V(0) — €)*/™ is then a
subsolution in {(r,7) € (0,72) X (73,00)}, estimate (2.14) follows. O

Now we prove the analogue of estimate (2.14) from above.

Lemma 2.5. For any € > 0 there exist r. > 0 sufficiently small and 7. > 0 sufficiently large
such that

w™(r,7) <V(0)+e Y(r,7) €[0,r] X [1e,00). (2.19)

Proof. Again, we shall proceed by constructing a proper supersolution to (2.3). To begin with,
let o and € two small positive parameters. Our aim is first to obtain a suitable estimate for
A (V (r/a)) in the region {r < ac}. We have:

;Vl/m(r/a) + N—1 (accoth(r) — coth(r/a)) V'(r/a). (2.20)
a?(l—=m)T a?

The function h(r) = r coth(r) is regular. In particular,

AV (r/a)) = -

2
h(r) = 1+ H(0)r+q()r?, hir/a) =1+ K(0)= +q(r/a) (=), (2.21)
where both |¢(r)| and |¢(r/a)| can be bounded by
2
— Inax h (8)
sefo,]] 2

provided «, e are smaller than 1. In order to control the right term on the r.h.s. of (2.20), we
use (2.21):

acoth(r) — coth(r/«)

a2

rcoth(r) — = coth(r/a)

S P s

for a suitable constant C' > 0 independent of «,e. Notice that, since V is regular and V'(0) = 0,
there exists D > 0 (independent of «, ¢) such that |V'(r/«a)| < De for all » < ae. Hence,
’N < (N —-1)CDe

a_2 ! (accoth(r) — coth(r/a)) V'(r/a)| <

(2.22)

o

Then recall that V(-) is decreasing and V' (0) > 0, so that from (2.20) and (2.22) we can claim
that there exists a constant F > 0 such that for any ¢ > 0 sufficiently small (depending only
on V, m and N) there holds

AV (r/a)) < —a% wr € (0, a¢) . (2.23)

From the L?-L*° smoothing effects (see [21, Lem. 6.1] or [8, Th. 4.1|, together with (2.5)) we
know that there exist A > 0 and 79 > 0 such that w(r,7) < A for all (r,7) € (0,00) X (79, 00).
Let A; > A be two given positive constants and let € > 0 be so small that (2.23) holds. For
a fixed 7. > 790+ 1 set f(1) = (1 — 719) /(7" — 710). First we shall prove that if & > 0 is small

enough then the function

o(r,7) = [A1(1 = f()) + Ao f (1)) V (/)7
is a supersolution to (2.3) in the region
{(r,7) € (0,ae) x (170, 7+)} - (2.24)
To this end, notice that

1 1 1
o(r, 1) = AP Vi (r/a) > AP Vi () Vr € (0,ae), ¢lae,7) > APVin(e) Vr € (10,7),
(2.25)
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while derivatives of ¢ give

(1) = = f )V () (s — A3) [Ar(1 = (7)) + Ao f ()]
1 14 (2.26)
> _E(Al - AQ)A{n VH(O) )
AE
A(e™)(r,7) = [A1(1 = f(7)) + Ao f(T)] A(V (r/a)) < a7
and
o(r,7) < A7V (0). (2.27)

Collecting (2.26)-(2.27) we get that for ¢ to be a supersolution in the region (2.24) it is enough
to ask _
Loy o1 AE A7V (0)

(A= A)Af Vo (0) = =5 + (=
which is achieved by choosing a = a(V, T, m, N, A1, Ag) sufficiently small.

Now fix € > 0 sufficiently small. Set 41 = A™/V(e), A2 = V(0)/V(e), where we assume
without loss of generality that A™ > V(0) and pick «(V,T,m, N, A, ) that complies with
(2.28). Thanks to (2.25) we have

o(r,m) > A Vrell,ael, ¢lag,T)> V%(O) VT € [10, T - (2.29)

From the fact that V(-) is decreasing and from the local uniform convergence (2.9), we can take
70 so large that w™(ae, 7) < V(0) for all 7 > 7y (notice that ¢ is a supersolution independently
of 79, 7 provided 7, — 79 > 1). Since (2.29) holds we can conclude, by comparison, that w < ¢
in the region (2.24). In particular,

_% (2.28)

V2(0)

m « <
w™(r, ) < Vo)
By the remarks above this last result is actually valid for all 7. > 79 + 1. Hence, since V(¢) —

V(0) > 0 as € — 0, we conclude that for any € > 0 there exist r. so small and 7, so large that
(2.19) holds true. O

Vr € [0, ag].

Thanks to Lemmas 2.3, 2.4 and 2.5 we can extend the result of Lemma 2.3 down to r =0
and get the following

Proposition 2.6. Let w be the rescaled solution (2.2) to (2.3) and V' the radial, positive energy
solution to the stationary problem (1.4). Then

. m _
Tlggo [w™(7) = VHLlo;C([o,oo)) =0, (2.30)
that is w™(7) converges uniformly to V in any compact set K € [0,00) as T — 00.

3. ESTIMATES FROM ABOVE

The goal of this section is to bound the ratio w™(r,7)/V (r) in L*((0,00)) (and not only in

L52.([0,00)) as we did in Section 2) from above. Since V(1) behaves like e~ (N=17 at infinity

(see (1.3) or Lemma 3.3 below), it will be enough to give an upper bound for w™ (r,7)/e~N=17.
In fact our goal is to prove the following result.

Proposition 3.1. Let w be the rescaled solution associated to a nonnegative energy solution u
to (1.18), as in (2.2). Then, for any e > 0, there exists a positive constant Q' = Q'(ug, m, N, )
such that

N

w(r,7) <Q'e” o V(r,7) € [0,00) X [g,00) . (3.1)

To this end, we begin with some preliminary lemmas.

Lemma 3.2. Let v € HL . For any ro > 0 there exists a positive constant C(ro, N) such that

v(r) < C(ro, N) ||v]|2,2 et vy € [ro, 00) .
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Proof. Consider the function z(r) = (sinhr)¥N=1v2(r). We have:
Z'(r) = (N — 1)(cosh ) (sinh 7) ¥ "2 02(r) + 2(sinh )N Lo (r)0'(r) ;

integrating between r and rg gives

z(r) =(sinh 7o) N 22 (rg) + (N — 1) /T v2(s) (cosh s)(sinh s)N "2 ds
. " (3:2)
+ 2/ v(s)v'(s) (sinh s)V ~1ds.

To
Since rg > 0 and the behaviour at infinity of sinhr and coshr is the same, we can control the
last two terms on the r.h.s. of (3.2) with a constant (depending on ro and N) times [[v[|5,. As

for the first term, notice that H'(rq/2,3rp/2) is continuously embedded in L>(rq/2, 3r/2) and
H! ,is in turn continuously embedded in H'(ro/2,3ro/2) (again, through constants depending
on rg and N). Hence, there exists C(rg, N) > 0 such that

2(r) < C2(ro, N) o532 Vr € [ro, 00),
which gives the claimed result since sinhr =< e" for r large. ([l

Lemma 3.3. For any m € (ms, 1) there exists a solution V' to

~AV(r) =V (r) Vre (0,00) (3.3)
which is smooth, strictly positive, belongs to Hrlad and satisfies
A e W=D <y () < Aem N e € [0, 00) (3.4)

for some positive constant A = A(m).
Proof. As already mentioned in the Introduction, see [29] and [7]. O

Lemma 3.4. Let u be a bounded, nonnegative energy solution to (1.18). There exists a positive
constant Cy = Cy(ug, m, N) such that

u(r,t) < Coe zn ™ ¥(r,t) € [0,00) x (0,T). (3.5)
Proof. 1t is a matter of straightforward computations to show that
~A (e*%’“) >0 Wre(0,00). (3.6)

Thanks to Lemma 3.2, the fact that ug' € Hl}ad and the boundedness of u, one can choose Cj so
large that Cy e~ % " is above u on a parabolic boundary of the type [ro, 00) x {0}U{ro} x (0,7,
for a given rg € (0,00). The conclusion then follows from (3.6), the comparison principle and
again the boundedness of u. U

We are now ready to prove a better (spatial) estimate from above for nonnegative energy
solutions to (1.18).

Lemma 3.5. Let u be a nonnegative energy solution to (1.18). For any t. € (0,T) there exists
a positive constant Q@ = Q(t«,up, m, N) such that

u(r, ty) < Qef%r Vr € [0,00). (3.7)

Proof. We shall proceed by constructing a proper barrier. In particular, we shall prove that for
a suitable choice of the parameter £ > 0, the following function is a supersolution to (1.18) in
the parabolic domain (£, 00) x (0, t4):
1

a(r,t) = Co [Ae" T V() f() +e 5 (1= ()], (3.8)
where V' is the solution to (3.3) associated to a fixed m € (2m/(1+m),1) (A being the
corresponding constant that appears in (3.4)) and f(¢) : [0,¢.] — [0, 1] is a regular increasing
function such that f(0) =0, f(¢«) = 1, which we shall define later. The constant Cj is the one
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from (3.5): indeed, thanks to smoothing effects (recall the discussion in Section 1.1), there is
no loss of generality in assuming that wug is bounded. Since

a(r,0) = Cy e T T > uo(r) Vr e 0,00)

and
1

a6, 1) = Co [Ae™ T V() f(t) + e € (L= f)] " 2 Coe 5 E 2 u(e,t) Ve lo),

in order to prove that u(r,t) < u(r,t) for all (r,t) € [{,00) X [0,t,] we are left with showing
that, by choosing appropriately &, there holds

a(r,t) > A(a™(r,t)) Y(rt) € (& 00) x (0,ts).
We hayve:

) = Co £1(0) [A™ TV () — 5] £ (42T V0 1)+ 5 (1= pa)]”

~Co FBe T[4 T O (g o

Also, thanks to (3.3),

N-1 1 — 2 N—1
A (a™(r,t)) = =Cy" [A ez ¢ Vi (r) f(t) + (N41) e” 2z "(2cothr — 1) (1 — f(t))]
(N — 1)2 _N-1,
B e a-sw).

In particular, there exist two positive constants By(m, m) and Bi(m, N) such that

—ay(r,t) < Co Bo f'(¢) [e

< -Cf' [Al T e f(t) +

(1\7—1)(1_m)g _(N-D(@E=m)

R ) e (L= fE)

SA @ (5, 1) 2 OBy [T e T () + e (1 £(1)]
Hence it is enough to show that, if & is properly chosen, the following inequality holds in

(€, 00) x (0, .):

1—m , N— 1)(1 m)g _(N— 12)7(712 m),. m* 71\;;11" B %71
c?v | B, i (f) B Trml(t) +e (1 f(1) ] 59
<eMTEE () T (1- £(1),

where B, = B.(m,m, N) is another suitable positive constant. Applying the change of variable
p =r — ¢ and using the fact that m < 1 we infer that (3.9) is implied by

CA B 1) e € [ S ) 4 o B (1 pa) e
_WN=h@=m) [ _ st (3.10)
<R [ T 4 T (L= F@)] V(ot) € (0,00) ¢ (0,8).
Since we choose m to lie in the interval (2m/(1 + m), 1) we have that
1 1 1
e=( ) (2m m 2> >0;
therefore (3.10) reads
—NDCom) 1 _N-1, L1
m P (1—f())m

PIt > e TP (1 f(t)
(pt)

Our aim is now to show that for a suitable choice of f(t) the function I(p,t) remains bounded in
(0,00) % (0,t,). To this end, let us set & = e~ (N=1r and f(t) = h(t/t.), h being a function to be
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defined which satisfies all the fulfilments required to f in the interval [0, 1] instead of [0, t.]. The
boundedness of [(p, t) is implied by the boundedness of the ratio (recall that m > 2m/(1 + m))

G DRGED (1) + 2o (1 h(r) )
232 h(r) + 23 (1 - h(r))

2®h (1) + 22 (1 — h(1))"

B (T
") 22 h(r) + 1 — h(7)

=N(r) (3.12)

1
a=——-1,
m

for (x,7) € (0,1) x (0,1). If @ > 1, which corresponds to m < 1/2, the numerator in (3.12) is
always smaller than or equal to the denominator. Therefore we remain with the case a € (0, 1),
that is m € (1/2,1). Here it is convenient to choose h as

1

h(r)=1—-(1—-171)a.

In this way, performing the change of variable o =1 — 7, (3.12) becomes

a 1\¢ a
1 1 .z (1—aa> +z20

Zoa

@ JTQT-H (1 — 0’%) —+ (fé
for (z,0) € (0,1) x (0,1). Now notice that, for o varying in [1/2,1), (3.13) is bounded by a
constant that depends only on « (recall that o € (0,1)). If instead o varies in (0,1/2), the
boundedness of (3.13) is equivalent to the boundedness of

(3.13)

(<3 —
%01 4+ 22 xo !
a+1 1 < atl

r 20 a4+l zz2o0 é—kl
f(

+1. (3.14)
For any fixed x € (0,1), the maximum of the r.h.s. 3.14) as 0 € (0,00) can be found
explicitly, and it is equal to

220701 — )7 4 1.
Summing up, we have proved that for a suitable choice of f(¢) (depending on whether m < 1/2
or m € (1/2,1)) the function I(p,t) in (3.11) is bounded by a positive constant K = K (t.,m)
as (p,t) varies in (0,00) x (0,t4). This means that if we set

£> élog (C;™™ By K)

we ensure that u(r,t) as in (3.8) is a supersolution to (1.18) in the region (£, 00) x (0,t,). By
the comparison principle, in particular,
u(r,ty) < a(rty) < Cy Amemmte ™ Vre (&,00).

Since u(+, t,) is also bounded in (0, ], this gives (3.7). O

The result just proved is not enough in order to bound from above the ratio w™(r,7)/V (r)
since it provides such boundedness only at any fized 7 € (0,00): indeed, recall that u(-,?) is
bounded (so is w(-, 7)), V(r) is locally bounded away from zero and its behaviour at infinity is
the same as e~ (V=17 What estimate (3.7) lacks is a decay rate of order (T'—t,)/(*=™) on the
r.h.s.: we shall now prove that this is indeed the case.

Lemma 3.6. Let w be the rescaled solution associated to a bounded, nonnegative energy solution
u to (1.18). There exists a constant C1 = Cy(ug, m, N) such that

w(r,7) < Cq e~ T V(r,7) € [0,00) x (0,00). (3.15)
Proof. The fact that

@)l < D (T~ )= ¥t e (0,T) (3.16)
for a suitable positive constant D = D(ug, m, N) can be proved exactly as in [21, Sects. 5-6]
(see also the results of [8]). Then notice that Lemma 2.1 in particular yields

| @™ (7], < |[(ug)|], V7€ (0,00). (3.17)
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The Poincaré inequality in (1.19), Lemma 3.2 and (3.17) provide the following bound:
W™ (r,7) < D'(ro, N) ([t [l €™ 5" ¥l 7) € ro,00)  (0,00),
which together with (3.16) gives the claimed estimate (3.15). O

Notice that we proved (3.15) under the hypothesis that u is a bounded, nonnegative energy
solution. However, thanks to the aforementioned smoothing effects, it also holds for any solution
associated to data as in the hypothesis of Theorem 1.1, provided one starts from 7 = ¢ > 0
instead of 7 = 0.

The bound (3.15) for w is the exactly the same as (3.5) for u, which was a key starting point
in order to prove the claim of Lemma 3.5. Indeed, as we shall see now, the barrier exploited in
the proof of such Lemma also works for the equation solved by w. This allows us to obtain the
next fundamental estimate from above.

Proof of Proposition 8.1. As just remarked, we need only prove that for a suitable choice of the
parameter ¢ > 0 the barrier constructed in the proof of Lemma 3.5 still works. So, for a given
T« € (g,00), consider again the function

1
—1 —

w(r7) = O [APTEV () () + 77 (1= ()] ™ (318)
where &, V, A, f are as in (3.8) (just replace t by 7 and let f(¢) = 0) and C} is the constant
appearing in (3.15). First of all, since f(:) is always included in [0,1], m < 1 and m €
(2m/(14m), 1), we can bound the reaction term in (2.3) (what makes (2.3) actually differ from
(1.1)) in the following way:

1

W(p+€7) < CrBye™ m & [ 7 (7) + T E (1= f(7))

3

(1—-m)T
<G Bye B[ R p () 1 e T (L ()]
where Bs is a positive constant depending only on T', m, m and we performed the usual change

of space variable p = r — . So, the equivalent of (3.10) in this context reads

Oy By f1(rye € [ I ) e B (L f(yn ]
<(CI'Bi— CiBae™€) | 70 (r) 4 e 0 (1= (7))
V(p,7) € (0,00) x (g, 7).
By elementary computations one gets that
CT"By
2

1 201 B
£€> ~log <012> . (3.19)
€

S C{HBl — Cl BQ 6_65

provided

> B
Therefore, under assumption (3.19), we can repeat the same proof of Lemma 3.5 starting from

(3.11) (one replaces B, by 2By/B; and Cy by C1). Hence we end up with the existence of a
positive parameter £ = {(C4(ug, m, N,¢), T, €) such that

w(r,7) <w(r,7) Y(r,7) € [£,00) X [g, ] . (3.20)
The validity of (3.1) is then a consequence of (3.20), (3.18) (evaluated at 7 = 7)) and (3.16). O

Remark 3.7. In the proofs of Lemmas 3.4, 3.5 and Proposition 3.1 we applied the comparison
principle in parabolic regions of the form (£, c0) x (0, t,), without considering the {r = oo} side
of the parabolic boundary. However, this technical issue is easy solvable by approximating u
with the solutions u, to (2.4), applying comparison between w,, and @ in (£, n) x (0,t,) and
passing to the limit as n — oo (using also that T, T T).
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Remark 3.8. The estimate from above provided by Lemma 3.5 actually holds for all m € (0, 1),
since its method of proof only requires the existence of a solution to (3.3) satisfying (3.4) for a
value of m which can be taken as close to 1 as necessary.

4. ESTIMATES FROM BELOW

This section is the dual of the previous one: our aim here is to bound the ratio w™ (r,7)/V (r)
from below. Again, thanks to (3.4), this will be equivalent to providing a lower bound for
w™(r,7) /e~ N=D7 More precisely, we shall prove the following result.

Proposition 4.1. Let u be a nonnegative non-zero energy solution to (1.18). For anye € (0,T)
there exists a positive constant P' = P'(ug, m, N, &) such that

N—-1

u(rt) > Ple T (T —t)Tm ¥ (rt) € [0,00) x [¢,T). (4.1)

To this end, we need a preliminary step.

Lemma 4.2. Let u be a nonnegative non-zero energy solution to (1.18). For any given a >
N —1 and t, € (0,T) there exists a positive constant P = P(t.,a,ug, m, N) such that

u(r,ty) > Pe m" Yrel0,00). (4.2)

Proof. We shall prove that for a suitable choice of the positive parameters pg and £ the following
function is a subsolution to (1.18) in the parabolic region (&,00) X (t+/2,t):

u(rt) = po [(1+e7209) 1) 1] "

where f : [t./2,t] — [1/2,1] is an increasing function such that f(¢./2) = 1/2, f(t.) = 1, to
be defined later. We have:

1

(4.3)

1_q

wylrt) = o £/(0) (147079 [(1 4709 p) 1]
and
A W™ (r,t) = pul f(t) e =8 (a? = (N — 1) acothr)

in the region where (1 +e @ (r—g)) f(t) — 1 is nonnegative (below, we shall always work tacitly
in such region), while both u, and A(u"™) are zero outside it. Let us check conditions on the
parabolic boundary. On [£, 00) X {t./2} u satisfies

1
m

1
u(r,t«/2) = po [2 (1 + e‘a<’”‘5)) - 1] =0
_l’_

and on {&} x (t4/2,t,) there holds
1
w(é;t) = po[2f(t) = 1m < po.
Therefore, in order to have u < u on [§,00) X {t./2} U{&} X (t./2,ts), we need only ask

po < inf U({,t) = )‘(57t*7u0) >0,
te(tx L)

the last inequality following from standard positivity results (if ¢. is close enough to T, one
can also exploit the results of Section 2). Now let us check the differential equation. Upon the
usual change of spatial variable p =1 — &,

w,(rt) < A@™(r, 1) V(rt) € (£ 00) x (gt>

reads
110 % F@) (L+e ) [(1+e?) f(t) —1] !

. (4.4)
<ug' f(t)e P (a2 — (N - 1)acoth(p+£)) Y(p,t) € (0,00) x (2*,t*> )
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If we choose £ = &(a, N) so large that, for instance,

0? = (N —1)acothé > % (a? — (N —1)a) = Ci(a,N) > 0, (4.5)
we get that (4.4) is implied by
L (L) (L e f(1) = 1] L.
M(l) mf (t) f(t) e—ap <1 V(p,t) € (0,00) X <27t*> )

which is in turn implied by (recall that 1/2 < f(t) < 1)

b m401f’(t) P [(14+e0) f(t) — 1" 1 <1 V(p.t) € (0,00) x (zt) - (46)

L(p;t)

If m < 1/2 the function L in (4.6) is bounded from above (take f regular) by a constant that
depends only on t., a, m and N. If instead m € (1/2,1) this is in general false, unless one
chooses f carefully. To this end, consider the function

m

h(T):1—%(1—T)m vr € [0,1]

£(t) = h <2tt - 1) Vi € [Z;t] .

Elementary computations (one can find the exact maximum of L(p,t), in the region where
(14+ e *P)f(t) > 1, at any given ¢) show that

Lipt) < 9 W(pt) € (0.50) x (gt)

and set

for a suitable positive constant Co = Ch(a,m,N) (which we assume to work for the case
m < 1/2 too). Hence, we proved that u as in (4.3) is indeed a subsolution to (1.18) providing
that

In particular, at ¢t = t, there holds
u(r,ty) = u(r, ty) = po (b, o, ug,m, N) em SN =2 e e (€,00),
which yields the thesis together with the local positivity of u(-,t.) in (0, &). O

The result provided by the previous Lemma asserts that at any given ¢, € (0,7 (ugp)) all
nonnegative non-zero energy solutions of (1.18) go to infinity (as 7 — co) slower than e ",

for any o > N — 1. Exploiting such fact, we are able to prove that one can actually take
a=N—-1.

Proof of Proposition 4.1. Once again we construct a lower barrier which has the desired property
stated in (4.1). Indeed, given t, € (2¢,T) (the final result will follow just by replacing ¢ with
€/2), consider the function

1
u(r,t) = po H(eﬁ =9 4 ATV ()N 0E) fla) - e 00) 4 e“"“@] EPTEY
+
where a = a(m, N) and g = B(m, N) are fixed parameters such that
a>N-1,8<N-1,a<f+(N-1)-" (4.8)
m

f e, ts] — [0,1] is a regular increasing function that satisfies f(¢) =0, f(t«) = 1 and V is the
solution to (3.3) associated to m = m (A being the corresponding constant appearing in (3.4)).
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We want to prove that, if one chooses the positive parameters £ and ug properly, then u is a
subsolution to (1.18) in the parabolic region (£, 00) X (g,t4). By (4.7), we have

u(r,to) = poem e m’ Vr e [£00)
and )
u(&,t) < po |ATWV(©)eNVTDE 4 1]5 < po2m VEE (e,ty).

Therefore u and wu are correctly ordered on the parabolic boundary [£,00) x {e} U{&} X (e, ts)
provided (recall (4.2))

Ho < 6_%§P(€,Q,UO,TR, N) and Mo < 2_% l(nf )U(g,t) = )‘(é.?t*aUOamvN7€) >0,
te S,t*

that is
p10 < min (e—%5 P, A) . (4.9)

Now let us compute the derivatives of u(r,t):

1 B(r _ _ :
w (rt) =po — f'(t) (7709 + ATV (r)eI¢) sign, q(r.1)

X H(e—ﬁ (r=¢) + A—lv(r)e(N_l)E) ft) — e B (r—f)]

1
m

Lea (r—f)} ,
+

A (u"(r,t))
=i [[(£(8) = 1) (82 = (N = 1) Beothr) e 708 — 471V (r)e¥DE ()] sign, g(r, 1)
+ (a®> = (N — 1) acothr) e_o‘(r_g)} ,
where for the sake of notational convenience we have set
q(r,t) = (e—ﬁ(r—f) + A—IV(T)S(N—l)E) f(t)—e B9,

If we take & = £(a, N) large enough so that (4.5) holds, set p = r — £ and use (3.4), we obtain:

1

o+ 60) < o £10 (¢ O [(e700 4 m000) g 0] o]

1-m

A(Qm(p"i'& ZM |: A m e_(N D= §f() _T_lp+01€_ap]
V(p,t) € (0,00) x (e,t4).

Hence once we choose & = £(a, m, N) such that, in addition to (4.5), it also satisfies

ASE ~v-nime o G
-2

9

we deduce that in order to have u < w in (§,00) X (e,ts) it is enough to ask (recall that

() €10,1]) -

L —Bp (N=1)p —~(N=1)p 7,)1—1 Ch _
J— « < m o p
po — '(t) (777 + e=V707) e o <up e (4.10)
V(p;t) € (0,00) x (&, 1) -
Upon setting f(t) = h((t —e)/(tx —€)), h : [0,1] — [0,1] being a given regular, increasing
function such that h(0) = 0 and h(1 ) 1, (4.10) reads
2 t—e e
1-m / (a=B)p (a=N+1)p —(N-1)p 4 ,—ap|™
h <1l (4.11
i o (12 (e g o0 [ he ] T <1 (ay
L(pt)

V(p,t) € (0,00) x (g,t).
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Thanks to (4.8) and to the fact that ¢, € (2¢,7T), the function L(p,t) in (4.11) is bounded in
(0,00) x (g,t4) by a positive constant Co = Co(T',m, N, ). Therefore u(r,t) is a subsolution to
(1.18) providing that (recall (4.9))

. _ag -2 oLl .
po<min (e msP  C, ™™ [ 27m inf w(§,t) ],
te(e,tx)

which is implied by
po < C3min <1, inf u({,t)) (4.12)
tG(E,t*)
for a suitable positive constant C5 = C3(, ug, m, N, ). Exploiting Proposition 2.6 we can give
a quantitative lower bound for the r.h.s. of (4.12). Indeed (2.30) yields (in particular) the
existence, for any given £ > 0, of a time ¢ = £(£, ug) such that
1
Vm
ue,t) = 20
2
From standard positivity results we also know that, should e < £, u(€, t) is still positive between
¢ and f; this fact and (4.13) (together with the local positivity of V) ensure the existence of a
positive constant Cy = Cy(§, ug, m, N, e) such that

(T—-t)7= Ve (i,T). (4.13)

w(E,t) > Cy (T —t)=m  Vie (e,T),

which gives
inf u(€,t) > Cy (T —t,)T=m . (4.14)
te(e,tx)

Combining (4.14) and (4.12) we infer that (4.12) is implied by

o < Cs (T —t,)T=m (4.15)

for another positive constant Cs5 = C5(&, ug, m, N, ). The validity of (4.1) for  varying in (&, co)
is then a consequence of choosing pg as the r.h.s. of (4.15) and evaluating the subsolution u(r,t)
at t = t, recalling (3.4). On the contrary, the validity of (4.1) as r varies in (0,£] is a direct
consequence of (2.30) and the local positivity of w. O

Proposition 4.1 can of course be reformulated as follows.

Corollary 4.3. Let w be the rescaled solution associated to a positive energy solution u to
(1.18). For any 19 > 0 there exists a positive constant P" = (19, up, m, N) such that

w(r, ) > P" e T Y(r,T) € [0,00) x [19,00) .

Notice that, as already anticipated in the Introduction, from Propositions 3.1 and 4.1 we
deduce formula (1.9) in Theorem 1.3.

Remark 4.4. Both in the proofs of Lemma 4.2 and Proposition 4.1, when computing the
hyperbolic Laplacian of the barriers (4.3) and (4.7), we neglected Dirac terms coming out from
the second derivatives of positive parts. However this makes no problem since it is easy to check
that such terms are nonnegative.

Remark 4.5. When we applied the comparison principle to v and w, both in the proofs of
Lemma 4.2 and Proposition 4.1, we did not take into account {r = oo} as part of the parabolic
boundary. To justify more rigorously those passages, it is enough to consider the following
family of modified barriers:

1
uo=u"—€r <u, €>0,

where u is either (4.3) or (4.7). Straightforward computations show that u, is a subsolution

to (1.18) as long as w is. Moreover, for any fixed € > 0, u.(-,t) has the property of being zero

outside a compact set of the form [¢, R(e)] C [€,00). One then applies the comparison principle
in (£, R(e)) x (g,tx) (let € = t,/2 when u is as in (4.3)), gets u, < u and lets € — 0.
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Remark 4.6. The estimate from below (4.1) holds for all m € (0,1), even though one has to
admit that the constant P’ in there, for m € (0, ms], depends on ¢* as well. Indeed, in the proof
of Proposition 4.1, for simplicity we exploited the existence of a solution V' to (3.3) satisfying
(3.4) for m = m. However, if m € (0, m;], such a solution does not exist. Nonetheless it is easy
to see that the choice of any m € (ms, 1) instead of m would have worked the same (provided
one requires in addition that o < (N —1)/m).

Hence, this result together with the one discussed in Remark 3.8 prove the bounds (1.13) of
Theorem 1.4.

5. RESULTS FOR THE RELATIVE ERROR

As previously discussed, our interest is to show that the solution u to (1.18) converges in a
strong sense to the stationary state V' which solves (1.4). More precisely, in this Section we
shall prove uniform convergence in relative error, namely

wn(r)

=0, (5.1)

lim ‘ ‘
oo
that is (1.5) rewritten in rescaled variables.

Since V is strictly positive in any compact subset of HY, as a direct consequence of Proposi-
tion 2.6 (formula (2.30)) we already know that (5.1) holds locally on H”V. The nontrivial point
is to prove that (2.30) holds up to r = oo, what we are concerned with in this section.

To begin with, let us write the equation solved by the relative error ¢ = w™/V — 1. Using
the fact that V satisfies (1.4), we get:

1 Lo, 12t V¢! 1 .
RO o=V R AG 2 b g [0 - (4 a)], (52)

where, as remarked above, the apex ' stands for derivation w.r.t. r. It is also important to

consider the equation solved by minus the relative error ¢ = 1 — w™ /V, which is

! Ty, - Vi Vi 1 ) - (1—p)n
— (=) =V Aw+2vfn+(1—m)T[(1 ®) — (1 = ) ]

In order to prove (5.1) we shall construct suitable upper barriers both for ¢ and v, following
the approach of [10].

The next lemma shows a good approximation property for V| which will turn out to be very
useful to overcome some technical difficulties related to the upper barrier for .

Lemma 5.1. There exists a sequence of positive, reqular radial solutions {V,} to

1
_ 1 m
7AVTL = m Vn on Bn ’ (53)
Vo=0 on 9B,
where By, is the hyperbolic ball of radius n centered at o, such that:
o Vo (r) <V (r) for allv > 1 and V,, — V pointwise;
o T, —T;
e for e > 0 arbitrarily small, one can choose ne and r. so large that the following inequality
holds:
VIr) < (1 —e)V'(r) ¥re(re,n), ¥n>ne. (5.4)
Proof. For any given n € N, let X,, be the set of all functions v € H] ; such that v(r) = 0 for
all 7 > n and ||v||m+1 = ||V||ms1. Consider the following minimization problem:
Find v, € X, o) ]|, = Urga ']l - (5.5)
Thanks to standard arguments (in particular, the compact embedding of Hrlad into LE:(L;I)/ ™,

the solution v, of (5.5) exists, is unique and solves (5.3) for some 7;, > 0. Since X,, C X, 41,
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7o} is non-increasing. This implies that {7},} is non-decreasing:
indeed multiplying (5.3) by v, (upon replacing V;, by v,) and integrating by parts yield

the numerical sequence {||v]

anllm’il Hvllm’il

(1—m )Ilv’Hg (1- )H%II?

Let us call T' the limiting value of {T},}. Because {llv},|]5} is bounded, {v,} (along subsequences)

converges weakly in H! aq and therefore strongly in LEZZIH)/ ™ to a certain function V. Passing

to the limit in the (weak formulation of the) equation solved by v,, we get:
- 1 -
~AV=— _Vmw onHV. (5.6)
(1—-m)T

n =

First of all note that 7’ cannot be oo: if it were, from the Poincaré inequality in (1.19) V would
be zero, while we know that
17t 1ym = 1m0 [l = 1Vl 1ym > 0-
SoVisa positive, energy solution to (5.6) for some T < 00, having the same LEZ?_I)/m norm
as V: by the uniqueness result recalled in the beginning of Section 2, it necessarily coincides
with V' (and so T,, T 7).
1/

The next step is to prove that {v,} converges to V also in L/". Since {v,} converges

(m+1)/m 1/m

pointwise to V' (up to subsequences), and locally L, is continuously embedded in L./,

we need only dominate {v,} outside a compact set Wlth a function that belongs to Lgdm. To
this end note that, from Lemma 3.2 and from the fact that {||v/,||,} is non-increasing, there
exists a constant K > 0 such that

vp(r) < Ke ™77 Vre [1,00), Vn. (5.7)

When m is greater than or equal to 1/2, the function on the r.h.s. of (5.7) does not belong
to Liid Therefore we have to improve (5.7) using the equation solved by wv,: integrating it
between 0 and r we obtain the equality

1

—(sinh )Nl (r) = /;vﬁ;(ls) (sinh s)N"1ds. (5.8)

Suppose now that (5.7) holds with a generic exponent —(N — 1)a (let @ > 0, a # m) in
place of —(N — 1)/2. Exploiting the corresponding analogues of (5.7) and (5.8), after some
straightforward computations we get:

vn(r) £ Q@ —

where Q > 0 is a suitable positive constant that does not depend on n (which may change from
line to line). Since v,(n) = 0, we have:

(N7 (e(N_1)m7;ar B 1) Vr e [1,00), (5.9)

CL

v (r) = / —vl(s)ds Vre[l,n). (5.10)
If a > m (5.9) gives —v/,(r) < Qe~N=D" in which case an integration of (5.10) entails
vp(r) < Qe W vre[l,00). (5.11)

If instead a < m (5.9) gives —v/,(r) < Q e~ V"V m " and still integrating (5.10) one gets
op(r) < Qe W VmT vr e (1, 00)

(the case a = m can be dealt with similarly). It is plain that starting from a = 1/2 and
proceeding in this way, after a finite number of steps we obtain (5.11). Since e~ (V=7 helongs

to Ll/

ad » we have our dominating function and the convergence of {v,} to V' takes place also
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in Lrlggn Such convergence is crucial because it ensures that (5.4) holds for the sequence {vy,}.

Indeed applying (5.8) to v, = V yields

lim —(sinhr)V 1 V/(r) = / Vn;(s) (sinh 5)V~1ds = Cy > 0; (5.12)
0

r—00

for a given € > 0, take r so large that

/ Vi(s) (sinh s)V~tds < CV%.

T

Thanks to the just proved convergence of {v,} to V in Lia/gn and to the fact that T;, T T, there
exists n = n(re, €), sufficiently large, such that

1 1
—(sinh )N "1/ (r) = / UnT(S) (sinh )V ~lds > / UnT(s) (sinh )V ~lds
0 n 0 n

1
> /re Vi (s) (sinh s)V~1ds — C’VE >Cy(l—ce¢)
o T 2
Vr € (re,n), Yn > n(ree) .
Hence there holds
—ul (1) B —(sinhr)N_lv;L(r) S Cy(l—e)
—V'(r)  —(sinhr)N=1V'(r) = Cy
that is (5.4) for the sequence {vy}.

In general it is not guaranteed that v, (r) < V(r) in [1,00). Therefore, in order to conclude
our proof, it is necessary to modify {v,}. To this aim, consider the following sequence:

Vn:)\nvny

where, for any fixed n, Ay, is the largest number belonging to (0, 1] for which A, v, (r) < V(r) in
[1,00). We can assume that A, < 1 eventually, otherwise there is nothing to prove since along
a subsequence {V},} has all the properties claimed in the statement of the Lemma. If instead
Ap is strictly lower than 1, recall that each v, is compactly supported and V is strictly positive,
therefore V,,(r) necessarily touches V(r) at some point r = &, € [1,00) (see figures 1 and 2).
Now there are two possibilities: either the sequence {,,} remains bounded or it is unbounded.
In the first case, along subsequences {,} converges to a certain value £ € [1,00). Since {v,}
also converges locally uniformly in [1,00) to V (see Remark 5.2 below), then

>1—¢ Vre (Te,n), VnZn(Taﬁ)a

vn(&n) = V(€) > 0;
but by definition of &,, B
Hence A\, — 1. In the case £, — oo (again, along subsequences), clearly each &, lies in the
interior of [1,n) eventually. Therefore, in addition to V,,(&,) = V(&,), we also have V,/(&,) =
V'(&n). So,
—Ap (sinh &)V 10 (6,) = —(sinh &)V V() = —(sinh &)V TV (€,) = Cv > 0,

but also
Vo (s)

T

1
én o (s)
0 Tn

(sinh s)N~"lds = Cy,

—(sinh &)V "1l (&) = / (sinh s)V~lds — /000

where we have used once again the fact that {v,} converges to V' in Lzén and T, T T. This
means that in this case as well {\,} is forced to go to 1 and so {V,,} is indeed a sequence which
has all the required properties (no subsequence is needed since the ongoing proof actually holds
along any subsequence). Just observe that the parameter 7, appearing in (5.3) here is actually

T, A 0
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FIGURE 2. V,, touches V at &, > 1.

Remark 5.2. As anticipated in the proof above, convergence of the sequence {v,, } solving (5.5)
to V also occurs locally uniformly in [1,00). This fact can be proved in several ways. One of
them is the following: {v,} converges weakly in H' ; to V (so strongly in LE;%JFI)/ "), but using
the equation solved by each v, and the fact that T, 1 T one gets |[v}|]2 — [|[V'||2. Therefore
such convergence is actually strong. Since H] ; is locally (in (0,00)) continuously embedded in

L°°, the assertion holds.

For reasons that will become clearer later (see the proof of Proposition 5.4 below), instead
of analysing minus the relative error v it is convenient to study its natural approximation
p, =1 —w™/V,, where {V,} is the sequence coming from Lemma 5.1. It is straightforward to
check that ¥ > 1, and the equation solved by 1, is the following:

1 1, -1 V! 1 1 1 1

(=) s = Vi T Ay, 2 2 (1= hn) — = (1=t |, (5.1

(0 A e = WA 22 T () = () 619
n

valid in the region {(r,7) € (0,n) x (0,00)}.
The following fundamental Lemma provides a family of supersolutions to (5.13).

Lemma 5.3. Let 19 > 0. Consider the function
B
\I/(T,T):C—7—A(T—To). (5.14)

If the positive parameters A, B, C, ¥ satisfy the condition
A 2
m

(N-1)(1-e)(55-1)7 -
BK.e > —+ T—m7T’

(5.15)
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where € > 0 is a small fivred number (e = 1/5 will work) and K, is a positive constant, then W
is a supersolution to (5.13) in the region {(r,7): ¥(r,7) € [0,1)} N {(r,7) € (#,n) X (10,00)}
independently of n provided

F>FVrY, n>n",
r* and n* being positive numbers depending only on €, m and N .

Proof. Let us compute the derivatives of W:

B
\I[T — —A, \IJ, — 77
r
1 2 th
AV = —Ba () 2B (2 - (vo @)
r r3 r2
In order to ensure that ¥ is a supersolution to (5.13) it is enough to ask
1 1 1-L VI 1
—(1=-w)m W, > mAU 42" 1-w
| ) >V + V%Jr(l—m)Tn( ),
n
that is
A 1 B 2 coth(r) v 1
—1=-¥)n " > — —(N—-1 22+ —(1-" 1
m( ) . V% {Vn(ﬁ ( ) r2 r2 +(1—m)Tn( ), (5.16)
n
R

where we have dropped the nonpositive term —(1 — ¥)%/™. Now we need to suitably estimate
from above the r.h.s. of (5.16). To this end, take € > 0 sufficiently small. Moreover, take ng
and rq so large that T;, > T'/2 for all n > ng and coth(r) < 14 € for all 7 > ro. Thanks to (5.4)
and to the fact that V,, <V in [1,00), we have:

B Va %4
B . 2 -
< 77“21/”% (N=1)(1+e)V+2(1—e)V']+ w7 (1-0)

V(r,7) € (ro Vre V1,n) X (19,00), Vn >mngVne.

Recall that the stationary solution V' satisfies (5.12); in particular, by (1.3), there exists 7
sufficiently large such that

Vi(r) < —=(N=1)(1—-e)V(r) Vr>r.

Therefore,
N BV . T R S
R < —(N 1)r2vﬁ [—(1+¢) +2(1—¢)?] + 0= m)T (1—1) (5.17)

V(r,7) € (roVri VreV1,n) x (r9,00), VYn>mngVne.
Since € is small (it is enough that —(1+¢€)+2(1—¢€)? > 0) and Vj,, < V in [1, 00), we can replace
Vo, by V in (5.17), which yields

R < — (N=1) [-(1+e)+2(1-¢)?] + ’

P2V w1 (1—m)T
K

Y(r,7) € (ro Vi VreV1,n) x (19,00), Vn>mngVne.

(1- 1) (5.18)

Collecting (5.16) and (5.18), we deduce that a necessary condition for ¥ to be a supersolution
to (5.13) in the region {(r,7) : ¥(r,7) € [0, 1)} N {(r,7) € (ro Vri VreV1,n) x (19,00)} is
B A 11 2

m&zg(l—\l’) +m(1—\m. (5.19)
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Still from (5.12) and (1.3) we get that

Kf > K, eN-DI-9(E-1)r v s )
r2Vm—t
for another positive constant K., as long as ro is large enough. So, the final condition on 7 is
- A 2
BK, eWN-DO-a9(5-1)r> 2 2 5.20
¢ e g (5:20)

Summing up, if one fixes the positive parameters € (small enough, say e = 1/5), A, B, C, chooses
r* =roVriVreVr. V1 and takes 7 so large that (5.20) holds, then the function ¥ as in (5.14)
is a supersolution to (5.13) in the region {(r,7) : ¥(r,7) € [0,1)} N {(r,7) € (,n) X (19,00)}
forall # > 7Vr* and n > ng VvV n. = n*. O

In the next theorem we shall see, along the lines of the proof of [10, Th. 2.1], how to use
the (family of) barriers provided by Lemma 5.3 in order to prove that 1) becomes smaller and

smaller as 7 — oo. To this aim it is crucial to recall that Theorem 1.3, which we proved in
Sections 3—4, implies the existence of a time 7, > 0 and two positive constants cg, ¢; such that

w™(r, T)
- Vi)
Proposition 5.4. Let ¢ =1 —w™/V. There holds

o <ec V(r,7)€[0,00) X [Ty,00), cp<1<ecy. (5.21)

limsup sup ¥(r,7) <0.

T—00  rel0,00)
Proof. First of all consider the barrier ¥ as in (5.14), with the choices A = B = 1. Then set
C =1 —¢p/2 and assume that 7 is greater than (2/co) V 7V r*, where 7 is taken large enough
so as to satisfy

N-1)(1—e)(L-1)7 o 1 2
Kee( )1-9(5 1) Zaﬂ‘m,

that is (5.15) when A = B = 1. By construction, such a ¥ is always lower than 1. Therefore,
from Lemma 5.3, it is a supersolution to (5.13) in the region (7,n) x (19, 00) (let 79 > 7,) for
all n > n* as long as it is greater than or equal to zero. Since we want to compare ¥ with the
solutions v, let us check conditions on a parabolic boundary of the form [, n] x {m9} U {7} x
(10, 71) U{n} x (10, 71), where 71 > 79 is a positive time to be chosen later. On the bottom we
have that, thanks to the choice of C' and (5.21),

U(r,79) =C — 1 >1—co>Y(r,m0) > Yn(r,70) Vrelf,n],
T

the last inequality following from the fact that V' > V,, for » > 1. On the inner lateral boundary
there holds

1 1
\I/(f,T):C—j—(T—To):l—cgo—g—(T—To) V1 € (10, 71) -

Now let us fix a small € > 0 (let £ < ¢p/2). Assume that 7 is also larger than 2/e. Exploiting
the local uniform convergence of 1 to zero (Proposition 2.6), we know that if 79 > 79(7, &) then

YET) S S YTz,

Hence, once 7 satisfies

Cco 1 13
7-§7-1:7-0_|_1 —————— ZTO+1_CO>7—07

it is guaranteed that

V(1) >V(F,m)==>¢(F, 1) > (F,7) V7€ (10,71) -

| ™

On the outer lateral boundary {n} x (79, 71) it is plain that U(n,7) > ¥, (n,7) = —oc0. In fact
this is the reason why we needed to suitably approximate V' from below with the sequence V,,,
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otherwise we would have not been able to compare ¥ with 1 in an outer lateral boundary. So,
from the comparison principle, we get that ¥ > 1, in the region [, n] X [79, 71]. In particular,

Up(r,m1) < U(r,m) <e Vrelr,n]. (5.22)
Passing to the limit in (5.22) as n — oo yields

Y(r,m) <V(r,m) <e Vre][r, o). (5.23)
Since 1 =719+ 1 —¢9/2 — 1/7 — £/2 and (5.23) holds for all 79 > 79(7, ), we have:

Y(r,7) <e V(r,7)€r,00)x[T,00), (5.24)

where 7 = 79(F,e)+1—co/2—1/F —e/2. Thanks to (5.24) and to the local uniform convergence
of 1 to zero, we conclude that

limsup sup ¢(r,7) <e. (5.25)

T—00 regl0,00)

Because (5.25) is true for all £ > 0, it holds for € = 0 too and the proof is complete. O

The final step is to prove an analogous result for the relative error ¢ = w™/V — 1. Since
the ideas are similar to the ones developed in the proofs of Lemma 5.3 and Proposition 5.4, we
shall proceed in a concise way.

Lemma 5.5. Let 19 > 0. Consider the function

B
O(r,7)=C — — —A(t—70). (5.26)
If the positive parameters A, B, C, ¥ satisfy the condition
D (1—a(L_1)F 1 (A  21+40C)
BEK, N-10 w17 > (1 e GV 9
e >(14+0) m+(1_m)T ; (5.27)

where € > 0 is a small fized number (¢ = 1/5 will work) and K. is a positive constant, then ®
is a supersolution to (5.2) in the region {(r,7) : ®(r,7) > =1} N{(r,7) € (7, 00) X (710,00)},
provided 7 > TV 1y, where r. = ry(e,m, N) > 0.

Proof. Condition (5.27) can be obtained reasoning as in the proof of Lemma 5.3. Indeed it is
even easier to get to an inequality like (5.19) with (1 — W)/~ replaced by (14 @)™ 1 and
(1— ) replaced by (1+ <I>)1/ ™ because here we need not deal with the approximating sequence
Vy. Then, in order to arrive at (5.27), one just uses the fact that by construction ® < C. O

Thanks to the (family of) barriers (5.26), we can now prove the analogue of Proposition 5.4

for ¢.
Proposition 5.6. Let ¢ = w™/V — 1. There holds
limsup sup ¢(r,7) <0.

T—=00 rel0,00)
Proof. Again, we proceed along the lines of the proof of Proposition 5.4. Fix A = B = 1,
C =c1—1/2,e <1/2 and 7 large enough so that it satisfies 7 > 7V r, VV 2/e, where 7 complies
with (5.27). These choices ensure that ® is a supersolution to (5.2) in the region (7, 00) X (19, 71),
with
1
Tm=T0+C—=—=—=.
7

Then, one takes 19 = 79(7,¢) so that ¢(7,7) < e/2 for all 7 > 79(7,¢); in this way ® and
¢ are correctly ordered on [F,00) X {70} U {7} X (79,71). However, we have no control over
their relation in an outer lateral boundary of the form {n} x (79, 71), for n > 7. In order to
overcome this difficulty it is enough to replace w by w, < w, the latter being the sequence of
rescaled solutions to (2.4), which vanish on {n} x (79, 71). By construction ¢, = w]'/V —1 < ¢
and the equation solved by ¢, is basically the same as (5.2) (just replace (1 4+ ¢)Y/™/T with
(1+ ¢n)'/™/Ty), so that for n large (that is, T}, close to T) ® is a supersolution also to such
equation. Therefore from now on one proceeds exactly as in the proof of Proposition 5.4. [
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Going back to the original variables ¢ and u(r, t), we have that Propositions 5.4 and 5.6 give
convergence of u™(r,t) to (1 —t/T)™ =™V (r) in relative error. From this fact the first main
result stated in Theorem 1.1, namely formula (1.5), clearly follows.

6. RESULTS FOR DERIVATIVES

This section is devoted to proving the claimed results of Theorems 1.1, 1.3 and 1.4 which
deal with derivatives. In order to do that, we shall exploit a useful change of spatial variable
and rescaling techniques in the spirit of [21].

Let
400 1
SZS(T) :/T de, (61)
so that q q
— = —(sinhr)N 1 —.
P (sinhr) I

Notice that s | 0 as r 1 oo, while s T co as r | 0. Hence, the hyperbolic Laplacian of a regular
function f = f(r) = f(r(s)) is
d2
Af = (sinhr)"20V-1D disJ; .
Let w be the solution to (2.3). Take 79 > 1 and r9 > R with R large enough (to be chosen
later), and let sy = s(rp). Consider the rescaled function

W(z,y) = (sinh T‘Q)% w(r(so +x (sinhro)_(N_l)), 7o + y (sinh ro)_(N_l)(%_l)) , (6.2)

where (x,%) varies in the square (—a, @)?, a > 0 being a fixed number to be set later. After
straightforward computations one sees that W satisfies the following equation:

(sinhrg (sinh ro)_(N_l)(%_l)
(sinhr)2(V-1) (1—m)T
S —
a(r,ro) b(ro)

From now on we shall fix @ = a(V), independent of 7y and 79, so small that s is forced not
to go out of the interval (so/2,3s0/2) as = varies in the interval (—c, ). Such a choice of « is
feasible. Indeed, notice first that from (6.1) one has

. s(r)
Tli>rcr>lo (sinh r)*(Nfl)

)Q(Nfl)

=C(N)>0. (6.4)

Moreover, s varies in the interval (so—a(sinh 7o)~ V=1 sg+a(sinhrg) =N =1). Hence, if ro > R
(namely, sp < s(R)) with R = R(INV) large enough, a proper choice of a = a(N) (sufficiently
small) ensures that s does not leave the interval (s9/2,3s0/2) as x € (—a, «). Still from (6.4)
one deduces that

li_l;r(l) r(s/2) —r(s)=C, £1_1>1(1) r(3s/2) —r(s)=C (6.5)

for suitable constants C' and C. The choice of a above and (6.5) imply that, for ro = r(sg) large
enough (again, greater or equal than a given value R that depends only on N), there holds

1

oA sinhrg < sinhr < Cysinhrg  Vr € (r(s0/2),7(350/2)), (6.6)
1

(1 being another positive constant. Gathering all this information, let us go back to equation

(6.3). First, from the global Harnack principle (1.9) and from (6.6), one deduces that

W, y)l <M Y(z,y) € (—a,a) (6.7)
for a positive constant M = M (ug, m, N) that does not depend on ry, 79. Moreover, notice that
d inhr)V=1 d
4 _ (i) 7 d (6.8)

dz (sinhrg)N—1dr
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Hence, (6.3), (6.8) and the inequality

1
o coshryg < coshr < Cjcoshry Vr e (r(so/2),7(350/2)),
1

which can be proved as (6.6) above, give

1 _|dar(a) )
P, dak
again for positive constants P, = Px(N) and Q = Q(T (ug), m, N) that do not depend on 7¢, 9.
The bounds (6.7) and (6.9) permit to conclude, as in the proofs of Theorem 1.1 and Lemmas
3.1-3.2 of [21] (one uses the regularity results of [24] and [16] for bounded solutions to nonlinear
parabolic equations like (6.3)), that the following estimates hold:
"W "W
—(0,0)| < My, |—5(0,0)] < M- Vk € N, 6.10
Tt 0.0) < s | SR 0.0)| < a (6.10)
M, . and My, being suitable positive constants depending only on M, o, T', m and N. Go-
ing back to the original variables, we end up with the existence of positive constants A; ; =
Al,k(u07 m, N, 6), AZ,k = AQ,k(UOa m, N, 6) such that
O w
W(TO; 7'0)

<Py, b(ro) <Q V(z,y) € (—a,a)?, Vk e NU{0}, (6.9)

<Ak et (6.11)

< Ay ek(N_l)(%_l)m e Mo (6.12)

A w
W(TO,TO)

Vrg >0, Vg > ¢, Vk € N.

In order to prove (6.11)-(6.12) in the region ro > R, 79 > 1 one just uses (6.2), (6.8), (6.10) and
the equality dr = (sinh ro)_(N_l)(%_l)dy recursively. To extend such bounds to ¢ € (0, R) it
is enough to apply the aforementioned regularity results to w directly, since in this region w
is bounded away from zero. Finally, they also hold for 79 > ¢ up to admitting dependence of
the constants Aj j, Ag j, on € as well through « and M (as a consequence of the global Harnack
principle (1.9)).

Using the fact that the solution V(r) to (1.4) and any of its derivatives V*)(r) behave like
e~ (V=17 at infinity (recall (1.3) and see formula (6.15) below), it is only a matter of tedious
computations to check that estimates (6.11) imply that
ok
»
(up to possibly different constants that we keep denoting as A; 1), where ¢ is the relative error
o(r,7) = w(r,7)/VY™(r) — 1 (notice that it is different from the relative error ¢ we dealt with
in Section 5). By exploiting the interpolation inequalities (we refer to [31, p. 130] or |9, App.
3] for a short review on general interpolation inequalities)

(7')H = lo(T)lormy < A1 V7 2€, VEEN (6.13)

o

k/j —k/j . .
() orqmy < Crk l( e le (IS VhjeN: k<,

the bounds (6.13) and (1.5) (that is, the fact that ||¢(7)||cc — 0 as 7 — o00), we conclude that
also

Recalling (2.2), this is equivalent to formula (1.6) of Theorem 1.1. As for estimates (1.10)-(1.11)
of Theorem 1.3, just notice that they can be readily deduced from (6.11)-(6.12) and again (2.2).
Finally, let us investigate what (6.14) means in terms of spatial derivatives for w (or w). That
is, we are going to prove formula (1.7) of Theorem 1.1. First of all we show, by induction, that
dFy e
. drk ( )
A e

= (—a(N —-1))" VYa#0, VkeN. (6.15)




RADIAL FAST DIFFUSION ON THE HYPERBOLIC SPACE 29

Indeed, the existence of the limit in (6.15) is a consequence of the chain rule and (1.3). Then,
suppose that (6.15) holds for a given k. Consider the limit

k+1y/« k+1y/ k+1ly/a
oy wE () 1 GEe () V) 1 N i) (6.16)
700 %(r) ar—oo Ve(r) V/i(r) —a(N—1)r— Ve(r) '
Since the limit on the r.h.s. of (6.16) exists, by de ’'Hopital’s Theorem it coincides with
kya
li ddr“2 ( ) .
r—00 V‘l(r> ’

this proves the inductive step. Because (6.15) is trivially valid for k& = 0, we conclude that it
holds for all k € N.
Now recall that, for the k-th spatial derivative of ¢, one has the binomial formula

o SR () (oot )
W_]z%(j)w] (V M> , (6.17)

where, to simplify notation, we use apexes to denote derivatives w.r.t. r. We are going to show
that, for all k € N, the ratio w® (r, 7)/VY™(r, 7) converges in L to a smooth function Gy (r)
such that

lim Gi(r) = (=1)* <N_1>k . (6.18)

r—00 m

This is clearly equivalent to proving (1.7). For k = 0 (6.18) is exactly (1.5), with the choice
Go = 1. For further derivatives we shall prove that (6.18) holds by induction. Indeed, suppose
such result is true for all j < k — 1. From (6.14) and (6.17) we get

k—1 .
lim. w(k Z <> (V*i)(k_” —0. (6.19)

Jj=

Thanks to the inductive step and (6.15), (6.19) implies

o0

(k—34)
k-1 V.m
I [ i

Jj=
e

So, we are left with proving that the function

3 1 (k—3) -
Gk<r>=—kzl(’”f)aj<r><v )1 v

j=0

complies with (6.18). From (6.15) and the inductive hypothesis this will follow provided there

holds .
-(5) R e - (05

an equality which is in fact true in view of the identity Z?;& (];f)(—l)j = (—1)*1, valid by

Newton’s binomial formula.

Remark 6.1. In order to obtain the bounds (1.14)-(1.15) of Theorem 1.4 (subcritical m),
notice the quantities ¢ (t, -), c2(¢, -) appearing in (1.13) can be taken to be continuous functions
of t € (0,7T), as a consequence of the method of proof of such inequality (see Sections 3 and 4).
This fact is sufficient to prove, as above, that there exists a constant M (now depending on 79
too) such that (6.7) holds true. This is enough in order to proceed along the previous lines and
get (1.14)-(1.15).
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