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Abstract

A potential theoretic comparison technique is developed, which yields the conjectured optimal rate of convergence as t — 0o
for solutions of the fast diffusion equation

ur =AW, m—-2y/n<m<n/n+2), u,t >0, xeR*, n>1,

to a spreading self-similar profile, starting from integrable initial data with sufficiently small tails. This 1/¢ rate is achieved
uniformly in relative error, and in weaker norms such as LY(R™). The range of permissible nonlinearities extends upwards towards
m = 1 if the initial data shares enough of its moments with a specific self-similar profile. For example, in one space dimension,
n =1, the 1/¢ rate extends to the full range m € ]0, 1[ of nonlinearities provided the data is correctly centered.

© 2006 Elsevier SAS. All rights reserved.

Résumé

Dans les milieux dissipatifs, les perturbations initiales disparaissent progressivement, et seuls sont preservés leurs traits les plus
grossiers, comme leur taille et leur position. Estimer précisément la vitesse de cette «disparition» est parfois une question d’un
interét primordial. Ici, nous donnons cette vitesse pour les diffusions non linéaires les plus rapides qui préservent la masse, pour
le modele qui gouverne la diffusion d’une densité initiale, intégrable et a support compact, vers un profil autosimilaire. Pour cela,
nous établissons une théorie de comparaison des potentiels, ce qui permet de montrer que la vitesse précise de décroissance est en
1/t pour la norme LY(R™), et en fait uniforme pour I’erreur relative.
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1. Introduction

In many diffusive settings, initial disturbances will gradually disappear and all but their crudest features—such as
size and location—will eventually be forgotten. Quantifying the rate at which this information is lost is often a question
of central interest. The present paper is devoted to resolving this issue for a range of nonlinearities in a model problem
known the fast-diffusion equation (1.1). For other choices of the parameter m, this equation has been used to represent
such diverse phenomena as heat transport, population spreading, fluid seepage, curvature flow, and avalanches in
sandpiles. Although most of these applications lie outside the range of nonlinearities considered below, the evolution
forms a paradigmatic example in nonlinear parabolic theory, and a complete understanding of its asymptotic behaviour
is therefore desired. After much recent attention, the 1/¢ rate derived below for m € | (”_nz)+ , n"ﬁ] finally establishes
the sharp, conjectured [11,24,25] power law rate of decay in this range, corresponding to the fastest conservative
nonlinearities.

Fix p > (2 — n)4 := max{2 — n, 0}. We consider the asymptotic behavior as t — oo of solutions u(x, ¢) to the
nonlinear diffusion equation

a—u_A( 1)
ar o) (1.1)

u(x,0) = uo(x),

on the whole space X = (x1, ..., x,) € R?, where m := 1 — 2/(n 4+ p). The initial value uo(x) > 0 is presumed non-
negative and integrable. Notice p > O corresponds to the conservative range of fast diffusion m € [(n — 2)/n, 1],
in which the total mass of u is preserved but the diffusivity mu™"1(x, ) diverges at low densities. Our assumption
p > 2 — n ensures m > 0, so the equation is forward- (not backward-) parabolic. It is well known that this problem
is well-posed [33] and the solution u(X, ) > 0 is smooth and strictly positive [2] for any ¢ > 0 and x € R". Such
regularity has been demonstrated by Aronson and Bénilan. Following Herrero and Pierre, we suppose the initial
condition ug € L' (R") is attained in the sense that u € C([0, oo[; LlloC (R™)). Data ugp > 0 which are Radon [16,52] or
merely Borel [12] measures have been discussed by Dahlberg & Kenig, Pierre, and Chasseigne & Vazquez.
We impose a stronger localization on the initial data, by assuming the limit

|x1|i~r>noo X" TP ug(x) =: Ly < 00 (1.2)

exists and is finite, which is almost enough to ensure p moments converge initially:

/|x|”u0(x)dx<oo. (1.3)
er

Both conditions are satisfied by compactly supported initial data. Furthermore, (1.2) is natural in the sense that Carrillo
& Vazquez and Lee & Vazquez have shown this tail condition to be propagated by the evolution: if Lg is positive
[11] or vanishes [44], the corresponding limit limjx|— oo |x|"TPu(x,t) of the solution at time ¢ > O takes the value

L, = (L(z)/(’H'P) + Bl)(n+p)/2 with B = %(1 + %)YH_[I’_Z.

Let p(x, t) be a canonical (Barenblatt) spreading solution [5,50] that solves

z—sz(pm), p(x,0)=68(x), xeR", t>0. (1.4)
Since the work of Friedman and Kamin [30], the L' (R") contractivity of the flow has been known to imply that the
orbit p(x,t) attracts all non-negative solutions that share its mass. From the explicit formula (3.1) we see that the
Barenblatt solution has tails p(x, 1) = O(1/|x|""7) as |x| — oo, precisely consistent with hypothesis (1.2); the fast
diffusion produces this exact algebraic rate of spatial decay. For initial data uo with tails thicker than O(1/|x|"*?)
however, the asymptotic rate of convergence to p(x, t) will reflect a competition between the initial structure and the
fast diffusion, which is not our present concern. In fact, Vazquez [58] has shown that no L!-contraction rate can hold
uniformly among all L!(R") initial data, building on work of Vizquez and Zuazua [59]. Extra restrictions such as
finiteness of moments, entropy, or relative entropy must be imposed, and are employed throughout the literature to
quantify decay.
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The sharp convergence rate |[u(t) — p(t) | .1 RY) = Ot ™) ofa= %(1 + %) for the large time limit was derived for
integrable initial data with finite second moments

/ |X|2uo(X) dx < o0
Rn

and nonlinearity p > n by Dolbeault and del Pino [26] and Otto [48]. For the faster range of diffusions,
p €12 —n)+,n), abound O(t~'/?) on the convergence order was found by Carrillo and Vazquez [11]. Note o = 1 in
the borderline case p = n, so these two bounds on the decay rate do not match. In the left end p € [(2 —n)4, 2] of this
range of nonlinearities, we establish below a rate of convergence O(z ~!) which is sharp in the sense that the exponent
cannot be improved. In the complementary range p > n, a companion paper by McCann and Slepcev establishes the
rate O(¢~ %) for any 8 > 0, assuming the center of mass (2.5) vanishes [46]. While the same O(¢~!) rate is expected,
also in the gap p € ]2, n[, this remains a conjecture.

The results with SlepCev rely crucially on the spectrum of the linearized evolution found by Denzler and McCann
[24,25]. However, the spectral calculation provides little information about the very fast diffusion regime p < 2. Thus
the present challenge requires that a quite different approach be developed below. It is based on comparison of the
Newtonian potential U (x,7) = A~!u of a solution with the Newtonian potential of the evolving Barenblatt profile
R(x,1) = A" !p; see (4.2) for a definition of A~!. Such potential comparisons were already used by Pierre [51]
to show well-posedness of the porous medium flow starting from measures as initial data, and in a series of works
by Dahlberg and Kenig [14—-19] and Daskalopoulos and del Pino [20,21] to explore (among other things) which
initial/boundary values yield bounded, non-vanishing solutions either globally or locally in time. Note the evolution

U
—=(AU)">0
ot

of the Newtonian potential is pointwise monotone and enjoys a maximum principle (Section 5, Proposition 13). The
strategy executed below is to use the convergence known by other methods [30,58] to deduce the existence of large
enough times S, T > 0 so that the growing potential becomes trapped

Rx,t—-T)<UXt) < RX,t+S) (1.5)

between the potentials of two Barenblatt profiles when ¢ = T (Section 8, Theorem 17), and hence for all subsequent
times ¢ > T. Once (1.5) is established, the smoothing properties [42] of the evolution imply convergence of the
original solution u(x, 1) — p(X,t) (and not merely its Newtonian potential, Section 6, Theorem 14) at the same rate
lo@—=T)—p+ SR = O(t~") as the two delayed Barenblatts. Paradoxically, the thick tails of the Barenblatt
profile which confound other analysis when p < 2 enable the present method, by providing a large enough gap
between the barriers R(x,0) and R(x, S + T) to squeeze the tails of U(x, T) in between them. When p > 2, this
cannot be achieved unless uo(x) shares higher moments (2.6) with a particular Barenblatt p(x, t), but for p <2 itis
enough that their total mass and centers of mass coincide.

Our approach is akin to the one-dimensional argument used by Carrillo and Vazquez to establish O(r ') conver-
gence for all p > 0 and radial initial data u(x) = uo(|x|). However, their technique does not adapt to non-radial data,
because it is based on comparing primitives u(r, t) := fl u(t, x) dx of the radial densities [55,56] instead of New-

tonian potentials. Like Carrillo and Vazquez [11], we establish O(r ') convergence not only in L' (R™), but uniformly
in relative error (2.7). Convergence in this weighted L norm

was recently established by Vazquez’ Theorem 21.1 [58] without any rate, and plays a key role in our reasoning.
Large time asymptotics for the porous medium regime p < —n have been discussed by a number of authors in one
[61,34,56,3,1,6] or several dimensions [2,30,4,17,35,36,60,41,10,7,23,48,26,44,58,9,47,49,54]. Some of these articles
address fast-diffusion p > 0 as well, and a more modest literature is devoted exclusively to that regime [28,43,8,11,24,
25]. The long-time behaviour of non-conservative diffusion p € ]—n, O[ and the borderline case p = 0 [32] have also
been examined [13,31,40,53,22]. Contributions by Alikakos, Angenent, Aronson, Bakry, Barenblatt, Bénilan, Bernoff,
Carrillo, Chayes, Dahlberg, Daskalopoulos, Denzler, DiFrancesco, Dolbeault, Emery, Esteban, Friedman, Galak-
tionov, Hamilton, Jiingel, Kamin, Kenig, King, Koch, Lederman, Lee, Markowich, Newman, Osher, Otto, Peletier,

X|<r

lim

t—0

=0 (1.6)
L (R")
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del Pino, Ralston, Rodriguez, Rostamanian, Saez, Toscani, Unterreiter, Vdzquez, Villani, Witelski, and Zel’dovich
among others are reviewed in Carrillo and Vazquez [11], Vazquez [58], and the references there. The results of the
current investigation were announced in [38].

The authors are grateful to José Antonio Carrillo, Dejan Slepcev, and Juan Luis Vazquez for fruitful discussions,
and to our University of Toronto colleagues for the stimulating milieu which they helped to create. We thank the Fields
Institute for Research in the Mathematical Sciences [YJK & RIM], and the Universities of California at Los Angeles
[RIM] and Riverside [YJK] for kind hospitality during various stages of this work. Critical comments on an early
draft of the manuscript were provided by Jochen Denzler, Xiaosong Kang, and Georgia Karali. We are also grateful
to Panagiota Daskalopoulos and an anonymous referee, who pointed out the earlier use of Newtonian potentials by
Pierre [51] and others in the study of nonlinear diffusion.

2. Statement of results

To permit Lo > 0 in hypothesis (1.2), we relax (1.3) by assuming there exists t € [0, oo[ such that
f|x|”|uo(x)—p(x, )| dx < o0. (2.1
R)l

In fact, T = LS/ (ntp) /B without loss of generality. The initial value problem for fast diffusion can be formulated as

EzA(u n+p ) Oguo(-)zliﬁ)lu(~,t) in LIIOC(R"), 2—n)y <p<oo, 2.2)
t
where the limit
lim [x|" Pug(x) =: Lo < 00 (2.3)
|x|—> 00

is assumed to converge. We may also assume both the initial value uo and the Barenblatt p have total mass 1 and
center of mass at the origin without losing generality, i.e.,

1 =/u0(x) dx when p >0, and 2.4)
Rn

0= /x,-uo(x) dx, i=1,...,n, assuming p > 1. 2.5)
Rﬂ

If T > 0in (2.1), the range of nonlinearities p can be expanded in the rare case that the initial data happens to share
further moments with the Barenblatt p(x, 7); that is, if for each multi-index 8 € N" of order || = Y_"_, B,

0 :/xfl o xPrug(x) — p(x, )] dx,  whenever |B] < p. (2.6)
R
The goal of this paper is to show that there exists C = C (i) such that
u-.1) —p(.1)
P 1)
as conjectured by Carrillo and Vazquez [11] and Denzler and McCann [25]. It was already known that the relative
uniform norm tends to zero (1.6) from the work of Vazquez. For radially symmetric solutions the convergence order

(2.7) was established by Carrillo and Vazquez, but was not known to be better than O(z ~!/?) in the nonradial case.
We immediately obtain an L! convergence rate from (2.7), namely

C
<— fort> 1, Q2.7
L®(RM) t

Hu('vt)_p('vt)”Ll(Rn)ZO(I_I) ast — oQ. (28)

Since this convergence order is attained by the two Barenblatt solutions p(X, ¢) and p(X, t 4 f9) in Lemma 3, these
rates are optimal. Because these two solutions are dilations of each other at each instant in time, Denzler and McCann
referred to (2.8) as the dilation-persistence conjecture.
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In this paper we develop a technique based on the Newtonian potential. We apply the technique to the fast diffusion
using simple comparison and obtain following results:

Theorem 1 (Relative L*>° convergence rate). Let u(x,t) solve (2.2)-(2.4) for x € R", t > 0, while p denotes the
Barenblatt solution (1.4).

(1) If0 < p <2< nand (2.1) holds then

u(-,1) —p(,1)
p(,1)

@{i) If p>2,n =2, and (2.1)—(2.6) hold, then again (2.9) is finite.

(i) If the initial value uo(X) = ug(|x|) is radially symmetric and n > 3, then (2.9) holds for all p > 0 (or equivalently
(n—2)/n<m<1).

@iv) If n =1 but (2.5) holds, then (2.9) is true for all p > 1 (or 0 <m < 1).

C(p,up) :=limsup?

t—00

< +00. (2.9)
L (R")

Here (iii) is primarily a new proof of Carrillo and Vazquez’ rate [11], whereas results (i), (ii) and (iv) were unknown.
The sharp rate of convergence in L' (R") norm is an immediate corollary:

Corollary 2 (L' convergence rate). With the hypotheses and notation of Theorem 1,
Ci(p,uo) :=limsupt [u-, 1) = o0 || 11 gy (2.10)
—00

satisfies C1(p, ug) < C(p, ug), hence is finite in cases (1)—(iv).

Proof. Given ¢ > 0, taking ¢ sufficiently large yields

from (2.9). Since the Barenblatt solution p(x, ¢) is normalized to have unit mass at each time, integrating this bound
over x € R" yields C(p, ug) < C(p, ug) + €. Arbitrariness of ¢ > 0 concludes the corollary. 0O

The proof of the main result (Theorem 1) consists of several steps. Section 6, Theorem 14 exploits the smoothing
properties of the equation to show the conjectured rate of convergence in relative error follows from the ordering (1.5).
Since the Newtonian potentials satisfy a comparison principle (Section 5, Proposition 13), it suffices to establish this
ordering at a single instant in time. This is accomplished in Section 8, Theorem 17, but requires a decay estimate
|U(x,0) — R(x, 7)| = O(1/|x|"tP~2) as |x| — oo relating the Newtonian potential of our solution to that of a Baren-
blatt profile. For each separate case (i)—(iv) of Theorem 1, the desired decay is established in Section 4, Theorem 6,
or Section 7, Propositions 15-16, using the appropriate moment conditions (2.4)—(2.6). The crucial ordering (1.5)
amounts to showing that the Newtonian potential of an evolving solution will eventually be sandwiched between the
Newtonian potentials of a concentrated and a diffuse Barenblatt. The rate of convergence of the evolving solution is
therefore the same as the rate of convergence of the two Barenblatts. It is here that the small values p < 2 difficult to
handle by other methods facilitate use of this comparison argument, because long tailed Barenblatts have sufficiently
separated Newtonian potentials to fit the tails of an evolving solution’s potential between them. In the porous medium
case p < —n such an approach would be doomed by Newton’s theorem, which allows no room between the potentials
of concentric equal mass Barenblatts outside of their compact support.

It is perhaps surprising that the optimal convergence order is independent of the nonlinearity p > 0. The same
convergence order is also optimal in several different problems such as the inviscid conservation laws studied by
Dolbeault and Escobedo [27] and Kim [37], and the Burgers equation studied by Kim and Ni [39]. It seems there may
be a common contraction and scaling structure at work which produces this convergence rate.

3. Translated versus delayed Barenblatt asymptotics

The Barenblatt solution p(X, ) is given explicitly by:
¢ )(IH-[?)/ 2

A% 1 BIx|? = (A7 + BIxr =), 3.1)

p(x,t)=<
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wherea =1/ (n(m—1)+2)=m+ p)/2p) >0and B = (1 —m)a/2m =a/(n+ p — 2). The other constant A > 0
is decided by the total mass of the Barenblatt solution and we normalize it so that f p(x,t)dx = 1. Forafixed t > 0
or x € R", we can easily check that

p(x, 1) ~ (BIxI>/1)""P2 = 0(1/|xI"*P) as |x] — oo, (3.2)

p(x, 1)~ (APt") ™" =0(t™) ast— oc. (3.3)
The pressure g (u) of a density u(x, t) is defined by g (u) = mu™=1/(m — 1), so
X 2

q(p)z—[(p+n— HAMP + <1+ ﬁ) L} (3.4)
p) 4t

The case A < 0 also leads to a family of infinite mass Barenblatt profiles o(x, #) which will eventually prove to be
convenient comparison solutions:

t
o(x,t) = <B|x|2 — |A|tB+p)/p

(n+p)/2
) if [x)? > t"+P)/P|A|/B,

(3.5)
400 otherwise.
Barenblatt versus Barenblatt:
It is sometimes useful to change to the so-called similarity variables,
M) =pW). Y=o (3.6)
where p is given by
A" =A+BlyP, /,a(y)dy: L. 3.7

Using these variables we may easily compare two Barenblatt solutions.

The next lemma shows the 1/7 convergence order of |lu(7) — p(#)| 1 (g asserted by Theorem 1 and its corollary
cannot be improved—neither in LY(R") nor uniformly in relative error—without restrictions beyond (2.1)—(2.5).
Indeed, (3.8) gives the precise coefficient of 1/t bounding the relative error between two time-delayed Barenblatts.
This bound is achieved in the near- or the far-field limit depending on the sign of n — p.

Lemma 3 (Ratio of delayed Barenblatts converges like 1/t). For ty > 0,

lim ¢ ‘M _ — (t0/2)(n + p) max{1, n/p} (3.8)
t—00 Io(x, [) L®(R?)
and
O<t1_i)1glot/|p(x,t)—p(x,t+t0)|dx<+oo. (3.9)

Proof. Treating 79 > 0 as fixed, the binomial expansion of

S+ 10\ 14+19/1)% —1\ 7
o(X, 1+ to) :<1+_0) <1+( + %/) ) (3.10)
p (X, 1) t 1+ Xlxt*‘)‘|2
from (3.1) in the small parameter 7o /¢ yields
o (X, t + o) pato < 20 ) )
=14 11— + O(tp/t 3.11
p(x’ t) t 1 + %|Xt_a|2 ( 0/ ) ( )

as t — 00. The error bound |O(#g /t)2| < [C(a, p)to/ 112 depends solely on n and p (by Taylor’s remainder theorem
or since the binomial series eventually alternates). Thus the limit (3.8) is attained for x =0if 20 — 1 =n/p > 1, and
for x/t* — oo otherwise.
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Having established (3.8), the upper bound (3.9) follows immediately. However, since lim;_, o, p (X, ) = 0 vanishes
pointwise but not in L'(R"), the lower bound is better obtained by Taylor expanding in similarity variables. There
E@)=p@)— p(t+ 1)l 1R can be reexpressed as

E(t)—/‘p(y) <tit ) ﬁ<y<ﬁ> )‘dy. (3.12)

Ay +10/0)7%) = p(y)a—jij (A +10/07% = 1)yi by, ),

i=1
withy = (1 —s)y +sy(l +#9/t)* for0 < s < 1, we find

From the Taylor expansion

. 1—(1+1/0)7 o
p(y) + l_(1+t0/t)_na)"vp()’)‘dy

EM)=(1-1+10/07")

o n n
=o(l/t)+70/|np+y-v,o(y)|dy ast — 0o.

The last identity follows from 0 < —y - V5(¥) < (n + p)p(y) by Lebesgue’s dominated convergence theorem. Thus
tE(t) > C €]0,00[ as desired. 0O

Lemma 4 (Convergence rate of displaced Barenblatts). For 0 #z € R",
0 < lim /‘,o(x, ) —px— z,t)‘ dx < +o00
—00

and

Pzl _ = lzl\/B/A. (3.13)

p(X, t) L®(R")
where o = (1 + p_ln)/Z, B=o/(n+ p—2),and A is selected by (3.7).

lim 2¢%

t—0o0

Proof. Similarly, E(7) := [[p(x,7) — p(X — 2, 1) .1 gey can be rewritten as

ﬂﬂ=/M@rﬁ@—u”ﬂ®.

Consider the Taylor expansion:
ply —zt™) p(y)+ZZ, * by (¥),

where |y — y| < t~%|z|. By the dominated convergence theorem again,

t“E(t):/‘LV,@(y)]dy—) /‘Z~V,5(y)]dy as f — 00.
Turning to (3.13), observe from (3.7) that

px—21) ply—z/1%)
p(X, 1) o(y)

=(1-2¢)" P2 =1 + (n+ p)e +0(e?) (3.14)
as
yen Y —|u )2
a lyl*>+A/B
For fixed (z,t), the extreme values of & are attained when y = Azt~%/2, where A = 1 & +~/t2+1 and
7:=2(A/B)"/?/|zt=%|. Thus the range [¢_, £ ] of ¢ is given by
_ 1
eri=(1+vV2+1)" =+=+0(1/7?) (3.15)
T

as T ~ 1% — oo. Combining (3.14) with (3.15) yields (3.13) as desired. O

— 0.
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Remark 5 (Slow modes). Note that « = 1 for p =n (or m = ”n;]). Roughly speaking, the preceding lemmas show
both the L! and relative L (R") differences between two Barenblatt solutions dwindle faster after a time translation
than after a spatial translation if p > n, while the reverse is true if p < n [11,24]. Thus, for p > n, McCann and
Slepcev [46] could improve on the rates found by Dolbeault, del Pino [26] and Otto [48] by centering the mass using
condition (2.5), as Carrillo and Vazquez [11] had done in the radial case. For p < n, we may expect the convergence
order O(1/¢) without centering the mass. This explains why we are able to obtain convergence order O(1/¢) for
p <2< ninTheorem 1(i) and its corollary without assuming (2.5).

4. Newtonian potential and moments

The fundamental solution for the Laplace operator is given by

—|X|2_"/Cn forn > 3,
¢x):=1 2n) 'In|x| forn=2, 4.1)
[x|/2 forn=1,

where ¢, := (n — 2)w, and w, :=27"/?/T'(n/2) is the surface area of the unit sphere in R”. For any fixed y € R”,
this means the equation

Axp(x—y)=8x—Yy)

is satisfied in the distributional sense.
The Newtonian potential V (x) of a charge distribution v(x) (i.e., of a signed Radon measure) is defined as a
convolution with the fundamental solution:

V() =/</>(X —y)v(y)dy. 4.2)
RH

Since the fundamental solution ¢ (x) is locally integrable, the integration is well-defined as long as the density v(x) of
the Radon measure decays fast enough at infinity; for example,

v(x) =O(Ix|7*)) as|x| — oo 4.3)

for any ¢ > 0 will suffice, as in §9.7 of Lieb and Loss [45]. A priori, this decay rate (4.3) has nothing to do with fast
diffusion. However, comparing this spatial decay to Corollary 9, we see a Newtonian potential can in fact be defined
at each instant in time for any finite mass solution u(x, r) = O(|x|~"*~?) to the fast diffusion equation in the full range
of nonlinearities p > (2 — n)4.

As was mentioned above, L! (R") convergence rates can only be obtained by imposing additional restrictions on the
initial data 0 < ug € L'(R"). Therefore, compact support or finiteness of certain moments have often been assumed in
the literature. In this section we observe how the asymptotic behaviour of the potential V (x) for large |x| is determined
by the asymptotic structure plus certain moments of its density v = AV. While this result is classical in flavor, and
closely related to Hardy space theory, we were not successful at locating the precise statement we wanted elsewhere
in the literature.

Theorem 6 (Spatial decay of Newtonian potential). Fix A, L, p > 0 positive. Let V (X) denote the Newtonian potential
of a signed Radon measure v(y) on R", whose density satisfies

Ix|""Plvx)| <L ifIx| > A, and (4.4)
/ x|”|v(x)| dx =: M < oco. 4.5)
Rn

Suppose

/ xﬁv(x) dx=0 (4.6)
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for each multi-index B € N" of degree O < |B|:= 81+ -+ By < p. If p > (2 — n)4, there exists a constant
Cp=C(n, p) < o0 such that

X" 72|V (0| < (M + (n = DL)C,  when [x| > 35 @D

Proof. To prove (4.7) for n # 2, decompose

X2V ) =[x 2*!’/| |n _dy= X" 2*P(f / /)M—Mmh,

Dy D, Ds3

into a sum of three integrals over disjoint regions D; = B,(0), D> = B,(x) :={y € R": |y — x| < r} and
D3 =R" — (B, (0) U B, (x)), where r := |x|/3. We estimate them separately.
On the main region D1, we use Taylor’s expansion for

_Ja—e'=2 ifn#2,
f(g)'_{lln(l—e) ifn=2,

@ !
f (5*) Z Sk ek, 4.8)
=0
where f; := f®(0) and ¢, /¢ € 10, 1[. Let ¢ be the smallest integer greater than or equal to p. Since

v 2
1i=|x|"/f<%>v(y)dy, iefl,2,3), (4.9

i

the contribution from the first region is

TAAGD) felx |P * k=i (e

_ peqd 18+ j

n= [ (|x| ol ZZ D x0T (P v ay. 4.10)
Iyl<r k=0j=07

with e = (2x -y — |y|?)/|x|?. In region D, we may easily check that & = <2x|;|§’y> € [—=7/9,2/9], where the maximum

and minimum occur when y = £x/3. Monotonicity of f@D@E)one <1 implies | fD(e,)| < |fD(2/9)|. Thus

/ X767 £ (8,0 (y) dy| < 37~ ‘f( ) ’f“”( )’ / 17| dy. @.11)

lyl<r lyl<r

where we have used p < ¢ to estimate |[x|”~7 < |3y|”~7 and the triangle inequality to get |ex| < |7y/3| on D;j. This
controls the first summand in (4.10). The remaining summands are estimated differently, depending on whether the
degree k + j in y exceeds p or not.

Ifk+ j > p, weuse |x|P~K=7 < |3y|?~%=J on D to deduce

2k=i
<3 / 17 [v@y)|dy. (4.12)

lyl<r

/ x|P=2k2x - y) Iy 2 u(y) dy

lyl<r

On the other hand, if kK + j < p we observe that the vanishing moment condition (4.6) implies

k—j 2k—
i / lyl”|v(y)|dy. (4.13)

lyl>r

[ ex-nt TP ay| -
lyl<r
Combining (4.10)-(4.13) yields | 11| < Cp M for C), large enough.

The remaining two integrals /> and I3 take place on regions whose pth moment dwindles as |x| = 3r — co. We
estimate them first in dimension n > 3. Since |x — y|"‘2 > "2 and ly| = r in region D3,

/ Cx- Y yPu(y) dy| <
lyl>r

3k+j—p
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x|~ 24p )
— / lu(y)|dy <3"7FP / IyI” [v(y)| dy.
lyl=r lyl=r

|I3] <

In the region D3, changing variables from y to z = x —y we find 2r < |x — z|, so if 2r > A the decay rate (4.4) yields

= U|(X|n__f) dl‘<(3r>"+”_2 dz = (3/2/"* 72w, L /3.
z

L
/ Q2r)ntp|z|n—2
|z|<r |z|<r
Together, the estimates of 11 + I + I3 yield (4.7) forn > 3.
Now consider one space dimension n = 1 but assume p > 1. The estimate for /; was carried out above, but we
need to reconsider the estimates for I, and I3 since n — 2 has changed signs. In the domains D, and D3 we have
Ix|P~1 < |3y|P~! and |x — y| < 4|y|, with equality at the y = —x /3 boundary of D;. Therefore,

|+ I3] = |x|P~!

/ v(y)|x — yldy

lyl>r

<3P—‘4/ 917 [v(y)|dy <377 '4M.
lyl>r

Therefore, (4.7) is also valid forn = 1 with p > 1.
Finally, consider two space dimensions n = 2. Since [ v(y) dy = 0, we may write,

27 |x|PV (x) = |2| /v(y)(ln(|x—y|2)—1n(|x|2))dy=11+12+I3
R2

with [; as in (4.8)—(4.9). Again I; was estimated above, but we need to examine /; and /3. Changing the variable of
integration from y to z = x —y yields
I =|x|? / v(x—1z)In H dz.

|z|<r

Since |x — z| > |X| — |z| = 2r in D, we may use (4.4) to obtain

. 1/3
|1|<||P/ L Mg sz = (32 L/tlldt (4.14)
< x —————In—dz< —— n—ds=|(= n— :
2 x—z2r g CS 2 | TN T EE3 d :

|z|<r 0 0
provided 2|x|/3 = 2r > X. Turning now to /3, changing variables from z =x —y to w =z/(3r) yields

I; = |x|P / v(x—z)lnﬁdz

|z|>r, |X—2|>r

hence

|I3] < (B3r)PL / w(%)z dw, (4.15)
[3r (X — w)|2tP
13w|>1, |k&—w|>1/3
where X := x/(3r), and r > A was used to invoke (4.4). Since both integrals (4.14) and (4.15) converge,
|I + I3] < Cp L provided |x| > 3A, establishing (4.7) for n = 2 and completing the proof of the theorem. O

For comparison, we exhibit the tail behaviour of the Newtonian potential for the Barenblatt profile 5(x), which
agrees with the Green’s function ¢ (x) to leading order since its zeroth moment is normalized (2.4). Nevertheless, as
in the theorem, the next asymptotic correction is a positive term of order O(1/|x|"tP=2).

Example 7 (Barenblatt Newtonian potential). The Newtonian potential R= ¢ * p of the normalized Barenblatt
profile (3.7) takes the form
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e @]

o< i o [ LA —Ep2 gy 116
S (X) - ¢(X) - \/W rln—l + W rP"rl ( ’ )
x| r

1
B—+p)/2

< )
p(n+p—2)x|"tr=2

4.17)

Proof. Since the potential R shares the spherical symmetry of the Barenblatt profile o, we abuse notation by
expressing both as functions of r = |x| rather than x. The result (4.16) is obtained by integrating AR = p directly
in spherical coordinates

1 d n—ldﬁ 2 —(n+p)/2
— —)=(Brr+4
rr=1dr (r dr) ( e )

to get
r 00

N 1 A 1 1 1A
R(r) = — fr" Yo(rydr = — /r" Yo@r)dr,
oy nl] I

and then integrating again using the boundary condition

0= lim R(x)—¢(x).

|x|— 00

The inequalities (4.16), (4.17) are obvious since the integrand varies inversely with A > 0. O
5. Newtonian potentials evolving under fast diffusion

A priori, potential theory has no relation to diffusion equations. In the preceding section we have merely observed
that the structure of the potential for |x| large is controlled by moments of the density function. Now we consider the
evolution of the Newtonian potential,

U(x,t)=/¢(x—y)u(y, 1) dy, (6.1

when the density function u is a solution of the fast diffusion equation (1.1). The monotonicity in time for any fixed
x € R” is obtained formally as follows:

3U m m
E=f¢(x—y)uz(y,t)dy=/¢(X—y)A(u (y.0))dy=u" > 0. (5.2)

Our main goals for this section are to justify the preceding formula rigorously in Proposition 10, and establish a
comparison property for such potentials in Proposition 13. As mentioned already, the corresponding results were
discovered earlier and independently in the porous medium setting p < —n by Pierre [51], and subsequently extended
to more general contexts (not quite encompassing the present one) by Dahlberg and Kenig [14—19]. We shall need a
technical lemma, proved by Lee and Vazquez [44, Lemma 6.2] when Lo = 0 in the tail hypothesis (2.3), and extended
to the case Lo > 0 by Carrillo and Vazquez [11, Lemma 5.1].

Lemma 8 (Infinite mass scaling limit). Suppose u(x,t) satisfies (2.2), (2.3), with T = BLS/(nJrP) and
@pB)~'=1—-2/(n+ p). Then u;(x,t) := A" Pu(rx, t) converges in C%é(Q/) as A — oo to v(x, T +t), where
v(X, 1) := (B[x|?/1)~"*P)/2 is the infinite mass Barenblatt, and Q' = {(x,1) e R*1 [x#£0, 1 > 0}.

Its proof was based on the observation that u, (X, ¢) satisfies the same fast-diffusion equation as u(x, t), with initial
condition tending to v(x, T) = limy_ o % (X, 0). Although Carrillo and Vazquez went on to derive fine asymptotics
for the derivatives of u (e.g., (5.6) but with ¢ = C/|x|) we shall here be content with a simpler corollary, which asserts
spatial decay of all derivatives of u(X, 7) at the same rate as the Barenblatt.
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Corollary 9 (Spatial decay of derivatives). Let u(x,t) satisfy (2.2)—(2.3). To each integer iy and time interval
[t1, 2] C 10, oo[ corresponds a constant K < oo (depending only on i,, t1, t» and on u) such that

K
1+ |x|"tPHIAl
for all (x,t) € R* x [t1, 2] and multi-indices 8 = (B1,...,Bn) € N* of order |B| := 2?21:31' < ig. As usual,
DPu = 3¥lujaxl . oxfr.

|DPux, )] < (5.3)

Proof. Fix ¢ > 0, an integer i > 0, and time interval [t{, t2] C ]0, oo[. Setting uy (X, t) := A" TPu(Ax, t) and v(x, t) :=
(B|x|2/1)~"+P)/2 the preceding lemma yields Lo = Ag(io, t1, t2, ) such that A > X implies

|DPus k1) — DPvX, T +1)| <e (5.4)

for all ¢ € [t1, £2], unit vectors X € R”, and multi-indices 8 of order |8| < ig. Direct computation shows

1 X
B — B
DFv(x,1) = MIEEr] D U<|x| , t). 5.5)

On the other hand, choosing |x| > Ao and A := |x| yields

Dﬁux(%’ ’) = |x|""PHPIDPu(x, 1).
X
Thus (5.4) becomes

|DPu(x,t) — DPu(x, T +1)| < e/|x|"TPHIPL (5.6)
|

A\VARV/AN

which holds for all |x| > Ag with 7 € [t1, 2] and |8] < ip. For |x
bound (5.3) from (5.5)—(5.6), with

K =¢+ (T +1)"*tP/2 max sup |Dﬂv(§(, D).
1BI<io %=1

Ao, the triangle inequality now yields the desired

Since u € C*°(R" x ]0, oo[) as in [2], taking K larger if necessary extends (5.3) toallx e R*. O

Proposition 10 (Monotone growth of Newtonian potential). Let U = ¢ * u be the Newtonian potential of a solution
u(x,1) 20to (2.2)—(2.3). Then

aU
E(X’ Hy=u"(x,t) >0 foreachxeR", t >0, 5.7
wherem =1—2/(n+ p), and
. _Jo ifn>3,
zlino‘oxg}fn U, 1)= { 400 ifn<2. 5-8)

Proof. Notice (2.2)—(2.3) imply uo € L'(R"); we normalize its mass (2.4) without loss of generality. Recall
u € C®(R" x ]0, 00[) is strictly positive [2]. At each instant t > 0 in time, the Newtonian potential is defined by
U = ¢ *xu. Thus

u(Ya t+ h) - M(Ys t)
h 9

Ui (x, 1) :=}y§5f¢(x—y>

R”

= }}i%/mx—y)uz(y,r(y,h))dy,
Rn

where |7 (y, h) — t| < |h| is provided by the mean value theorem. From Corollary 9 we discover

n+ﬁ—2 K2
el ey = (A0 7 )| gy < T+ [y[+r’
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for all |h| < t/2, where K> depends only on ¢ and u. Recalling definition (4.1) of ¢ (x) ~ 1/|x|" 2 or In |x|, Lebesgue’s
dominated convergence theorem yields U; = ¢ *xu, in the full range p > (2 —n)4 of nonlinearities. Since u; = A(u™),
it remains only to show the spatial derivatives of u” decay quickly enough to justify the standard argument that
¢ * Aw™) = u™. Integrating twice by parts, A¢(y) =0 for y # 0 and the explicit form (4.1) of the Green’s function

d(y) give:

¢* A(u")|xn=lim / d(yY)Au" (x—y, 1)dy

r—0,R—o0

r<ly|<R
=u™(x,t) + Rlim / [pVu" —u"Vg]- |y—| dH" " N(y) = u™(x, 1).
— 00 y
BB;(O)

Since p > 2 — n, the last limit vanishes by Corollary 9, which asserts
Ko
1+ |x— y|n+p—2

Thus Uy = ¢ xu; = ¢ x A@w™) =u™ > 0 and (5.7) is established.
To address the value of the long time limit, abuse notation by setting ¢ (|X|) := ¢ (x), and @ (r) := f B1(0) lp(y)|dy =

Ky

m
and |Vu ‘(xfy,t) < Tyt

u™ lx—y.0) <

r2 /12(n — 2)| (unless n = 2). First consider the case with n > 3. Since u(x, t) — 0 uniformly as t — oo, given r > 0
1

there exists 7'(r) > 0 such that ||u(-, )| Lo rr) < 0] forall t > T (r). Then,
1
vl = [lex-yluwnay< oo [ lex-play+loe) [ uwnay
BJ'(x) R"—BJ! (x)
1 1
<-+

r cnrr‘*z'
Thus for each r > 0
1
lim |U(x, )| < -+
1—00 r

cpr—2

uniformly in x, hence the first part of (5.8) is obtained.
Turning to n < 2, again u(x, t) — 0 uniformly as t — co. Given r > 0 we may therefore find 7 (r) > O so that
fB,(x) u(y,t)dy <1/2forallt > T(r) and x € R". If n = 1, then ¢p(y) = |y|/2, and

1 r r
ez 5 / o= vty ndy > / w0y ="
R—B"(x) R—B" (x)

On the other hand ¢ (y) = (277) ! In|y| changes its sign at |[y| = 1 when n =2. Let 0 < & < | < r be given constants.
Then there exists 7' (r, &) > 0 such that [[u(-, 1) po®r) < € and fB,‘(x) u(y,t)dy < 1/2 forall t > T (r, &) and x € R%.

Thus,
2nU (X, 1) = ( / + f + / )u(y, f)In|x —y|dy
ly—xl>r l<ly—x|<r |y—x|<I
> %lnr—i—O—i—e / In|x — y| dy.
B (x)
Since || B (x) In|x — y|dy is finite and independent of x, by choosing r large and ¢ small, we see (5.8) holds for
n=1,2. O

Since f u(x,tr)dx =1, we may view U (X, r) as a weighted average of ¢ (x —y). We can easily see that this average
is dominated by the value of ¢(x) for large |x| since the solution is diffusive. In this sense the limits (5.8) were
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expected. We will also require the limiting behaviour of the Newtonian potential as ¢+ — 0, to understand in what
sense the Newtonian evolution achieves its initial condition.

Lemma 11 (Initial Newtonian potential). Let U = ¢ * u denote the Newtonian potential at each instant in time
of a solution u(x,t) to (2.2)-(2.4). Then T > 0 large enough yields a uniform tail control u(x,t) < o(x,2T) for
(x,t) € R" x [0, T'] given by the modified Barenblatt (3.5). Furthermore

Up(X) := (¢ * ugp)(x) = liﬁ)l Ux,t) aexeR", (5.9)
t

and the limit converges both pointwise and in Llloc R").

Proof. The preceding proposition shows U (x, ?) increases with ¢ > O for fixed x, so the limit (5.9) converges
pointwise; the only question is whether or not it converges to Up(X).
Introduce the weight function

2—n
weo i [ AF D> ifn 2,
In(2 + |x|) ifn=2.
A classical estimate based on Fubini’s theorem shows continuity of the operation A~!: LI (R", w(x) dx) — Lll0 SR

defined by A~'u := ¢ * u; see the proof of Theorem 9.7 in Lieb and Loss [45]. Using the tail condition (2.3) we shall

convert the LIIOC(R”) convergence in (2.2) of

limu(-,t) =ug(-) (5.10)
t10

to convergence in the weighted space L'(R", w(x) dx); it will then follow that (5.9) holds in LlloC (R™). To do this,
define the infinite mass modification

t
ox,1) = <B|x|2 — At(n+p)/p

(n+p)/2
) if |x|? > r"+P/PA/B,

+00 otherwise,
of the Barenblatt solution as a comparison function. For T > BLg/ P and |x| large enough, (2.3) implies

o(X, T) = up(x). Since lim;_, » 0(X, t) = 400 monotonically, and reaches its limit in finite time on compact sets,
taking T larger still ensures o(x, T') > uop(x) globally. The maximum principle then implies o(x, T + t) > u(x, )
on R”, and o(x,2T) > u(x, 1) for all r < T. Choose r > 0 so r2 = 3T)**tP/PA/B. Now u(-,t) — uo(-) in
L (B]'(0), dx) according to (2.2), with or without the weight w(x). Outside the ball B’ (0), every subsequence admits
a sub-subsequence u(-, ;) — uo(-) which converges pointwise almost everywhere as #; |, 0. Since this subsequence
is dominated by o(-, 2T) € L'(R" — B'(0), w(x) dx) we conclude the full sequence (5.10) converges in the weighted
space L'(R", w(x)dx) by the dominated convergence theorem. This implies U(-,) — Uy in LI]OC R*) ast | 0.
Again, a subsequence converges pointwise almost everywhere to Uy(-). A priori, the full limit (5.9) converged point-
wise, so its value has been identified, and the proof of the lemma concluded. In dimension n # 2, both the limit and the
convolution Uy(x) are upper semicontinuous, so (5.9) holds at every point x € R"—not just almost everywhere. O

Lemma 12 (Diffusion coefficient for potential difference). For m € R, the function f,, :10, oo[ — R defined by
_m ifs=1,
() = { ™ —=1)/(s —1) otherwise,

is C*°-smooth and non-vanishing unless m = 0. Thus when 0 <m < 1, if u(x, t) and p(X, t) are positive continuous
functions, so is

5.11)

m—1
_ om—1 ) mp (x,1) where u(x,t) = p(x, t),
aX, 1) =p7 " fmu/p) = { @™ — p™)/(u— p) elsewhere. (5-12)

If (1 —e)p <u < (14 ¢e)p holds for some constant ¢ > 0 sufficiently small then 0 < m,om_l(x, /2 <ax) <
2mp"~1(x, t). Moreover,

P> Va(x,t) = fr,(u/p)V (W — p) +mfu_1(u/p)Vp. (5.13)
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Proof. The function f;,(s) defined by (5.11) is smooth for all s > 0, except possibly at s = 1. L’Hopital’s rule shows
continuity of f,,(s) at s = 1. Since f,(s) is a ratio of two holomorphic functions, the singularity is removable and
fm(s) is holomorphic in a neighbourhood of s = 1. For s > 0, f,,(s) takes the same sign as m, since the sign of the
denominator determines the sign of the numerator. Continuity at s = 1 gives an ¢ > 0 for which |s — 1| < ¢ forces
fu(s) €1m/2,2m[. Since a = p" ! f,,(u/p) with u(x, t) and p(x, ) positive and continuous functions, the first four
claims of the lemma have been proved. The remaining formula (5.13) follows by straightforward differentiation of
a= ,om_lfm (u/p) using the identity (m — 1) fi, (s) — (s — 1) f,,,(s) = mfiu—_1(s). O

The main advantage of employing the Newtonian potential results from its monotonicity in time (5.2). Since U (x, t)
is increasing in time for any fixed x € R", U (x, t) and U (x, ') form disjoint layers when 7 # ¢'. The following lemma
implies that if the Newtonian potential of a solution lies between two such layers, it stays trapped between them
forever.

Proposition 13 (Potential comparison). Let U (X, t) and U (x, t) be the Newtonian potentials of two bounded solutions
u,u € L°°(Ri+1) to (2.2)—-(2.4) (plus (2.5) if n = 1). Then U(X,t) is continuous on the closure of the halfspace
R :=R" x 10, ool, and U(x,0) < U (x, 0) for all x € R" implies U(x,1) < U (x,1) forall t > 0.

Proof. Let V(x,1) =U(x,t) — U (x,t). Then V is the potential function of the difference v = u — & at each instant
in time. Proposition 10 shows it satisfies

v
S = =@ ) =aAV, (5.14)

where a(x,1) = (™ (x,t) — u™(x,1))/(u(x,t) — u(x,t)) is positive and continuous according to Lemma 12. View-
ing a(x, 1) as frozen (independent of V), we may apply the maximum principle for linear parabolic equations,
e.g., Friedman’s Lemma 2.5 [29], to conclude that U(x,t) < U(x,t) for all x € R” and ¢ > 0 since V(x,0) =
U(x,0) — U(x,0) > 0. The hypotheses which remain to be verified for the maximum principle to apply are: con-
tinuity of V (x, t) for r > 0, and the existence of T > 0 for which the limit
liminf min V(x,1) =0 (5.15)
|x|]—>o00 r€[0,7]
vanishes.

Recall from Lemma 11 that taking 7 > 0 large enough implies u(x, ) < o(x,27T) for all x e R” and t < T, where
o(x, t) is the modified Barenblatt (3.5). Since T can be arbitrarily large, it suffices to establish continuity of U (x, ¢) on
R” x [0, T[. In fact, continuous and monotone dependence on ¢ > 0 is implied by Proposition 10 and Lemma 11; we
need only show U (x, t) is a continuous function of x € R” for each fixed ¢ € [0, T'[, and then invoke semicontinuity
to conclude the monotone limit (5.9) agrees with Uy(x) everywhere. Notice that o(x + z,27T) < o(x, 37T) as long as
the translations |z|> < 4AT"/P(3"/P —2"/P)/B are sufficiently small. Thus

liII(l) Ux+zt)= lin%)/ ux+z—y,H)p(y)dy=U(,1t)
7z— z—
RV!
by Lebesgue’s dominated convergence theorem: p > (2 — n); implies integrability of the dominating function

|¢ ()| minfo(x — -, 3T), luo|lLoo®rm)}-
Turning now to the uniform limit (5.15), fix ¢ > O such that 2 —n)y < p —&e <1+ (2 — n)4. Taking T larger if
necessary, the modified Barenblatt bound on « and i (-, t) < o(-,2T) for ¢ € [0, T] implies

lim [x|"*77°|v(x, )| < lim |x|"*77*20(x,2T)=0 and (5.16)
|x|—>00 |x|—o00
M:/|x|p—8|v(x,t)|dx</|x|P_5min{2Q(x,2T),||v||Loo(R1+1)}dx<+oo. 5.17)
R" R"

Now the zeroth moment (2.4) of v = u — u vanishes, and if n = 1 the first moment (or center of mass) vanishes
also (2.5). Since the bounds (5.16) and (5.17) depend on 7' but not 7, Theorem 6 yields sup, ;o 7|V (X, )| < (1 +
M)Cp_g/lx|"“‘f”_8_2 for large x € R”; (5.15) follows, concluding the proof of the lemma. O
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6. Relative uniform rate from potential convergence

Building on results of the preceding sections, we shall eventually prove there exist constants S, 7 > 0 such that
R(x,t —T)<U(x,t) < R(x,t+ S) attime r = T, and hence at all subsequent times. It then follows that

U, 1) — R(x,1)| <|R(x, 1+ S) — R(x,t = T)|, forallt>T.

In this case the potential difference |U — R| is bounded by the difference of a single potential R with two different
starting times. Since p(X, t) is known to converge to a Barenblatt profile, it is natural to expect u (X, #) to be contracted
towards the same profile at the rate which two Barenblatts attract each other. This section is devoted to proving the
following theorem:

Theorem 14 (Relative uniform rate from potential convergence). Let U, R be the Newtonian potentials of a solution
u to (2.2)—(2.4), and of the Barenblatt solution p, respectively. If there exist T, S > 0 such that

Rx,t—T)<UX, 1)< Rx,t+S8) ifxeR", t>T, 6.1)
then
: u(x,r)
limsupt — < 00. (6.2)
t— 00 )O(Xy t) Lo (RM)

Proof. The proof is subdivided into eight steps. That 1/¢ convergence of the densities corresponds to )

convergence of the Newtonian potentials can be expected from the spatiotemporal scaling (6.3) of the evolution.

Claim 1 (Potentials converge like ¢~ (1+P2) ). Taking A = A(n, p) from (3.7), hypothesis (6.1) implies

S+T
t — T)M/pA)n+p=2)/2

U,t) — R(x,1)| < ifxeR", t>T.
(«

Proof of Claim 1. From hypothesis (6.1), the monotonicity d R/dt = p" > 0 of Proposition 10 yields
R
|Ux, 1) — R(x,1)| < |R(x,t+8) — R(x,t — T)| = (S + T)E(x, (1, X))

n+p—2
= ($+ D)™ (%, T(0,0) < (S+T)p 7 (0,6 —T)

for all x e R”, t > T and some 7(X,t) € ]t — T,t + S[. The explicit form (3.1) of p completes the claim. Here
A = A(n, p) normalizes the mass of p. O

To derive a convergence rate for the density u — p = A(U — R) from the rate just established for its Newtonian
potential, we need a result which allows us to take spatial derivatives. The parabolic regularity theory laid out in
LadyZenskaja, Solonnikov and Ural’ceva [42] provides a key ingredient. Following the argument of Carrillo and
Viazquez from the radially symmetric setting [11], we exploit the invariances of the equation by working with the
family of rescaled solutions

uy(x,t) = A”“u(k‘)‘x, M), (X, 1) = A”“,o(k“x, At). (6.3)

Note that u, solves the same equation (1.1) as u does, while the Barenblatt solution p, (X, f) = p (X, ) is unchanged
by the scaling. In fact, p(x, ) = lim)_ o u) (X, ), as can be guessed from the result at + = 0; see Vazquez [58]
and Claim 3. This rescaling will allow us to derive asymptotic results while working on a compact subset of space-
time, thereby avoiding the degeneracies at infinity which hinder the regularity theory. Ultimately, a separate argument
will be supplied by Claim 7 to control the tail evolution of the solutions by comparison with retarded and advanced
Barenblatts. The same tactics were implemented by Carrillo and Vazquez to separate bulk from tail behaviour in their
radial argument [11].
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Claim 2 (Rescaled potentials converge like 1/A). Denote by U, = ¢ * u) and R) = R the Newtonian potentials of u;
and p), from (6.3). For all (X, t) in the open halfspace R’f‘l, Claim 1 implies
T+S

)‘|U)L(X’ = Ri.(x, t)i S ((t — T/A)n/P A)(n+p=2)/2

if A>T/t (6.4)

Proof of Claim 2. For n # 2, the fundamental solution ¢ of (4.1) yields
Us(x,1) = —2(172% / IA%X — A%y P u(A%y, A1) d(A%y) /cn

=207y (09X, Ab).

For two space dimensions, (2.4) implies the corresponding identity

U (x,1) = wi /[ln |A%x — A%y| — In A% Ju(A%y, At) d(Ay)
= Ui)»“x, At) — (InX)a/wo,
with wy = 2. Since the same expressions apply to R) (X, t), the scaling relation
|Us.(x, 1) — Ru(x, )| = A2 |U (A%, Ar) — R(X, AD)|
holds for all n > 1. Recalling « = (n + p)/(2p), Claim 1 yields (6.4). O

We shall also need local gradient bounds which are uniform as A — o00; these follow from the gradient limits given,
for example, by the next claim (without a rate).

Claim 3 (Uniform scaling limit). For a solution u(x,t) to (2.2)—(2.4), the limit lim,_, 5 u, (x,t) = p(x,1) of (6.3)
converges in Clloc (RT‘I), and uniformly in relative error

w(x, 1)
p(x, 1)

=0. (6.5)

A—00 L (R

Proof of Claim 3. From Lee and Vazquez [44], one expects lim,_, » u, to converge in C{‘OC(RTI) for all kK > 0.
When k = 0, this follows from Vazquez’ Theorem 21.1 [58], or Friedman and Kamin [30]. Indeed, for each ¢ > 0
there exists 79 = to(e, up) such that At > ¢ yields

|u(x, At) — p(x, At)| < ep(x, At)
for all x € R". Replacing x by A*x and recalling p; = p gives
lur(x,1) — p(x,1)| < ep(x,1),
which is bounded uniformly by g0 (0, #;) on R" x ]¢t1, o[ for all A > fo/¢;. In particular, (6.5) is established.

Since p is bounded away from zero and infinity on the cylinder Q = B{'f 41 X 1t1, ] of radius 7" + 1, the same
will hold for u; when A is large. Thus the pressure gy (X, t) := mu; (X, 1) ' /(m — 1) converges uniformly on Q to
the smooth function g (X, t) = —ﬁ (At + B|x|%) /t. Also, for A sufficiently large (depending on ug and #1), Lee
and Vazquez’ Theorem 6.1 [44] assert concavity of g, (X, 1) = Al_z"‘q 1(A*x, At) on the ball Bg'f e R”; in fact, they
show
82
— (g5 — go0)

i

=0, i=1,...,n. (6.6)
(x,1)
Uniform convergence of a sequence of concave functions to a smooth limit implies convergence of their gradients
lim; oo Vg = Vp. This convergence is uniform on the slightly smaller ball BY., and with a rate independent of ¢

lim sup sup
A—>00xeR" 121

on the interval ]t, t2[. Although it is not needed subsequently, mug”_zau,\/at =0dq, /0t = (m — D)q) Agy + |qu|2
converges uniformly on B} x ]t1, 2] by (6.6), hence the same is true of du; /dt. O
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From (5.7), the Newtonian potential U, (X, t) satisfies an equation

aU}» m—1
— = AU,
ar (un) o
which is uniformly parabolic on compact subdomains of the open halfspace R’jfl. Thus, on the ball BY. :={x e R" |
|x| < 7'} cross the interval [¢1, 2] C ]0, oo[, both u; and U, satisfy uniformly parabolic equations and AU, = u;. We
employ the following a priori estimate from the classical regularity theory for uniformly parabolic systems:

Claim 4. (LadyZenskaja, Solonnikov and Ural’ceva [42].) Let Q = 2 x ]t1, ta[ with 2 C R" a bounded domain,
0<t <ty<oo,and Q' C Q an open subset with d = dist(Q’,9Q) > 0. Let u(x, 1) = (u1 (X, t),...,un(x,1)) be a
smooth solution of a system of the form

n
2—‘; =a(x,1)Au+ ;Bj(x, z)aa%, (x,1) €0,
where the coefficient a(X, t) is scalar valued and each B (X, t) is an N x N matrix. If
O<vy<ax,t)<vy<oo when(x,t)eQ, 6.7)
and
’Va(x,t)} < W, |Bj(x,t)‘ <pu when(x,t)eQ, j=1,...,n, (6.8)
then

(Xr’?)aer,Wu(x, | < C(d, vi,va, i, [ull o (g.rN))-

Proof of Claim 4. This claim is a special case of Theorem 4.1 in Chapter VII of LadyZenskaja, Solonnikov and
Ural’ceva [42]. The original version of the theorem is written in divergence form, and is applicable to more general
equations with weaker conditions on the coefficients. 0O

We now use this estimate to transfer the convergence order of the Newtonian potentials to their density functions.

Claim 5 (Relative error decays like 1/t locally). Let u) (X, t) denote the rescaling (6.3) of a solution to (2.2)-(2.4),
and p the Barenblatt of the same mass. For each T < oo, (6.1) implies there exists C = C(p, T, uo) such that

) r) — ) t C .

LD Zp&D| € < A 1 (6.9)
p(x,1) At

Proof of Claim 5. Fix Q = {x| |x| <7 + 2} x 10.1,2[ and Q' = {x | x| < T + 1} x 10.2,1.9[. Set

Vi(x,t) = AU, (X,t) — R(x, 1)), where U, and R = R, are the Newtonian potentials of the respective solutions

u) and p, = p. Then, (6.4) implies that V, are uniformly bounded,

IVillLeoy < (T +S)M(n, p) forall A > 20T,

and satisfy

aV; . m m
So = DAV witha (x.0) = (4! — p") /(. — p) (6.10)

from (5.7). Combining Lemma 12 with Claim 3, we see on the compact domain Q, that the coefficients a; (x, ¢) are
uniformly bounded away from zero and infinity for A large, i.e., (6.7) holds uniformly for all a; with A large. Since
|Vp| and |Vuy| are uniformly bounded by Claim 3, the same lemma (5.13) shows |Va,| to be uniformly bounded
hence (6.8) holds uniformly on Q with some constant & > 0 for A large.

Now we may apply LadyZenskaja et al. (Claim 4) for the scalar case with B; = 0 and obtain

max |VV)L(X, t)| < Cyp
(x,neQ’
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for some constant Co = Co(p, 7, up) depending implicitly on T, S and n through ug. With respect to A, this bound is
uniform for A large.
Now we consider the second order derivatives. Let w) = VV,.. Then, after differentiating (6.10), we obtain

3W)\ " A 8W)L
— =, (X, 1) Aw, + B:i(x,t)—,
S =@ X DAW, ; j N5

where the jth column of B? is Va, and other elements are all zero. Therefore,

B =|Vay| <p, j=1,....n.

After applying LadyZenskaja et al. one more time, we obtain a uniform bound for the second order derivatives of Vj
and, hence, there exists C1 = C1(p, 7., ug) > 0 such that

[AVA(x, D] = |1 — p)(x, D] < C)
forall [x|] <7,0.3 <7 < 1.8 and A large. Taking Cy larger if necessary, the inequality extends to all A > 1. Fixing
7 = 1, and introducing new variables y € R"” and ¢ > 0, the preceding formula reads
Ci
— >l D=p. D YIYIST M=,
= 1"0u, 1y, 1) — p ey, )| (6.11)

from the scaling relation (6.3). Now (3.1) shows

p(ty,0) =t (A+ BT " VIy|<T, t>0. (6.12)
Combining (6.11)~(6.12) with the identifications C = (A + BY?)P*C; and x = %y yields the desired esti-

mate (6.9). O

Setting A = 1 in Claim 5 yields the uniform bound (6.2) on growing balls |x| < 7't*. It remains only to show
C = C(p, T, up) can be chosen independent of 1" as " — oo, by constructing a tail estimate which controls the
complementary region |x| > 7't“. This estimate relies on trapping the tails of u; between two time delayed Baren-
blatts, which requires the next claim, suggested by (3.8).

Claim 6 (Barenblatt tail separation). Let 1 + BT02/A =4a (1l + pa) define Yy, with p, o, A, B and p(x,t) from (3.1).
Then

41
PEIFD L PY s T, > 1 (6.13)
p(X, 1) 2t

Proof of Claim 6. Fix ¢t > 1. Applying the mean value theorem to (3.10) yields #, = #.(«, t) > ¢ such that

41 1\ 2a/t —p 2pa’/t
M=<1+_> (1_}_;7/*) 2(1_{_@)(1_1;“7/*)
p(x,1) t 1+ B|xt—ep2 t 14 B |xt—ep2

=1+ﬂ(1— 32“ (t+pa>>>1+ﬁ.
t 1+ Zxt=¢|? Iy 2t

The first inequality follows from the convexity of (1 + s)ipo‘ > 14 pas ons > —1, and the second from |xt~%| > 7y,
te >t > 1, and our choice of 7. O

Claim 7 (Tails lie between two Barenblatts). Fix a solution u(x,t) to (2.2)—(2.4) which satisfies (6.1) and its
rescalings (6.3). For Yy from (6.13) and A sufficiently large,

px,t—D<upx, 0D <p&,t+ 1) ifx| =Tt t =2, (6.14)



Y.J. Kim, R.J. McCann / J. Math. Pures Appl. 86 (2006) 42—-67 61

Proof of Claim 7. The upper and lower bounds (6.14) are proved similarly, using the maximum principle on a suitably
chosen domain. We prove the upper bound first. Taking t = 1 in (6.13) yields

p(x,2) > (1+ pa/Dpx, 1) if x| > Ty (6.15)
Zup(x, 1) (6.16)
for A > 1 sufficiently large, from (6.5). Furthermore, X > (1 +2/(pa))C with C = C(p, Yy, uo) from (6.9), ensures

C
14+ — 0 it x| < Yot%, t>1,
(X, 1) < < +M)P(X ) if x| 0

o(x, 1+ 1) if x| = Yor®, > 1

6.17)

by (6.13). The maximum principle orders the solutions u, (X, ) < p(X,t + 1) of (2.2) on the entire outer region
|x| > Tot%, t > 1, since this ordering holds on its boundary (6.16)—(6.17).
Turning now to the lower bound (6.14), taking A large enough in (6.5) yields

un(x,2) = p(x,2)/(1+ pa/2)
= p(x, 1) if x| = Yo (6.18)
from (6.15). Moreover, A > (1 +2/(pa))C in Claim 5 ensures

C
1 - — X, 1) if|x| <Ypt%, t>1,
(%, 1) > < M);O( ) x| < 7o

px,1—1) if [x] > To(t — D%, t >2
by (6.13). The maximum principle again orders the solutions u; (X,t) > p(x,t — 1) of (2.2) on the outer region
|x| > Yot%, t > 2, since this ordering holds on its boundary (6.18)—(6.19). This establishes (6.14). O

(6.19)

Claim 8 (Relative error decays like 1/t uniformly). If u(x, t) solves (2.2)—(2.4), and satisfies (6.1), then (6.2) holds.

Proof of Claim 8. Let u; (x,t) denote the family of rescaled solutions (6.3), and take 1y = Yp(p, n) from Claim 6.
For A > 1 sufficiently large, (6.14) combines with (3.8) to yield C1 = C1(p, n) such that

.1 Cr .
WD S s 1 > 2. (6.20)
p(x, 1) t
Claim 5 extends (6.20) to all x € R", but with a larger constant C = C(p, ug) = C;. Thus for all ¢ > 2,
C U u g u
— > =1 —-1 =|—(A%x, A1) — 1 =|—(x,At)—1
t 1Y L(R") P L°(R") P L(R")

which completes the proof of Claim 8 and the theorem. O
7. Initial comparisons in special cases

Certain peculiarities make the Newtonian potential easier to handle in one space dimension (or with radial
symmetry) than in the general case. These permit the desired bounds to be obtained for all p > (2 — n); without
moment vanishing conditions—in particular, without appealing to Theorem 6. In such special cases, the Coulomb po-
tential of a single point charge by itself forms a lower barrier for the Newtonian potential of any centered distribution
with appropriate tails. The one-dimensional estimates are facilitated by convexity of the integral kernel ¢ (x), while
in higher dimensions radial symmetry permits Newton’s theorem to be invoked. The reader interested only in higher
dimensions with non-radial data can omit the present section.

Proposition 15 (Initial comparison in one dimension). Fixn =1 and p > 1, so ¢(x) = |x|/2. Let Uy = ¢ *x ug be a
potential whose density 0 < ug € LY(R) satisfies (2.3)—~(2.5). Then there exists C > 0 such that

OSU()()c)—<15(Jc)§C/|x|”_1 forall x e R. 7.1)
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Proof. Recall that
Uo(x) :=/¢(y)uo(x —y)dy.

Let du(y) = upg(x — y)dy. Then, changing variables to z = x — y, the mass and center of mass normalizations
(2.4)—(2.5) give

/ydu(y) =-— /(x —2uo(z)dz = —x/uo(z) dz +[zuo(z) dz = —x.

Since ¢ (x) = |x|/2 is convex and p is a positive measure with unit total mass, for any x € R, Jensen’s inequality
yields

Uo(X)=/¢(y)du(y) >¢</ydu(y)> =¢(x). (7.2)

Now we consider the difference between Up(x) and ¢ (x) for large |x|. Let V(x) = Up(x) — ¢(x). Then V (x) is
the Newtonian potential of v(x) :=up(x) — é(x) and

1 1 X X
v<x>=5f|y—x|v<y>dy=5/<y—x>v<y)dy+ f(x—y)v(y)dy= /(x—y)v(y)dy (73)

since vg has zero total mass and center of mass. Now uo(y) < O(1/[y[Pt1) from (2.3), so after integration (7.3) we
obtain |V (x)| = O(1/|x|?~") as |x| = oo. Thus there exist C > 0 and ro > 0 such that

V(x) <C/|)c|p_1 for |x| > ro. (7.4)

Since the continuous function V (x) attains its maximum on the interval |x| < ro, whereas 1/|x|? ~1 is bounded below,
taking C larger if necessary extends the estimate (7.4) to all x € R, concluding the proof of both (7.1) and the propo-
sition. O

Turning to spherically symmetric data in dimensions n > 3, we derive a similar estimate which allows us to recover
the decay rate proved by Carrillo and Vazquez [11] under this symmetry hypothesis (in all dimensions). Let us begin
by recalling Newton’s theorem (§9.7 of Lieb and Loss [45]):

Newton’s theorem. Let v € L' (R") be a radially symmetric function with compact support spt(v) C B, (0). Then, its
Newtonian potential V (X) satisfies

v<x>=¢<x>/v<y>dy, x> r.

R”

v<x>>—|¢(x)|/lv(y>|dy, X <r.

R”

Proposition 16 (Initial comparison assuming radial symmetry). Fix n > 3 and p > 0. Let Uy = ¢ * ug be the New-
tonian potential of a density 0 < ug € LY(R") which is radially symmetric and satisfies (2.3)—(2.5). Then there exists
C > 0 such that

0< Up(x) —¢p(x) < C/Ix|"TP? forallx e R". (7.5)

Proof. For A > 0, let Uy (x) < 0 denote the Newtonian potential of the truncated density x B (0)U40- Set

£0) = / o (y) dy.
R"— B! (0)

Newton’s theorem implies U, (x) > (1 — e(X) )¢ (x) for each A > 0 and x € R". On the other hand, since
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U,(x) = / ¢(X—y)uo(y)dy>/¢(X—y)uo(y)dy=Uo(X),
RVl

B (0)

Lebesgue’s monotone convergence theorem implies that Uy (x) | Up(x) as A — oco. Since €(A) — 0 in the same limit,
we obtain the first inequality in (7.5)

Up(x) > ¢(x) forall x e R".
Now consider the second inequality. Set » = |x|. Then Newton’s theorem implies that
Ur(x) = (1 —£(r))px).

Since ugp(x) = O(1/r"*P) is assumed for |x| large (2.3),
o0
e(r) = / uo(s)s" ds = O(1/r?) asr — oo.

r

Since ¢ (x) = O(1/r"~2) for n > 3, we conclude £(r)¢ (x) = O(1/r"TP~2). Therefore, there exist C and ry > 0 such
that

Up(x) < Ur(x) < ¢(x) + C/r"P=2 for x| > ro.
Furthermore, since Uy < 0 from the definition ¢ (x) = —|x|>™" /c,, taking C larger if necessary yields
Up(x) = ¢(x) < 1/lenr" 2| < C/r"P7% for x| < ro,

to conclude the proof of (7.5). O
8. Convergence rates for general solutions

Elementary examples with discrete measures show the time zero comparisons of the preceding section cannot
generally hold true in several dimensions. However, by allowing some time to elapse, we deduce below a leap-frog
(or “tortoise and hare” type) theorem, which shows that a large enough headstart enables the Newtonian potential
of any solution to overtake its competitors. This theorem requires a decay (8.1) for the initial potentials, which may
be expected in view of Theorem 6. Its corollary will allow us to prove our main theorem by invoking the results of
Section 6.

Theorem 17 (Newtonian potentials leap-frog). Fix n > 1 and p > 2 —n)4+. Let U = ¢ xu and U= ¢ x U be the
Newtonian potentials at each instant in time, of two solutions u(X, t) and u(x, t) to (2.2)—(2.4), whose initial difference
satisfies the decay condition

limsup x|" "7 ~2|U (x, 0) — U (x, 0)| < o0. (8.1)

|x|—o00
Given Ty > 0, taking T > 0 large enough ensures

Ux,t)>Ux,Ty) forallt>T andx eR". (8.2)

Proof. Fix Tp > 0. Hypothesis (8.1) provides C > 0 and rg > 0 such that
Ux,0)>U(x,0) — C/Ix"?~2  for |x| > ro.

Since U; = u™ in Proposition 10, using the continuity and bound o(x, 27) on iu(x,t) provided for ¢ € [0, T7] by
taking 77 > T large enough in Lemma 11, one finds
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Ty
Ux, Ty) — U(x,0) = f i"(x,s)ds forae xeR",
0

To
<Qm(X,2Tl)/ ds
0

4Ty (n+p=2)/2
< TO(_B|X|2> when |x| > rq,

with r| = /2(2T1)®+P)/P A/B as in (3.5). The same reasoning plus two inequalities preceding yield
t t
Ux,1)=U(x,0)+ / u"(x,s)ds > U(x, Tp) — Co/Ix"P~2 4+ / u™(x,s)ds a.e. |x| >r, (8.3)
0 0

where Co=C + Tp(4T1/B yntp “D/2 and ry = max{rg, r1}. The remainder of the proof is devoted to showing that for
t large enough, the positive integral more than compensates for the negative corrector in (8.3).
Viazquez’ Theorem 21.1 [58] provides a time 75 such that

3 1
5,0’" x, 1) >u"(x,1) > Epm(x, 1) fort> T, (8.4)

where
" (x, 1) = (AP 4 Blx ) TR

Take T > 0 large enough that

T
1
E(23)(2*n*1?)/2‘/S(HJHU*2)/2 ds > Cp.
T,

Then |x| > r := /AT 1+(/P) / B implies

T T

1 1 _ _

2 / P (x.8)ds > 5 / (BIxPs™) " R > Co/ixm . (8.5)
T )

Combining (8.3), (8.4) and (8.5) yields
U, T)>U(x,Ty) forall |x| > max{r,r}, (8.6)

not just a.e. x since now both functions are continuous, as in Proposition 13. As t — oo, Proposition 10
asserts U(x,t) 1 0 or U(Xx,t) 1 400 strictly monotonically, the convergence being uniform on the compact set
|x| < max{r, 2}, and the value of the limit depending on dimension only. Taking T larger if necessary therefore
extends (8.6) to all x € R”, establishing (8.2) to conclude the proof of the proposition. O

Remark 18. Theorem 17 and its proof extend to the case where either u or i is replaced by the Barenblatt solution p,
even though the initial condition (2.2) is violated in the sense that lim; o p(x, ) does not converge in LllOc (R™).

Corollary 19 (Barenblatt sandwich). Let U = ¢ * u and R = ¢ x p denote the Newtonian potentials at each instant
in time of a solution u(x, t) to (2.2)—(2.5), and of the Barenblatt solution p respectively. Under any of the additional
hypotheses of Theorem 1, there exist constants S, T > 0 such that

Rx,t—T)<U®X,t) < Rx,t+S8) forxeR", t>T. (8.7)
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Proof. The densities u(x, t) and p(X, t) are bounded functions in space at each positive time ¢ > 0 due to the L[>
smoothing effect of Bénilan and Véron reviewed in Vdzquez [57]; in fact [Ju(-, )| Lo rr) < p(0, t) decreases to zero
as t — oo. It suffices to exhibit positive constants Ty, 7', 71 > O such that

Rx,Ty) <UX, T)<R(x,T;) forxeR", (8.8)
since
Rx,s) XRX,s+Ty) <KUX,s+T)<R(x,s+T1) for(x,s)e R’fl

then follows from the monotonicity d R/ds > 0 of Proposition 10 and the comparison principle of Proposition 13. The
change of variables s =¢ — T and S = (T} — T')+ then yields (8.7).

To deduce (8.8), we must first check the hypotheses of Theorem 17 are satisfied. If n > 2 and p > 0, as in Theo-
rem 1(i) and (ii), then by assumptions (2.3)—(2.5)—and (2.6) also if p > 2—all moments of vy(X) := u(x,0) — p(x, 7)
up to but excluding p vanish, where 7 > 0 is from (2.1). Thus (4.4)—(4.6) are satisfied, and the desired tail decay (8.1)
of the potential ¢ * vy is asserted by Theorem 6. If instead, as in Theorem 1(iii) or (iv), n = 1 < p, or else vy is radial
but n > 3, the same tail decay estimate follows from Proposition 15 or 16.

Either way, fixing Ty > 0 and taking # = p in the remark following Theorem 17 yields a positive constant 7 > 0
such that

Ux,T)>Rx,Ty) ifxeR".
Interchanging the roles of u <> i in the preceding argument, yields 77 > 0 such that
Rx, T))>Ux,T) ifxeR"
This concludes the proof of (8.8) and the corollary. O

Proof of Theorem 1. First assume u((x) has vanishing center of mass (2.5), in addition to the other requirements of
Theorem 1. Combining Corollary 19 with Theorem 14 yields the desired rate of convergence (2.9). This concludes the
proof of the theorem, except if p € ]1, 2] and n > 2 in case (i), when we do not wish to assume (2.5). The tails (2.3) of
uo(x) are sufficiently small to ensure its center of mass of uy(x) converges to some z € R". Since the diffusion (2.2)
commutes with translation, the preceding argument implies the ratio

H u(x,t)

< r>1
,()(X—Z,f) X s s

< —
L°(R") t

converges uniformly at rate O(1/¢) as t — oo. In the same limit, (3.13) shows the ratio p(x — z,¢)/p(X,t) — 1
converges uniformly at rate O(1/¢%). Since @« = (n + p)/2p > 1 in the range 1 < p <2 < n we are dealing with, the
triangle inequality yields

ux,t) ‘<‘ ux,t) Hp(x—z,t)
,O(X’t) h IO(X_Z’t) p(x9t)

‘p(x_zvt) _1‘
p(X, 1)
<£<1+g>+g, r>1,

t ¢ ¢
=0(1/1) as t — oo.

The constants C and C’ cannot depend on anything other than p and ug, since these determine n, z and p. O

References

[1] S.B. Angenent, Large time asymptotics for the porous medium equation, in: Nonlinear Diffusion Equations and Their Equilibrium States I,
in: Math. Sci. Res. Inst. Publ., vol. 12, Springer-Verlag, New York, 1988, pp. 21-34.

[2] D.G. Aronson, P. Bénilan, Regularité des solutions de I’équation des milieux poreux dans RN, C.R. Acad. Sci. Paris Ser. A-B 288 (1979)
A103-A105.

[3] D.G. Aronson, J.L. Vdzquez, Eventual C*°-regularity and concavity of flows in one-dimensional porous media, Arch. Rational Mech. Anal. 99
(1987) 329-348.

[4] D. Bakry, M. Emery, Diffusions hypercontractives, in: Séminaire de Probabilités XIX, in: Lecture Notes in Math., vol. 1123, Springer-Verlag,
New York, 1985, pp. 177-206.



66 Y.J. Kim, R.J. McCann / J. Math. Pures Appl. 86 (2006) 42—67

[5] G.I. Barenblatt, On some unsteady motions of a liquid or gas in a porous medium, Akad. Nauk SSSR Prikl. Mat. Mekh. 16 (1952) 67-78.
[6] J.A. Carrillo, M. DiFrancesco, G. Toscani, Strict contractivity of the 2-Wasserstein distance for the porous medium equation by mass-centering,
Proc. Amer. Math. Soc., submitted for publication.
[7] J.A. Carrillo, A. Jiingel, P.A. Markowich, G. Toscani, A. Unterreiter, Entropy dissipation methods for degenerate parabolic problems and
generalized Sobolev inequalities, Monatsh. Math. 133 (2001) 1-82.
[8] J.A. Carrillo, C. Lederman, P.A. Markowich, G. Toscani, Poincaré inequalities for linearizations of very fast diffusion equations, Nonlinear-
ity 15 (2002) 565-580.
[9] J.A. Carrillo, R.J. McCann, C. Villani, Contractions in the 2-Wasserstein length space and thermalization of granular media, Arch. Rational
Mech. Anal., submitted for publication.
[10] J.A. Carrillo, G. Toscani, Asymptotic Ll—decay of solutions of the porous medium equation to self-similarity, Indiana Univ. Math. J. 49
(2000) 113-141.
[11] J.A. Carrillo, J.L.. Vazquez, Fine asymptotics for fast diffusion equations, Comm. Partial Differential Equations 28 (2003) 1023-1056.
[12] E. Chasseigne, J.L. Vazquez, Theory of extended solutions for fast diffusion equations in optimal classes of data. Radiation from singularities,
Arch. Rational Mech. Anal. 164 (2002) 133-187.
[13] J.T. Chayes, S.J. Osher, J.V. Ralston, On singular diffusion equations with applications to self-organized criticality, Comm. Pure Appl.
Math. 46 (1993) 1363-1377.
[14] B.E.J. Dahlberg, C. Kenig, Nonnegative solutions of the porous medium equation, Comm. Partial Differential Equations 9 (1984) 409-437.
[15] B.E.J. Dahlberg, C. Kenig, Nonnegative solutions of generalized porous medium equations, Rev. Mat. Iberoamericana 2 (1986) 267-305.
[16] B.E.J. Dahlberg, C. Kenig, Nonnegative solutions of fast diffusion equations, Rev. Mat. Iberoamericana 4 (1988) 11-29.
[17] B.E.J. Dahlberg, C. Kenig, Nonnegative solutions of the initial-Dirichlet problem for generalized porous medium equations in cylinders,
J. Amer. Math. Soc. 1 (1988) 401-412.
[18] B.E.J. Dahlberg, C. Kenig, Weak solutions of the porous medium equation in a cylinder, Trans. Amer. Math. Soc. 336 (1993) 701-709.
[19] B.E.J. Dahlberg, C. Kenig, Weak solutions of the porous medium equation, Trans. Amer. Math. Soc. 336 (1993) 711-725.
[20] P. Daskalopoulos, The Cauchy problem for variable coefficient porous medium equations, Potential Anal. 7 (1997) 485-516.
[21] P. Daskalopoulos, M.A. del Pino, On the Cauchy problem for u#; = A logu in higher dimensions, Math. Ann. 131 (1999) 189-206.
[22] P. Daskalopoulos, M.A. del Pino, Nonradial solvability structure of super-diffusive nonlinear parabolic equations, Trans. Amer. Math.
Soc. 354 (2002) 1583-1599.
[23] P. Daskalopoulos, R. Hamilton, K.-A. Lee, All time C®-regularity of interface in degenerated diffusion: a geometrical approach, Duke
Math. J. 108 (2001) 295-327.
[24] J. Denzler, R.J. McCann, Phase transitions and symmetry breaking in singular diffusion, Proc. Natl. Acad. Sci. USA 100 (2003) 6922-6925.
[25] J. Denzler, R.J. McCann, Fast diffusion to self-similarity: complete spectrum, long time asymptotics, and numerology, Arch. Rational Mech.
Anal. 175 (2005) 301-342.
[26] J. Dolbeault, M. del Pino, Best constants for Gagliardo—Nirenberg inequalities and applications to nonlinear diffusions, J. Math. Pures
Appl. 81 (2002) 847-875.
[27] J. Dolbeault, M. Escobedo, L1 and L intermediate asymptotics for scalar conservation laws, Asymptot. Anal. 41 (2005) 189-213.
[28] J.R. Esteban, A. Rodriguez, J.L. Vazquez, A nonlinear heat equation with singular diffusivity, Comm. Partial Differential Equations 13
(1988) 985-1039.
[29] A. Friedman, Partial Differential Equations of Parabolic Type, Prentice Hall, Englewood Cliffs, NJ, 1964.
[30] A. Friedman, S. Kamin, The asymptotic behaviour of a gas in an n-dimensional porous medium, Trans. Amer. Math. Soc. 262 (1980) 551-563.
[31] V.A. Galaktionov, L.A. Peletier, Asymptotic behavior near finite time extinction for the fast diffusion equation, Arch. Rational Mech.
Anal. 139 (1997) 83-98.
[32] V.A. Galaktionov, L.A. Peletier, J.L. Vazquez, Asymptotics of the fast-diffusion equation with critical exponent, SIAM J. Math. Anal. 31
(2000) 1157-1174.
[33] M.A. Herrero, M. Pierre, The Cauchy problem for u; = Au™ when 0 < m < 1, Trans. Amer. Math. Soc. 291 (1985) 145-158.
[34] S. Kamin (Kamenomostskaya), The asymptotic behavior of the solution of the filtration equation, Israel J. Math. 14 (1973) 76-87.
[35] S. Kamin, J.L. Vazquez, Fundamental solutions and asymptotic behavior for the p-Laplacian equation, Rev. Mat. Iberoamericana 4
(1988) 339-354.
[36] S. Kamin, J.L. Vazquez, Asymptotic behavior of the solutions of the porous medium equation with changing signs, SIAM J. Math. Anal. 22
(1991) 34-45.
[37] Y.-J. Kim, Asymptotic behavior of solutions to scalar conservation laws and optimal convergence orders to N-waves, J. Differential
Equations 192 (2003) 202-224.
[38] Y.-J. Kim, R.J. McCann, Sharp decay rates for the fastest conservative diffusions, C. R. Acad. Sci. Paris 341 (2005) 157-162.
[39] Y.-J. Kim, W.-M. Ni, On the rate of convergence and asymptotic profile of solutions to the viscous Burgers equation, Indiana Univ. Math. J. 51
(2002) 727-752.
[40] J. King, Self-similar behaviour for the equation of fast nonlinear diffusion, Phil. Trans. Roy. Soc. London A 343 (1993) 337-375.
[41] H. Koch, Non-Euclidean singular integrals and the porous medium equation, Habilitation thesis, Universitit Heidelberg, 1999.
[42] O.A. LadyZenskaja, V.A. Solonnikov, N.N. Ural’ceva, Linear and Quasilinear Equations of Parabolic Type (in Russian). Translated from the
Russian by S. Smith, Transl. Math. Monogr., vol. 23, Amer. Math. Soc., Providence, RI, 1967.
[43] C. Lederman, P.A. Markowich, On fast-diffusion equations with infinite equilibrium entropy and finite equilibrium mass, Comm. Partial
Differential Equations 28 (2001) 301-332.
[44] K.-A. Lee, J.L. Vazquez, Geometrical properties of solutions of the porous medium equation for large times, Indiana Univ. Math. J. 52
(2003) 991-1016.



Y.J. Kim, R.J. McCann / J. Math. Pures Appl. 86 (2006) 42—-67 67

[45] E.H. Lieb, M. Loss, Analysis, Grad. Stud. in Math., vol. 14, Amer. Math. Soc., Providence, RI, 1997.

[46] R.J. McCann, D. Slepcev, Second-order asymptotics for the fast-diffusion equation, Int. Math. Res. Not., in press.

[47] W. Newman, A Lyapunov functional for the evolution of solutions to the porous medium equation to self-similarity. I, J. Math. Phys. 25
(1984) 3120-3123.

[48] E. Otto, The geometry of dissipative evolution equations: the porous medium equation, Comm. Partial Differential Equations 26
(2001) 101-174.

[49] E. Otto, C. Villani, Generalization of an inequality by Talagrand and links with the logarithmic Sobolev inequality, J. Funct. Anal. 173
(2000) 361-400.

[50] R.E. Pattle, Diffusion from an instantaneous point source with concentration dependent coefficient, Quart. J. Mech. Appl. Math. 12
(1959) 407-409.

[51] M. Pierre, Uniqueness of the solutions of u; — A@(u) = 0 with initial datum a measure, Nonlinear Anal. 6 (1982) 175-187.

[52] M. Pierre, Nonlinear fast diffusion with measures as data, in: Pitman Res. Notes Math. Ser., vol. 149, 1987, pp. 179-188.

[53] M. del Pino, M. Saez, On the extinction profile for solutions of u; = Au™¥=2/(N+2) Indiana Univ. Math. J. 50 (2001) 612-628.

[54] J. Ralston, A Lyapunov functional for the evolution of solutions to the porous medium equation to self-similarity. II, J. Math. Phys. 25 (1984)
3124-3127.

[55] J.L. Vazquez, Symétrisation pour u; = A¢ (u) et applications, C. R. Acad. Sci. Paris Sér. I Math. 295 (1982) 71-74.

[56] J.L. Vazquez, Asymptotic behaviour and propagation properties of the one-dimensional flow of gas in a porous medium, Trans. Amer.
Math. Soc. 277 (1983) 507-527.

[57] J.L. Vazquez, An introduction to the mathematical theory of the Porous Medium Equation, in: Shape Optimization and Free Boundaries,
Montreal, PQ, 1990, in: NATO Adv. Sci. Inst. Ser. C Math. Phys. Sci., vol. 380, Kluwer Acad. Publ., Dordrecht, 1992, pp. 347-389.

[58] J.L. Vazquez, Asymptotic behaviour for the porous medium equation posed in the whole space, J. Evol. Equations 3 (2003) 67-118.

[59] J.L. Véazquez, E. Zuazua, Complexity of large time behaviour of evolution equations with bounded data, Chinese Ann. Math. Ser. B 23
(2002) 293-310.

[60] T.P. Witelski, A.J. Bernoff, Self-similar asymptotics for linear and nonlinear diffusion equations, Stud. Appl. Math. 100 (1998) 153-193.

[61] Ya.B. Zel’dovich, G.I. Barenblatt, The asymptotic properties of self-modelling solutions of the nonstationary gas filtration equations, Sov.
Phys. Dokl. 3 (1958) 44-47.



