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Introduction and summary
of the main results

This Ph.D. thesis is devoted to the study of diffusion equations. A number of different natural
phenomena can be described by means of such equations and they offer a rich mathematical theory.
The simplest example appears to be the Heat Equation

w=Au, zeRY t>0, (HE)

introduced by Fourier in his seminal work, Théorie analytique de la chaleur, 1822, [1]. The function
u(t,z) : (0,00) x R — R in (HE) describes the time evolution of the temperature in R?, given
its initial distribution. Since then, (HE) has been of great relevance in both mathematics and other
sciences. For instance, in [2] Einstein shows for the first time a link between the Brownian motion
and the above (HE), opening the road to a better understanding of the theory of atoms and also
the connections between stochastic processes and diffusion equations.

The mathematical theory of the (HE) is quite mature, see [3], and it will be our guide in un-
derstanding other models. We are interested in describing properties of solutions to (HE) such as
existence, uniqueness, regularity and asymptotic behaviour. In the theory of diffusion equations,
generally speaking, a few special explicit (or quasi-explicit) solutions show the typical behaviour of
a large class of solutions. In the case of the Cauchy problem for (HE), posed on R¢ with d > 1,
the typical behaviour is encoded in the so called fundamental solution, which is called Gaussian and

takes the form . ,
x|
[(t,z) = e it zeRY ¢t>0. (0.0.1)

(47rt)%

The Gaussian has several remarkable properties: it is positive, radial, C* regular in space and time
and it conserves mass along the flow, namely [I'(¢,-)[l 1 ge) = [[T(1,)||r1(ay for all ¢ > 0. It is
well-known that, for a large class of solution to (HE), the following representation formula holds

1 _lz—y?
u(t,x) =up(-) * (¢, ) = (47rt)% /Rd uo(y)e” #t dy. (0.0.2)

By the properties of the convolution, it is clear that a large class of solutions inherit some of the
aforementioned regularity properties of the Gaussian, as well as its qualitative behaviour for large
times. We also remark that for the (HE) the infinite speed of propagation holds, namely the fact
that nonnegative compactly supported initial data uy produce positive solutions u(t,z) > 0 for any
z € R and any ¢ > 0.

However the theory of diffusion equations offers much more examples than the one above! Needless
to say, not all the available models enjoy the properties of the above (HE) and a wide variety of
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phenomena may occur. A quite general form of nonlinear diffusion equation is

d
O H (t,x,u) = Z Oz, (Ai(t, z,u,Vu)) + B(t, z,u, Vu),
i=1

under suitable conditions on H, A; and B, see [4]. A theory for such equations, in the whole
generality, has been investigated in the last few decades. However, the great variability within all
nonlinear equations of that form precludes a unified approach of this study. A family of equations
for which much is known is the PME/FDE given by the following simple model

ur =V - (D(u) Vu) = Au™, m >0, (PME/FDE)

where D(u) = mu™!is called the diffusion coefficient. We point out that for m = 1, the (PME/FDE)
is exactly the (HE), when m > 1 the above is called porous medium equation while when 0 < m < 1
it is called fast diffusion equation. The (PME/FDE) is an example of non linear parabolic equation
which does not share the behaviour of the (HE). Here are some examples. In the case m > 1 solutions
have finite speed of propagation, namely the fact that compactly supported data produce compactly
supported solutions. While when 0 < m < 1 positive solutions may vanish after finite time, a fact
in contradiction with the conservation of mass. When m > % the whole family (PME/FDE) does
admit the existence of a fundamental solution (which is often called the Barenblatt solution) but no
representation formula is available.

The typical techniques used in the study of the linear (HE) cannot be adapted to this nonlinear
setting. For instance, in the case of (PME/FDE), m > 1, the fundamental solution given by

4 2 N\m-1
U(t,z) = ¢t FFamD (C . ]m\2t2+d(m—1)>+ ,
is not classical. Hence new concepts of weak solutions were introduced in the last century in order
to solve this issue. This requires advanced analytic techniques such as Sobolev spaces, distribu-
tions, weak derivatives, etc. To prove that generalized solutions to nonlinear parabolic (or elliptic)
equations are in fact regular (or classical) was a very hot topic in the last century, since it can be
considered as the parabolic version of the 19** Hilbert problem.

This thesis is divided in two parts. Part I contains 3 chapters and is dedicated to the study of the
regularity properties of local solutions to the weighted fast diffusion equation. Part II, which also
contains 3 chapters, is focused on other issues. Chapters 4 and 5 are dedicated to the study of the long
time behaviour of solutions to the weighted fast diffusion equation and the fast p-Laplace evolution
equation. Lastly, in Chapter 6 we focus our attention on the stability of the Gagliardo-Nirenberg
inequalities.

Part T and Chapter 4 of this thesis are dedicated to the study of the following model, which we call
weighted fast diffusion equation

up = |z|7V - (]a:\_BVum) , (WFDE)

with d > 3 and m € (0,1). We will always consider the following range of parameters

d—2
v <d and y—2< < — 7 (0.0.3)

11
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This range is optimal for the validity of the following family of Caffarelli-Kohn-Nirenberg inequali-
ties [5]
[0l < o [V gy 05 gy foramy  we CR@Y,  (0.04)

where

._ do ) _d-7 _ (d=7P-1)
el = </Rd‘w’q|xp> ’ pe(l’d—2—5>’ CHdrIvao2 - pd-2-B)

and v, 5 are as in (0.0.3).

The nonlinear equation (WFDE) was introduced in the 80s by Kamin and Rosenau [6, 7, 8§,
to model singular/degenerate diffusion in inhomogeneous media. Very recently (WFDE) has been
investigated for its in connection with the issue of symmetry/symmetry-breaking of optimal function
in the family of Caffarelli-Kohn-Nirenberg inequalities of (0.0.4), see [9].

In the case v = f =0, (WFDE) is exactly the aforementioned fast diffusion equation whose weak
solutions enjoy C° regularity. However this is not always the case for the (WFDE). Indeed, when
d;z;ﬁ < m < 1 the (WFDE) admits a family of fundamental solutions, called Barenblatt profiles,
given by

1

t 1-m

B(t,z) = : (B-WFDE)

1
[bo sty + bile | T
where M is the “mass”, by, by are parameters which depend on d,m,~, 3 and 9=! =2+ 38—~ — (d —
7)(1 —m). It is clear from (B-WFDE) that the regularity at the origin of 8 depends on the value
of 2+ 3 —~.

In Part T we study a priori estimates for a class of non-negative local weak solution to the (WFDE),
with 0 < m < 1 posed on cylinders of (0,T) x R?. The weights |2z|” and |z|~? can be both degenerate
and singular and need not satisfy some typical assumption for these kind of problems (for instance
the do not belong to the class As, see Part T of this thesis). The weights are not translation invariant
and this causes a number of extra difficulties and a variety of scenarios: for instance, the scaling
properties of the equation change when considering the problem around the origin or far from it. In
Chapters 1 and 2 we prove quantitative - with computable constants - upper and lower estimates for
local weak solutions, focusing our attention where a change of geometry appears. In Chapter 3 we
show how the above estimates combine into forms of Harnack inequalities of forward, backward and
elliptic type. As a consequence, we obtain Hoélder continuity of the solutions, with an quantitative
(even if non-optimal) exponent. We stress the fact that, due to the explicit solution (B-WFDE),
not much more can be said in such generality. The proof of the positivity estimates requires a new
method and represents one of the main technical novelties of this thesis. In the linear case, m = 1,
we also prove quantitative estimates, recovering known results in some cases and extending such
results to a wider class of weights.

The results presented in Part I are contained in

M. Bonforte, N. Simonov. Quantitative a priori estimates for fast diffusion equations with
Caffarelli- Kohn-Nirenberg weights. Harnack inequalities and Hélder continuity,
Advances in Mathematics, 345 2019, 1075-1161

In Chapter 4 of Part Il we study the asymptotic behaviour of the Cauchy problem for a particular
class of solutions to (WFDE). It is know, at least in the case v = 8 = 0, that the Barenblatt pro-
file (WFDE) represent a qualitative model for the long time behaviour for L! initial data. However,
several scenarios are available, and not all the solutions approach B(¢,x) in the same way.

12
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Our main result in this chapter is the following: we characterize the largest class of initial data
for which the so-called Global Harnack Principle holds (a global lower and upper bound in terms of
suitable Barenblatt solutions). We call this class X is a suitable subspace of L' whose functions
decay at infinity (namely for large |z|) a in a precise way, characterized by a sharp integral behaviour.

As a consequence of the GHP, we prove convergence in uniform relative error, namely that

tvx)_%(tvm)H _
B(t, ) Leo(Rd)

lim H ul
t—o0

In the case with no weights (namely v = § = 0) and for data in X we give (almost) sharp rates
of convergence in the uniform relative error, in the radial case we give sharp rates. We prove (non
optimal) rates of convergence in the WFDE case. We also give semi-explicit examples of solutions
which belongs to X¢ and have a different behaviour: for such solutions there is no uniform conver-
gence of the relative error and no GHP holds. However, under suitable assumptions, a generalized
version of the GHP holds.

Lastly for the WFDE we prove that X and X¢ are stable under the flow, namely initial data in X
(or in X¢) produce solutions which stay in X (in X respectively) for all times. We stress on the
fact that our results are new even in the standard framework of v = 8 =0 and % <m<1l.

Chapter 5 of Part II is dedicated to the study of the following fast p-Laplace equation (PLE):
w(t, x) = Apu(t,x) = V - (|[VulP?Vu). (PLE)

This model represent a different kind of diffusion with respect to the one considered in (PME/FDE).
The (PLE) belongs to the class of gradient dependent diffusion equations and its diffusion coefficient
is D(Vu) = |VulP~2. We recall that for p = 2 we recover again (HE). The (PLE) model has been
used to describe the filtration through a porous medium for a non-newtonian fluid, see [10], and, for
example, in image processing, see [11].

In Chapter 5 we investigate the Cauchy problem, for d > 3, in the range of parameters d%dl <p<2

this regime is generally called fast diffusion. We prove sharp, global lower bounds for solution to the
Cauchy Problem with non-negative initial data ug € L!(R?). In this case, a fundamental solution is
also available. It is called the Barenblatt profile for the p-Laplace evolution equation and it is given
by:
o -5
1 tr-1 _P_
B(t,z) =t2> |by + bg |z|P—1 , (B-PLE)
M(Q—p)ﬁ
where 87! = p+d(p — 2), by, bs depend on d,p and M is the mass of B(t,z). It was already known
that the Barenblatt profile B(¢, x) describes the asymptotic behaviour of solutions to (PLE) of mass
M, however, as for (WFDE), many scenarios can occur. We characterize the class of initial data
for which the Global Harnack Principle holds, it is a generalization of the aforementioned class X.
As a consequence of the GHP we prove convergence of uniform relative error. Finally, exploiting a
connection among (PLE) and (WFDE), we give sharp quantitative behaviour of the gradient Vu
for a class of radial solutions. We remark that most of our results are new.

In Chapter 6 we turn our attention to the issue of stability of functional inequalities. In the case
v = =0, (0.0.4) is nothing else than a particular class of Gagliardo-Nirenberg inequalities, which
can be also written in the equivalent (but not scaling invariant) form

d(p—1)—2(p+1)
d—p(d— 2) p+1 2P =g —1p

R 2 2
011 1= (0 = D2 [V ey + 4 - Iy — 2K i >0. (0.05)

13
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We will call § the deficit functional. In [12], Del-Pino and Dolbeault were able to compute the best
constants for the family (0.0.4) in the non-weighted case v = = 0. In the same paper they also
established a deep connection between the deficit functional 6 and the (PME/FDE). Indeed, § > 0
is nothing else than the entropy-entropy production inequality for the (PME/FDE) flow.

Since the seminal paper of Bianchi-Egnell [13], several stability results have been obtained, see [14,
15, 16, 17]. However few results provide quantitative estimates with explicit constants. In Chapter
6 we develop a new strategy for studying the stability of the aforementioned class of Gagliardo-
Nirenberg inequalities, in which the fast diffusion flow is used as a tool. The main novelty is that,
using the estimates proven in Chapters 1,2,3 and 4, we can quantify all steps of our constructive
proof. As a consequence, we are able to establish explicit lower bounds for the deficit § in terms of
the relative entropy and of the Fisher information associated with the fast diffusion flow.

The results presented in Part I are contained in

M. Bonforte, N. Simonov. The Global Harnack Principle for the Weighted Fast Diffusion Equation
with Caffarelli-Kohn-Nirenberg weights, Preprint, 2019

and in

M. Bonforte, N. Simonov, D. Stan. Global Positivity Estimates for the p-Laplace Evolution
Equation, Final stage of preparation, 2019

and in

M. Bonforte, J. Dolbeault, B. Nazaret, N. Simonov. From the Fast Diffusion Flow to Stability in
Gagliardo- Nirenberg Inequalities, Preprint, 2020
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Introduccion y presentacion de los
resultados

La presente tesis doctoral estd dedicada al estudio de las ecuaciones de difusién. Tales ecuaciones
emergen de modo natural en el estudio de una amplia gama de problemas fisicos y, asimismo, tienen
un interés matematico propio de gran amplitud y riqueza.

El ejemplo més simple es la Ecuacion del Calor (Heat Equation):
u=Au, zeRY t>0, (HE)

introducida por Fourier en su trabajo clasico, Théorie analytique de la chaleur, 1822, [1]. La funcién
u(t,z) : (0,00) x R — R in (HE) describe la evolucién temporal de la temperatura en R una
vez la distribucion inicial es conocida. Desde entonces, la (HE) ha tenido mucha relevancia en las
matematicas y en otras ciencias. Por ejemplo, en [2] Einstein mostré la relacion entre el movimiento
browniano y dicha ecuacién, iniciando asi el camino hacia una comprensiéon més profunda de los
atomos, asi como de la conexién entre procesos estocasticos y ecuaciones de difusion.

Actualmente, el conocimiento de la (HE) es muy profundo, véase [3], por lo que puede usarse como
gufa para el estudio de otros modelos. Nuestro interés principal es el estudio de las propiedades de
las soluciones de la (HE), como la existencia, unicidad, regularidad y comportamiento asintotico.
En el campo de las ecuaciones de difusiéon, grosso modo, se puede decir que unas pocas soluciones
explicitas son suficientes para entender el comportamiento tipico de una clase mas amplia. En el
caso del problema de Cauchy para la (HE), planteado en R? con d > 1, el comportamiento tipico
estd dado por la asi llamada solucidn fundamental, que se llama Nicleo gaussiano y esté dado por:

1
I(t,z) = e 4t | zeR, ¢t>0. (0.0.6)

Este nticleo tiene varias propiedades notables: es positivo, radial, es suave en todas sus variables y
conserva la masa a lo largo del flujo; es decir: [[I(¢,-)||11rey = IT(1,-)|[11(re) para todo ¢ > 0. Es
bien sabido que, para una amplia clase de soluciones de la (HE), se tiene la siguiente férmula de
representacion:

- 2
u(t,z) = uo(-) # T(t, ) = —— / woly) e dy. (0.0.7)
(dmt)z Jrd

Debido a las propiedades de la convolucion, es evidente que muchas soluciones heredan las propiedades
de regularidad arriba mencionadas, asi como el comportamiento cualitativo para tiempos grandes.
También mencionamos que las soluciones de la (HE) presentan velocidad de propagacion infinita; es
decir: un dato inicial no negativo de soporte compacto da lugar a soluciones estrictamente positivas
para todo tiempo ¢t > 0.
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No obstante, el campo de las ecuaciones de difusiéon ofrece muchos mas ejemplos que éste! Huelga
decir que no todos los modelos conocidos disfrutan de las propiedades tipicas de la (HE) y que,
de hecho, pueden producirse una amplia variedad de fenémenos en el estudio de los mismos. Una
formulacién muy general de una ecuacién no lineal difusiva es:

d
OuH (t,w,u) =Y Or, (Ai(t, o, u, V) + B(t, z,u, Vu)
=1

bajo condiciones adecuadas para H, A; y B, véase [4]. Durante las ultimas décadas, ha habido un
esfuerzo intenso por desarrollar una teoria lo més general posible de este tipo de ecuaciones. Sin
embargo, debido a la enorme variedad entre esa familia de ecuaciones, es imposible hallar un enfoque
unificado a su estudio. Una familia de ecuaciones para las cuales existe una teoria muy desarrollada
es la de las PME/FDE, dadas por:

ur =V - (D(u) Vu) = Au™, m >0, (PME/FDE)

donde D(u) = mu™ ! es el coeficiente de difusion. Param = 1, la (PME/FDE) se reduce a la (HE),
mientras que para m > 1 o m < 1 la ecuaciéon se denomina, respectivamente, Porous Medium Equa-
tion (Ecuacion de Medios Porosos) y Fast Difussion Equation (Ecuacion de Difusion Rapida). Esta
familia de ecuaciones ofrece un ejemplo de ecuacién no lineal parabdlica cuyo comportamiento difiere
del de la (HE). Por ejemplo, para m > 1 las soluciones presentan velocidad finita de propagacion,
lo que significa que los datos iniciales de soporte comopacto dan lugar a soluciones de soporte com-
pacto, para 0 < m < 1 las soluciones no negativas se extinguen en tiempo finito, un hecho que entra
en contradiccion con la posible conservacion de la masa, y para m > (d — 2)/d todas las ecuaciones
de la familia poseen una solucion fundamental (la soluciéon de Barenblatt), pero sus soluciones no
admiten una férmula de representacion.

Las técnicas habituales empleadas en el estudio de la (HE) no pueden extrapolarse al contexto de
esta familia de ecuaciones no lineales. Por ejemplo, en el caso m > 1, la solucién fundamental estéa
dada por:

1
m—1

Ut,w) =t T (C = g |f prrammn ) "
+
que no es cldsica. Asi pues, en el ultimo siglo se hizo necesaria la introduccion de un nuevo concepto,
el de solucién débil, adecuada para este tipo de problemas. Esto requirié de una serie de técnicas
analiticas avanzadas, como son los espacios de Sobolev, la teorfa de distribuciones y las derivadas
débiles. La regularidad de las soluciones generalizadas a las ecuaciones parabdlicas (elipticas) no
linales fue uno de los problemas que més atencién recibieron durante el dltimo siglo, puesto que se

pueden considerar como una version paraboélica del decimonoveno problema de Hilbert.

La presente tesis estd dividida en dos partes. La primera parte contiene tres capitulos y esta
dedicada al estudio de las propiedades de regularidad de soluciones locales de la ecuacion de difusion
rapida con pesos (WEFDE). La segunda parte, consistente también en tres capitulos, se centra en
otros aspectos. Los capitulos cuatro y cinco estudian el comportamiento para tiempos grandes de
las soluciones a la ecuacién de difusién rapida con pesos y de las de la ecuacidn de evolucion rdpida
para el p-laplaciano. Por tltimo, en el capitulo seis nos centramos en el estudio de la estabilidad de
las desigualdades de Gagliardo-Nirenberg.

La primera parte y el capitulo cuatro de la tesis se centran en el estudio del siguiente modelo, al
que llamaremos ecuacion de difusion répida con pesos (WFDE):

up = |z|7V - (]w\_BVum) , (WFDE)
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cond>3yme (0,1). El rango de parametros a considerar serd siempre:

d—2
y<d and  y-2<f< o7 (0.0.8)

Dicho rango es 6ptimo respecto a la validez de la siguiente familia de desigualdades de Caffarelli-
Kohn-Nirenberg, véase [5]:
1—
Hw||L3P(Rd) < C%ﬂ,p ”vai%(Rd) ”wHLgfl(Rd) for any w e Cgo(Rd)a (0.0.9)

donde

_ da ) A\, (d—7)p-1)
el ey = </Rd'“”qyxn) ’ p6<1’d—2—ﬁ>’ STt h-2—pd—2-F)

y 7, B definidos como en (0.0.8).

La ecuacion no lineal (WFDE) fue introducida a mediados de los anos ochenta por Kamin y Rose-
nau [6, 7, 8] para modelizar procesos de difusion singular o degenerada en medios no homogéneos.
Recientemente la ecuacion (WFDE) ha recibido atencién por su conexiéon con el problema de la
ruptura de simetria de funciones 6ptimas en la familia de desigualdades Caffarelli-Kohn-Nirenberg
de (0.0.9), véase [9].

En el caso v = f = 0, (WFDE) coincide con la ecuacion de difusiéon rapida mencionada arriba,
cuyas soluciones débiles poseen regularidad C*° . Sin embargo, esto no siempre es asi en el caso
de la (WFDE). De hecho, cuando d;3;5 < m < 1la (WFDE) admite una familia de soluciones
fundamentales, llamados perfiles de Barenblatt, dados por:

1

tlfm
B(t,z) = — — (B-WFDE)
— 1—-m
[bom + by |z [0

donde M es la “masa”, by, by son pardmetros que dependen de d,m,~y, By 97! = 2+ —y—(d—~)(1—
m). La regularidad de B en el origen dependen, como se desprende de su definicion (B-WFDE) |
del valor de 2 + 8 — 7.

En la primera parte, estudiamos estimaciones a priori para una clase de soluciones débiles no
negativas y locales de la (WFDE) propuesta en cilindros (0,7) x R? y con 0 < m < 1. Los pesos
|z|7 v |#|~” pueden ser ambos degenerados y singulares y no tienen por qué satisfacer las asunciones
tipicas que suelen hacerse en este tipo de problemas (por ejemplo, no pertenecen a la clase Ay, véase
la primera parte de esta tesis). Los pesos no poseen invariancia traslacional, lo cual causa varias
dificultades adicionales y una variedad de posibles escenarios: las propiedades de escala de la ecuacién
se ven modificadas cuando el problema es considerado cerca del origen o lejos de él. En los capitulos
1 y 2 probamos estimaciones cuantitativas superiores e inferiores -con constantes calculables- para
soluciones débiles, centrandonos en situaciones en las que hay un cambio de geometria. En el tercer
capftulo mostramos como dichas estimaciones se combinan para dar lugar a desigualdades de tipo
Harnack de distintos tipos. Como consecuencia, derivamos la continuidad Hélder de las soluciones
y damos el correspondiente exponente (incluso si no es 6ptimo). La prueba de las estimaciones de
positividad requiere un nuevo método y representa una de las novedades técnicas mas relevantes de
esta tesis. En el caso lineal, m = 1, también probamos estimaciones cuantitativas que recuperan
resultados conocidos en algunos casos y que los extienden a una clase de pesos mas amplia. Los
resultados de la primera parte de la tesis se encuentra en:
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M. Bonforte, N. Simonov. Quantitative a priori estimates for fast diffusion equations with
Caffarelli-Kohn-Nirenberg weights. Harnack inequalities and Hélder continuity,
Advances in Mathematics, 345 2019, 1075-1161

En el capitulo 4 de la segunda parte estudiamos el comportamiento asintético en el problema
de Cauchy para una clase particular de soluciones a la (WFDE). Es sabido, al menos en el caso
v = 8 =0, que el perfil de Barenblatt B representa un modelo cualitativo para el comportamiento
en tiempos grandes para datos iniciales en L!. No obstante, se pueden presentar distintos escenarios,
y no todas las soluciones se acercan a B de la misma manera.

Fl resultado principal de este capitulo es la caracterizacién de la clase més amplia de datos iniciales
para los cuales el Principio Global de Harnack (GHP) se satisface (una cota superior y una inferior
en términos de soluciones de Barenblatt adecuadas). Llamamos X" a esta clase, que es un subespacio
adecuado de L' cuyas funciones miembro decaen en el infinito de una manera particular.

Como consecuencia del GHP, probamos convergencia uniforme en error relativo; es decir

lim =
t—o0

u(t,x) — B(t,x)
H B(t,x) HLOO(Rd)

En el caso sin pesos (es decir v = 8 = 0) y para datos iniciales en X damos tasas (casi) optimas para
la converfence uniforme en error relativo, en el caso radial las tasas son optimas. Para la (WFDE)
damos tasas de convergencia no optimas. Costruimos ejemplos semi explicitos de soluciones cuyo
dato inicial pertenece a X y para estas soluciones el comportamiento para tiempo largos es distinto:
no hay convergencia uniforme en error relativo y el GHP no se cumple. Sin embargo, bajo ciertas
condiciones, se cumple una version generalizada del GHP.

Por dltimo probamos que los conjuntos & y X' son estables a lo largo del flujo; es decir, datos
iniciales en X (o en X¢) producen soluciones que estadn en X (en X respectivamente) para todo
tiempo t > 0. Estos resultados son novedosos también en caso de y ==0y d%dz <m < 1.

El Capitulo 5 de la segunda parte se centra en el estudio del siguiente modelo de difusién rapida
para el p-Laplaciano (PLE)

u(t, x) = Apu(t,x) = V- (|[VulP2Vu). (PLE)

Este ultimo modelo rapresenta una clase distinta de ecuaciones de difusion. La (PLE) es una ecuacion
cuyo coeficiente de difusion D(Vu) = |Vu[P~2 depende del gradiente de la solucién. Para p = 2
la (PLE) se reduce a (HE).

En el Capitulo 5 estudiamos el comportamiento asintético en el problema de Cauchy, con d > 3
y d%dl < p < 2. El mencionado rango de parametros es llamado difusion rapida. En este capitulo
consideramos datos iniciales ug € L'(R?) y probamos estimaciones cuantitativas globles (es decir
sobre todo R%) superiores y inferiores. También en este caso existe una soluciéon fundamental,

llamada perfil de Barenblatt para la ecuacion de difusién rapida del p-Laplaciano, dada por:

1 t% i o
B(ta JJ) = t2-» bQW —+ b3 |g;|p—1 , (B_PLE)
e

donde ! = p+d(p—2), by, b3 dependen de d,p y M es la “masa” de B(t, ). Es sabido que el perfil
de Barenblatt B(t,x) desribe el comportamiento asintotico de las soluciones de (PLE), sin embargo,
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como en el caso de (WFDE), se pueden presentar distintos escenarios. En este capitulo caracteri-
zamos la clase méas amplia de soluciones para las cuales se cumple es GHP y la convergencia uniforme
del error relativo: es una generalizacion de la ya mencionada clase . Por tltimo, utilizamos una
conexion entre la ecuacion (PLE) y la (WFDE), para probar estimaciones superiores cuantitativas
sobre el gradiente Vu de soluciones radial de la (PLE).

El Capitulo 6 se centra en el estudio de la estabilidad de desigualdades funcionales. En el caso
v = =0, (0.0.9) es una clase particular de desigualdades de Gagliardo-Nirenberg, que se pueden
escribir de forma equivalente como

d—p(d—2) +1 op U2 ()
S[f) = (0 = DIV fIIE2(ma) + 4? AT s gy = 2Ken [l 77 2 0. (0.0.10)

El funcional 0 es llamado funcional de deficit En [12], Del-Pino y Dolbeault lograron calcular la
mejor constante para la clase (0.0.9) en el caso de v = = 0. En el mismo articulo logran establecer
una conexion profunda entre el functional de deficit ¢ y la ecuacion (PME/FDE). En efecto, 6 > 0
es la desigualdad de entropia-produccion de entropia a lo largo del flujo (PME/FDE).

Desde el articulo clasico de Bianchi-Egnell [13], se han probado varios resultados de estabilidad,
por ejemplo véase [14, 15, 16, 17]. Sin embargo, pocos resultados son verdaderamente cuantitativos,
es decir: no se conocen muchas estimaciones con constantes explicitas. En el Capitulo 6 logramos
desarrolar una nueva estrategia pare el estudio de la estabilidad de las mencionadas desigualdades
de Gagliardo-Nirenberg. Utilizamos el flujo de difusién rapida como una herramienta y, empleamos
las estimaciones probadas en los capitulos 1,2,3 y 4 para cuantificar cada paso de nuestra prueba
constructiva. Como consecuencia, conseguimos establecer una acota inferior del funcional § en
términos de la entropia relativa y de la informacion de Fisher asociadas con el flujo de la difusion
rapida.

Los resultados de la segunda parte estan contenidos en

M. Bonforte, N. Simonov. The Global Harnack Principle for the Weighted Fast Diffusion Equation
with Caffarelli-Kohn-Nirenberg weights, Preprint, 2019

M. Bonforte, N. Simonov, D. Stan. Global Positivity Estimates for the p-Laplace Evolution
Equation, Final stage of preparation, 2019

y

M. Bonforte, J. Dolbeault, B. Nazaret, N. Simonov. From the Fast Diffusion Flow to Stability in
Gagliardo-Nirenberg Inequalities, Preprint, 2020
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Part 1

A Priori Estimates for
Fast Diffusion Equations with
Caffarelli-Kohn-Nirenberg weights
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Introduction to Part 1

We investigate quantitative a priori estimates and regularity properties of nonnegative solutions to
nonlinear singular diffusion equations with weights, possibly degenerate or singular, whose prototype
is given by the following Weighted Fast Diffusion Equation

up = |z|'V - (\:1:|_5Vum> (WFDE)

posed on a domain of (0,+00) X RN with N > 3 and m € (0,1). We will always consider the
following range of parameters, see also Figure 2 on page 33:

N -2

vy<N and y—2<pB< v. (0.0.11)
This range of parameters is optimal for the validity of a family of the so-called Caffarelli-Kohn-
Nirenberg inequalities [5]: let r* := 2(N —~v)/(N — (2+ f)),

. 1/r* - 1/2
(/ LI ™7 dx> <S,8 (/ IV f?[| 7 dx) : (0.0.12)
RN RN

see Subsection 0.0.3 for more details; these inequalities are deeply connected with the above WFDE,
in its evolutionary or stationary version, see for instance [18, 19, 20, 21, 9, 22, 23|; some further
connection will be discussed and explored in the following chapters.

A priori estimates are the cornerstone of the theory of nonlinear partial differential equations.
The main purpose of Part I is to prove precise quantitative local upper and lower bounds which
combine into different forms of Harnack inequalities; as a consequence we also prove interior Holder
continuity for solutions to this class of equations with a (small) quantified exponent: the optimal
Holder exponent is not known. Indeed, in the case of the Cauchy problem some explicit (Barenblatt-
type) solutions are known to be only Hélder continuous at x = 0, as we shall discuss later, see also
[18, 19].

The weights that we consider are not translation invariant and this causes a number of extra
difficulties and a variety of scenarios that we explain in Subsection 0.0.1. Roughly speaking, the
scaling properties of the equation change from R**#~7 to (a multiple of) R?  when we are considering
the problem around the origin or far from it, respectively. We focus on the cases in which the change
of geometry plays a role: in the other cases, the results are essentially the same as the classical ones,
cf. |24, 25].

Our quantitative interior estimates are formulated for nonnegative local strong solutions, defined
in Subsection 0.0.1. A number of interesting problems fall into our setting, for instance, the Cauchy
problem on RY, problems on Euclidean domains with different boundary condition (Dirichlet, Neu-
mann, Robin, etc.), as well as the so-called “large solutions” (which tend to +oo at the boundary of
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the domain). Moreover, our estimates can be extended to a wider class of solutions, through lengthy
but standard approximations. We prove analogous results also in the linear case m = 1, as we shall
discuss below.

The above nonlinear equation was introduced in the 80s by Kamin and Rosenau [6, 7, 8], to model
heat propagation -or more generally singular/degenerate diffusion- in inhomogeneous media; the
parabolic problem has been studied by many authors since then, mostly in the case m > 1 and with
only one weight [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45,46, 47|.

In the non-weighted case v = 8 = 0, the WFDE becomes the standard Fast Diffusion Equation
(FDE) which has been intensively studied in the recent years by many authors: it is hopeless to give
here a complete bibliography, hence we refer to the monographs [48, 4] and [49, 25| for a complete
account, as well as for the physical relevance of the model. We just remark that our results hold
also in the non-weighted case, and we recover the previous results with a different proof.

More recently, WFDE has been investigated for its deep relation with the so-called Caffarelli-Kohn-
Nirenberg inequalities, [5]; in particular, the intriguing issue of symmetry/symmetry breaking, has
attracted the attention of many prominent researchers, [18, 19, 50, 20, 21, 9, 22, 23, 51]. The study
of such problem partly relies on the study of the Cauchy problem for the WFDE on RY for which the
regularity estimates of this work are fundamental and were not present in the literature: sometimes
an extra hypothesis had to be added to fix this issue. This happens for instance in [18, 19|, where the
sharp asymptotic behaviour of solutions to the Cauchy problem for WFDE is studied: the regularity
estimates proven here are indeed essential to ensure the validity of those results in full generality.

Lately, new connections between weighted parabolic equations and nonlinear diffusions on Rie-
mannian manifolds were explored in [52, 53, 9, 54, 55|. This connection motivates the present work,
which makes a preliminary step towards understanding the behaviour of singular nonlinear diffusion
on manifolds possibly with unbounded curvature; it has to be noticed that in this latter case the
weights are locally regular and degenerate only at infinity, see for instance [56].

Since the pioneering paper of Fabes, Kenig and Serapioni [57], weighted (degenerate or singular)
elliptic and parabolic equations have been investigated in the linear case m = 1, [58, 59, 60, 61, 62,
63, 64, 65, 66, 67, 68, 69, 70]; in many cases, the weights are assumed to belong to the “natural” (for
second order differential operators) Muckenhoupt class Ay: the reader may notice that the weight
|z| =7 does not belong to Ag when v € (—oo, —N), a case that we consider here. Our contributions in
this direction are quantitative Harnack inequalities and Holder continuity for weak solutions to linear
equations with measurable coefficients. Our results agree with the known results [71, 72, 73, 74] and
extend those in some range of parameters.

Ideas of the main results and organization of Part I. The behaviour of solutions to the non-
weighted FDE presents strong differences between two ranges: good fast diffusion range me <m < 1
and very fast diffusion range 0 < m < mg: the critical exponent being m. = (N —2)/N, see |24, 48|.
We show here that also solutions to the WFDE behave quite differently in the two ranges; the critical
exponent m. now depends on the weights through v and £, in the range given by (0.0.11)

_N-(2+5)

.= 1), 0.1
m N €O (0.0.13)

Our first main result consists in quantitative upper bounds, see Theorems 0.0.2 and 1.0.1 proven in
Chapter 1, which take the form of local smoothing effects, that in a simplified form read

B t 1-m
+R [W] :

(24+8—7)0p 1
y€BR(0) ]

K1 _
sup w(ty) < — / ()P [y~ dy
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where the exponent ¥, = [(2+ 8 —7)(p — pe)] ! is sharp (see below) and the constants %1, %g > 0,
depending only on N,~ and 3, have an almost explicit expression. In the so-called good fast diffusion
range, m. < m < 1, solutions corresponding to ug € LL (|z|™7 dz), turn out to be locally bounded.
In the very fast diffusion range, 0 < m < m,, a counterexample given in Remark 0.0.3 shows that
this is not necessarily true. Indeed, the smoothing effect holds only for data in L} (|77 dz) with
D > pe, the so-called critical integrability exponent, defined as

_(1=m)(N-1)
Pe= g g (0.0.14)

Note that ¥, > 0 whenever p > p. and that p. > 1 only when m € (0,m.). We refer to the
monograph [48| for a more detailed exposition of the relevance of such exponents in the non-weighted
case § =y = 0 both for the smoothing estimates and for extinction phenomena.

The second main result is a precise quantitative lower bound for positive solutions, and it shows a
remarkable property of WFDE, called “instantaneous positivity”: as it happens in the case without
weights, see [75, 24, 25, 76, 77|, non zero data immediately produce strictly positive solutions. A
simplified version of our result reads:

1
1-m

inf w(t,z) >k [ for any t € [0, 1], (0.0.15)

t
r€B2r(0) R2+B_7:|

)

where t, = t.(ug) ~ ||u0|]i£619R(0)), is precisely defined in (0.0.24). We call ¢, the “minimal life time’
of the solution w, following [24], since it represents the amplitude of the time interval in which any
nonnegative local solution stays positive. Roughly speaking, if the solution is nonnegative in a small
ball, then it becomes instantaneously positive in a bigger ball (expansion of positivity) and for some
more time, precisely quantified by the minimal life time ¢,; as a consequence, it becomes also Holder
continuous. The above lower bound is somehow optimal, indeed solutions to fast diffusion-type
equations may extinguish after a finite time 7" = T'(up): t. is a (sharp) lower bound for T'; see
Chapter 2 for more details.

Our estimates are quantitative and we show an (almost) explicit expression of £ > 0, which depends
on the parameters N, m,~y, 3, and possibly on ug or other geometric quantities. Note that in the
good fast diffusion range m € (me, 1), £ does not depend on the initial data. This does not happen
in the linear case m = 1, where the lower bound depends on the initial data, and also, it is in
contrast with the degenerate case m > 1, where the finite speed of propagation forces to wait some
time in order to have strict positivity, see [4]. In the very fast diffusion range, £ > 0 also depends
on ug through Hy ~ |lug| LQ(BR)/HUO||L§(BR)7 see (0.0.23) for a precise definition.

The proof of (0.0.15) is complex and contains the main new technical novelties of this research. Due
to the presence of the weights, the approach developed in [24] for the model equation (8 = v = 0) that
relies on moving plane methods (Alexandrov reflection principles) can not be applied. Parabolic De
Giorgi-type methods, typically used for equations with coefficients, see [25], can be also applied to the
case with weights in appropriate Muckenhoupt classes, see [44, 45]; however, to our best knowledge,
these techniques do not provide quantitative results, indeed the constants in the estimates are not
always computable. We therefore develop in Chapter 2 a new strategy that allows us to keep the
constants explicit.

Upper an lower bounds fairly combine in the form of parabolic Harnack inequalities, our third main
result proven in Chapter 3. In the non-weighted case already it has been a longstanding problem
to understand which form the Harnack inequality may take (if any) in the very fast diffusion range;
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the first answer has been given in |75, 24| and then generalized to other contexts, see the monograph
[25]. A simplified version of our Harnack inequalities reads

sup u(t,z) <ks inf wu(t, x) for any b <t <t (0.0.16)
z€BR(0) z€BR(0) 2

where the constant K3 > 0 depends on N, ~y, 8 and possibly on the initial data ug in some ranges. The
minimal life time ¢, quantifies the size of the so-called intrinsic cylinders, which roughly speaking
represent the right domain where regularity estimates can be stated in a clean form. The size of
such intrinsic cylinders depends on the solution itself, due to the singular/degenerate character of
the nonlinearity u™, see [78, 25].

In the very fast diffusion range, 3 may depend on ug through some weighted LP norms, and this
dependence cannot be avoided in view of explicit counter-examples, see [24, 76] for the non-weighted
case. On the other hand, in the good fast diffusion range, k3 does not depend on ug anymore. In
all cases we provide an explicit expression for %3, see Remark 0.0.7. It is remarkable that in (0.0.16)
we may take the infimum and the supremum at the same time (elliptic-type Harnack inequality), or
even at a previous time (backward-type Harnack inequality): this feature is typical of fast diffusion
or of singular evolutions [75, 24, 25, 76|, and is compatible with the fact that solutions can extinguish
in finite time; this happens to be false for general local weak solutions, even for the linear equation
m = 1, in which case forward Harnack inequalities typically hold. See Theorem 0.0.6 below for a
more general statement and remarks.

An important consequence of Harnack-type estimates is Holder continuity, that we also establish
in Chapter 3. A simplified version of our estimates states that there exists a € (0,1) and &, > 0
such that, if 0 < wu < My on (to,to + t«] X Bygr,(0) we have, letting c =2+ 5 —

[u(t, =) = u(r, )| < Falig ™Mo (|2 — y|” + MF" |t = 7)7 |

for all tg + %t* <t 7m<ty+ %t* and all z,y € BRO/4(O). See Theorem 0.0.8 for a precise statement.
The Hoélder exponent a depends on the constant &3 of (0.0.16), and it will be chosen uniformly in
the good fast diffusion range, where K3 does not depend on u (nor on ug). On the other hand, in
the very fast diffusion case, o may depend on ug through some weighted LP norm: this is somehow
natural, since solutions corresponding to data in the weighted L! norm may be unbounded, as
already discussed above. We provide a (non optimal, but explicit) expression of the exponent « in
Chapter 3, and we show that it can vary depending on the cylinder: this may seem strange at a first
sight, but indeed it is perfectly reasonable in view of the example given in Remark 0.0.9. We can
appreciate here the effect of the weights on the regularity of solutions.

The proof of Holder continuity in the nonlinear case depends on the regularity results for linear
equations with weights. We prove in Chapter 3 both Harnack inequalities and Hélder continuity
for weak solutions to linear equations with measurable coefficients, whose prototype is given by
u = |2V - (Jz]7Pa(t,z)Vu), with 0 < Ao < a(t,z) < Ay; in our results we keep track of the
dependence on Ag, A; in all constants, as Moser did in the non-weighted case, [74]. We refer to
Section 3.1 for more details.

Finally, the Appendix contains the proof of the energy estimates of Chapter 1, the proof of some
functional inequalities that we use, together with a number of technical results. We have posponed
those long and technical proofs there in order not to break the flow and focus more on the main
ideas.

We shall now present the main results and the different scenarios, together with the notation and
definition of solutions that we are going to use.
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0.0.1 Precise statement of the main results in the different scenarios

In order to state our main results, we need to introduce first some notations and definitions. We will
write a < b whenever there exist constants cp, ¢; > 0 such that cpa < b < c1a; we let aVb = max{a, b}
and a A b = min{a, b}.

Functional spaces. Let p > 1 and © C R be an open connected set with smooth boundary
(at least C?). For any v € R, p, will denote the measure () := [, || 7dz and [flle) =

1

(Jo [fIP |#]~7 dz)». We will denote by L% (€2) the weighted LP-space with respect to pu; it is known
that LY (Q2) is a Banach space, see [79]. In what follows we will systematically deal with doubly
weighted Sobolev spaces, in which the norms of the function and of its derivatives are taken with
respect to different measures. In the present weighted setting the usual definition of Sobolev spaces
may not yield to a complete space, see [79], therefore, we will follow the ideas of Fabes, Kenig
and Serapioni [57], see also [80], and to avoid technical difficulties, we shall always assume that the
parameters v and [ satisfy assumption (0.0.11). We define Hiﬁ () to be the closure of C* (Q) with
the topology given by the norm ||¢||§11 ) = 16113, + HquH%yﬁ, and D, g (2) to be the closure of

Vs
C2° (©2) under the norm [|¢|p, ;) = [[V¢ll2,3. This procedure leads to the definition of a complete
space in which functions have a unique weak gradient, obtained by approximation. Without any

further assumption on the weights, the limit of such approximation may fall out of LL _ (), see [57,

section 2 and 3] and [80]. As a consequence, solutions to WFDE need to be considered in a suitable
weak sense, as follows.

Definition 0.0.1 (Weak and strong solutions). Let Q = (Tp,T] x 2 C (0,00) x RY. A function
u: @ — R is a local weak solution to equation (WFDE) in Q if

u € Cloc((To, T); L2 1 () and  u™ € L, ((To, T); HJ 510.(9)), (0.0.17)

and the following identity holds,

/Q fu(ta, 2)6 (t2, 2) — utr, )6 (t1, )] 2] 7 de

to to
:/ /uqbt |z| ™7 dz dt —/ / Vu™ - V¢ |z| 7P dedt,
t1 Q t1 Q

for every open subset [t1,t2] X K C Q and for any test function ¢ such that

(0.0.18)

¢ € W2 ((To, T); L2 (K)) N LE,.((To, T); Dy 5(K)).

loc

A local strong solution to WFDE is a local weak solution with uy € L ((0,7); L'ly,loc(Q))'

A local weak (or strong) sub (resp. super) solution satisfies (0.0.18) with < (resp. >) for any
nonnegative test function in the same class.

About the class of solutions. Most of our results will be proven for local strong solutions:
lengthy (but nowadays standard) approximation procedures allow one to extend our results to a
wider class of solutions, the so-called limit solutions [4], sometimes also called SOLA, Solutions
Obtained by Limit of Approximations [81, 82]. In particular, our results apply to weak solutions in
the sense of the above definition. Such approximations are often long and technical in the framework
of local solutions, but easier when dealing with global problems, like Cauchy, Dirichlet, Neumann,
Robin, or even for solutions of large problems (Dirichlet problems whose solutions go to +0o0 on the
lateral boundary). We shall say that most of the weaker concepts of solutions are included in the
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so-called class of limit solutions, i.e. limit of strong solutions, for which our estimates apply by a
simple limiting process.

Weights and different scenarios. Our results concern quantitative a priori upper estimates of
local type. We will consider a fixed cylinder of reference @ = (Tp,T] x Q C (0,00) x RV, as in
Definition 0.0.1, and the estimates will take place on a smaller cylinder, typically sufficiently far
from the boundary of 2. Due to the lack of translation invariance of the weights, we need to find the
right quantity that takes into account for change of geometry. Following [65, 83, 44, 45| we define
for zo € RY and R > 0:

2
N
Pl (R) = (/ |z (B2 dx) . (0.0.19)
Br(zo)

The inequality
Br(zo))
71 B8R R2'u“/(7 < Rig VB (R 7
16 pxo ( ) NB(BR(-TO)) pxo ( )
is proven in Lemma 3.4.1. Roughly speaking, the scaling properties of the equation change from

R*8=7 o (a multiple of) R?, when we are considering problems around the origin or far from it,
respectively. There are at least four possible scenarios, see figure (1) on page 27:

(a) When 2o = 0 and Ry > 0, we have pJ! (Ro) RgJFB_W.

(b) When zy # 0 and 0 € Bg,(20), we have pl’ (Ro) ~ Rngﬁ*'Y.

(c) When zo # 0, 0 & Br,(xo) and Ry > |xo|/2, namely xg is relatively far from the origin but the
singularity is still felt by the equation, and in this case we have pJ (Rg) Rg+f8 -,

(d) When z¢ # 0, 0 € Bg,(z0) and 0 < Ry < |xo|/2. This is the case where x is relatively far from
the origin and does not heavily affect the geometry of the parabolic cylinders. In this case we are
essentially dealing with a nonlinear singular parabolic equation (governed by the nonlinearity
u™) and where the diffusion is driven by a uniformly elliptic operator; more specifically the
standard (non-intrinsic) parabolic cylinders, depend on the ellipticity constants which in turn
are proportional to |zo|®™7, more precisely pae (Rg) ~ R2|20/°7; note that all these latter
quantities are bounded and bounded away from zero in this case; see for instance [74] for the
linear case and [24, 25] for the nonlinear case.

We will focus only on the cases (a), (b) and (c) in which we have novel results, and where the geometry
of the weights really plays a role; as already mentioned, the case (d) follows from nowadays standard
results. For the sake of simplicity, from now on, we will always make one of the following assumptions
on the ball Bp,(zo) where our local estimates will take place:

(1) Let xp = 0 and any Ry > 0, or
(2) Let xo # 0 and |z9|/32 < Ry < |zo|/16, or
(3) Let xo # 0 and (5/2)|zo| < Ry < 4|xg].

We notice that under the assumptions (1), (2) or (3) a simple calculation shows that (see proof of
Lemma 3.4.1)
Rt R¥TP1 < RQM < Rir R (0.0.20)
1s(Br(z0))
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Figure 1: A representation of possible scenarios (a), (b), (¢) and (d).

where the constant K17 > 0 depends only on N,~, 5. Before stating our main results we first need
to introduce the following parameters whose role has been already explained above (recall that p,. is
defined in (0.0.14))

1 1
c=24+p—7 and 19p:0p—(]\7—'y)(1—m):o(p—pc)‘ (0.0.21)

Theorem 0.0.2 (Local Upper Bounds). Let u be a nonnegative local strong (sub)solution to WFDE
on the cylinder Q x (0,T]. Let moreover p > 1 if m € (me,1) and p > p. if m € (0,m]. Let
Bop,(z0) C Q and assume that Br,(xo) satisfies either (1),(2) or (3). Then there exist Ki,k2 > 0
such that for any t € (0,T] we have

olp 1

 [us(Bry(a0)) ¢ |7
e IR

K1 dy

sup ulty) < / fuo(y)P -2
yEBRO(a:o) t(N )% [ BQRO(IO) ’y|,y

where ¥, and o are defined as in (0.0.21). The constants k1, k2 depend only on N,~ and f.

Chapter 1 contains the proof of Theorem 1.0.1, which implies the above theorem as a particular
case.

Remark 0.0.3. (i) The above smoothing effect may fail when m < m,, if we choose exponents
p < pe. Indeed, there is an explicit counterexample to the above LY — 1> smoothing effect for
solutions with initial data in Lg loc With p < p., given by the following function:

Ult,z) = c(T — t) T |a| T,

where ¢ = ¢(m, N,, 3) is chosen in such a way that U becomes a local solution to WFDE in the

cylinder (0,7) x RY. In the non-weighted case f = v = 0, the above counterexample was shown
in [24, 48].
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(ii) It is worth noticing that when v = 2 + 8 or when o = 0, i.e. outside our range of parameters
(0.0.11), also in the linear case the smoothing effect fails: this has been proved in [65] by means
of counterexamples.

(iii) The above upper bound (0.0.22) contains two terms, the first takes into account the influence
of the initial data, while the second takes into account the “worst case scenario”, that happens
when the local weak solution comes from the so-called large solutions, namely solutions to the
Dirichlet problem which go to +oo at the lateral boundary, see for instance [75, 24].

Our second result concerns quantitative positivity estimates. In order to state our main positivity
results, we need to introduce first the following intrinsic quantities, for p > 1:

1o povp

1 (Br(zo))7% | 1 (Br(xo)) (fB ooy P17 )7
My (BRONT |y (Br(20))7 [, 0 Fll 7 d ’

H, (f,zo,R) := (0.0.23)

B—
~ ~ x
o= o) = 1 (VL) (R 1

where ¥, and o are defined as in (0.0.21); we notice that in the cases (1), (2) and (3) the quantities
|zo|/Ro and puy (Br(20))°" py(Br(0)) =77, become independent of g, R. The above quantity is an
adaptation to the weighted case of a similar one introduced in [24] and it plays an essential role in
the positivity estimates: in particular, H, encodes the geometric information of the weights which
is relevant in the estimates. An important aspect of these quantities, that will play an important
role in our main results, is that both H, and H, are scaling invariant, with respect to the natural
scaling of the equation, see for instance formula (2.9.2). Finally, we would like to emphasize that in
the good fast diffusion range, i.e. when we can choose p = 1, H, (hence flp) does not depend on f:

piry (Br(@0)) """
py(BR(0))77t -

We are now in the position to state our main positivity result.

Hi(f,z0,R) =

Theorem 0.0.4 (Local Lower Bounds). Let u be a nonnegative local strong (super)solution to WFDE
on (0,T) x Q and let 0 < ugy € L:JOC(Q) with p > 1 if m € (me,1) and p > p. if m € (0,m.]. Let
Byr(zo) € Q and assume that Br(zo) satisfies either (1), (2) or (3). Define the minimal life time
ty as

HUOHLI (Br(z0))

te = te(ug, 29, R) = ke R° . 0.0.24
(o 20 ) = e R B(ao)) (0024
Then, there exists k = E(Hp(uo,xo,R),R, N,m,~, 6) > 0 such that
. p(Br(zo)) ¢ }lm
inf wu(t,zx) >k |—Fr—"5 — or anyt € (0,1, AT, 0.0.25
L u(ta) > [FAZEEOL 2 for any t € 0,4, AT] (0025

The constant k. > 0 depends on N,m,~,[ and it is given in Corollary 2.8.2; k has an (almost)
explicit expression given in (2.8.10) and depends on Hp(uo, xo, R) only when m € (0, m].

Remark 0.0.5. (i) Roughly speaking, the above lower bound (0.0.25) shows that any bounded non-
negative solution becomes instantaneously (strictly) positive on a whole time interval (0, t.(uo, zo, R)] .
This result will allow us to give an estimate on the size of the intrinsic cylinders, which are the
natural domain for Harnack and Hoélder continuity estimates, see also Chapter 3. We construct
intrinsic cylinders inside arbitrary ones: in the literature this is often an assumption, cf. [25].
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(ii) All the constants are computable: from the expression (2.8.10) of K, we deduce that when flp,
defined in (0.0.23), is large enough, then there is a constant ¢; > 0 depending on N, m,p, 3,7y
such that

e Y/
— 17 m(l-m)
JAJRES Hp s

(iii) As already mentioned above, when m. < m < 1, the constant H,, does not depend on uy anymore,
hence formula (0.0.25) provides an absolute lower bound, i.e. independent of u and wug:

ps(Br(zo)) t
,U“/(BR(JUO)) R?

where k" only depends on N, m,y, 3. However the presence of ug is still felt through ¢, ~ [Jug Hifm
Y

inf  u(t,z) > K [

T—m
} for any t € [0,t. AT,
z€BaR(z0)

(iv) Chapter 2 contains a detailed proof of Theorem 0.0.4, which is the major technical contribution
of this work. Our proof applies also to the non-weighted case v = § = 0, and we recover the
result of [24] with a different proof.

Our quantitative upper and lower bounds fairly combine into Harnack-type inequalities.

Theorem 0.0.6 (Harnack Inequalities). Let u be a nonnegative local strong solution to WFDE on
(0,T) x Q and let 0 < ugy € LI;JOC(Q) with p > 1 if m € (me,1) and p > pc if m € (0,mc]. Let
Bsr(zo) CQ, to € [0,T) and assume that Bagr(xo) salisfies either (1), (2) or (3). Define

te = tu(u(to), zo, 2R) = K (2R)7 piy (Bar(w0)) ™ lulto) I} ;™

Bap(zg)

Then, for any € € (0,1), there exists Kz > 0 such that for any t,t+£0 € [to+et«(to), to+1t«(to)]N(0,T")

sup u(t,z) <FRs inf w(t+6,x). (0.0.26)
xeBR(zo) wEBR($0)
The constants k«, k3 > 0 always depend on N, m,~, 5 and are given in (2.8.5) and (3.2.2) respectively;
R3 may also depend on R, xy and ¢, and, when 0 < m < my, it depends on H,(ug, xo,2R) defined in
(0.0.23).

Remark 0.0.7. (i) In (0.0.26) we may take the infimum and the supremum at the same time
(elliptic-type Harnack inequality, # = 0); we can even take the infimum at a previous time
(backward-type Harnack inequality, # < 0): both inequalities are in contrast with the classical
parabolic Harnack inequality valid for the linear heat equation (m = 1), which needs to be for-
ward in time (infimum at a later time, 8 > 0), [84, 73, 85]. Indeed, elliptic and backward Harnack
inequalities are typical features of fast diffusion equations, as already observed in |24, 25]. They
are false in general for the Heat Equation (m = 1) and for the Porous Medium Equation (m > 1),
when dealing with local solutions (i.e. regardless of the boundary conditions), or in the case
of solutions to the Cauchy problem posed on RY. However for solutions to the homogeneous
Dirichlet problem, also when m > 1, elliptic and backward inequalities have been proven, see
[86, 87, 88, 89, 90].

(ii) Our result is quantitative, in the sense that all the constants are computable: from the expression
(3.2.2) of K3, when ﬁp is large enough, we deduce

opdp ~ci-1}7;/2
Ry =<¢g 1I-m Hp(uo,x0,2R) Hpm( -m) R

where ﬁp is given in (0.0.23), and ¢ > 0 only depends on N, m, p, 3,~.
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(iii) Recall that in the good fast diffusion range, we can choose p = 1 and obtain a more classical form
of the above Harnack inequality i.e. with the constant independent of wug:

sup u(t,z) <w®; inf w(t+6,x),

z€BR(z0) z€BR(x0)

with ¢, as in the formula above (0.0.26) and where &5 depends only on N, m,p,~, 8 and possibly
R, xg,e. In the very fast diffusion range we can not eliminate the dependence on wug in the above
Harnack inequalities (0.0.26); indeed, explicit counterexamples as in the non-weighted case can
be constructed, see [24, 76].

Our last main result concerns Holder continuity estimates, and the proof relies on some results for
linear weighted equations that we describe later

Theorem 0.0.8 (Interior Holder Continuity). Let u be a nonnegative local weak solution to the
(WFDE) on Q :=[0,T) x Q. Let tg € [0,T) and Bigr,(x0) C Q and assume that Byg,(xo) satisfies
either (1), (2) or (3). If u < My < oo on (to, T A (to + t«)] X Bar,(x0) with t,. = t.(u(to),x0,4R0)
as in (0.0.24), letting

-1
Do = 1ARE (T At /)7 AR (p;f) (T At /8),
with a suitably small Rig > 0 as in (3.4.2), then there exist o € (0,1) and &, > 0, such that

Eix My
Dg (Ro A R

m—1 «
fult, 2) — u(r, )] < ] <|a: gl MER - r) , (0.027)

Jor all t,7 € [to+ %t*,to + %t*] N (0,T) and for all x,y € Br,(xo). The constants o € (0,1) and
Ry, > 0 depend on N,m,~, B, Hy(u(to), zo,4Ro) and possibly on Ry, zg.

Remark 0.0.9. (i) We provide a (non optimal, but explicit) expression of the exponent « in Chap-
ter 3, and we show that it can vary depending on the base point zg and on the radius Ry : this
may seem strange at a first sight, but indeed it is perfectly reasonable in view of the following
example. Consider the Cauchy problem on the whole space: the fundamental (or Barenblatt)
solution, has a selfsimilar form B(t,z) = t*F(|z|t~?) where F(|z|) = A(D + |z|7)Y (™1 see
[18, 19]. Clearly this explicit solution is merely Holder continuous at zero when o € (0, 1], is C1@
when o € (1,2] and so on, but such a solution is always C*(R™ \ {0}). We can appreciate here
the effect of the weights on the regularity of solutions. Again, it is worth noticing that when
o = 0, Holder continuity fails, as well as the upper bounds, see Remark 0.0.3 (ii).

(ii) We have decided to state the Theorem in this simplified form, to focus on the main result. Indeed
it is quite easy to show that it holds for t,7 € [to + get*, to + Et*] N (0,7), for any ¢ € (0,7/8),
paying the price of having a dependence on ¢ in the constant R, as it happens for the Harnack
inequality of Theorem 0.0.6.

(iii) The above theorem is stated in a general form emphasizing the fact that bounded solutions are
C® on a smaller intrinsic cylinder, whose size depends both on ¢, (i.e. on the L# norm) and
on the L* bound My. A closer inspection of the proof reveals that by slightly changing t,
to ts = t«(u(to), xo,8Rp), and using the upper bounds of Theorem 0.0.2 or 1.0.1, we can choose
My = cHp(u(to), z0, 8Ro) (t«/RE)/1~™ by means of the same computation (3.2.1) as in the proof
of Theorem 0.0.6.
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Also, the exponent a depends on H,, and ¢, in a quantitative way,

c6 cr(1—m) H(lfm)/Q
o ~ eXp <_th m P

*

where ¢; > 0 only depend on N, m,p, 3,v. See the end of the proof of Theorem 0.0.8, for more
details. Therefore, the size of the intrinsic cylinders in the good fast diffusion range can be chosen
to depend only on ¢, (i.e. on the L%’loc norm of u(tp)), while in the very fast diffusion range it
has to depend also on H,,. The same happens for the exponent o. This reveals a typical feature
of the fast diffusion equation, for which there are strong differences between the two regimes. We
last notice that such quantities are stable in the limit m — 17, in which case we recover the
linear results. On the other hand, by the above formulae, it is also clear that o — 0% when either
m — 0% or H, — 4o0. This is compatible with the fact that solutions to the Dirichlet problem
with m = 0 (i.e. the logarithmic diffusion) extinguish immediately, cf. [91, 48], and with the fact

that if H, = 400 the solution maybe unbounded.

(iv) We have already mentioned above that the optimal Holder exponent « is not known, since « in
general has to depend on Ry, zg and ug. However, in some particular cases, a can be chosen
uniformly in the whole range m € (0,1). This happens for instance in the Cauchy problem on
the whole space, when we deal with the class of solutions trapped between two Barenblatt, in
which case H, can be shown to be a suitable constant, see for instance [18, 19]. Note that in the
latter case, solutions are C'“ around the origin, and classical elsewhere.

(v) About a uniform Hélder exponent. A closer inspection of the proof reveals that indeed it is possible
to choose a uniform Holder exponent: in the good fast diffusion range, we can let p = 1 and choose
My < Hu(tO)HL}Y(Ru%) to obtain an (explicit) exponent a which depends only on N,~, j.

Harnack inequalities and Hdélder continuity in the linear case. The study of quantitative
regularity estimates for linear parabolic equations with measurable coefficients began with Moser
[74]. We show in Section 3.1 analogous quantitative Harnack inequalities and Hélder continuity for
weak solutions to linear equations with degenerate/unbounded coefficients, whose prototype is given
by uy = |2V - (|z|Pa(t,2)Vu), with 0 < Ao < a(t,z) < Ay; in our estimates, we keep track of
the dependence on Ag, A\1. We do not claim originality for these results, indeed in many ranges of
parameters they were already known [62, 63, 64, 65, 72, 71]; however we did not find in the literature
the quantitative result that we needed, hence we sketch the proof in Section 3.1. The motivation for
this analysis comes from the application to nonlinear equations: our proof of the Hélder continuity
for solutions to WFDE heavily depends on the linear estimates.

0.0.2 Possible generalizations.

Other ranges of parameters. Formally our results extend to a wider zone of parameters, namely zone
(IT) in Figure 2 on page 33, which amounts to require: v > N and v —2 > § > %'y, note that in
this case the weight ||~ is not integrable at x = 0, also |z|~# is allowed to be not integrable and
o =24+ 8—~ < 0. Allowing this range of parameters would require more technical results about the
weighted functional spaces and inequalities involved in our proofs: we have decided to not treat this
case here, since a rigorous proof would require a significant amount of technical results that would
increase the length of this work. For the sake of simplicity we assume that N > 3, but our method
works with straightforward modifications also when N =1, 2.
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More general equations. We can allow for more general weights, equations and nonlinearities. For
instance, all the results of Part I easily generalize to nonnegative solutions of

N
w;l(a;)ut = Z 0i (A; j(z)0;u™ + By(x)u™),

i,j=1
with
= || —Ble|2 3 ~Blel2 —
wy(x) = |27, 0 < ol PIEP < Y Aig (@) < Mla| UEP, and  |Bi(e)] < Aafz|
i,j=1

for some constants 0 < Ay < A1; we can also translate the singularity at another point zy # 0. Note
that the upper bounds extend also to signed solutions, recalling that in this case we have to work

with odd nonlinearities u™ := |u|™ 'u.

A close inspection of the proofs reveals that all our results can be adapted, with some extra work,
to nonlinearities F'(u) with F € C*(R\ {0}) with F/F’ € Lip(R) such that there exist 0 < mg < my

such that
1 F\ 1
< =) <=
mi ~ \F')] T my

It is often convenient to take mg, my € (0, 1), but we can also allow my > 1; the above assumption

guarantees that ¢ — tm1(17—0m0>u(t, -) is monotone non-increasing, see for instance [92]; as a conse-
quence, all the proofs of Part I can be repeated with minor modifications. The rough idea is that our
results extend to nonlinearities that behave like a concave power, F(u) < |u|™0 !y for |u| ~ 0, and
behave like another (not necessarily concave) power F(u) < |u|™ ~!u for |u| > 1. We stress that on
one hand the qualitative results are still true (boundedness, positivity and continuity) also for more
general nonlinearities. On the other hand, although qualitatively the same, the quantitative results
shall have a quite different form, namely the exponents in the estimates and the dependence on the
data in the constants and in the estimates may change in function of mg, m1; one advantage of the
present method is that all the quantities can be controlled in a quantitative way.

The space-time estimates of Theorem 1.3.1 and Proposition 2.4.1 in its space-time form (2.4.11),
can be extended to even more general nonlinear operators of the form

w;l(x)ut =V - A(t,z,u,Vu) + B(t,z, Vu,u),
with w, as above and
|A(t, z,u, Vu)| < )\1|x\_ﬂ‘V|u|m’ and B(t,z,u,Vu)-Vu > A0]x|_ﬂ‘V|u]m’2.

Again, the assmptions on the power-like nonlinearity can be weakened, as above, and we can allow a
concave F with F(u) < |u[™ 1u for u ~ 0, and regular outside zero. As for the lower order term B,
the typical assumption would be |B(t,z,u, Vu)| < A|z|7?|V|u|™| + Afw> () |ul™, but it can be
weakened. On one hand, it is possible to obtain upper bounds in a refined form like Theorem 0.0.2 or
1.0.1 also in this generality. On the other hand, precise lower bounds like in Theorem 0.0.4 or 2.0.1,
are not easily extended in this degree of generality: the major technical difficulty is represented by
the absence of time monotonicity for solutions to a homogeneous Dirichlet problems, namely that

1
t — tT=mu(t,-) is monotone non-increasing.
Finally, our methods can be adapted to hold also on Riemannian manifolds; we can possibly allow

for manifolds with unbounded curvature, as already mentioned, and this partially motivates the
present research.
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Figure 2: In light grey the region (I) of parameters 8 and 7 as in (0.0.11), where all of our results
hold. Note that a big part of the region falls outside the Ay region. The region (IT) in dark grey
correspond to a range of parameters that we do not treat, but where our results formally apply, as
discussed in Subsection 0.0.2

0.0.3 Weighted Functional Inequalities

In order to study regularity properties of the solution to WFDE a key point in our approach is
represented by weighted functional inequalities, that we briefly recall here. For any v < N, consider
the measure 11, (B) := [5|2|~7 dz, which is known to be doubling, i.e.

tir(B2r) < Dypiy(BR), (0.0.28)

where Bp is a ball contained in RY and the constant D, depends only on the dimension N and
the parameter 7, see [80, Chp. 15]. On the whole RY, there is a celebrated family of interpolation
inequalities, the so-called Caffarelli-Kohn-Nirenberg inequalities [5], that we state hereafter in a
special case, namely as in (0.0.12). Let 7, 5 as in (0.0.11), then there exists a constant ?775 > (0 such
that for any f € C° (]RN ) the following inequality holds

Ny
N—-@2+p)’
where the weighted LP norms are defined in subsection 0.0.1. This family of inequalities contains

both the classical Sobolev inequality (v = 5 = 0) and the Hardy inequality (8 =~ — 2), cf. [93]. In
our range of parameters (0.0.11) (see Figure 2) we always have r* € [2,2N/(N — 2)].

IFller vy < Sy pllVEllizyy  where 7" =2 (CKNI)

Proposition 0.0.10. Let N > 3, v, be as in (0.0.11), r* be as in (CKNI) and o as in (0.0.21).
Let zg € RN and R > 0. Then, there exists a constant S5 > 0 depending only on N, 3,7, such that
forany f € H%/,B(BR(wo)) the following inequality holds

[ f 1l (Bro)) < Sv.s <||foL%(BR(xO)) + 11y (BR(@0)) T -7 ”fHLg(BR(xo))> : (CKNI2)

The above (CKNI2) will play the role of the classical Sobolev inequality in the proof of both upper
and lower bounds, hence we have given a short proof in Appendix-B.
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Another essential tool in our proofs will be the following weighted Poincaré inequality.

Proposition 0.0.11 (Poincaré Inequality). Let be N > 3 and 7,3 < N as in (0.0.11), zo € RV
and R > 0. Then there exists a constant Py g > 0 such that for any ¢ € Hiﬁ(BR(xo)) we have

1

S — il §<P R(—1 V)32 ’ 0.0.29
(”V(BR(*”«"O)) /BR(a:o>|qu * le”> o (Mﬁ(BR(:ro)) /BR(aco)| Mg ) - 0029

where ¢y = fiy (BR(:UO))_1 fBR(wo) ¢lx| ™7 da; the constant Py g > 0 depends only on N,~, 3.

The above Poincaré inequality is a direct consequence of a more general one, called Sobolev-Poincaré
inequality see [80, Chp. 15|, and also [57, 94, 95, 96] and references therein for the known results.
For the sake of completeness, we have decided to give a proof of the above inequality in Appendix-B.

In the proof of positivity estimates we will also use BMO -Bounded Mean Oscillation- weighted
spaces and a weighted John-Nirenberg inequality; we recall here the definition and inequalities that
we will use, for convenience of the reader.

Definition 0.0.12. A function f € L., (Q) is said to be in BMO,(Q) if

~,loc
1f = sup — /\f—f 2™ dw < +o
B]V[O»y (Q) . BeO ,Um/(B) B B )

where B are balls compactly contained in Q and fz = py(B)~* [ flz|™7 dz.

The following version of the John-Nirenberg Lemma can be found for instance in [80, Thm 18.3].

Lemma 0.0.13 (Weighted John-Nirenberg inequality, [80]). Let f € BMO~(Q2). Then, for any ball
B compactly contained in Q) the following inequality holds

1
py(B)

where Ky and Kg are positive constants depending only on N, .

1

Rl fll Baro, )

/ 65|f7?B‘|1;’77 df,C S EB for any 0 <'s S y (0030)
B

From the above inequality there follows Corollary 0.0.14 that will play a crucial role in Chapter 2.

Corollary 0.0.14. Let u: Q — R be a positive measurable function such that log(u) € BMO~(2).
Then the following inequality holds
lulls 5y < % s (B) ] s 0<s< 1 0031
U||Ls < ks W s||u|ly —s or any s < — , .0.
= L (®) Fio [ log(u)l|zar0, (9

where B is any ball compactly contained in ), Kg > 0 is as in Lemma 0.0.13 and K7 > 0 is a constant
depending only on N,~ .

Proof. The proof of this result follows by the weighted John-Nirenberg inequality (0.0.30); it is a
straightforward adaptation of the proof of [73, Theorem 4], see also [97, Proposition 4.4]. []
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Chapter 1

Local upper bounds and energy estimates

The main result of this chapter is a precise and quantitative local upper bound, which ensures that
sufficiently locally integrable solutions are indeed bounded at a later time, as precisely stated below;
we state here the most general form of upper bounds, which includes the cases considered in Theorem
0.0.2.

Theorem 1.0.1. Let u be a nonnegative local strong solution to WFDE on the cylinder Q x (0,T7].
Let moreover p > 1 if m € (me,1) and p > p. if m € (0,m¢]. Let Bag,(zo) C 2, and assume that
Br,(z0) satisfies either (a), (b) or (¢) on page 26. Then there exist Rg, K9 > 0 such that for any
O<t—to<T

oty 1

C[t—ty]Tm
1.0.1
e B

R8 _
swp w(ty)< e | [ Jutn) ol dy
y€Bry (o) (t —to) N0 [ Bary (o)

where ¥, and o are as in (0.0.21). The constants g, Ry depend only on N,~,[ and on the quotient
|xo|/Ro; they both have an explicit expression given in (1.4.1).

We have already observed the main features of the above upper bounds, see Remark 0.0.3. Note
that Theorem 0.0.2 is a particular case of the above, in the sense that the dependence on |zo|/ Ry can
be eliminated in the constants Fg and Ry, simply by choosing the cases (1), (2) and (3) on page 26.
We shall now proceed with the proof of the Theorem, in Subsection 1.4. Before that, we need a
number of preliminary results, some of them having their own interest.

1.1 Local space-time energy estimates

We collect in this Subsection all the energy inequalities that we will use in the rest of Part I, the
proof is quite technical; but follows by nowadays standard ideas; the hidden difficulty lies on the
careful approximations needed to deal with the singular/degenerate nature of the weights. We
postpone the proof to Appendix-A, in order to not to break the flow of the proof. In order to state
the energy inequalities in all the possible scenarios, we introduce an auxiliary function: to avoid
unnecessary complications, we consider balls Bg, (z9) C Br,(zo) such that 0 ¢ Bg,(zo) \ Br, (x0).
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CHAPTER 1. LOCAL UPPER BOUNDS AND ENERGY ESTIMATES

Let 0 < Ry < Rpand 0 =2+ 8 — v € (0,00) and define

2—0o
(M) , if0<o<2,
0 — fu1
h — Ry — Ry o2 .
o (R07R17$0) = 1v W s if o >2and 0 € BRl(xo), (111)
1= |40
o—2
1V<M> , ifo>2and0¢ Br,(xo) .

The function h, takes into account the change of geometry and covers more general cases than the
ones defined in (1), (2) and (3) on page 26. We moreover observe that whenever By satisfies one of
the hypothesis (1), (2) or (3) we have

B
ho (AR, Ry0) = hy (2R, Ryzg) = C sy and  7pire < g2taBRE0) o b
1s(Br(xo))

where the constant C, g > 0 depends only on the constants v, 8. This is consistent with the weighted
estimates proved in the linear case, see [63, 72, 71| and also Remark 1.3.2 below.

Lemma 1.1.1 (Energy estimates). Let 79 € R, 0 < Ry < R such that 0 & Br(xo) \ Bg, (z0) and
let0<m<1,0<Ty<Ti1 <T.

e Let u be a non-negative local strong subsolution to WFEDE in (Ty,T) X Br(xzg). Let p > 1 and
assume u € LE((Ty, T) x Br(xg)). Then there exists c1 > 0 depending only on m,p, N, such that

T p+m—1 2
sup / uP (7, x) |z|77 dz —|—/ / Vu 2 |lz|~# da dt
TE[Tl,T] BRI (:L‘Q) T BRl (xo)
ho’ (R7 Rl)‘ro) 1 :| /T/ —1 —
<c { = + uPT™ ) || da dt. (1.1.2)
(R—R1) Ty = To | J1y JBR(xe) ( )

e Let § >0 and u > § be a local strong supersolution to WFDE in (Ty, T) x Br(xo).
- For all 0 < p <1 —m there exists co > 0 depending only on m,p, N, such that

Th
/ u(To,x)p\x]_de—i-/ /
Br, (z0) To J Br, (o)

ho’(Rv Rl,on) 1 :| /T/ +m—1 _
< e + T P |27 de d; 1.1.3
[ (R—Ri)e T-7) Jn BR(%)( )| (1.1.3)

- For all p > 0 there exists cs > 0 depending only on m,p, N, such that

T
sup / u(r,z) 7P || dx —|—/ /
T€[T1,T] Bg, (z0) Ty JBg, (z0)

ho—(R, Rl,xo) 1 :|/T/ —p+m—1 — —
> + w P 4w || dae dt; 1.14
’ [ (R — R1) Th —To | J1, JBr(zo) ( ) 2 ( )

The constants c1, co, c3 have an explicit expression given in the proofs.

p+m—1

Vu 2

2
2|7 dx dt

—p+m—1

2
Vu™ 2 2| ~# da dt
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1.2. BEHAVIOUR OF LOCAL L NORMS.

The next Lemma plays the role of the celebrated Caccioppoli inequality and corresponds to the
above estimates in the borderline case p = 1 —m. It will be a key ingredient in the proof of the
positivity estimates of Chapter 2.

Lemma 1.1.2 (Caccioppoli estimates). Let m € (0,1), 6 > 0 and u > § be a local strong su-
persolution to WFDE in (Tp,T) x Br(zo). Let ¢ € C*(Q) with supp(y)) C Bgr(zo) C Q and
To <717<t<T. We have

2 t
/ u(r, x) " 2|77 do + m (1-— m)/ / Y? |Viogul? |z| =7 dz dt
Br(zo 2 7 JBr(z0) (1.1.5)

t
<2(1- m)/ /B ( )|V¢]2 |z| =P d:cdt—l—/ u(t, ) =™ ¢? |z| 77 da.
T R\Z0

Br(zo

We finally observe that letting m — 17 in (1.1.5), and recalling that «!=™/(1 — m) — logu in
such limit, we recover the classical Caccioppoli estimate, valid for m = 1 and § = v = 0, cf.
[98, 73, 74, 46].

1.2 Behaviour of local Lg norms.

Proposition 1.2.1. Let m € (0,1) and u(t,x) : [To,T1] x @ — R be a nonnegative local strong
solution to the WFDE. Let xo € Q and R > 0 be such that Bar(xg) C Q. Then, for any 0 < t,7 €
[To, T1] we have

1-m 1-m

/u(t,x)dm < /U(T,x)dfc g BRE@)T oy

Edpl || 1P (R
Br(xo) Bar(z0) Pzg ( )

where the constant Kio depends only on N,m,~y and . Moreover, under the assumption that Br,(xo)
satisfies either (1), (2) or (8), (1.2.1) becomes

1-m 1-m

dz dz iy (Br(x))' ™™
/ uta) | < / ur) or |+ m e n 122)

RO’
BR(wo) BZR(xO)

where Ryy = R1o E17Ef61; R16 , 17 depend only on N,v, B and are as in (3.4.1), (0.0.20) respectively.

Remark. The above Lemma quantifies the displacement of local mass backward and forward in
time, and has been first proved in [99] in the non-weighted case and for solutions to the Cauchy
problem on RY: inequality (1.2.1) implies conservation of mass (letting R — oo, when m > m,). It
has also been used to prove estimates from below for the extinction time in different contexts: for
the Cauchy problem when m < m,, for any m € (0,1) for the Dirichlet problem or on Manifolds
with negative curvature, see |52, 24, 48]. Also in this weighted case it allows one to prove the same
results: we use it here (also) to prove lower bounds for the extinction time for the Minimal Dirichlet
problem for all m € (0,1), see (2.0.1).

Proof. Let ¢ be a cut-off function supported in Bagr(zg) and let ¢ = 1 in Br(zp). In what follow
we will write Bg instead of Br(zg) when no confusion arises. We adopt the notation £, 3f =
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CHAPTER 1. LOCAL UPPER BOUNDS AND ENERGY ESTIMATES

|2V - (J2| 7PV f), see also (3.4.7). Let us compute

jt/Bm u(t,x)o (x) |z| 7 dz| = ‘/Bm Lz ™) ¢ (x)|z|7ds

[ wes @@l el < [ i 0 @) el d.
Bsr Bar

(1.2.3)

Holder’s inequality with conjugate exponents % and ﬁ gives

1-m
m = = 9=
[ s @l < /¢ WP /(bl G O s
Bor Baor
dx
@
Bar

Notice that joining the above estimate and (1.2.3) we get the closed differential inequality

m

dz
[

dx

d
dt/u(t,x)qﬁ(x)w <C(9) /u(t,x)¢(x)

Bar Bar

An integration in time shows that for all ¢,7 > 0 we have

(f, wtearow ) ([ vtarow ) - me@- .

Since ¢ is supported in Bog and equal to 1 in Bp, this implies (1.2.1). The above proof is formal when
considering weak or very weak solutions, in which case, it is quite lengthy (although standard) to
make it rigorous: we start by considering the integrated version of inequality (1.2.3), which follows
by Definition 0.0.1 of weak solution plus an integration by parts (that can be justified through
approximation); we then conclude by a Grownwall-type argument.

The proof is concluded once we show that C (¢) is bounded: choosing ¢ as in Lemma 3.4.4 we get

—m

1
1 i—m
Qﬁlfrn |£77ﬁ ( )‘ 1—-m < “10 (p')/ 6(R)) 1 ’

where the constant K19 > 0 does not depend on xy but only on N, m,~ and 5. Finally, we get

1-m

-mO@ = a=m | [ o= e @@= G <50 (B

Bar

Using (3.4.1) and (0.0.20) one easily gets (1.2.2). The proof is now concluded. ]
When p > 1 similar estimates still hold in the following slightly weaker form.
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1.2. BEHAVIOUR OF LOCAL L NORMS.

Proposition 1.2.2. Let m € (0,1) and u be a nonnegative local strong solution to WFDE on

0,7] x Q. Letp > 1 and u(t) € LY Q) for some 7 > 0. Let x¢g € Q and 0 < Ry < Ry be such
~,loc

that 0 ¢ Bry(xo) \ Br,(z0). Then for any t > 7 we have

1-m 1-m

P p

dz dx

/ utay L < / wra) T K (=) (1.2.4)
Br, (zo0) Brg (o)

where the constant Kry R p.o,z, 15 given by

hg (Ro, Ry, o lom
Ky epaas = o o o, (B (100 \ By (o))" (125)

where ¢, ~m(1 —m)/(p — 1) depends only on p,m,N.

Remark. The above estimates prove stability of local LY norms. Analogous estimates have been
proven in [24, 49, 78, 25| in the non-weighted case and in [52] on manifolds of non-positive curvature.

Proof. The energy inequality (3.3.4) can be written as follows, for any 0 < ¢ € C°(9)

d 2
— [ PPz da < mp/ WP V)2 2| 7P da.
dt Jo p—1Jg

Using Holder’s inequality with exponents p/(1 —m) and p/(p +m — 1) we get
/ PGP P da
Q

m—1) —2(p+m-— —( —1) (p+m—1)
A i
Q

1—-m

1—1=m
2 +m—1 +m—1
g[ / uPy? rwdx] ' [ / (V| fa |~ [ d:c] '
Q Q

Combining the above estimates we obtain the following differential inequality

1-m
d 5
dt/ Pop? x| do < Oy [/ uP)? ]:r|_7dx] ’ ,
Q Q

which, integrated over (7,t) gives us

1-m 1—-m

[/Qu(t,x)ml}Q Ix]—de] v [/QU(T,:c)pr |x|_7dx} ",

(1—m)

Cy(t—1).

The above proof is formal when considering weak or very weak solutions: a rigorous derivation of
the above inequality can be done in that case by using directly the energy inequality (3.3.4) and a
Grownwall type argument. To conclude the proof, we need to show that Cy is finite. To this end, we
choose ¥ = ¢® with 0 < ¢ < 1 so that supp(¢)) C B, supp(|V#|) C Bg, (v0) \ Br, (70) = ARy .R:;
we take b > p/(1 —m) so that

| 2p _2(ptm—1) 2

va( T 1— Qb_% % _ _177]0
x) m ¢(x) m S Cl¢ m |v¢)(x)| m S CQ(RO Rl) m
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CHAPTER 1. LOCAL UPPER BOUNDS AND ENERGY ESTIMATES

As a consequence, we obtain

1-m
2p —
1—-m 2m(1 —m) |Vp|T=m ptm=1_g p i
Cw:fl / g el T I d
p p AROle 1-m
» p 1—m

P

1-m 1-m
= ' P
(RO — Rl) 1—m AROle
ho(R(]a R17 :CO) i-m
=% (R — Ry ™ (ARro,R1) * = KRy Rpoo

where ¢y, cop ~ m(1 —m)/(p— 1), and in the last step we have used inequalities (3.3.11), (3.3.12),
(3.3.13), depending on the different cases. []

1.3 Space-time smoothing effects for linear and nonlinear equations

We prove here a weighted space-time LY — L® smoothing effect, through a Moser-type iteration.
This result represents the core of the proof of our main upper estimates, Theorem 1.0.1. Here we
will cover more general cases than the ones defined in (1), (2) and (3).

Theorem 1.3.1. Let u € LZ 10c((0,T) x Bgr(x0)) be a nonnegative local strong (sub)solution to
WFEDE, let p > 1 if m € (me,1) and p > p. if m € (0,m.]. Let zg € RV, 0 < Ry < Ry < R be
such that 0 & Bpr,(xo) \ Br,(x0) and let 0 < Ty < Ty < T. Then there exists a constant K11 > 0

depending only on v, B, N, m,p such that the following inequality holds

|:ha (RO, R, xO) N 1 } (N=v+0)9p
(Ro—R1)° T —To

T ovp
" / / (WP +1) dxdt
Ty J Brgy(zo) ||

where o and ¥, are defined in (0.0.21), h, is defined in (1.1.1) and R11 is given in (1.3.19).

sup u(t,y) < Fn
(7y)€(T1,T]X B, (w0)
(1.3.1)

Remark 1.3.2. This result is similar to Theorem 2.4 of [24], but in this weighted case an important
geometric factor appears: h, defined in (1.1.1). Since the weights are not translation invariant, the
factor h, will change in a strong way the behaviour of the local estimates in the different situations
(a), (b), (c) and (d), described in Section 0.0.1. The technical hypothesis 0 € Bpg,(zo) \ Br, (x0)
assumed in Theorem 1.3.1 gurantees that the quantity hy (Ro, R1, o) is finite. In the non-weighted
case, similar estimates are proven in [49, 25, 76], with different operators and nonlinearities.

Remark 1.3.3 (The linear case with coefficients). A close inspection of the proofs (both of the
above Theorem and of the energy inequalities) reveals that indeed the above result still holds in the
limit m — 17, and even for more general equations, see Proposition 3.1.4; roughly speaking, we can
consider solutions v to the linear equation vy = L, gv, where the prototype operator has the form
Lygv=|z["V - (a(t,z)|z|PVv) with 0 < Ay < a(t,z) < A1 < co. We refer to Subsection 3.1 for
more details.

We now proceed with the proof of Theorem 1.3.1, which relies on a variant of the celebrated Moser
iteration, adapting the proof of Theorem 2.4 of [24] to the weighted setting under consideration, for
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1.3. SPACE-TIME SMOOTHING EFFECTS FOR LINEAR AND NONLINEAR EQUATIONS

this reason we will be rather sketchy in the proofs. As already mentioned in Subsection 0.0.1, the role
of weighted Sobolev inequalities will be played here by the Caffarelli-Kohn-Nirenberg inequalities
(CKNI2), in the following form:

Lemma 1.3.4 (Iterative version of CKNI Inequality). Let r* := 2(N — v)/(N — 2 — ) with v,
as in (0.0.11). Then for any ball Bgr(xo) and for any f € Lz((To,Tl);H;BBR(a:O)) and for any
a € [1,7%/2] the following inequality holds

v dyd 7 dyd v dyd
o dydt t o t
[ ] szsis| | [ rEmeen s [ e
To Br(xo) Ty Br(xo) Ty Br(xo) (1.3.2)
1
q
< sup | 1y (Br(x)) ™ / Frena gy gy W
tE[To,Tl] BR($0) ‘y|'y

where ¢ = 1 /(r* —2) = (N —v)/o, o is given in (0.0.21) and the constant S, g > 0 is the one
appearing in CKNI2.

Proof. We will write By, instead of Br(xo) and prove the result on (Tp,71) x Bgr. Since r*/2 and ¢
are conjugate Holder exponents, using Holder inequality and (CKNI2) we get

2 1
/ f2ad$:/ f2f2(a—1)ﬁg / fr*ﬂ ' / f2(a—1)qﬁ !
Br(zo) ’xh Br(zo) |x"Y Br(zo) ’x‘,y Br(zo) ‘LL’|’Y

—o dx dx
iy (Br(z0)) V5 / [T / v 2 / freVagg 1) L
’Y( (#0)) Br(=o) B BR(I0)| | |$‘6 te(To,T1) |/ Br(zo) ( )|x|ﬂy

Inequality (1.3.2) follows by integrating in time. []

Proof of Theorem 1.3.1. Throughout this proof u will be a local strong solution to WFDE
defined on @ = (Ty,T] x Bgr(zp). We shall define v(t,z) = u(t,x) V 1, so that v is a local strong
subsolution to the same equation. Notice that v satisfies u < v < w41 almost everywhere in (). Let
us fix 29 € RY | and simply denote Br = Br(xo) (Br, = Br,(x0) resp.) when there is no ambiguity.
In what follows we will make some a priori estimates of the solution: the quantity h, will be involved
and we can assume it to be bounded, as it will be clear later. We recall that c =2+ 8 — v > 0,
r* =2(N —~)/(N —2—p), and we set ¢ = (N —)/o. We will split the proof into several steps.
We first deal with the case p > 1, the case p = 1, which only affects the good fast diffusion range
me < m < 1, requires some extra work, and will be discussed at the last Step.

e STEP 1. Preparation of the iteration step. Let 0 < Ry < Ry < Rand 0 < Ty < T < T and define
Qo = (Tv, T] x Bpr, (z0) and Q1 := (T1,T] x Bg, (x0). Recall that we are assuming p > 1. We are
going to prove the following inequality:

1
oy dtde 1 [he (Ro, Ry, o) 1 '
a(p+m—1) < (28 2 2 1+ o \110, 111, L0 133
//lv || < (25,0)" (2e1) 7 (Ro— Ry)’ +Tl—To (1.3.3)

[// pdtdx]”i
X v ,
o 2l

where ¢ = r*/(r* — 2), a € (1,7%/2) is such that (p +m — 1) (a — 1) ¢ = p; moreover, ¢; > 0 only
depends on m,p, N and is given in the energy inequality (1.1.2).

<257
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CHAPTER 1. LOCAL UPPER BOUNDS AND ENERGY ESTIMATES

To prove the above inequality, we first recall the CKNT inequality (1.3.2) with f? = pPtm—1

dx dt _o +m—1
a(p+m—1) <252 // p+m—1 — B Ny |V 2 2 —B dr dt
//le Top <28 [ (e el (Br) ¥ V0 Plal ) do

x | sup #V(BR1)_1/ U(p+m—1)(a—1)q‘x|—7d:n
te(Ty,T) Bg, (o)

(1.3.4)

Next, we estimate the first term in the right-hand side using the upper energy inequality (1.1.2)
applied to v > 1, so that vPT™~1 <P and

// (07 27 o+ e (Bry) ¥ [0
1

B2 |xy—5) drdt < J// oP |z| 7V dzdt,  (1.3.5)
Qo

where we have assumed (without loss of generality!) that

~ g hg (Ro, Rl, xo) 1
J = 2c1p1 (Bp, ) ¥ > 1.
c1r(Bra) ¥ [ (Ro—R1)° ' Ti—-Tp) ~

(1.3.6)

We next estimate the second term in the right-hand side of (1.3.4), using again (1.1.2) applied to
v > 1. Since we are assuming p > p, we can choose a € (1,7*/2) such that (p +m — 1) (e — 1) ¢ = p,
to get

S

sup pm-1)(a-1)g 4T (1.3.7)
v
te(Ty,T) |z
Br, (%o)

hg (R(),Rl,l'o) 1 // dtdx
< |2 P
= ( (Ro — R1)? T Ty P
Qo

Combining inequalities (1.3.4), (1.3.5) and (1.3.7) we finally obtain (1.3.3).

o STEP 2. The k' iteration step. We define a sequence of increasing exponents p, — oo and nested
cylinders Qr C Q41 as follows. We define first the exponents pg, recalling that ¢ = r*/(r* — 2):

k41
pk+1:<1—|—;>pk+m—1:<1—|—q> Po—q(1—m)]+q(1—m). (1.3.8)

Notice that in the range m € (0,m.], we have py < pp+1 — +oo if and only if pg > p., while when
m € (me, 1) it suffices to have pg > 1; this justifies the assumption on the initial datum.
Next, we define the cylinders Qr C Q = (Ty,T] X Bp, as follows:

Q= (Tk,T] X BRk (mo) such that
Q=Q0 2D QD Qrt1 = Qoo = (Teo, T] X Br,,

Tndeed, by (1.3.10), it is clear that this is true at the k-th iteration step for large k. Indeed we could have done
everything by replacing k with k + ao for a suitable large ao: after the whole iteration process, this would affect
only estimate (1.3.19), where C1 and C2 would depend on ag, but a posteriori the dependence on ag can be easily
eliminated. We have decided to omit this, to focus on the main ideas.

(1.3.9)
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where we have chosen a decreasing sequence of radii Ry > Ry > Rri1 — Ro and an increasing
sequence of times Ty < Ty < Tj+1 — T such that

Ry — R
(k+ 1)

where (note that we choose a so that C, Cy will be finite)

00 -1 0o -1
1 1 1
a=2v—, (= <Z W) and Oy = (Z (k+1)°“’> _ (1.3.11)

k=0 k=0

Too _TO

Rk*Rk—i—l:Cl Wa

and Ty — Tp = Cs (1.3.10)

Plugging all the above defined quantities in inequality (1.3.3), noting that p = p implies pxy; =
a(p+m — 1), we can write the kth iteration step as follows

1

Ph+1 2 (H—l) 1
J[omralazar) <28 g o)
Q1

1 1
" [ha (Rgs Bg41, 20) ) (1.3.12)

1 }(
(Rr — Ri41) Ty — Ty

Pr 1+l 1
X [// vp’“\a:|7dxdt] pkH( ) .
Qk

Bounds for the constants. It is convenient to bound the constants appearing in (1.3.12) by a quantity
which does not depend on p, but only on m,~, 8, Rs and Ry. Recall the expression of ¢1, given in
(1.1.2)

_ . p—1  2m(py—1)
o1 =2Ky ¢t with Cmpy = A ,
v Tmop Pk Dk (px +m —1)°
and with Ky > 0 depending only on N. The quantity ¢, needs to be bounded uniformly for all

k > 0: since pg > pg > 1V p. it is easy to show that

1 2
Crp > <1 - po> A 2m <1 - po—l-ﬂ:lz—l) so that ¢1 = c1(pr) <€ =7¢(m, N, py) < +oo.

As a consequence, ¢1(pg) < ¢ can be bounded uniformly by a constant that depends only on N, m, py.

On the other hand, hy (R, Rk+1, o) may be bounded by a fixed quantity depending only on o, Ry
and R,

ho’ (Rk7 Rk+17 I'()) S ho’ (R07 ROO7 JJO) (k + 1)04(2—0‘)+ C;(270)+7 (1313)
the constant C being the one appearing in (1.3.11).
Finally, we can rewrite the k' iteration step (1.3.12) as follows

1

Pl : Pk1+1 <1+%)
// oPE |z da dt < Ilfﬁl [// vpk‘x|’7dxdt:| 7 (1.3.14)
Qr+1 Qk

where the constant I is bounded by,

s 144
(e

he (Ro, R, z0) C oyt (h+ 1)b(1+§)

I <[28,4)% |2¢ +
+1 <25, 5] (Ro — Roo)® Too — To (1.3.15)

1 1
o S (e 1) ()
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where b = 2aif 0 < 0 < 2, b = o« otherwise. The assumption (1.3.11) on « ensures that b > 1.
e STEP 3. The ileration. We now iterate the inequalities (1.3.14) and obtain

1 )
] k+1 1 1\l
Pk+1 1+3%
ﬁ Upk+1 |x’_’7 dx dt S | | ijk+1 < q)
Qlk+1 j=1

%(14—1)“1
X [// vp°|m|_7dxdt] R
0

Using inequality (1.3.15) we can estimate the first term appearing in right-hand side of (1.3.16):

(1.3.16)

k+1 1 (1

Pr+1
117
=1

1)k+1—j 1 <k

7 [J0J1 1} Ph j_O(H}Z)j[ 17

' (k+1)" |7

IN

1

4 o (147) 2] ()

Lk 1) k41 k1)
= | Pr1 —I=0 (1+q) b (1+l> ’
= J()Jl H]karl q 7

J=1

where b/ = b (1 + %) Notice that there is a constant ¢ > 0 depending on pg, N and ~, 8 such that

k+1 o (1+l)k+1*j b/ o0 q J
lim | P+1 a < ex - —— ] logyg
lHoojl;Il] =0 po—Q(l—m);<Q+1> 57

< (c’)f’o—'lgl—"” < 400.

Using the expression (1.3.8) of pg, we see that

k 1)/
=0 (1 + 6) q .
lim = and lim = .
k—»00 Pht1 po—q(l—m) k=00 Dyl po—q(1—m)

We can now take the limit in (1.3.16) as k& — oo obtaining (recall that limg_,.o HfHL’;k(Qk) >
[f 1o (@)

q(+11 ) Po— q(l m)
[0][Lo0(Quy < (¢ Jo)Po—at=m) a(t=m) J7o - // o0 || ™Y de dt (1.3.17)
0

Recalling that Jy and J; are as in (1.3.15), and that v(t, ) = u(t,z) V1, so that uP° < vP0 < uPo 41,
we obtain from (1.3.17)

po—q(l—m)

_ [he (Ro, R :po) PO~ POt // dx dt
< ) ) po 1.3.18
oDt E R TR T R T To ! , 1318)
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1.3. SPACE-TIME SMOOTHING EFFECTS FOR LINEAR AND NONLINEAR EQUATIONS

where %11 > 0 depends only on m, pg, N, v and 3. We see that this is exactly inequality (1.3.1),
recalling that r* := 2(N — v)/(N —2 = 3), ¢ = r*/(r* — 2), 0¥p, = 1/(po — q(1 — m)) and

(N—’Y+U)Q9 —Z#fm)andthat

Po=a(i—m
po—gll—m
} ’ (1.3.19)

b

K11 = [25%6]”“7"2&7'") [20(01_” vyt
where S, 5 is as in Proposition (0.0.10), C1,C are as in (1.3.11), b = 20 if 0 < 0 < 2, b = o«
otherwise, and ¢ = ¢(m, N, po), is as in Step 2. The proof of Theorem 1.3.1 in the case py > 1 is
concluded by letting pg = p, Roo = R1 and T, = T7.
e STEP 4. The case p = 1. So far, we have proven the space time smoothing effect for solutions in
LE for any pp > 1. Unfortunately we cannot simply take the limit as po — 1 in inequality (1.3.17)
since the constant ¢’ would blow up, being proportional to ¢; ~ (pg— 1), explicitly given in (1.1.2).
We show how to deal with the limiting case p = 1. A standard way to proceed is to first prove the
result for bounded initial data, for instance wp, = ug A n, then by a lengthy but straightforward
approximation procedure the result holds for L% solutions. We are going to use inequality (1.3.17)
which holds true on any couple of cylinders of the form Qo C Q := (I,T] x Bg(zg) C Q :=
(T, T] x Bg(zg) C Qo for any py > 1, and implies (by H6lder’s and Young’s inequalities)

1 q+1
<= 5y 4 T ]| 1.3.20
HUHLoo(Q) > 2HU”L00(Q) +cJy v H L1(Q) ( )
where J; > 01is as in (1.3.15) and can be estimated as follows,

hU (§7 E7 $0) 1

J1 < | —= + = 1.3.21
B T (1.3.21)
with @ =2¢Cy by 02_1, with @, C1,Cy > 0, as in the previous step. Moreover,
o(p—1)
' = o= (c Jo)TFati=m >0 (1.3.22)

and ¢, Jyp > 0 are as in the previous step, and depend only on py, N and 7, 3.
We are now in the position to iterate the above inequality, using ideas inspired by a classical Lemma
due to DeGiorgi, that can be found in many different sources, for instance see Lemma 3.6 of [97].
Fix 0 < 7 < 1 and define cylinders Q; := (t;,T] x By,(x¢) where
ro=R and 741 :=ri+(1—7)7(R-R)
to :I and t7;+1 = ti—(l—Ta)Tw(I—T).

We iterate (1.3.20) as follows

(g+1)d
he (R, R, z0) 1 ot _—io(g+1)9
olle(@o) < SVl +¢” B 1T IIIEY () (a+1)0
1\ *
<(3) Mo+ (13.29
_ (g+1)v1 k-1
ho (R,R,z0) 1 Z
| o \ AL 2L o (a+1)¥
e | | g X (o)
EAT e 2:0
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here ¢ := ¢ 4 T Laking the limit .
where ¢ 1= ¢ ([(1—70)/\(1—7)0}) . Taking the limit &k — oo we ge
- (g+1)91
_ ha RaEa xo 1 o
lolloe(@o) = vl (q) < Fnn (1(%_ R)’ ) + = H“”sza) (1.3.24)

Finally, the constant 11 = ¢” "7, (27"’(‘1“)191)71' < 00, whenever 27791 « 7 < 1. We have
proven inequality (1.3.18) also when wug € L}/, and the only thing that changes is the constant w11,
which in any case only depends on pg, N and ~, 8 and we can even fix pg > 1 taking for instance

po=2. [

1.4 Proof of the main Theorem

The aim of this section is to prove Theorem 1.0.1: we only sketch the main points, which are
analogous to those in [24, Section 2.3|, where a detailed proof is given, just for simplicity here we
take to = 377¢. Let u(t,x) be a weak solution to WFDE in the cylinder (0,7) x Bag, (o), and let
0 <7< T, and define ¢ = 1/3 and p = (3/2)Ry. We apply Theorem 1.3.1 to the rescaled function

o\ Tom
a(t,z) = Mu (7t px) where M = (p) ’

which turns out to be a solution to the WFDE over the cylinder @ = (0,1] X B(j4¢) (p‘lxo).
Consider the cylinders Qo = (0,1] x B; (pfla:o) and @1 = ((1/3)7,1] x B1_¢ (pflxo). Applying
estimate (1.3.1) to u over these two cylinders we get

1
+1 p—q(m—1)
sup i < 711 237y ((3/2) Ro, Ro, o) 7407 [ / / (@ + 1) o] de dt .
Q1 0

Applying the inequalities obtained in Proposition 1.2.1 and Proposition 1.2.2 to @, on the domains
By (p~'xo) C Biye (p~ o), for times ¢ € [0,1] and integrating them in ¢ over (0,1) we obtain

ptm—1

1 m—1 1 — 2 1-m
/ / i |2~ do dt < 2"T5 / (0,2)" |a da + L= K,
0 B1 Biye p + 1—-m

which holds for any p > p. if m € (0, m.] or p > 1if m € (mg, 1); notice that K > 0 is an upper bound
for the two constants given in (1.2.1) and (1.2.4) when p = 1 or p > 1 respectively; the expression
of K will be given below in (1.4.1). Rescaling back to u, using inequality (a + b)* < kia® + kob®
and recalling that h, (1,1 — e, p7 ) = ho (p, p(1 — €),20) and p(Bi(p~1zo) = p7~ N py(B,(20)),
we finally obtain

Cq

sup U< —F
((1/3)°T,T]><BRO(:EO) 7 pt+a(m—1)

p—q(m—1) T 1T
/ w (0,9)" [y| ™" dy + O [R“] ;
B2R0 (wo) 0
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1.4. PROOF OF THE MAIN THEOREM

where the constants are (recall that ¢ = 1/3 and p = (3/2)Ro):
___ptm—-1 (q+1)
Cy = k1R1120-m0+am=1) [2 - 37h, ((3/2) Ry, Ro, z0)]P~20-m |

1
ptm—1 Pra(m=T)
(1—m) 2" 1 M«,(B(:s/z)Ro(fvo))] phatm=

= kok
R R RN (EY)) S e

(g+1)
x 237N ((3/2) Ro, Ro, xo)] 7o ,
R (37he (2R, (3/2)Ro,20)) =7 (2R0)" iy (Bapy (w0)) i p>1

1
Fio " (2R0) N iy (B2, (20)) (P%ﬁ(Ro/?’)) ifp=1,

(1.4.1)

where ¢, is as in (1.2.5). This concludes the proof. []
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Chapter 2

Positivity estimates

This Chapter is devoted to the proof of our main positivity result, Theorem 0.0.4. The proof
is delicate, quite long and technical, and represents the major novelty of this work, as already
explained. The strategy of the proof of our local lower bounds, Theorem 0.0.4, relies on the study of
the worst-case scenario: we will prove lower bounds for solutions to a “smaller problem”; that we will
call the Minimal Dirichlet Problem (MDP), following |24|. Then, by nowadays standard comparison
arguments, see e.g. (99, 4|, we can extend the result to local nonnegative solutions. Let us consider
the Minimal Dirichlet Problem, i.e. an homogeneous Dirichlet problem localized on a ball, with a
smaller initial datum:

O = |2V - (Ja| 7 vu™) in Qr = (0,T) x B, (o),
u(t,x) =0 for t > 0Oand 2 € 0BR, (o), (MDP)
u (0,2) = UoXBy(zo) = 0 in Bg, (o), with 4R < Ry.

Extinction time for MDP and minimal life time. We will show that nonnegative solutions to MDP
extinguish in finite time 7" = T'(ug) > 0. Moreover, T' (hence its lower bound ¢, ) provides an estimate
of the time interval for which any non-negative super-solution is strictly positive: recall that also
super-solutions can extinguish in finite time. For this reason we call ¢, minimal life time of the
(super)solution u, following [24]. Estimating 7" in terms of the initial datum (or of the solution at
a reference time) will provide estimates on the size of the intrinsic cylinders (the natural domains
for positivity and Harnack estimates, whose size depends on u) for any local super-solution. Let us
state the main result of this part.

Theorem 2.0.1 (Interior Lower Bounds for MDP). Let 0 < 4R = Ry and u be the solution to MDP
corresponding to the initial datum uoX By (z,) € LE(Bg,(x0)) with p > p. when m € (0,m.] and with
p > 1 when m € (me, 1), moreover assume that Br,(xo) satisfies either (1), (2) or (3). Then, there
exist ks, Rpo > 0 depending on N, m,~, [, given in (2.8.5) and (2.2.2) respectively, such that we
have the following estimates for the extinction time T = T (ug):

1-m o 1-m

|1 B w1 [ luollLe (Bg, (@

by = K, R (H (gLW((f};)J <T< ik Ro,ixO)) : ( ! 0;)) : (2.0.1)
HyAPRITO0 p.0 tiy (BRry (70))?

Moreover, there exists k > 0 such that

1

)2 5[ L]

L. 11, (Br(zo)) 12 for any t € [0,t,]. (2.0.2)
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2.1. BASIC PROPERTIES OF SOLUTIONS TO THE MINIMAL DIRICHLET PROBLEM

The constant k > 0 depends on N,m,~, 3 and has an (almost) explicit expression given in (2.8.10),
and only when 0 < m < m, it depends also on H,, defined in (0.0.23).

Remarks. (i) Theorem 2.0.1 holds for more general scenarios, as it will be clear by a close inspection
of the proof presented in this Part. However, to simplify the presentation we have decided to state the
result only under assumptions (1), (2) or (3) on page 26, since as already remarked, they represent
the most relevant cases.

(ii) We recall that k has a precise behaviour given in term of ﬁlp, and that when m > m, it does
not depend on flp, see Remark 0.0.5 (ii) and (iii) for more details.

(iii) A closer inspection of the proofs reveals that analogous results hold for solutions of the Dirichlet
problem on arbitrary bounded domains 2 and general initial data. Bounds on the extinction time
similar to (2.0.1) have been obtained in [24] for the model equation, and in [52] on Riemannian
manifolds.

Strategy of the proof of positivity estimates. As already explained above, it is sufficient to
prove our lower estimates for solutions to the reduced problem MDP, and to avoid unnecessary tech-
nicalities, we will work with strictly positive solutions which solve a “lifted problem”, ¢f. Subsection
2.3. The proof of our main positivity result is quite complex, as already mentioned in Subsection
0.0.2, indeed, more standard techniques seem to fail to give quantitative estimates, hence we develop
a new method, that we split it into four steps:

Step 1, Sec. 2.4 - Step 2, Sec 2.5 _ _ . Step 3, Sec. 2.6 Ic Step 4, Sec. 2.8

1
v Y L

L= L.

Moser iteration Smoothing 7 Parabolic John-Nirenberg Smoothing

Prop. 2.3.1 for Lifted Problem, then let 6 — 0 for MDP (Cor. 2.7.1)

The first step (Subsection 2.4) consists in proving an L™ — L. * estimate through a lower Moser-
type iteration with negative exponents; due to the nonlinear character of our equation, such iteration
does not allow one to reach all negative exponents, in contrast with what happens in the linear case
here we can only reach —s < —(1 —m). The second step (Subsection 2.5) consists in proving
quantitative L7® — L7© estimates for any € € (0,1 —m). Subsection 2.6 contains the third step, a
parabolic analogue of the celebrated John-Nirenberg Lemma: our Lemma provides a Reverse Holder
inequality for small exponents, in the form of an L7 ° — L7, estimate, and it holds for solutions to the
(lifted) MDP; the proof relies on the monotonicity properties of the solutions to the MDP, combined
with a weighted version of the John-Nirenberg Lemma, which we borrow from [80]. Corollary 2.3.1
collects all the results of the first three steps, in the form of an L™ — LS smoothing effect for
solutions ug to the -MDP. Next, letting § — 0, we prove Corollary 2.7.1, which is the analogous
result of Corollary 2.3.1 for solutions of the MDP. Subsection 2.8 contains the fourth and last step,
namely L7 — L}Y estimates, see Lemma 2.8.1; gathering all the previous results, we finally obtain
the L™ — L% estimates in Corollary 2.8.2. The proof of Theorems 2.0.1 and 0.0.4 is contained in
Section 2.9.

2.1 Basic properties of solutions to the Minimal Dirichlet Problem

We summarize here the standard properties of solutions to the MDP which will be used in what
follows.

Proposition 2.1.1. Let ug € L5(Bg,(z0)) with p > p. when m € (0,m.] and with p > 1 when
m € (me,1). Then there exists a unique strong solution to the problem MDP and the following
properties hold:
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CHAPTER 2. POSITIVITY ESTIMATES

(i) There exists Ri2 = Ri2(y, B, N,m,p) > 0 such that for any t > 0

opVyp

HUOHLP Br(z0))
[u(t) Lo (B g (0)) < Elzt(N—,y)Ro, (2.1.1)
’U}here 191): m andU:2+ﬁ—’y
(ii) For all t > 0 we have "u(t)||L§(BRO(a:0)) < HUOHLP(BRD(xo))

1
iii) For allt > 0, the function t — u(t,z)t =7 is non-increasing, for almost any x € Br,(xo).
0

Remark. The constant ®12 may be chosen to be independent of Bg, (o) , as explained in the proof.

Proof. Existence and uniqueness of strong solutions follow by minor modifications of standard
arguments, cf. [4]. Also properties (ii) and (iii) follow by standard arguments that can be found in
[4]. The upper bounds (i) hold as a consequence of the smoothing effects for the Cauchy problem on
the whole space, namely inequality (2.1.1) with the norms taken on RY. The proof of such global
estimates is easier than its local counterpart: on one hand, such bounds can be proven directly by
doing a Moser iteration, and then noticing that the solution to the MDP (extended to zero outside of
Br,(x0)) is a subsolution to the Cauchy problem for WFDE posed on RY. On the other hand, such
upper bounds can be deduced from the local upper estimates of Theorem 1.0.1 by letting Ry — oo
in inequality (1.0.1) (in such limit the constant &g becomes independent of Ry and the second term
vanishes), so we obtain (2.1.1); in the latter case, assumptions (1),(2), (3) do not play an essential
role, since we can always consider xg = 0. ]

2.2 Proof of the bounds (2.0.1) on the extinction time for MDP.

We now prove the two sided estimate (2.0.1) on the extinction time. While the lower bounds follows
from Proposition 1.2.1, the upper bounds require the following Proposition, in which we show that
Sobolev and Poincaré inequalities imply extinction in finite time for solutions to the MDP, as already
observed in [52, 24] for the model equation (5 = v = 0) both in Euclidean and Riemannian manifolds
settings.

Proposition 2.2.1. Let u be the solution to the MDP, corresponding to ug € L5 (Bpg,(x0)) with
p > peV 1. Then, for all ¢ > 1 there exists a constant kg > 0, such that for all 0 < 7 <t we have

()l (Brg(aoy) = U7 )z (Brg(wo)) ~ Falt =17); (22.1)
as long as the right-hand side is nonnegative where the constant 7y is given by

Ag— 1)L —m) (2.2.2)

o ~ sy (1-2) : _
Rq = Rqol~(BRr,(z0)) (N*W)( a with Rq0 = =
e LEETATR 1 Kig (g +m —1)2

where K13 depends only on geometrical quantities, but not on Ry; we recall that 0 =24+ 8 — 7.

Proof. We will write Bp, instead of Bg,(x¢) and LY instead of L (Bg,) when no confusion arises.
We combine weighted Sobolev and Poincaré inequalities (CKNT) via Hoélder’s inequality as follows:

_ _ s— (1—0
1£lle < IR IAIE, < Faans (Bry) =07V £ (2.2.3)
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2.3. LIFTED PROBLEM AND A FIRST POSITIVITY RESULT

gtm—1

for any s € (2,r*) for any function f € D, g. Letting now s = (aniqfl, f=wuw 2z and 0 = p./q,
and recalling that s < r* if and only if ¢ > p., we have that inequality (2.2.3) implies

1_1_77” el c m—
T S B

IE2 -
B

Next, we formally take the derivative of the LI norm of u to get the following differential inequality

d 4q(q - 1) gtm—1
dyna 2
&y =~ et
4q(¢—1) _ o _(1-g), ,a(1-==
s T e

Integrating this last inequality in [7,¢] C [0,T] we get (2.2.1). A rigorous proof (long and technical,
but nowadays standard) can be done by using energy inequalities and Grownwall-type arguments. []
Proof of Inequalities 2.0.1. As an immediate corollary of inequalities (2.2.1), there exists the
extinction time T > 0; moreover, it satisfies the upper bound 2.0.1, which is nothing but inequality
(2.2.1) with 7 = 0 and ¢ = T. The lower bound follows by letting ¢ = 0 and 7 = T' in formula
(1.2.2). O

2.3 Lifted problem and a first positivity result

In this section we address the question of proving quantitative estimates of positivity for the MDP.
We begin by introducing the following “lifted” problem: let § > 0, 0 < R < Ry

Orus = |x|"V - <|x|_BVu3”> in (0,00) X Bry(x0),
us =9 on (0,00) X dBR, (o), (6-MDP)
us (0,2) = uo(T)X By (z0) (T) + for x € Bp,(zo).

The results of Proposition 2.1.1 hold also for solutions to the 6-MDP, more precisely, (ii) and (iii)
hold in the same form, while (i) holds with an extra ¢ factor on the right-hand side, as explained
below; the proofs of the latter facts are a straightforward modification of the case § = 0, indeed, it
is clear that vs = us — J, solves an homogeneous Dirichlet problem with a regularized nonlinearity:
s = |27V - (|| PV (v + 6™) — 6™), as in Appendix B of [86], or as in Chapter 5 of [4], where
even more general nonlinearities are treated. However, we recall explicitly the two main estimates
that we will use in what follows: the time monotonicity property (iii) of Proposition 2.1.1, namely

1
the fact that t — wgs(-,t)t” T-m is non-increasing in t; the upper bounds, namely, there exists Ko,
given in (2.1.1), such that for any (¢,z) € (0,00) X Bp,(z0)

5 < ug(t,x) < t(ﬁ’fﬁnuomﬂwo) FORGIE oy 20 5= Mo, 5,1) (2.3.1)
The next Proposition proves L™ — L® estimates for solutions to §-MDP; this is the core of the proof
of the main Theorem 2.0.1 and it contains the first three steps explained above. In what follows,
we need to assume a certain weighted LP integrability on the initial datum, otherwise the above
inequality may fail, as thoroughly explained before. It is convenient, even if not strictly needed, to
assume ug to be bounded: this will simplify the proofs of the lower iteration.
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CHAPTER 2. POSITIVITY ESTIMATES

Proposition 2.3.1 (L™ — L estimates for 6-MDP). Let us be a strong (super)solution to 6-MDP
on (0,00) X Br,(x0), corresponding to uoX pp(z0) € Ly(Br,(w0)) with p > p. when m € (0,m.] and
with p > 1 when m € (me,1). For any 0 < Ty < Th < Ty < T3, such that Ts — Ty > Ty — Tp, for any
19 € RY and for any 0 < Ry < Ry < R such that 0 ¢ Bg, (z0) \ Br,(70), and for any ¢ > 0 such
that

0<e<ysA(l—m) with

1

K14 K¢

Vs =

there exist se > 1 —m and Ky > 0 such that

Sg 1
inf us > ko [(1 4 My (ug, 8, Tp)\=™) " Fsevm=1% (1, — T) " sem=1
(T1,T2]x B, (%0) g =22 [( p(uo 0) )] (T, 0)

N h’U(RlaR%wO) 1 775_"@%@5
B N— \/
) [ (M( relr0)) A < (R1 — Ra)° * T —Tp
=0 1 ST
TO 1-m 2 _ _
? :u’Y(BR1 ($0)) se u(g(Tg’ 1') |l’| dz (233)
3 Br, (z0)

where k. is the smallest k € N such that (r*/2)*e > 1 —m and

k 2\ ke
N\ 1 N —~ 11— (%)
Se < 9 > €, MNe s 1 <2 ﬁ ~ ) ) Ca e 1 r2* ) ( )

with hy, M, and r* defined in (1.1.1), (2.3.1) and (CKNI) respectively; we also provide the expres-

< _ 2 se
sion of the constant ko = K3k " 'R, seFm=T92Vo) (et 557 <) yyih, Ks, Ky, R7 depending only on

N,m,p, 3,7,& and given in (2.4.1), (2.5.2), (0.0.31) respectively; Kg given in Lemma 0.0.13 depends
on N,~, K14 giwen in Lemma 2.6.2 depends on N,~, B, m.

The next four subsections will be devoted to the proof of the above Proposition.

2.4 Step 1. Lower Moser Iteration.

In this section we prove L™°° — L™° smoothing effects by means of a lower Moser-type iteration. We
will cover more general cases than (1), (2) or (3). We are going to prove a priori estimates of the
solution to the o-MDP, and such bounds involve the quantity h, that under our assumptions will
always be bounded.

Proposition 2.4.1 (Nonlinear case). Let u be a strong (super)solution to §-MDP on (Ty,Ts) x
Br,(z0), corresponding to ug € LY (Bg,(xo)) with p > p. when m € (0,m.] and with p > 1 when
m € (me,1). Then, for any s > 1 —m, for any 0 < Ry < Ry < Ry such that 0 ¢ Br, (xo) \ Br, (o)
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24. STEP 1. LOWER MOSER ITERATION.

and for any Ty € (Ty, Ts), there exists kg > 0 such that

. _ he (Rl,RQ,ZEO) 1 ):|77s
inf u > ka | (14 My(ug, 8, Ty) ™™ < — +
(T1,T2]x BR, (z0) - [( b0, 0, 7o) ") (R1 — Ra) Ty —To

A—m)(s+m—1) m)(s+m 1) _ 1
X ) (TQ_TO) s+m—1 (241)

1

< _ 1
</BR1 (T, 22| da:) o

s—&-m% (HJ\IB% + 1), he and M, are defined in (1.1.1) and (2.3.1) respectively, and
kg > 0 depends on s,p,N,v, 3, m

where ng 1= —

Remarks. (i) We recall that the technical assumption 0 € Bpg, (x0) \ Br, (7o) is needed only to
guarantee that the quantity h, is finite.

(ii) The above estimate also holds when m = 1, in which case we can take any s > 0, see Proposition
3.1.5. This fact considerably simplifies the proof of lower bounds in the linear case: the lower bound
is formulated in terms of a space-time integral on a bigger parabolic cylinder, and this is the classical
result in linear parabolic equations, see for instance [62, 63, 64, 65, 72, 71, 73, 74]. We refer to Section
3.1 for further details.

Proof of Proposition 2.4.1. Throughout the proof us will be a strong (super)solution to 6-MDP
on a generic cylinder @ := (Tp,T) x Br(xo) where T and R are fixed, and will be chosen at the end
of the proof; we will write u = us, and Bp = Br(xo) (Br, = Br,(zo) resp.) when no confusion
arises. We recall that c =24+ —-~v> 0, 7" =2(N —~)/(N —2 — (), and we set ¢ = (N —)/o.
We will split the proof into several steps.

e STEP 1. Preparation of the iteration step. Let 0 < Ry < Ry and 0 < Ty < 171 < T and
define Qo := @ and Q1 := (T1,T] x Bg, (x9). We are going to prove the following inequality, with
ae (1,7/2):

1
1) 1 [hy (Ro, R, o) 1 1t
a(m—p—1) Tdedt < 2 219 1+ | "o (L0, 111, To
" 1+
x [1 4+ Mz(ug, 5, To) ™™] T [// u_p+m_1\x|_'ydxdt] )
0

To prove the above inequality, we first recall the CKNI inequality (1.3.2) with f? = «™P~! and

p>0:
// ua(mfpfl) dl’ dt
' B
<28, U/ ( 212 4y (B, )V

< (Br) T4 | sup [ e gy g
te(Th,T) BRl

(2.4.2)

'mfp712
-8
T ‘ |z] >dxdt] (2.43)

q

We are going to estimate the two terms on the right-hand side of the above inequality, by means of
a modified form of the lower energy estimates (1.1.4), which easily follows by using (2.3.1): for any
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p>0and any T} € (Tp,T) and Ry € (0, R) we have

T
dx —ptm=1 2 dxdt
sup / u(r,x) P— +/ / Vu™ 2
re[T1,T) || ‘ NEEE
Br, (z0) T1 Br,(z0)
<cs3 [1 + Mﬁ(Uo, d, T())lim] (2.4.4)
T
he(R, R1,x0) 1 ] / / _ _y dxdt
x s+ u Pt :
|: (R—R1> T — 1o ‘l’h
To Br(zo)

where M3(ug,d,Tp) is defined in (2.3.1), and p > p. when m € (0,m.] and with p > 1 when
m € (me,1); hy is defined in (1.1.1), and ¢z > 0 depends on m,p, N, and is given in the energy
inequality (1.1.4). We estimate now the first term of (2.4.3) using (2.4.4):

[ (el
1

where

m—p—1 2

Vu 2

|x|_5) dedt < J// ™ Pz TV dedt,  (2.4.5)
Qo

ho-(R, Rl,l‘o) 1 :| >1
(R—Rl)a =Ty | — ’

J = 203u7(BRI)NCLV

[1 + M‘p*(u(), 0, To)lfm} [

Note that it is not restrictive to assume that J > 1, by an argument similar to the footnote related
to formula (1.3.6).

We estimate the second term in the right-hand side of (2.4.3) using again (2.4.4), observing that
we can always choose a € (1,r*/2) such that (m —p —1)(a — 1)g = —p to get

a 1
sup / u Plz|TVdx| < [03 (1 + M(uo, 0, To)l_m)] q
te(Th,T) BRI

(2.4.6)

h (R Rl,xo) 1 a
(R—R1)’ T1—Tp

[//0 u Pt 1$\_7dxdt]

Combining inequalities (2.4.3), (2.4.5) and (2.4.6) we get (2.4.2).

o STEP 2. The k' iteration step. We first define an increasing sequence of exponents py, recalling
that ¢ = r*/(r* — 2) and pg > 0, set

1 k+1
Pk+1 = <1+>pk= <1+> po — +00.
q q k—+4o0
Next, we define the cylinders Qy, := (T}, T] x Bg, (x0) as in (1.3.9), so that Q@ D Qr D Qr+1 = Qoo;
we have chosen a decreasing sequence of radii Ry > Ry > Rp+1 — Roo and an increasing sequence
of times Ty < T < Tg+1 — T as in (1.3.10), namely Ry — Rp+1 = C1(Ro — Reo)(k + 1)™% and
Thi1 — Ty = Cz(Too — To)(k 4+ 1)7%%, where a =2V o~ ! and C;,Co > 0 are as in (1.3.11).
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24. STEP 1. LOWER MOSER ITERATION.

Plugging all the above defined quantities in inequality (2.4.2), the k*! iteration step reads

g
// u—(pk+1+1—m)|x|—7 dx dt
Qr+1

P Lmy] s (1)
> [25'%5] Pptiti-m [263 (1+M5(U0,5,Tk) )] Pr1Tl—m q

L1 (gt
|:ha(Rk7Rk+1,$0) 1 ] i (143) (2.4.7)

(Rr — Ri+1)° Tpy1 — T

1 (141
X [// u_(pk+1_m)|a?|_7dxdt] pk+l+1_m< Q) .
k

Bounds for the constants. Tt is convenient to bound the constants appearing in (2.4.7) by a quantity
which does not depend on p, but only on m,~, 3, R and Ry. Recall that c3 := 2Ky ¢y, is
given in the energy inequality (1.1.4): while Ky > 0 depends only on N, the quantity ¢m,p, =

petl (petl \ 2m(pit1)” o needs to be bounded uniformly for all k£ > 0; since py, > pg > 0 it is eas
Pk Dk (m—pp—1)2 y Pk > Po 1t 1 v

to show that we have ¢, < (1+py')/(1 A4m), so that 2c3 = 2¢3(px) < ¢ = c¢(m, N, py) < +00;
hence 2¢3(px) < ¢ can be bounded uniformly by a constant that depends only on N, m,pg. As in
(1.3.13), also hy(Ryg, Rk+1, o) can be bounded by a quantity depending only on o, Ry and R, as
follows:

he (Ris Ri1, %0) < he (Ro, Reo, @) (k 4 1))+ c; —(2- (’)+’

where C7; > 0 is as in (1.3.11). Moreover, by (2.3.1) we have that Mgz(uo,d,T)) < My(uo,d,Tp),
since Ty < T}. Finally, we can rewrite the k' iteration step (2.4.7) as follows:

()

[// i1y dz dt] T e [// —(pet1—m) QT dt] BT 9 4 gy
Qk+1 ‘mh k+1 Qk ‘mh

where the constant I, is bounded by

_b 1+4
he (Ro, Roo, xg) C; © c;t o b(1+2
Ii1 < [25,6)% |c ((1[120 = 0))0 - 2_T0 (14 My(uo, 6, To)""™ | (k+1) (1+1)
ho (Ro, Rec, o) 1 g

< Pl [C(Clz Ve < ) (1 + Moo, 7o) | (1) (43)

(RO - Roo)a Too - TO

= o T 1P
(2.4.9)

where b = 2aif 0 < 0 < 2, b = o« otherwise. The assumption (1.3.11) on « ensures that b > 1.
o STEP 3. The iteration. We now iterate inequalities (2.4.8) to get

{// —(Pr41+1—m) dzx dt} pk+1+1 peoy
Qk+1 ‘xh

1 —() ()™ (2.4.10)

> HIW [// A dxdt]p;ﬁ_ﬁlm.
Jj=1 ! 0 ’.’EW
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We estimate the product appearing in the above inequality as follows:

X .
k41 ktl—j -1 1+1)’ _ _ k—1
HIPkJrH-l m<1+ ) {JOJIJH] Pr41+1- m,go( q) [(k+ 1)b’} pkﬂﬁ o [Qb/]pk“ﬁlm(l*”
1 k 1)/ .
1 — So(14d k+1 Y k+1—j
[J0J1+ ]pw £(9) [
Jj=1

where O/ = b (1 + %) Recalling that pr = (1 + %)kpo we get
k

-1 1\’ q Pry1+1—

_ g 1+4-)] —— —— and

Pk+1 +1—m =0 ( q) k—+oc0 Do (1 n l)k:-‘rl k—+o00 Do
q

Moreover, it is easy to show that

k+1 S A— <+ >k+1 J Y 00 q j
li PO+ Rl 41-m \" T < lim ex log §
k—lgri-loo H J k—+o00 P po + ( (I1-m) Z q+1 &J

T i=1
1+q)k+1 J
< (c")PO < +00.

Taking the limit in (2.4.10) as k — oo we obtain

1
nfu> [c ToJ, ] (// o H1=m) 1= “’dxdt) " (2.4.11)
o 0

Note that Jy and ¢’ depend only on m, pg, N, v and 3, while .J; depends also on Ry — R and
Too — Tp. e STEP 4. The goal of this step is to show that estimate (2.4.11) implies estimate
(2.4.1). To this end, we use the time monotonicity properties of the solution, namely the fact that

1
t — u(t,x)t” == is non-increasing in time for almost every x € Br,(xo). Recalling that py > 0, we
get for any t € [Ty, T

potl—-m

T 1-m
/ w(t, )™ PO x| TV da < <> / u(T,z)™ P~ |V da .
Brg (20) To Brg (20)

Hence, (2.4.11) can be estimated as follows (recall that Jy, J; are defined in (2.4.9))

1

potl—m ~on
1 Ty \ Poi—m) _1 o
infu>k |:JOJ1+ :| <0> ro (T—TO) PQ / umipoil(T,.%”l'rw dz .
Qoo T By (o)

This is exactly (2.4.1), with Ry ~ Ry, Roo ~ Ro, T ~> 11, T ~» Ty and s :=pp+1—m, p:=p. [
Remark. Note that the estimate degenerates in the limits m — 1~ or m — 07, indeed the
term (7p/T) Fot=) mel 0; also, by (2.4.9) and previous discussions we have J; ~ 1/m, so that

m—0Tt
J, o120,
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2.5 Step 2. Smoothing effects for negative norms.

In the previous step we have proved an estimate of type L™°° — ™%, which holds for any s > 1 —m,
but this is not sufficient in order to use the reverse Holder inequalities of Corollary 0.0.14, which may
hold only for exponents close to 0. In this step we solve this issue by proving L™° — L.™¢ estimates,
for any € € (0,1 — m), through a finite iteration.

Proposition 2.5.1 (L™° — L™° Smoothing Effects). Let us be a strong (super)solution to 6-MDP
on (0,00) X Br,(z0), corresponding to uoX pp(z0) € L5 (Bry(w0)) with p > p. when m € (0,mc] and
with p > 1 when m € (mc,1). Let 0 < Ra < Ry < R be such that 0 ¢ Bgr,(xo) \ Br,(z0) and let
0< Ty <Ty. For any e € (0,1 —m) there exists s. € (1 —m, %(1 —m)] and k4 > 0 such that

1 _1
o T\ = o L
us(To, x) "% x| dz >Ry | = us(Th, x) %lz|7 dz
Br,(20) T Bg, (z0)

[ M08, 100 ) (i By v (Rt LN g

where ke is the smallest k € N such that (r*/2)Fe > 1 —m and

k
* 11— % :
se = (r"/2)kee >1—m and (e = _51522*)
o 1 if e # (1 —m)(2/r*)F for all k € N
Ky = Ry _#(ﬁ)kr*—Z ) & (2.5.2)
pry(Br,) T=m\2) 72 gfe = (1 —m)(2/r*)" for some k € N,

where hy, M, and r* are defined in (1.1.1), (2.3.1) and (CKNI) respectively, while !y only depends
on N,m, [3,7,€.

Proof. The proof relies on a finite iteration and it is split into two steps. Let us fix zg € RV | and
simply denote Bg = Br(xo) and u = us > ¢ > 0, when there is no ambiguity.
e STEP 1. Preparation of the iteration step. Let us define ¢; as

(2.5.3)

he(Ry, Ro, 1
[ [1+Mp(uo,5,to)lfm] [ (B, Ry, 7o) }

(R1 — Rp)° 1 —to

We are going to prove that for any s € (0,1 —m), for any 0 < Ry < Ry < R < Rg and 0 < ty < t1,
there exists a constants k, > 0, depending on ¢,~v, 3, N, m,zo and R;, Ra,to,t; and the norm of the
initial data [|uollrr (g () sSuch that

2

s

/ u(to’x)%*smr'y dz >c / u(ty, x) %|z|” 7 de ) (2.5.4)
Bry (z0) Br, (w0)

—c —1/s
where ¢ = [(MW(BRQ)(N*W> \/61> 4S§7ﬁ] (t1/t)/=™) & is as in (2.5.3) and S, 5 is as in
(CKNI2).
Note that while s € (0,1 —m), in general 7*s/2 may be bigger than 1 — m: we will exploit this
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p+m—1

fact in the next step. We first integrate in time inequality (CKNI2) applied to f = w5 , with
€ (0,1 —m), to get

t 2
/ /ug(erm 1) 4T dx dr
||

to BR2

t
g M(BRQ)M//M’*’" 1d|i|(i7 //(vu””;l

to BR2 to BR2

(2.5.5)
2 dedr
||

S 2§’277

Recalling that by (2.3.1) we have u(t,z) < Mp(uo,0,to), for all t > ¢ty and = € Bg(zp), then the
energy inequality (1.1.3) implies for all p € (0,1 — m) (recall that p+m —1 <0 and u > ¢ > 0)

/t/ 2 dedt _ /tl/ prmot dzdt
to BR2 |$’/8 - BR1 |‘,E|’Y

p+m 1

where ¢ € (t9,t1) and

c=cy [1 + Mp(uo, 9, to)l_m] [hU(Rl’ R, 7o) ! }

(Rl - RQ)U t1 —t
he and M, are defined in (1.1.1) and (2.3.1) and ¢z = ca(m,p) > 0 is as in (1.1.3). Combining the
two above inequalities we obtain

2
t r* (pFm— ~ t D
/ / L tmt) dx dr < 25 <M7(BR2) e \/C / / p+m—1@_ (2.5.6)
to BR2 |:L-"Y BRl :E()) |‘T|’Y

1
We recall that ¢ — w(t,z)t” -7 is non-increasing in time for almost every x € Bg,(zo), hence we
can estimate the two sides of the above inequality: the left-hand side can be estimated from below

2

t s m— d ™
/ / u(T, x) =) :1; dr
to BR2 (zo0) |$’

, B (2.5.7)

tl m oo™ *(ptm=1) dx
> gt — / u(to, x) 2 v
tol_m BR2($O) |x’

where ¢ = (1 — m)/p. Analogously, we can estimate the right-hand side of (2.5.6) from above,

t _ dx dt tl m —tl m _ d
/ / u(t, )Pl < el 2 / u(ty, 2P (2.5.8)
to BRl(IQ) |LU‘ tl 1-m BRl(xO) “T|

/\

Finally, letting s = —p+ 1 —m, we have s € (0,1 —m); taking t?/(1-™) = (tlla/(l_m) +t73/(1_m))/2, we
have 2 = (/07 P/ (=m)y 49/ (1=m) _p/0=m)y Cg6 that (2.5.6), (2.5.7) and (2.5.8) give (2.5.4).
Note that we also have

ho’ ) ) 1 —
[ [1 + Mp(U0,5, to)lfm] [ (Rl s SUQ) :| =7,

(R1 — Rp)° t1 —to
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since we have that p < 1 — m implies t; —t = t1 — [(tf/(l_m) + tg/(l_m))/ﬂ(l*m)/p > (t1 —to)/2.
e STEP 2. The finite iteration. Fix ¢ € (0,1 —m) and assume that & # (1 —m)(2/r*)* for all k € N,
to avoid that (r*/2)¥e = 1 —m for some k € N; the remaining cases are similar and will be discussed
at the end of the proof. Let k. be the smallest positive integer such that (r*/2)*¢ > 1 — m: note
that k. > log[(1 —m)/e]/log[r*/2]. We are going to iterate inequality (2.5.4) k. times; let us define
a decreasing sequence of exponents, and increasing sequences of radii and times for all 0 <7 < k,

S; = (’I“*/Q)ka_iz?, r; = Ro + k‘i(Rl — Rg) and ty =1Tp+ k‘i(Tl — To) . (259)
e €

Note that by construction s; € (0,1 —m) for all i =0,...,k. , sp. = ¢ and sg = (7*/2)*e > 1 —m,

so that we can rewrite inequality (2.5.4) as follows:

€

where ¢; = ¢(s;,t;,7;) has the expression
1
G = [45376 (1Ve(m,1—=m—sit1) (1+ My(ug, 6,;)' ™)) =i+
- - 2.5.11)
__o h ; ; 1 s; t: | 1= (
e (B )5 v (Rl o) )] ]
(TiH - 7’1’) tit1 — 1 tit1
where ¢ = ¢(m,1 —m — s;41) is as in (1.1.3). Iterating k.-times inequality (2.5.10) we get
ke—1
o)l <o, ) = collult) Lo g,y = -+~ = (]1] ci) et ;o 5, - (2.5.12)
7=

Recalling that tg = T < t. = T1, ro = Re < 7. = R1 < R, and that sg = (r*/2)%e > 1 —m we
have

(o)~ 5,y = CAT =,

where C' > 0 is the lower bound of the product Hfial c; that we are going to estimate explicitly
below. From formulae (2.5.11) and (2.5.9) we deduce that

1 1
ti 1-m __0c ho(Rl,RQ,l‘o) 1 >:|_Sz+1
C > ¢ B x N—v V +
<ti+1> [M( 1 (o)) ( (B1—Re)?  Thi—-Tp

_ 1
x [ (1+ My(uo, 6, To) ~™)] =+

since My (ug, 6,t;) < Mp(uo, 9, Tp); moreover, hy (141,74, o) < k‘éz_g)*hU(Rl, Ry, x0) and piy(Br,) <

1

i~ (By,); finally we have set ¢; = [2453”30(771, 1—m —si1)(k2V7 + kg)} **1 Finally, we can estimate

C as follows:

ke—1
ke—1 1 ke—1 T =
To\T=m - ( <ho(31732,9€0) 1 >)] & it
||C¢2 — ||QZ 1+ M,(ug,d,Tp)"™™ \% +
i=0 <T1> i=0 [( pluo 0) ) E (R1— R2)” =T

1 117(%)&E

Tp\ = _ hg(Rl,RQ I‘o) 1 Tela-
e 1+ M, 5, To)™™ ’
= Ky (T1> |:( + p(u07 ; 0) )<H\/ < (Rl—RQ)U +T1—T0>>:| 5

29
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where we have put p := p,(Bg,(20)) ¥ and we have used that Zk5 ! 81+1 = st ! (5 *) =
[1 - (—)ks]/ [1— 2], and that Hks_l ti/tip) Y™ = (Ty/T1)Y ™ and we have defined

Ky = Hz: ¢; > 0 so that it only depends on N, m, 3,7, ¢€.

o The cases when & = (1 —m)(2/r*)* for some k € N. When ¢ = (1 —m)(2/r*)k € (0,1 —m),

. ~ 1— 2 k k+1
one can start by a slightly smaller value, say ¢ = 5™ [( = ) ]

and obtain (2.5.12) with ks = k + 1, namely |u(7p)

< g, proceed as above

||L750(B > C”u(Tl)HL;E(BRl) with so =

(r*/2)k+lé > 1 —m, and then conclude by Hélder’s mequahty, observ1 that ||u(T1)HL75(BR ) 2
v 1
(BRl) ”U(TI)HL ) since —& > —¢; finally we notice that % — % = —ﬁ(%)k::jﬁ 0

2.6 Step 3. Reverse Holder inequalities

In this subsection we prove the Step 3 of the proof of our positivity result. More precisely we prove
L7¢ — L estimates, in the form of reverse Holder inequalities.

Proposition 2.6.1 (Reverse Holder inequality for §-MDP). Let us be a solution to §-MDP on
(0,00) X BRy(x0). Let uoXpp(z0) € LY (Bry(w0)) with p > p. when m € (0,m.] and with p > 1 when
m € (me,1). Then for all t > tg > 0 and all 0 < Ry < R, there exists vs = v5(tg, ug) > 0 such that

) e
a8 15y (o) < 72/ (B (20) s (Ol ey ooy Jor all0< e < w5, (26.1)
where 12
1 KR em|
= 1+ — V1 M ot m
Vo= o — + o <R > »(uo,6,10) 7

M, is given in (2.3.1), R4 is as in Lemma 2.6.2, and Re, Ry are as in Corollary 0.0.14.

Remark. Asgit happensin the elliptic case, the above reverse Holder inequality plays a fundamental
role in the proof of the lower bounds; the above Proposition can be considered the parabolic analogue
of the celebrated John-Nirenberg Lemma, cf [100]. As far as we know, in the literature of parabolic
equations, there are basically only two techniques that allow one to prove the above estimates: one
is due to Moser [73], the other is due to Bombieri and Giusti [101], see also [74]. None of the previous
techniques applies directly to our nonlinear setting: in order to ensure the validity of the reverse
Hoélder inequalities of Corollary 0.0.14, we need to show that logu € BM O, (u is a solution to the
MDP or to the -MDP). In order to obtain a quantitative control on the BMO., norm, we will use
the Caccioppoli inequalities (1.1.5) of Lemma 1.1.2, combined with the weighted Poincaré inequality
of Proposition 0.0.11 as follows.

Lemma 2.6.2. Let us be a non-negative solution to §-MDP on (0,00) x Q and let Bag(zg) C Q.
Let ug € LE(Q) forp>pe if 0<m <me orp>1if me<m<1. Then for anyt > 0 the function
logus(t) € BMO~(Bgr(zo)), more precisely there exists a constant K14 = Ria(N,mvy, ) > 0 such
that for any t > 0

[ log us(t) | B0, (Br(zo)) < F14

a B— 2 1
1+ RT <‘°’ Vv 1) M, (uo, 5, t)lm] =, (2.6.2)

KeVs

where M, is given in (2.3.1) and Re is as in Corollary 0.0.14.
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Proof of Lemma 2.6.2. We will write u = ug, since no confusion arises here. Let R > p > 0,
h >0 and ¢ € C(B2,(x0)). Then by Cacciopoli’s inequality (1.1.5) of Lemma 1.1.2, we get

2 1— 1 T+h
m(m)/ / Y%V logul? dt|z| P dz
2 Bap(zo) P Jr
1-m _ l-m
§2(1m)/ \w|2x|—ﬁdx+/ e G ) Bl S G RETN S
Bay (o) Bay (@) h

By Lebesgue’s Differentiation Theorem, the Steklov averages %fs‘%h ¥?|Vlogu|?dt converge, for
almost every t, to 12|V logu|? as h — 0. Using the time monotonicity property of u, namely that
w(T + h,2)1™™ < w(r,x)t™™ (TTih), we get

1-m h —yl-m 1
[ e S D g rae < L[ o glel e,
Bap(zo) h ! Bap (o)

Now we can take ¢ = 1 on B,(y) and ¢ = 0 outside Ba,(z¢), such that |Vi| < eyp~! and let
v = logu, letting h — 0 we obtain

9 g dz _ 4 9 dx 2 o dzx
[ [ v g u—mwAMM "

2p(z0) 2p(zq)

4c By, (x 20~ (Ba,(x
< Nﬂ,f;gmé( 0>)+ M(wl(_zo() 0)2)

(2.6.3)

My (up, 9, T)l_m.

In order to estimate the BMO, norm of v = logu on Br(x), we need to estimate the quantity
)t pr(y) [v=p,(|z|77 dz on any ball B,(y) € Br(xo). To this end, we use the weighted
Poincaré inequality (0.0.29), Holder’s inequality and estimate (2.6.3), and we obtain the following:

# — () - ’ M 2 21,.1-8
(:U”Y(Bp(y)) /B,,(y) (1) = v(7) 5, (| 2] Vda:) < o (Bo)) /sz(y)z/z \Vo(r) ]|z F dz,

4CNP BDﬂ 2P? ,BD’Y P ,u’y(B (y) Mp(u0,5,T)1_m
- m2 m2(1—m) ,U/B(Bp( ) T 7

where D (Dg) is the doubling constant of the measure p., (11g) respectively, defined in (0.0.28).
Finally, by Lemma 3.4.1

B-n% ’
16 |I” 772 do
Bﬂ(xo)
Iy 8
-
/ |:1:|(577)% dz <c <|$0|\/1> R?,
Br(zo) R

where Ri6,c1 > 0 only depend on N,~, 8 and K16 given in 0.0.19. This concludes the proof. [
Proof of Proposition 2.6.1. We have shown that logus(t) € BMO.(Bg, (zo)) for any t > tg > 0
in Lemma 2.6.2, more precisely, inequality (2.6.2) gives | log ué(t)HBMOW(BRl (@) < 1/Revs for all
t > tg. We are now in the position to apply inequality (0.0.31) of Corollary 0.0.14, which gives
inequality (2.6.1), namely

P2M’y (Bp(y))
18(By(y))

IN
B

E \

<

_2/s S
[0t (2, o)) < b ( By (20)) [0l 1 )
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for all t > g >0, and all 0 < s < v5 < 1/(Fe| log u(t) | Bro, (Br, (o))~ Letting s = ¢ concludes the
proof. ]
The above results extend to the case of the MDP as in the following lemma.

Proposition 2.6.3 (Reverse Holder inequality for MDP). Let u be a solution to MDP defined on
(0,00) X Bry(x0), corresponding to the initial datum uoX gy (z) € L5 (Br,(20)) with p > p. when
m € (0,m] and with p > 1 when m € (me,1), with 4R < Ry and assume that Bg,(xo) satisfies
either (1), (2) or (3); let T =T (ug) be its extinction time. Then, estimate (2.6.2) holds for u, with
d = 0. Moreover, let Hy, be as in (0.0.23), then for every 7, € (0,1] we define

1o (ol B_VH R)\-™ 0 2.6.4
+ ?v P(U'O?:C()a ) >0, ( V- )

[NIES

opYp
*

[ R —
R6R15

so0 that for every t € [Tuty, ti] C (0,T) with t. = t.(uo, zo, R) is as in (0.0.24). We have
1og u(t) || Brto, (Br(xe)) < (Fevo) - (2.6.5)
Finally, for all t € [Tyty, ts] C (0,T) and all 0 < Ry < R, we have
00) 15 oo < b (B @) Ol oy Jor allO<E<vo. (266
The constant K15 = Kj5[m(1—m)]~! depends on N,m,~, B and Fg, K7 > 0 are as in Corollary 0.0.14.
Proof. Inequality (2.6.5) follows by letting § — 0 in inequality (2.6.2), exploiting the lower semi-
continuity of the BMO.(Bg(xo))-norm, then substituting ¢t = 7.t, < T, with t, given in (0.0.24),

and finally noticing that

Hp(u()a Zo, R)l_m ’

1 §—07t c

1— —0 3
My (ug, 0, ty) ™™ —
T*t* RO-T*P P

where ¢ > 0 depends on N, ~, 5 and m. Inequality (2.6.6) then follows as in the proof of Proposition
2.6.1. O

Remark 2.6.4. When we are in the good fast diffusion range, i.e m € (me, 1), we can choose
vy independent of wug, indeed, by letting p = 1 in (2.6.4) and recalling that Hj(ug,zo, R) =
f(Br(20))" 1 R= V=11 we have that

e () <W>lm]

_1
2
Tfﬁl
v i=—_-——

ReK15

R Ro(N—7)0p

This will have important consequences, but in particular we immediately obtain an absolute bound
of the BMO norm of logu on intrinsic cylinders, namely |[logu(t)| prro., (Br(xo)) < (Rero) 1, for
all t € [Tyt ts] C (0,7). Unfortunately the dependence on ug cannot be dropped in the very fast
diffusion range, i.e. when m € (0, m.].
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2.7 End of Step 3 and L= — L° estimates for MDP

We now sum up all the results of the first three Steps to prove the L™>° — L estimates for the
0-MDP. Next we prove analogous estimates for the MDP by letting § — 0.
Proof of Proposition 2.3.1 . Let us first fix € > 0 as in (2.3.2), namely such that

o B—v —1/2
1+ & (|$O vV 1) Mp(uo, 0, to)l_m] ,

where M, is given in (2.3.1), R14 is as in Lemma 2.6.2, so that the Reverse Holder inequality (2.6.1)
holds. Then we are in the position to use the L™% — L~° smoothing effect of Proposition 2.5.1 with
e € (0,1—m) as above, together with the L™°° — L™ lower bounds of Proposition 2.4.1; combining
all the above results we obtain, choosing R = (R + Rp) /2 and times as in the statement:

1

R14 K¢

i 1-m h’U (Ev RQa IE[)) 1 e
(TI’T2]1XH£R2(%) U > Kg (1 + M, (ug, 0, Tp) ) ( (E — RQ)U T — T0>
1 ~ L7 st
<T0>1 </ u ¥ (To, z)|x| ™7 da:) (TQ—TO)_sﬁﬁ
T Br(xo)
P _ he(R1, Ra,x0) 1 et o pme1Ce
> mahi [Q(M) (1 + My(uo, 6, To) ™) (“V < R Ry T T0>) }

1 IS
17 -1
Z set+m

1 1
T 1-m T: 1—-m
(2)7 (7)o ety (1, - )
Ty T3 Br, (z0)

o(R1, Ra, x0) 1 >> rshsfﬁlﬁe
(Rl - R2)U T —1Tpy

s h
> kgt [2(2V") (14 Mp(uo, 8, Tp)' ™) (uv (

Se
1 se+m—1

1
T\ Tom —2 9 - : .
)T E e ([ el (1, — 1)
13 B, (z0)
where we have put p := p(Bg, (:po))_NL—v. In the first step we have used (2.4.1) with s, >1—m
asin (2.5.2), and 0 < Ry < R < Ry and Ty € (Tp, T). Note that 7. := —Mﬁ (QJJ\:T:W,Y + 1>, (e =

(2=
—%11(_’%2; he and M, are defined in (1.1.1) and (2.3.1) respectively, and k3 > 0 is as in (2.4.1) only

dependihg on s,p, N,v, 3, m. In the second step we have used (2.5.1) with k4 as in (2.5.2), noticing
that M, (uo, 5, T5) < Mp(uo, 5, Ty) and that hy (R, Ra,20) < he (R1, R, 20) < 229+ h, (R1, Ra, x0),
and where s, > 1 —m and k, > 0 are given in (2.5.2). In the third step we have used the Reverse
Holder inequality (2.6.1) with € and v as above, with %7 as in Corollary 0.0.14. [

Taking the limit § — 0. L™ — L interior estimates for MDP. Consider the solution u of
the MDP with initial data ug. Then the solutions of the “lifted problem” 6-MDP ug are ordered
with respect to d: more precisely, for 6 > &', for any x € Bgr(zo) and for any ¢ € (0, 00)

us(t, x) > ug (t, ).

In particular, for any x € Br(zp) and for any ¢ € (0,00), the limit as § — 0 exists and is equal
to u(t,z). See [86, Section B.3] for more details. Note that the constants in the inequality (2.3.3)
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remain stable as § — 07 (see also Proposition 2.6.3). As an immediate consequence of Proposition
2.3.1 we get the following result.

Corollary 2.7.1 (L7 — L¢ estimates for MDP). Let u be a strong (super)solution to MDP on

(0,00) x Bry(x0), corresponding to the initial datum uoX gy (z) € L5 (Br,(0)) with p > p. when

m € (0,m¢] and with p > 1 when m € (me, 1), moreover assume that 8R = Ry and that Br,(x¢)

satisfies either (1), (2) or (3); let T = T'(ugp) be the extinction time. Let j:lp be as in (0.0.23), and
define, for any fixed T, € (0, %),

opdp
vo e LTI 01y (2.7.1)
E,15Hp(uO,l‘0,R)

N

Then, [274ts, (1 — T)ts] C [Tuls, t] C (0,T) with t. = ti(uo, xo, R) is as in (2.8.1). Moreover, for
any € € (0,vp) there exist se > 1 —m and k. > 0 such that

s(saj'Emfl)
B inf u> k. / u(tye, x)%|z| ™Y do (2.7.2)
[27ts,(1—7«)t«]| X Bar(z0) Bar(xo)
with
2 N
K = kg 702 j1 (Byp(20)) " sem—T (1= 27)t,) =Fm1 (2.7.3)

n se Ce
i b - he(4R,2R,xo) 1 Tet s fmot
. [Hp(uo’xo’R) (1 Y R"> (“”(Bw(x())) Y ( @R m)ﬂ

where sc > 0,n:,( < 0 are as in (2.3.4), 6. = (1 — podp) (7]6 + ssfngil) + 1Em szﬁhl; he, M,
and V), are defined in (1.1.1), (2.3.1) and (0.0.21) respectively; finally, k5 > 0 depends only on
N,m,p,B,7,e , through ks, K, defined in (2.4.1), (2.5.2), and through Re, K7, which are defined in

Corollary 0.0.14; Ry5 is the same as in Proposition 2.6.3.

2.8 Step 4. Reverse L' — L smoothing effects and interior lower
bounds for MDP.

Next we obtain a useful Lemma about quantitative positivity of local L% norms and a local reverse
L? — L! smoothing effects for solutions to the MDP.

Lemma 2.8.1. Let u be the solution to MDP on (0,00) X Bg, (o), corresponding to the initial datum
UOX By(zo) € LA (BRy(w0)) with p > pe when m € (0,mc] and with p > 1 when m € (me, 1), with
4R < Ry and assume that Br,(xo) satisfies either (1), (2) or (3); let T = T'(ug) be its extinction
time and define 0 < t, < T as

¥ _7F _ Ell_Ol R7 1-m
t, = t*(u()? Zo, R) T 92-m ,U"V(BR({L'O))I_m ||u0||L»1y(BR(Z’0))’

(2.8.1)

where E’lo > 1 is the constant defined in (3.4.8) depending only on N,~, [ and m. Then there ezists
Ko > 0 such that
HO/ uolz| 7V da < 1/ u (L, ) |2| 77 dz, (2.8.2)
tir(Br(70)) JBp(ao) tir(Bar(20)) J By (o)
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where Ky depends on N,~v, [, m. Moreover, for any € € (0,1) the following estimate holds

I3
H 1-e _
[ e ar) <t I [ el e, (283
tir(Br(70)) JB(ao) tiy(Bar(20))  JByg(zo)

where Hy (ug, xo, R) is defined in (0.0.23) , kg = R12 (E’lOQQ*m)(ALW)19 wNﬁf;, with 12 > 0 depending

only on N,m,~,B,p (given in (2.1.1)) and wy - being such that wy RN =7 = . (Bg(0)).

Proof. Let u(t,z) be a solution to MDP over the cylinder Bg,(zo) x (0,7"). Applying inequality
(1.2.2) with times t = 0,7 = t, and radii R and 2R we obtain

1 T = —_
1 / dz 21-m / B dz  Rpp ™ (t*) T-m
TR U < 5 u(ty, x + ~ 11y (Br(z
i (Br(z0)) 0|$|'Y 11 (Br(z0)) ( )|$|7 = +(Br(z0))
ot o (2.8.4)
1
< ﬂ / u(t x)ﬂ —i—l 1 / " da
~ #y(Bar(@o)) 72l 2 y(Bh) “la
Bapr (o) Br(zo)

where we used the fact that ug is supported in Bpg, the doubling property of the measure p,
and the fact that w(¢t,x) > 0. Inequality (2.8.2) is then deduced from (2.8.4) with constant

Ky = %2_ﬁDV_2 . We now turn our attention to inequality (2.8.3), which will be deduced from
(2.8.2). Let € € (0,1): using the smoothing-effect inequality (2.1.1), namely [[u(t)||Le(By, (z0)) <
t—(N=7)9p

EmHuoHE??gR(xo)) (recall that K12 does not depend on Br(zg)) applied at t = ¢, we get

,U,-Y(BR(:L‘O))

where in the last step we have used inequality (2.8.2) and the equality wy RN ™7 = u,(Bg(0)); the
(E/1022—m) (N=7)0p

()L (Br,) < BoHp(uo, o, R)

constant kg = K12 w?\,ﬂs. We finally combine the above inequality with

Hu(g*)HL,ly(leR(:Eo))SHU( )||Loo (Bar(x0)) H (t )|’i§y(B4R(:c0))’

and we obtain inequality (2.8.3). [
Putting together all the results of the 4 Steps, we obtain the following

Corollary 2.8.2 (L=*° — L! estimates for MDP). Let u be a strong (super)solution to MDP on
(0,00) X Bry(x0), corresponding to uoXpu(ze) € L5 (Bro(20)) with p > pe if m € (0,me] orp > 1
if m € (me, 1), moreover assume that 4R = Ry and that Bg,(zo) satisfies either (1), (2) or (3); let
T = T(ug) be its extinction time and define t, € [0,T] by

ol (B aoy
pir(Br(zo))—

where K, = 5*12“%'101, Rlo > 1 depends only on N,v,5 and m as in (3.4.8). Then, there exists
k > 0 such that

ty« = ti(uo, xo, R) = ks R’ (2.8.5)

inf u> k(Hpy, R)t ™0 (2.8.6)

(% ,t+]x Bag (z0)
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where k has an explicit form given in (2.8.10), in particular for R bounded and pr >> 1 we have

F1/2

Rcl m(1l—m) " |LE0| ﬁ*’)/
K=< Fo with  Hy(up,zo, R) =1+ <R Vv 1) Hp(uo,.IQ,R)lim >1, (28.7)
p

and with c1,co > 0 only depending on N,m,p,[3,~.

Proof. Let H, be as in (0.0.23) and fix 7, = 571, ky = (1-74)2" 2R, , and ¢, := (1 —7.)L., where
t. is defined in (2.8.1); recall that D > 1 is the doubling constant of the measure p., and &}y > 1
is as in (3.4.8) (since ), is a constant in an upper bound, hence without loss of generality we can
take it bigger than 1). Next we fix vy (that depends on 7,) as in (2.7.1) with 7. = 7. Finally, we
choose € = ¢ := (2/r*)* (1 — m), where kg is the smallest integer such that g9 < 1. Note that we
have ko > log(vp)/log(2/r*) —log(1 —m)/log(2/r*). With these choices, we know that k. = ko + 1
and the exponents s > 1 —m,n., (. <0 given in (2.3.4) become

%\ Ke * )
r r 50 "
= = —_— = 1_ o 1_ -
50 1= Sg <2> 0= m)2> " so+m—1 7“*—2>O’
N—y
s +1 1r*(l—m)—2e
24+5— -
= = -2 <07 = =T <0
Mso Neo (1—m)(r* —2) o Ceo go (1 —m)(r* —2)

Note that, even if £y depends on vy (through ko), the exponents s. and 7. now only depend on
N,~,B,m. We are now in the position to combine inequalities (2.7.2) and (2.8.3) (with Ry > 4R)
as follows: for any 0 < R; < 4R < Ry we have

S0
B eg(sgp+m—1)
B inf u > K, / u(ts, z)°|z| 77 da
[QF*t*7(1_?*)t*]XB2R(xO) B4R(I0)
50

50
fir(Bar(20)) Folotm=) 1 / wolz| ™ dz o
0\ koH, (ug, zo, R)' tiry(Br(20)) J Bg (a0)

s r¥

(Hyp, R) L0707 (i, R 1T

v
|=

v

where in the second step we have used inequality (2.8.3) and &, is as in (2.7.3) and kg is as in (2.8.3).
Finally we have used the expression of ¢, given in (2.8.5). We estimate the k(H,, R) as follows

(2.8.8)

SO
fy(Bar(2o)) Folorm=1)
E50 1—eg

ﬁng (UOa zo, R)

_0 __s0=2eq 1 - (sg—1)sg _m
> Ry Ty by (Bar(0)) 007 ((1 = 27,)¢, )~ 0Fm=T Hy, (ug, zo, R)“0Com=D f

50 <o

~ 1. o he(4R,2R, z0) 1 M50 S +m—1
[t () (o ¥ (L )T

where we just used the expression of ﬁp = ﬁ[p(uo, x0, R) given in (2.8.7) and rewritten in the constant
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appearing in (2.7.3). We then estimate

(w0, ) (1v 25 (m(BgR(xo))‘N“vv(h““gﬁﬁ’“’+Tjt*))]m°+s°iw (289)

Ir s "1‘4 00 t*
2 Hy(uo, o, R0t | {1V (== ) %

(W v M(BQR(JUO))—N”—O <1 4 W)]m”%*ml ’

where we just used the expression of ¢, given in the beginning of the proof. Recall that the expression
of Ky, given in Proposition 2.3.1 is:

S0
1"~ 2Vo +—0
Ky = Kzk," " Ry e T92Vo)(sot 355 140)

1 r*-2
where £y = Kjpiy(Bag) 07 +2. All the above estimates finally give the expression of £

_sg _so
K :2535;50-‘—”1 1E7 >€+m 12(2\/0)(77304’%(0)79 eg(sp+m—1) (2810)
k1 L +5020) (11— 27 o
x7% 1y (Bar(z0)) o A (G ) ( 0 _;* t*> ’
%o
t he(4R,2R, x0) o (2R)7(1 — 74) \ ] 0t sotmT
1v V B N- 1+ — .
- K (- T*)RU> ( T Y A o
We also recall that as in Lemma 2.8.1, kg = R12 (EQOQQ_m)(N_W)ﬁP w?\,ﬁwp, with K12 > 0 that depends

only on N,m,~,,p and is given in (2.1.1) and wy being such that u)]\w.RN_7 = ,uﬁ,(BR(O)).
Observe that for sufficiently small g9 < vy ~ m(1 —m)/ H 1/2 , we have that (o + “2— L ~ <. Finally,

/2 _
note that when R is bounded and H), is large enough, we have that k ~ (RC‘*/HZ?)J%0 fm(1=m)

where ¢; > 0 only depend on N,m,p,3,v. [

?

2.9 Positivity for local solutions.

We are now in the position to conclude the proof of the main results of this Part, Theorems 0.0.4
and 2.0.1.

End of the proof Theorem 2.0.1.  Let u(t,z) be a solution to the MDP on the cylinder
Bygr(xo) % (0,T), where T = T'(ug) is the extinction time. Recall that 0 < ug € LY (Bg(z0)) for
p>p.ifO<m<meorp>1lifm.<m<1 Let M= fBR(xo)u0|x|*7dx > 0 and define the
rescaled solution 4 as follows

N
(f ) RM ’yu (Tt, Ri‘) s T = RJ_(N_’Y)(l_m)Ml—m.

The rescaled solution @ solves the MDP on the cylinder By(R™'z0)x (0, T) with mass 1 and extinction
time 7. We are in the position to apply Corollary 2.8.2 to get: (recall that & = R~'z and £ = 77 ¢)

~ i ~ r * A ]-
inf Gt 2) > k(Hy, 1)t ™02 where  t, =Kky—— 2.9.1
By ) 2 £ 1) B B
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where the value of ﬁ(ffp, 1) is given in (2.8.10), while pr(ao,ﬁco, 1) and ks are given in Corollary
2.8.2. Note that the quantity H), is actually scaling invariant, namely

H,(iig, #0,1) = Hy(ug, zo, R). (2.9.2)

Note also that ¢, only depends on N, m,~, 8, but not on u, ug nor R,z (here is where we use either
assumption (1), (2) or (3)); indeed, using p~(Bi(p~120)) = p7 Ny (By(x0)) it is straightforward
to check that ¢ < k.. Recalling that £ + f_ﬁﬂ(f,:%) is non-increasing in time for almost every
& € By(#g), we get as a consequence of (2.9.1), for all 0 < < £,

1

~

~ t T-m ~ 7*A =~ Al
inf t,a inf  a(t,, 2 H,, 1) iD= = j(H,y, 1) {77 . (2.9.3
&€ Ba(20) ah,2) z (t*) £€Ba(2o) (t,8) 2 &( ) & P ) ( )

We have used a scaling argument to obtain a cleaner constant  in the final lower bound (2.0.2), in this
way, k = k(Hp, 1) shall depend on R,z only through H,. This is a consequence of our assumptions
(1),(2) or (3) and the explicit expression of £(H,,1) given in (2.8.10) (recall that 7, = 1/5):

, sQ - 2 (2\/0_)( n s ¢ ) ____ S0 o 1
. K/3K/4SO+M71E7 sE+m—12 UER) soFm—150 ﬂg eg(spt+m—1) 5—050 (Bt ) sgp+m—1 (294)

Eo(r*+2) + Eo 1 UE +eéo
_ B <+ 5A 4 0" sg+m—1
X Cy 0" H’7 ot g (0 ) [(1 v 4t*> C, 5 (1 e )] ’

*

In the computation of the above constant, we have used systematically the identity 1, (B ( plzg) =
p?" Ny (B,(x0)) which holds under our assumptions: as a consequence all the constants in the right-
hand side of formula (2.8.10) will depend only on N, m,, 8, and some of them on H,. More precisely,
Ky < Ky Fi2 as well as py(Ba(R™'20)) < Cn, and he (4,2, R7120) =< C, 5, where Cn ., Cy g
only depend on N,y and 7,3 respectively. Recall also that R® =< R2u.(Bgr(xo))/us(Br(zo)).

(2H1/

Finally, we observe that when pr is large, we have E(flp) = ﬁp =) where ¢y only depends on
N,m,~, 3. Undoing the rescaling we obtain the lower bound (2.0.2) and the proof of Theorem 2.0.1

is concluded. []

Proof of Theorem 0.0.4. Once the positivity result is proven for solutions to the MDP, namely
once Theorem 2.0.1 is established, then by a standard comparison argument, the positivity result
can be extended to any nonnegative local (super)solution. For strong (super) solutions the result
is immediate, while for more general concepts of solutions, such as weak energy or very weak, the
proof follows by a long but straightforward limiting process; see [99] and [4] for more details about
the non-weighted case; the case with weights follows along similar lines. []
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Chapter 3

Harnack inequalities and Holder
continuity

In this third Chapter we study regularity estimates for nonnegative solutions to both linear and
nonlinear equations.

3.1 The linear case

We are going to prove Harnack inequalities and local space-time Hélder continuity for nonnegative
local solutions to the linear equation with Caffarelli-Kohn-Nirenberg weights. The equation

Ut—wWZi? A; j(t, ) 0jv), (3.1.1)

1,j=1

is posed on the cylinder @ := (0,T") x Q, where A; ; = A;; and for some v, § < N satisfying (0.0.11),
ie. v—2< < (N 2) ~, as well we suppose that there exist constants 0 < A\g < A1 < +00 such
that

N
wy =< [zl" and 0 < Nofa| PP < D At 2)6& < Ml TPIE. (3.1.2)
i,j=1

The regularity estimates that we present in this section are not present in the literature in the
full range of parameters that we consider here, but several results have been obtained in different
settings, see [62, 63, 64, 65, 89, 72, 71, 73, 74, 90]. We will only sketch the proofs, since they are
minor modifications of those obtained by Chiarenza-Serapioni and Gutierrez-Wheeden, [63, 72, 71|
combined with the original proof of Moser [74]. We shall keep track of the dependence of the
Harnack constant by Ag, A1 in a quantitative way as in [74], since in the nonlinear case this will have
remarkable consequences.

In this weighted setting the Harnack inequality holds on suitable cylinders which take into account
the geometry of the problem; recall that under assumptions (1), (2) or (3) we have

2

N
Pl (R) = / 2P 2 de | = 7M7(BR($O))R2 = R*P,
Br(o) 1s(Br(zo))
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The following cylinders generalize the standard parabolic ones:
QR(tUaZEO) = {(t,l’) € R+ X Rd tlo — pgé)ﬁ(R) <t< th |:’C - I'()’ < QR} )
1 1
QL (to, z0) = {(t,x) eRT xR%: ty— Zpgf(R) <t<tg, |r—m| < B R} , (3.1.3)

7 5 1
Qp(to, x0) := {(t,x) ERT xR?: ty— gpgf(R) <t<ty— gpgf(m, |z — x| < 2R} .

It is convenient to introduce a suitable parabolic quasi-metric which carries on the information of
the weights. Let (¢,z),(s,9) € (0,00) x R we define

~1
s (62), (s.9) = e = ul v (p3)) (1t = s1), (3.1.4)
—1
where Ty := (z+y)/2; the behaviour of (p%f) is analyzed in Lemma 3.4.2. Similar quantities have

already been introduced in [102] in order to prove Holder continuity of the solutions to weighted
parabolic equations similar to (3.1.2), but with different weights. In [65] it has been observed
that although they imply continuity, they do not always imply Hoélder continuity. For general
classes of weights it is not possible to deduce any uniform modulus of continuity with respect to
a standard parabolic quasi-distance. However, for our class of weights, we still manage to deduce
Hélder continuity from Harnack inequalities. Indeed, the quasi-metric d., g is controlled (on bounded
space-time domains) by the following, more standard, parabolic quasi-distance (see Lemma 3.4.2):

do_ t7w7 37 = 315

- {|x—y\+t—s\i ifo=2+8-7>2,
The following first result generalizes the Harnack inequality of Moser [74], in the spirit of Chiarenza-
Serapioni [63, 64, 65] and Gutierrez-Wheeden [72, 71]:

Theorem 3.1.1 (Parabolic Harnack inequality in the linear case). Let v be a nonnegative bounded
local weak solution to equation (3.1.1) on Q := (0,T) x Q, under assumption (3.1.2). Then, for all
Qr(to,x0) C Q, there exists Ky > 0 such that

EDYEEDY

sup v <K, inf w. (3.1.6)
Qg (to,xo0) QL (to.z0)

The constant kg > 0 depends on N,~, 3, but not on v nor on Ag, \1.

Remark. As remarked before, although this result has been proven before at least in some range of
parameters, the dependence of the Harnack constant on the ellipticity constants Ay, A1 was not clear
nor explicit; such dependence is needed in the proof of Hélder continuity for nonlinear equations,
as we will show at the end of this section; this was pointed out by Moser in [74], where a complete
proof of (3.1.6) in the unweighted case 5 = v = 0 can be found. The (nontrivial) fact that %, only
depends on N, ~, 3 is also pointed out by Gutierrez and Wheeden in [71] after the statement of their
Harnack inequalities, Theorem A; indeed we sketch here an adaptation of their proof to our case.

As it often happens for linear parabolic equations, Hélder continuity follows by Harnack inequalities
using a nowadays standard argument, cf. [73], that we sketch in the proof of Proposition 3.1.2. We
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3.1. THE LINEAR CASE

will assume in what follows, without loss of generality, that ¢ > 2 and 0 < A\g < A1, and we define
AN
R
o = log, A;QT € (0,1), (3.1.7)
— A T 1
Ky
where A > 4 which depends on v, 3, N and is given in (3.4.5). As well we introduce the notion of

distance between sets of the form @ = (0,7) x Q C (0,00) x RV, Let Q" = (T1,T2) x ' C Q, we
define

dy5(Q, Q) = oV (o) (). (3.1.8)

inf
(t,z)e{[0,T]x0Q}U{{0} xQ},
(5,9)€Q’

We observe that if the d g(Q, Q') = 2D then for any (¢, z) € Q' the parabolic cylinder Qp(t,z) C Q.

Proposition 3.1.2 (Hoélder Continuity in the linear case). Let v be a nonnegative bounded local
weak solution to equation (3.1.1) on Q := (0,T) x Q, under the assumption (3.1.2). Let Q' :=
(T, T2) x ¥ C Q and let 2D = d (Q,Q’). Then there exist a € (0,1) as in (3.1.7) and Ko > 0,
such that for all (t,x),(s,y) € Q'

|U(ta :E) _U(T’y)‘ Ko
sup < e
(t,x),(T,y)eQ’ d’%ﬁ ((t7 QZ‘), (57 y)) D«

[v]lLe () (3.1.9)

where Rg > 0 depends only on N,~, 3, Ao, A1.

The following corollary is immediate, and shows how the above estimates imply a more uniform
modulus of continuity.

Corollary 3.1.3. Under the assumptions of Proposition 3.1.2, there exist o € (0,1) as in (3.1.7)
and &), > 0, such that for all (t,x),(s,y) € Q'

v(t,x) —v(T,y R,
sup [v(t, 7) (7,9) < —HvHLoo(Q), (3.1.10)

(ta)(ra)e@ (|z — y| + [t — s|zva)a — D®

where K, > 0 is given by
1

= _ = =
Ry = KaF1g (

if o > 2,

)

=B
2
Tclr\/sup]aro|> , f0<o<2,
To€ES
where K19 > 0 depends only on N,~, 3 and is given in (3.4.2).

The proof of the above results relies on the following upper and lower bounds.

Proposition 3.1.4. Let u € Lf/ 10c((0,T) x Bgr(xg)) with p > 0 be a nonnegative local strong

(sub)solution to (3.1.1) and let xg € RY, 0 < Ry < Ro < R such that 0 ¢ Bp,(z0) \ Br, (z0) and let
0 <Typ<Ty <T. Then there exists a constant Ry, > 0 depending only on v, B, N,p such that the
following inequality holds

N—~+o

sup u(r,y) <F [h" (Ro, By, zo) 1 } o
) > Nlin Vod
(ry)€(T1,T]x Br, (z0) (Ro — R1) T —Tp
[ 1 (3.1.11)

/T / ,dadt|?
U
T() BRO(:E()) |$|’Y

71

X




CHAPTER 3. HARNACK INEQUALITIES AND HOLDER CONTINUITY

where o is defined in (0.0.21), h,(Ro, R1, zo) is defined in (1.1.1) and Ry, is a computable constant
(N )

(N—y+0)
such that R < 5’% ()‘0 I\ ) ov, with S, g as in Proposition 0.0.10.

Proposition 3.1.5. Let u be a nonnegative local strong (super)solution to (3.1.1) on (0,T) x Br(zo),
with 0 < Ry < Ry < R such that 0 € Br,(xo) \ Br,(z0) and let 0 < Tp < Th < T. Then for any
p > 0 there exists a constant kj;,, > 0 depending only on v, 3, N,p such that the following inequality
holds

_N—+o
ap

(Ro, R1,x0) 1 ]
Ry — Ry)? T — Ty

/ / p dzdt
To J Brg (o) ‘xh

where o is defined in (0.0.21), hy is defined in (1.1.1) and Ky, is a computable constant such that
2(N—7) (N—~+0)

Sﬂ/ﬁ e ()\071)\1)7 ov where Sy g 1s as in Proposition 0.0.10.

. he
lnf u(T7 y) 2 Kiin |:
(r,9)€(T1, T Br, (z0) (
(3.1.12)

_1
P

Kiin <

Remark. The above estimates have been previously obtained by several authors in different settings,
we just mention here the closest results: Lemma 3.17 of [71] (in the case of general Ay weights),
Lemma 2.1 of [63], and Lemma 1 of [74] when there are no weights. The proof follows Moser’s
idea: using weighted Sobolev inequalities and upper (resp. lower) iterations , to obtain upper (resp.
lower) space-time smoothing effects; indeed, the space-time upper bounds (3.1.11) can be obtained
also by taking m = 1 in the proof of Theorem 1.3.1: note that the two factors «uP*™~! and uP in
the energy estimates (1.1.2) are now the same, hence the proof can be done directly with u, and
we do not need to use the subsolution v = u V 1; as a consequence, the factor +1 in the integral in
the right-hand side of formula (1.3.1) disappears. Analogously, the space-time lower bounds (3.1.12)
follow by a minor modification of the proof of Proposition 2.4.1 with m = 1, more precisely we just
repeat the Steps 1, 2 and 3 of the proof and we obtain the analogous of formula (2.4.11), which
can be rewritten in the form (3.1.12) . Note that these proofs are considerably simpler than in the
nonlinear setting, m € (0, 1).

Proof of Harnack inequalities, Theorem 3.1.1. The proof follows the lines of the original Moser
proof in [74]. Once obtained local upper and lower bounds, (3.1.11) and (3.1.12), the hardest part of
the proof consists in obtaining a reverse Hélder inequality that allows one to join them and deduce
the Harnack inequalities (3.1.6). To our knowledge only two techniques are known to perform this
task: one originally due to Moser [73] that gives a suitable reverse space-time Holder’s inequality
on shifted cylinders, and another due to Bombieri and Giusti [101], see also [74], which shows how
estimates (3.1.11) and (3.1.12) imply (local) absolute upper and lower bounds that allow to obtain
the Harnack inequality (3.1.6). We will follow the latter strategy, and just sketch the proof, which
is essentially the same as Section 4 and 5 of [71], see also [74]; we shall focus on the points where
some non-straightforward changes are needed. Last, we just remark that it is enough to work in a
cube of size 1, then the result will follow by rescaling.

e STEP 1. Bombieri-Giusti Lemma. We are going to use a weighed version of Bombieri-Giusti
Lemma as it has been done in Section 5 of |71] (see also Lemma 3 of [74]). Note that the following
Lemma applies to measurable functions f, not necessarily solutions to a PDE.

Claim. Let A, B, D, 0,0 be positive constants, and Q1, Qr,, Qr,, @, as in (3.1.3). Also, we assume
that the positive measurable function f defined on @1, and the doubling measure v on RV satisfy
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3.1. THE LINEAR CASE

the inequalities

sup fP <

<— fPu(t,z)dxdt and
Qr, (Ro — R1)® /QRO

N\ (3.1.13)
v{(t,x) € Q1 : log f > s} < <sp) v(Q1)

forall s >0, £ < 9o < Ry < Ry <1, all p€(0,p). Then there exists co = co(A, B,§) > 0 such that

€0
SR TR
The proof of the above claim is a minor modification of the proof of Lemma 5.1 of [71], see Section
5 of [71] for more details. Indeed, for some range of parameters, for instance when our weights
fall in the Muckenhoupt class As, the proof is exactly the same. The only point where we can not
directly adapt those proofs, is when a suitable “localized” weighted Poincaré inequality is used: in
our context, such inequality reads

(3.1.14)

20(2) o 1 (Br(yo)) po 20(2) 4
/BR<yo)|f() d ap 45 “”uﬂ(BR(yo))R /BR(%)‘W’ 2| (3.1.15)

where f = (fBR(yO lz) dx) (fBR(yO) f(z “D(x dx) for any ball Br(yo) € RY and for an extra

ER \xp

“weight” ¢ € Co(Br(yo)), 0 < ¢ < 1 with convex super-level sets, where

2
Co = CNpH,B (’BR(Z/O)V (pd$> .
Br(yo)

This inequality is proven in Lemma 4.1 of both [71, 72|, and the relies on results of [103]| ( in the
non-weighted case see Lemma 3 of [73]); this is the point where the restriction on the class of weights
appears. We recall that the results of [71, 72] do not cover all the range of parameters -, 5 that we
consider here: they hold for weights which satisfy the Ay property (or generalizations of it), and
this is not always the case in our setting. A closer inspection of the proof of Lemma 3 of [73] reveals
that it is enough to prove (3.1.15) just for one function ¢ with the properties that 0 < ¢ < 1 on
Br(yo) , and for some ¢ € (0,1) and some R;s € (0, R) we also have that ¢ > 6 on Bg,(y0) C Br(yo)
and ¢ = 0 on 0BR(yo). We are going to show that inequality (3.1.15) is indeed a consequence of
the so-called Intrinsic Poincaré inequality

2 2
a= [ )rf<w>—fr”1(”“°) sy )Wf\”l(‘? dr,  (31.16)
R YO R\Y0

Ed ]

where (; is the first eigenfunction of the operator E7 5 (with Dirichlet boundary conditions and with

unitary L2 norm) on Bg(yo), <fBR(yO) flx |x|7 dw), and A1, A9 are respectively the first and

the second eigenvalue of the £, g on Br(yo). The proof of inequality (3.1.16) is quite standard: this
inequality is indeed equivalent to the second Poincaré inequality

dr
XallglE sy < Vgl g for all g € Dy (B) such that / st =0

The above inequality is true on balls as a consequence of the compactness of the embedding
D,3(B) C L%(B), where D, 5 is defined in Subsection 0.0.1; finally, inequality (3.1.16) follows
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CHAPTER 3. HARNACK INEQUALITIES AND HOLDER CONTINUITY

by letting g = (u — )1, see for instance Lemma 3.1 of [104]. The claim is proven.

e STEP 2. Proof of the Harnack inequality. We are going to apply twice the result of the previous step
to get local upper and lower bounds that will finally combine in the Harnack estimates (3.1.6). In
this case the proof is an adaptation of Section 6 of [71], see also Section 3 of |74] for the non-weighted
case, we will just emphasize the essential changes.

Let us assume first that we are in the position to apply the Bombieri-Giusti inequality with Ry = 3/4
and Ry = R = 2/3 and o = 1/2, to both f ~ v and f ~ v~! on Qp(to, 7o) and QE(tg,xo)
respectively; we will briefly explain at the end of this step how to proceed to ensure that the
assumptions (3.1.13) are satisfied by both v and v~!. Using inequality (3.1.14) for f = e=M2+Vy on
Qr(to,x0), where V and My are chosen as in (3.1.19), we obtain the desired absolute local upper
bounds:

sup v=e"2V sup  fF<eMVexp <

—1
0 > <7 eV, (3.1.17)
Q1 /5 (to,20) Q1 /5 (to,z0)

p(1/2)*P

Proceeding analogously for f = e 2=Vy=1 on QE(to, xo), we obtain the desired absolute local lower
bounds:
-1

-1
) inf v=e MV sup f > e M2"Vexp <—(1/C;)23> > EZ;‘O MV, (3.1.18)
Ql/Q(t07I0) QT/Q(t(Jny) p

Note that the last inequalities in (3.1.17) and (3.1.18) follow by the choice of V, Mj as in (3.1.19)
and can be proven by following exactly Section 6 of [71], hence we omit the details. Finally, the
Harnack inequality (3.1.6) follows by combining inequalities (3.1.17) and (3.1.18) and &y = Ry,1 - Fe 2.

It only remains to show that we can actually use inequality (3.1.14) for f = v and f = u~"!, hence
we need to ensure the validity of hypotheses (3.1.13) in both cases. This is done by proving the
so-called logarithmic estimates, see for instance Lemma 4.9 of [71]. The proof of that Lemma can
be repeated also in our setting, and shows that: for any nonnegative bounded solution u defined on
(a,b) x Bs/y, bounded below by a positive constant in (a,b) x By, then there exist c1, M, and V'
such that, for any s > 0

0

i {(1,2) € (to,b) x B(zo) : logu < —s — Ma(b—to) =V} < 1 Hﬁgﬁgig b_lto} b~ to),
0

1 {(t:2) € (ata) % Br(ao) < ogu > s = Mofa —t0) = V) < 1 | 2GR g ),

(3.1.19)

where the constants c¢1,d > 0 only depend on N, 3,7, My ~ pg(Bi(xo0))/py(Bi(xo)), and V' depends
on v, but it is the same in both cases, as explained carefully in Section 6 of of [71]. Details about
the proof of the above estimates can be found in Section 4 of of [71], which in turn extend ideas of
Moser (Section 2 and 3 of [74]) to the weighted case. The latter estimates, together with the local
upper and lower bounds, (3.1.11) and (3.1.12), allow to apply the Bombieri-Giusti result in both
cases. Hence (3.1.17) and (3.1.18) hold and the proof is concluded. The general statement follows
by a scaling argument.

Finally we recall that, as Moser first noticed in [74], with the present method it is possible to keep
track of the dependence on the “ellipticity” constants 0 < A\g < A1 < 400 throughout the proof: also
in the present weighted setting we were able to keep track of such dependence in the constants. [
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Proof of Hélder continuity, Proposition 3.1.2. We adapt the Moser’s proof to our weighted
case, see |73, 74]. We first prove how the oscillation of the solution decrease geometrically on
parabolic cylinders. We recall that if the d, 3(Q,Q") = 2D then for any (t,z) € Q" the following
inclusion holds Qp(t,z) C Q. Fix r € (0,D/2) and denote for simplicity @, = Q,(to,zo) and
QF := QF(tg, z0). Let us introduce the following quantities:

Vy:i=supv, V,:=supv, V,:=info, K?F =infw.
Qr oF Qr QF

We are in the position to apply the Harnack inequality (3.1.6) to the nonnegative solution Vy, — v

to obtain
—+

Vor =V, =sup(Va, —v) < H inf(VQ,n —v)=H Vo —-V,).
Qr Qr
-1
Note that without loss of generality we can set H := Ee)‘o o >4, with %y as in (3.1.6). Similarly,

using v — Vo, we obtain V. =V, < H (V,f —V,,) which, summed up with the previous inequality,
gives

HV -V +V, —Vy <(H-1) (Vo —V,,).
Using Q74 C Q; (see Lemma 3.4.3, formula 3.4.6), we conclude that

— H-1 — H-1
osc v < o0scv = Vj —-Vi< (Vo —Vy,) = 0SCU .
Qr/a Qr Q2r

Recall that without loss of generality we have assumed that H/(H —1) <4 < A, see also (3.1.7); a
well-known iteration technique (see, e.g., [96, Lemma 6.1]) then shows that

«

oscv < A T oscw for all r € (0, D], (3.1.20)
T DOC QR
with o :=log(H/(H —1))/log A € (0,1), as in (3.1.7), and H > 1 as above.

Now, we fix (t,z), (s,y) € @', and we first assume that € is convex. The first case that we analyze
corresponds to d g((t, ), (s,y)) < D. Hence, there exists an integer £ > 1 such that

D D
Ak+1 = d%ﬁ((tl’% (Svy)) < E,

from which follows that (¢, ), (s,y) € Q%(t V s,7Y) C Qp(tV s,Ty) C Q, where Ty = (x + y)/2.
A
Using 3.1.20 we get the following estimate

AD\® A% .
ot os)l <, ose vs(ip) Tl £ Tt (5:0)" oo

D/AF (zy,tvs) D«
(3.1.21)
The second case corresponds to d., 5((t, ), (s,y)) > D, and we proceed as follows
t <2 < Ali=@, o
[0(t,s) = v(s,y)| < 2llvlle@) < ——fa— dyp((t,2), (5,9))"
The constant K, > 0 is given by
Ro =1V A%, (3.1.22)
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where « is as in (3.1.7) and A as in (3.4.3); it depends on N,~, 3 and Ag, A;. In the case when
is not convex, the result follows by a standard covering argument, however for the purposes of the
present work, we only need quantitative information on balls. The proof is now concluded. []

Proof of Corollary 3.1.3. As a consequence of inequality (3.4.3) of Lemma 3.4.2, we know that
there exist a constants ® > 0 such that for any (¢, z), (s,y) € @ we have

_1
dosl(t ), (5,9) <7 (lo =yl + [t = 5|77 ),

which proves the Corollary. []

3.2 The nonlinear case

This Subsection essentially contains the proofs of Harnack inequalities and Hoélder continuity for
WEFDE, Theorems 0.0.6 and 0.0.8 respectively.

Theorem 3.2.1 (Alternative form of Harnack inequality). Under the assumptions of Theorem 0.0.6,
for any to > 0 there exist constants s, Kg, i« > 0 such that

la(to) 175 (5 oo
sup  u(t,z) < Rg 0, o xeg}ixo) u(t £0,x)

:L‘EBR(:EQ) tU

for any

L0 E (ot + ) NOT),  and () = w1 (Br(eo)™ a1
BRr(zg
The constants Rg,Rq, ks > 0 depend on N,m,~,[; k« > 0 is given in the proof of Corollary 2.8.2,
and Ky = Kok~ ! where g, Ko > 0 are as in (1.0.1), while & > 0 has an (almost) explicit expression

given in (2.8.10); note that k,Rs and K9 depend on R and xo and, when 0 < m < m., £ depends
also on Hy(ug, xg, R) defined in (0.0.23).

Proof. It follows immediately by combining inequalities (1.0.1) and (0.0.25). [J

Proof of the Harnack inequalities of Theorem 0.0.6. Due to the time translation invariance
of the equation it suffices to prove the result for tp = 0. Assume t € (et,, t,), for £ € (0,1) fixed.
Recall that R < R?u(Bg(xo))us(Br(xo))~!. Using the upper bound (0.0.22), inequality (0.0.20)
and formula (0.0.23) we get

Ip
< (t ) < Hu()Hiz (Bar(z0)) +E |: t :|1—1
up u(t,r) <Rl——————> +Ro | =
2€Br(x0) tN=7)%p R R
[— pod % 1
_m 140l By o)y B Fo [ t ]1—m
= _ 1 1 Do
(5t*)(N 7)1917_‘_1,”1 Ef’;m RU
- 9 . (3.2.1)
< Elwg P Hp(uO,l‘o,QR) K2 t |1-m
< = T + I E
21—m gl-m Ell,;m
B H, 2R =
< | Ry L R |, Hp(uo, 20, 2R) | Tt ]I
| 2 ! oep Re ’
L <" Rir” gi-m

76



3.2. THE NONLINEAR CASE

where wy, = B1(0) and Ri7 as in inequality (0.0.20). We recall next the lower bound (0.0.25), that
in this case reads

1

¢t Tm
] for any ¢t € [0,£] N (0, 7).

(2R)”

inf  w(t,z) > inf wu(t,z) >k [
{EEBR(QEQ) xEBZR(xO)

By combining the two above inequalities we get for any ¢ € (et,, t.):

v 21=m H,(up, x0,2R
sup  u(t,z) < My 5 T Y p(uogpﬁo ) inf  w(t,x):=%r3 inf wu(t,x)
2€Bp(x0) K HET c T z€BR(z0) z€BR(z0)

The constants K1, ke > 0 depend on N,m,~, 8 and are given in (0.0.22); k£ > 0 is given in (2.8.10):
notice that, when 0 < m < m,, k depends also on H,(ug, zo,2R) defined in (0.0.23). We finally
recall that

opdp
gl-m

Elwgﬂ” Fp2Tom llva(UO,xo,2R)

172 (3.2.2)

p

m(l—m) _
) when Hp, > 1,

op¥p
—1-m c1-m

Ro21-m Hp(uo, X0, 2R) f'ng
Rl
where flp(uo,xoﬂR) 1+ ('I(" \Y 1) - H,(ug, 0,2R)1™™ > 1 and c1,c > 0 only depend on

N,m,p,B,v. See also Corollary 2.8.2 for a more detailed the expression of k, ¢y, ca. This concludes
the proof. [J

We can prove an analogous continuity result for local solutions to the (WFDE), using the upper
and lower bounds of Theorems 1.0.1 and 0.0.4, and the linear results of the previous subsection.

Proof of the Hélder continuity estimate of Theorem 0.0.8. We split the proof in two steps.

e STEP 1. Intrinsic rescaling. We begin by considering a local solution uw on the cylinder @ :=
(O,T] x Q. Fix tg, Ryg > 0 such that QZRO(to,xo) = (to,T A (to + t*)] X B4RO(.CU0) C . We define
the rescaled solution 4 as follows:

a(t, #) == My tu(t,r)  with  t=RJM} ™, = = Ro,

where My is any positive real number such that My > ||U”LOO(Q4RO(tO7xO)). It is easy to check
that if » is a local solution on QZRO (to,xo), then @ is a local solution to the same equation on

QZ(tAo,:i'o) = [f(),T VAN (tA() + f*)] X B4(§30), where

~ 1-m
Nty [nu(tomm»]

= 0 ) = L G | Mo (Baio))

Moreover, HaHLw(QZ@O@O)) < 1, since by assumption we have My > HUHL”(QmO(to,mo))—
We are now in the position to apply the lower bounds of Theorem 0.0.4 to @ on Q}(to,Z0):

1

t _,f 1-m . . . . .
inf a(t,z) >k [ O] for any t € [to + ftx, fo + 1] N (0, 7)), (3.2.3)
IGBQ(@()) 20
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where 2 is the radius of the ball. Note that x has an (almost) explicit expression is given in (2.8.10),
and (in the very fast diffusion range, i.e. when m < m, and p > 1) depends on H,(i(fo), 20, 4)
defined in (0.0.23). Clearly inequality (3.2.3) implies

inf  a(t,z) = inf A a(t,x) >4 Tmp "
(t,x)€Q3 (to,%0) (t,x)E€[to+tx/2,t0+1:]N(0,T) x B2 (#0)

e STEP 2. Application of the linear result. @ can be considered a solution to the linear equation
(3.1.1) with a(t,z) = ma™ (¢, x); we are now in the position to apply the result of Corollary 3.1.3
inside the cylinder Q3 := [fo + £« /2,0 + £.] N (0,7) x Ba(Zo), since in Q% we have

N=m <mi™ T =a(t,z) <496™ I =0 (3.2.4)
Then, on the cylinder Q% := [t + (5/8)tx, to+ (7/8)E,] N (0, T) x By (&), the result of Corollary 3.1.3

implies that there exist o € (0,1) given in (3.1.7), and &), > 0, depending on N,~, 3, A\g, A1 such
that

[a(t, &) — (7, 9)| Foy (1 7
. sup . o S palltllie@, = pa (3.2.5)
(£),(F.0)€Qs (\x g4l T|m>

where we have used that |[[dfLe~(q,,) < MHL“(QZ(%@)) < 1, with D = d, g(Q35,Q7) defined in
(3.1.8). Due to the particular form of the cylinders Q7 and @3, we have that

-1 . N “ “ -1 . N
D=1A inf (pgﬂ) (T At /8) > 1 AR 2(T A, /8)M7 N2 (p;f) (T'AE./8) == Dy.
yeb1(x

The latter inequality follows by assumptions (1), (2) or (3). Undoing the intrinsic change of variables,
(3.2.5) transforms into (0.0.27) and the proof is concluded.

~ 12 _
Finally, note that when H), is large enough, by Corollary 2.8.2 we know that x ~ (RC4 /HI§5)H” fm(1=m)

hence o = logy % givenin (3.1.7), with Ao, A1 given in (3.2.4), behaves like a ~ exp
I -1

recalling that ¢; é> 0 only depend on N, m,p, 8,v. []
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Appendix

We collect in this Appendix several technical facts and proofs, used in the rest of Part I.

3.3 Appendix-A

This Appendix is devoted to the proof of the upper and lower energy estimates of Lemma 1.1.1 and
of the Caccioppoli estimate of Lemma 1.1.2.

Approximation (via truncation) of powers of strong solutions. The proof of the energy
estimates relies on the idea of using uP~ 14 as a test function, where v is a suitable smooth cutoff
function and u is a solution to the WFDE. As the reader may guess, this is not an admissible
test function, hence we need to proceed by a careful approximation. An additional difficulty is
represented by the presence of singular/degenerate weights: under our assumptions, u is merely a
function in Cloe((To, T); LY, (Q)) such that u™ € L2 ((Ty, T); Hlﬂ’loc(Q)); as already observed, u

v,loc loc o
need not be a function in L{ () and its gradient Vu needs not to be the distributional one, see

|57, 80]. The goal of the next Lemma is to show that a suitable truncation of a strong solution to
WEFDE belongs to the class of admissible test functions, hence an approximate energy identity holds.
Here we follow the approach used in [98] and in [73]. Let p > 1 and 1 < I < k: we define following
auxiliary functions for u > 0

p

—1

o=t i < u

JIp(u) == ((w A kp),l L v Hl<psldm, Gp(u) ::/ Jp(s™)ds.
(uANlD) = uNk) ifp>1+m, 0

Note that J, is a bounded Lipschitz function, for all choices of £ > [ > 1 and p > 1. Recall that
uP~! is not an admissible test function, hence we will use a truncation of it, in the precise form of

Jp(u™).

Lemma 3.3.1. Let u be a non-negative strong local solution to WFDE in (Ty,T) x Br(xo). For
every p > 1 and for any [t1,t2] C (To,T) the following equality holds

to to
/ / e (™) das It + / / V™ - V(™)) de dt = 0, (3.3.1)
t1 JBgr(zo) t1 JBg(zo)

for any 1 € C?*((Ty, T); C%(Br(x0))). A local strong sub (resp. super) solution satisfies (3.3.1) with
< (resp. >) for any nonnegative test function in the same class.

Proof. By definition v™ € L2 ((Tp,T); H: 510c(BR(20))), hence there exists a sequence of functions

loc o'
bn € C((Ty, T) x Br(xg)) which converges strongly to v™ in L2 (Tp,T; Hﬂi’B’loc(BR(xo))). Since

loc

Jp(-) is a Lipschitz function, the family {1.J,(¢)} is a subset of W\,*(Tp, T3 L2 (K))NLE, (To, T; Dy 5(Br(z0))),
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hence an admissible test function in the sense of Definition 0.0.1, so that

/Q [u(t, 2) (2, ) Jp(6n) (b2, 2) — u(tr, 2 (b1, 2) Ty (11, 2)] || da

to [2)
/ / (0T (Pn))t |2 ’dedt—/ /vu V(@ dy(pn)) |z| 77 da dt.
t1 t1

Integrating by parts in time the first integral on the right-hand side, we obtain

to t
Tolenypdrd VU™ - V(Jy(¢n)¢) dz dt = 0; 3.3.2
/t1 /BR(zo)m p(Pn)y dz t+/t1 /BR(:ro) U (Jp(dp)2b) dzdt = 0 ( )

the reader may observe that this integration by parts makes sense since u is assumed to be a strong
solution, i.e. u; € LY((Tp, T) x Br(wo)). Taking the limit as n — oo in (3.3.2) gives (3.3.1). [
Proof of the energy estimates of Lemma 1.1.1

We split the proof of Lemma 1.1.1 in several parts: first we prove the upper estimate, then the lower.

Proof of the upper energy inequality (1.1.2) Let us fix 29 € RY , and simply denote Bg =
Bpr(zo) when there is no ambiguity.

e STEP 1. Reduction. The upper energy inequality (1.1.2) follows by a slightly different inequality:

| ulrop el dn / / (w”*’s P e deat
Br, Ty JBpg,
he (R, Ry, x0) ]/T/ 1 _
< C(m, — =+ uP T ) 2|77 dedt. 3.3.3
( p)[ (R— R1) T1—T0 To BR( ) Io (333)

Indeed, inequality (1.1.2) follows from (3.3.3) by letting 7" = 7 and taking the supremum in 7 €
[Ty, T).
e STEP 2. First energy inequality. In this step we want to prove the following inequality:

p—1

[w(T, z)? * (T, z) — w(Tp, x)Py* (Tp, z)] |2| 7 d=
p Br

B e
p+m—1 To /Br

dodt d
<2[/ [t S [ ety 224
To JBgr Japr W To JBr ||

Following Moser’s approach [73], we would like to test the equation with uP~!4?, but unfortunately
this is not an admissible test function: we shall proceed by approximation, using Jp(um)w2 as in
Lemma 3.3.1; this approximation extends to our weighted setting some ideas from Aronson and
Serrin [98]:

2 dedt (3.3.4)
|2|P o

T T
/ / wpJp(u™) 2|7 da dt + / Vu™ - V(Jp(u™)y?)|z|7F dz dt = 0. (3.3.5)
To /Br To J/Br
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Recalling that 0;Gp(u) = Jp(u™)uy, an integration by parts (in time) in the left-hand side of (3.3.5)
gives

/ [Gp(u)(T,x) )2 (T,z) — Gp(u)(To,:13)7’1,/12 (Tg,:):)] |z| 7 dz
Br

. . (3.3.6)
[ v vl P arde <2 [ plidGywlel et

Ty, JBg

Note that J,(u™) = Jp(u™) and Gp(u) — Gp(u) as k — oo where

—1

~ % _ -1 3 < - u ~

Ip(u) == (u ,,,ll 1)+ ifl<psltm Gp(u) = / JIp(s™) ds.
(uANlD)™ “u ifp>14+m, 0

Since J, is Lipschitz, taking limits as & — oo in inequality (3.3.6) we get (by dominated conver-

gence) :

/ |Go(u)(T2) ¥2 (T, ) = Gy(u) (To, )" (Th, ) \ w / / WAy (™) [Vu? ?irdt

BR ToBR (337)
d:ndt dz dt
<2/ [t Gyt S —2/ By wmyvun . vy 2t
To Y Bgr ‘| To Y Bgr |’

We combine now the following numerical inequality

(™) < <pT1>J'( )up+m1[1+<ml—1>n{W>Z}]

with Young’s inequality |v - w| < |v]?/4 + |w|? to obtain

2 I, (W™ VU™ - Vap| < %ij’(um)wumﬁ + a2 £l ), (3.3.8)

1
where f(l,u) = [1 + (pmil — 1) 1{u™ > l}} Combining (3.3.7) and (3.3.8) we get

x T -, .
/ (Go(u)(T2) ¥ (T,2) = Gplu) (To, )"V (Th, ) ydw +s / WA () [Vu (\1 y?t
br T, /Bg

d.iUdt p+m—1 dxdt
<2/TO/BR|w||¢t|G Tt /T/B“ VL)

Finally, we obtain (3.3.4) by taking the limit as [ — oo in the above inequality: we notice that

prrll2

in such limit jp/( ) \Vum\ — Cpym ‘Vu 2 in the appropriate integral sense, where ¢, ,, is a

suitable multiplicative constant, as well G — uP/p and f(l,u) — 1 by dominated convergence.

e STEP 3. Choice of the test function . By a suitable choice of test function, we can show that
inequality (3.3.4) implies (3.3.3). It is always possible to choose a smooth 0 < ¢ < 1 supported
in [Ty, T] x Bp, such that v» = 1 on [T1,T] X Bgr,, ¥(Tp,xz) = 0 for all x € Br and ¥(t,z) = 0
for all (t,z) € [Tp,T] x OBR, so that there exists Ky > 0 (depending only on N) such that
‘Vw t a;)]2 < K¢ (R Rl) and |¢t(t 1‘)| < Kw(Tl To) L for all (t {L') (T(), ] X Bp \ Bpg,.
With this test function, we estimate the two sides of (3.3.4) separately.
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Estimating the right-hand side of (3.3.4). We will show that

T T
[/ / uP ) |1y |x\_vd:pdt—|—/ / uP Tl W2 |x|_ﬁdxdt]
To /Br To /Br

T
1 he (R, Ry xo)] // dz dt /T/ _, dadt
< 2K + el Ak uP + T/ p— 3.3.9
v |:T1 —Tp (R— R1) || To 4 |z |7 ( )
R

To Br

where the function h, (R, R1,x0) is defined in (1.1.1). Indeed, plugging the above chosen ¢ in the
right-hand side of inequality (3.3.4) we get

p+m—1

T
Cm.p [/ w(T, )P * (T, -) Ix\‘”dx+/ v Vu 2 ? |x]_6d:ndt]
Br Ty JBgr

T T
<2 [/ / uP Y oy |x|77 d:cdt+/ / uptm=1 |v¢|2 |$|_B dZEdt] (3.3.10)
To JBr To JBg

where the constant ¢, ) is given by

p—1 2m(p-1)°
p (p—i—m—l)z'

Cm,p =

We just have to estimate the quotient |x|™?/|x|™ in the right-hand side of (3.3.10) in terms of
he (R, R1,x0) and R— Ry to get (3.3.9). First, recall that Vi) (¢, ) is supported in Bg (z9) \ Br, (o)
for all t € (Tp, T1]. Next we split two cases, namely o < 2 and o > 2.

— Case 0 < 0 < 2. In Bg(xg) \ Bg, (o) we have |z|# = |z[7=F|z|~" < (Jzo| + R)? 7 |2|~7, hence

(3.3.11)

(Jzol + R (:Eol +R>7_ﬁ 1 _ he (R, Ry, 70)
(R—R1)2 R—Rl (R—Rl)g (R—Rl)g ’

since we recall that 0 <o =2+ 8 — v < 2 means v > ( and Ig:l]a;‘il > R%ﬁ > 1.

— Case 0 > 2. Recall that ¢ > 2 means that v < 8. We now consider two sub-cases. Recall that we
consider balls B, (z9) C Bgr(x) such that 0 ¢ Br(xo) \ Br, (z0) -
If 0 ¢ Br(zo), i.e. |zo| > R, then in Bgr(zo) \ Br,(xo) we have

2| =% = |27 /|21°7 < |2l 7/ (o] = R)TTT

hence
(Jrol = R _ (R—R1 )“ L ho(B Ry o) (3.3.12)
(R— Ry)? 70| — R (R—R)” — (R—R)" -
If 0 € Bg, (xo), i.e. Ry > |xo| then in Br(xo) \ Br, (zo) we have
|7 = |7/ < | 7Y/ (Ry — Jxol)?
hence
(Ry—|mo)7—# ( R- R )B‘” 1 _ ho (R Ry,m) (3.3.13)
(R—Ry)° Ry — |0l (R—HR)" = (R—R1)” -
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Estimating the left-hand side and the right-hand side of (3.3.10). We just observe that since ¢ = 1
in [T1,T] x Bg, we get

/ (T, 2P |o] 7 da < / W(T, 2 ¢ (T,2) |2|~ da,
Br,

Br

and

T ptm=1 o T 2 ptm=1 o
/ / |Vu™ 2 | |a;yﬁdxdtg/ v Va2 2 |z 7P dadt.
T BRl To BR

Summing up, inequality (3.3.10) becomes

T —
mp | [ uCmoplel T [ e P e
Br, T:1 JBg,
he (R, Ry, o) 1 ]/T/ 4 _
< 2K, = uP ™ P 2|77 dadt,
wi (R — R1) Ty —To] Jr, BR( ) Izl

where ¢; = C (m,p) := 2Ky c;ﬁp and Ky > 0 depends on N. The proof of the inequality (1.1.2) is
concluded. [

Proof of the lower energy inequalities (1.1.3) and (1.1.4)

We will perform before a common step, used in the proof of both inequalities. Let us fix zg € RV,
and simply denote Br = Bg(xo) when no confusion arises. We always consider p € R\ {0}.

e STEP 1. First energy inequality. In this step prove the following inequality for —p < 1—m, p # 0:

p+1

p

i/BR (w(T,2) ™ * (T, z) — w(Tp, )P ¢* (Ty,z)) |z| 7 dx}

2
A T mlp+1 / / ‘ V2| de dt (3.3.14)
m p—l To JBr

<2m/ / m=p=1 |\ y|? |z|” fdrdi 4202 / / uP P |y 2|77 dadt.
To JBr To /Br

We just sketch the proof, since it is similar - but simpler - to Step 2 of the proof of the upper
energy inequality (1.1.2): we approximate v P~ 14?2 with admissible test functions, we use the weak
formulation of the equation (0.0.18) and after a double limiting process, we obtain:

4 1)
p+1/ / wpu” Py |27 dw dt+ m(p+ / /
To JBRr - To JBr

4 1 T mep-1  m-p—
gm(pﬂ/ DV FT W FT Y (2P de dt.
(m—-p—1) Br

—p—1

2
Vu' 2 ’¢2|$|_dedt

2
Using Young’s inequality, i.e., |v - w| < i2|€ + Eig)‘ , with e = — pH — > 0 we get the following
inequality

1 2 1)
prl / A ot + T m(p / [
To J/Br - To JBRr

< 2m/ / ™ P V|2 |z 7P dadt.
To JBg

_112
W F ( V2| P dz dt
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Integrating by parts in time the first term of the above inequality, we obtain (3.3.14).

In the following steps we show that (3.3.14) implies both (1.1.3) and (1.1.4). We will just sketch
the proof, since it is very similar to the proof of inequality (1.1.2).

e STEP 2. Proof of inequality (1.1.3). In order to keep the same notation in the proofs, we will
change the sign of the exponent p with respect to the statement of inequality (1.1.3), namely we
will switch p to —p. So m — 1 < p < 0, hence we have % < 0. We follow the Steps 3 of the
proof of inequality (1.1.2): we choose a smooth 0 < v < 1 supported in [Ty, T] x Bg, such that
¥ =1on [Ty, T1] X Bgr,, ¥(T,z) = 0 for all x € Br and ¢(t,z) = 0 for all (t,z) € [Ty, T] x OBrR,
so that there exists Ky > 0 (depending only on N) such that |Ve(t,z)]? < Ky (R— Ry)? and
[i(t, o) < Ky(T —T1)~! for all (¢t,z) € (Tp, T] x Bg \ Bg,. With this choice of ¢ we obtain the
following inequality:

Tl n—
/ u(TO,g;)p\ggwder/ / V"™ 2|28 da dt
B, (z0) To JBg,
T T
<cy [/ / um PV x| P dxdt+/ / u Pl x| de dt | .
To JBg Ty JBg

Proceeding as in Step 3 of the proof of inequality (1.1.2) we obtain inequality (1.1.3), with
9 ( v \p|+‘1l>
= Ky 1 2mlp+1] )’
P+ 11 (5 A e

e STEP 3. Proof of inequality (1.1.4). We choose 9 as in Step 3 of the proof of inequality (1.1.2)
and repeating the same estimates used there, we can estimate (3.3.14) to get

/ u(T,xz)™P |x]7dx+/ /
Br, (wo0)

he(R, Ry, x0) 1 }/ / . _
<c e w Pt Ly TP) 2|77 dedt.
3[ (R— Ry) T —=To] Jg, BR( ) I

Finally, inequality (1.1.4) follows by letting 7' = 7 and taking the supremum in 7 € [T}, 7] in the
above inequality. The constant c3 > 0 becomes

—p+m 1
2

]az\*’g da dt

Ak, mVER

p+11 Ln 4m(p+1)
(m—p—1)2

c3 = > 0, since p > 0.

The proof of Lemma 1.1.1 is now concluded. []

Proof of the Caccioppoli estimates of Lemma 1.1.2.

We just sketch the proof. We use the test function ¥?u~", assuming first 0 < § < u < M, and we
approximate it as in Step 2 of the proof of the upper energy inequality (1.1.2) so that we obtain

—// V2O (ur ™) 2| da dt + m? (1 —m)/ V2|V logul?|z| =P dz dt

© @ (3.3.15)

< 2m (1 —m) // YV logu - Vi || =P dz dt,
Q
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where Q = (7,t) x Bg(zo). Inequality (1.1.5) follows by using Young’s inequality ab < ca? + b?/4e,
with € = m/4 |, on the right-hand side of (3.3.15) and integrating by parts in time the first term
of inequality (3.3.15). Note that the assumption u € [J, M] can be removed by a lengthy but
straightforward approximation, but we refrain from doing this here, since we apply (1.1.5) only
to solutions to a “lifted” Dirichlet problem (6-MDP), which we already know to be positive and
bounded. []

3.4 Appendix-B

The goal of this Appendix is to prove the weighted Caffarelli-Kohn-Nirenberg and Poincaré Inequal-
ities of Propositions 0.0.10 and 0.0.11 and to provide some useful quantitative information about
the auxiliary function pJ;” and its inverse. We recall here the expression of pJ;’ defined in (0.0.19):

2

N

= [ el
Br(zo)

We begin with a technical lemma on the behaviour of the function pggﬁ .

Lemma 3.4.1. Let N > 3, assume that v, € R satisfy (0.0.11). Then there exists Rig,R1g > 0
such that for any y € RN and for any R > 0 the following inequalities hold

Fig PyP(R) < R2m <Fiepy” (R), (3.4.1)

R R2[RV [y))P™" < pP(R) < FasR2[RV [y))*~ .
The constants Rig, k1g > 0 depend only on N,~, 3.

Proof. We will only prove the first inequality appearing in (3.4.1), the second one will follow by
the same estimates, noticing that Step 2 and 3 correspond to the cases |y| < 2R and |y| > 2R. The
proof will be divided in different cases.

e CASE 1. Assume y =0 and R > 0. This case is done by a direct calculation.

e CASE 2. Assume that 0 < |y| < 2R. The reader may observe that in this case the following
inclusions holds B, (y) C By,(0) C Bg,(y) . Then, by the doubling property, we obtain the following
inequalities (recall that 0 =2+ 8 — )

,UJ_(U_Q)%(BR(:U))%MB(BR(ZJ)) < :U'_(U_Q)%<B4R(0>)%uﬁ(B4R(O)) < CR*PTIRNTP
< CoR?jiy(Bar(0)) < CsR%iy(Bsr(y)) < CaR? iy (Br(y)).

The other inequality is obtained by similar techniques.
e CASE 3. Assume that 0 < 2R < |y|. Assume that z € Bg(y), therefore
to prove inequality (3.4.1) we will show that the quantity I defined by

3

bl < |z < % In order

2
2

1 N 1 -
I= / |z|(0_2)% dz / 12 7P dz / |z| 77 dz ,
(RN Br() BN By RN [

is bounded (above and below) by a constant independent of y and R. For any o« > —N we can
estimate fBR(y) |2|*dz as

05RNry\"s/ 2 dz < CoR |y|°,
Br(y)
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where the constants C; and Cg depend only on the dimension N. Therefore the quantity [ is
bounded (above) by
1< CrlylP "yl Ply” < Cr,

recall that 0 =2 4 8 — . The very same technique works also for the other bound. [J

1
The function pgf (r), is increasing in r therefore it has an inverse which we denote by (ploﬁ ) )

whose behaviour we show in the next lemma.

Lemma 3.4.2. Let v, € R satisfy (0.0.11) and N > 3. Then there exists K19 > 0 such that for
any xo € RN and for any s > 0 the following inequalities hold

w—ﬁ

=B 1
El_gl 5% [S% V ’JJO@ 2 (pgf) ( ) < K19 52 |:30 vV ’x0|] , (3.4.2)

where constant K19 > 0 depends only on N,v,B. As a consequence, for any xo € Q C RN and for
any s € (0,T], we have:

_ 1 .
K19 87 , if o > 2,
=8

-1

B 1=8

o ) 5) < > 3.4.3

<x0 (®) Elgs% (T;\/sup|xg|> , f0<o<2. ( )
20EN

Proof. We first observe that inequality (3.4.3) easily follows by (3.4.2), hence we only have to
prove the latter.

e Case 1.  Assume zp = 0. Under this assumption we know that quﬁ( )

= r?. Therefore

~1
<p¥66> (s) < s7. o CASE 2. Assume xo # 0. Here we deal with two different cases. First, we
~1 _
observe that if 0 < r < |zg| we have pwﬁ( ) < 2|27, therefore <p%g)6> (s) < 3%]:1;@% and

the estimate holds when r =< s§\$0|TB < |xgl, i.e. when s < |zo|. Next, when 0 < |zg| < r we

have p’(r) =< r° and therefore (p}oﬁ) (s) = sv, the estimate holds when s= > |zo|. The two

estimates give (3.4.2), and this concludes the proof. [J

Proof of the weighted Poincaré inequality of Proposition 0.0.11. The Poincaré inequality
(0.0.29) will easily follow from Hélder’s inequality and from the following weighted Sobolev-Poincaré
inequality proven in [94, Theorem I|

— " x| dz T*<C'RMV(BR())1< \Y 2m_5d:1:) , 344
(/BR(y)ms 3 |2 ) TR /BR(y)r o2 (3.4.4)

where ¢ = 11, (Br(y) fBR(y ¢|z|~7 dz, Bgr(y) is any ball and C; > 0 depends only on N,~ and
B. O

Proof of Proposition 0.0.10. Inequality (CKNI2) follows from (3.4.4), estimating the constant
1
— fuy(Br(z0))? and Hélder’s

N

as in the above proof, then using ||f — fHLp (Br(zo)) = I1f Lz
inequality. [

(Br(z0))

The following technical lemma is needed in the proof of Proposition 3.1.2.

Lemma 3.4.3. Let N > 3, assume that v, 8 € R satisfy (0.0.11). For any positive real number A,

al=

A>4V 25V (4FTs) 7, (3.4.5)
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and for any r > 0, for any xo € RN the following inclusion holds
Qrya(to, z0) C Q% (to, x0), (3.4.6)
where Q; and Qg are defined in (3.1.3), and R1g > 0 is as in (3.4.1).

Proof. We prove only in the case 0 < o < 2, namely v > (3, since the case o > 2 is actually simpler
and follows by the very same steps. In order to prove the inclusion (3.4.6) we need to verify two
conditions: 2R/A < R/2 and 4p3’ (R/A) < p%’(R). The first condition is automatically verified by
(3.4.5), hence we only need to verify the latter, which easily follows by the following estimates:

_ R’[R
4[);[’)5(}{/14) < 41{18? |:A V |:L‘0|

< v < il (R),

} —(v=8) 4E%8— [R Vi ’$0|] —(v—8)
= Yo K

Rv‘xo‘
) <

which follow from % V |zo| together with the condition (3.4.5). The proof is concluded. []

Further estimates on test functions
The operator L, gf = |z|7V - (|z| 7PV f) acts on smooth functions as follows:

X

Lyp(¢) = |z|7~F [Asb — B Veb] : (3.4.7)

|z|?
In the proof of Proposition 1.2.1, we use the following technical Lemma.

Lemma 3.4.4. For any xo € RY and any R > 0 there evists ¢ € C?(RY) such that supp(¢) C
Bog(xo), ¢ =1 on Br(xo), 0 < ¢ <1 and the following estimate holds:

—m _1 _ B _ﬁ N
T (@) Ly, 5(6) (@) T < T (027 (R) for all z € RV, (3.4.8)
where K19 > 0 depends only on N,~, [ and m.

Proof. We define a function ¢ := ¢ (|x — m0|UR_")b with b > 0 to be chosen later; we choose the
cutoff function 1 : [0,00) — [0, 1] to be smooth. A simple calculation shows that

Vo =boR (\:L' — 3v0|UR_‘7)b_1 Y (]x — mol"R_U) |z — xol"_?(x — Z9),
A¢ =bo R 7Y 2 |z — 20772 [ola — 20" R™7 ((b— 1)[W'|* + ") + ¢/ (N + 8 — )] -

Using the expression (3.4.7) we get

= —bm(b—2) 1
T-m _ wnllim [bUR_U‘.%'P_U’x - 1,0’0—2] T—m

—m _1 —bm b
6T Ly (D) T =T (L (u)
1
x |olz = aol”R™7 (b= D)[Y']* + 90") + o3 (N + 5 — ) = ¢/ Bla| (& — o) - |-
We need to split the proof in two cases, depending on the relation between |xg| and R.
e When 0 < |zo| < 3R : Choosing ¢ = ¥(|z —¢]) to be a equal to 1 on B7/4yr(w0) and zero outside
Bsr(x0), we have supp(Ly 3(¢")) € Br/ayr(w0)° N Bar(xo); since B ayr(0) € B(z/4 (o), it turns

out that supp(L,g(¢*)) C {(1/4)R < |z| < 3R} N {(7/4)R < |z — x| < 2R}. Taking b > 12 we
obtain

1

O £y, (8)[ T < Co [boR77] 7 [0 (Jb— 116/ + ")) + [6/|(V + 5 — 7+ 4|5]] =7
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where we have used that 0 < v < 1; note that C, > 0 depends only on ¢ and, by (3.4.1) in this case
p(R) < R, this proves (3.4.8).

e When |zg| > 3R: In this case we choose 1(|z — 2o|) equal to 1 on Bg(zp) and equal to 0
outside B(5/4)r(20). In this way, supp(L, s(¥°)) C {R < |z — mo| < (5/4)R} C {(1/3)|xo| < |z] <
(11/6)|zo|}; noticing that {R < |z — zo| < (5/4)R} C {|z| > R/4}, using (3.4.1) and proceeding as
in the previous case, we conclude the proof of (3.4.8). [
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Part 11

(Global Harnack Principle and
Asymptotic Behaviour of Fast Diffusion
Equation and Fast p-Laplace Equation
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Introduction to Part 11

In Part I we use the quantitative estimates obtained in Part I to study the large-time behaviour and
the behaviour for large |z| of nonnegative solutions to nonlinear singular diffusion equations with
weights. In Chapter 4 we consider non-negative solutions to the Cauchy-Problem for the Weighted
Fast Diffusion Equation (WFDE)

Bpu = |2V - (|xrﬁvum) in (0, 00) x RY, p)
u (0,z) = up(x) in RY,
where
ug € L,IH_(Rd) = {ug: R 5 R :up > 0,/ up |z|77 dr < oo},
’ Rd
and m € (me, 1), where m, := d;z;ﬁ. Along Part II d shall always be the dimension of R? and we

shall always consider m € (m¢, 1). We will always consider the following range of parameters,
d—2
v<d and 7—2<B§77.

This range is optimal for the validity of a family of the so-called Caffarelli-Kohn-Nirenberg inequal-
ities, see [5] and Part 1. The nonlinear operator |z[7V - (|z|#Vu™) was introduced in the 80s by
Kamin and Rosenau [6, 7, 8] to model heat propagation -or more generally singular/degenerate
diffusion- in inhomogeneous media; the parabolic problem has been studied by many authors since
then, mostly in the case m > 1 and with only one weight [26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36,
37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47].

For (CP), existence, uniqueness and a comparison principle have been proven in [18, 86] and in the
range m. < m < 1 conservation of mass holds. In the non-weighted case v = 8 = 0, the WFDE
becomes the standard Fast Diffusion Equation (FDE) which has been intensively studied in recent
years by many authors: it is hopeless to give here a complete bibliography, hence we refer to the
monographs [48, 4| and [49, 25| for a complete account, as well as for the physical relevance of the
model.

In Chapter 5 we investigate the initial value problem

w(t, x) = Apu(t, x) in (0, 00) x RY, (p-CP)
u (0,2) = uo(x) in R?, P
in the fast diffusion range ]\2,—% < p < 2. The initial data is supposed to be 0 < ug € Ll(Rd) and the

p-Laplace operator is defined as

Apw =V - (]Vw|p_2Vw) .
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Equation u; = Apu has been extensively studied and has several applications, for instance in non-
Newtonian mechanics, see [10], the limit case p — 1 has particular importance in the treatment
of images, see [11|. Existence and uniqueness of solution to (p-CP) has been settled in [105], the
comparison principle holds. For a complete account we refer to the monograph [78], [48, Chapter
11] and references therein.

The aim of Part II is to provide a global picture of the fine behaviour of the solutions to both (CP)
and (p-CP), classified in a precise way in terms of the initial data.

Though to fix ideas and avoid technical complications we shall discuss here the problem (CP) in
the un-weighted case (i.e. v = = 0), what we will say holds for the general case v # 0,8 # 0
and for solutions to (p-CP) as well. As we already mentioned in the case v = § = 0, the equation
up = |z[V - (|| 7PVu™) becomes the standard Fast Diffusion Equation,

d—2
up = Au™ where —g <m <1, (FDE)

if m is in the range considered in (FDE) then mass conservation holds for all data in L'(R%). In
what follows we will denote L(1)7+(Rd) as LL (R?). Tt is well known (see [4]) that (FDE) admits a
family of self-similar solutions called Barenblatt solutions, given by

_1
tl—’m

iBM(t, x) = 1 (3.4.9)
29 1—-m
bom + blmﬂ

where 971 =2 — d(1 —m) > 0, by, by are constants which depends only on d,m and M is the mass
(ie. M = [Bllri(ray) of Basr. We shall often write B/(¢) to denote the function t — Bp(t, ).
The solution B, is also called “fundamental solution” since it satisfies the following relation

lim B (t,z) = M o,

t—0
where the above limit is understood in the sense of distributions. It is also known, see for in-
stance [106, 107, 108, 109], that solutions u(t, z) to (CP) with initial data 0 < up € L!(R?) converge
to the self-similar profile B/, with the same mass as ug, in L'(R%)-norm, namely

Ju(t) = Bar ()|l ey — 0 where M = upde . (3.4.10)
Rd

The above statement is sometimes called the Central Limit Theorem for integrable solution to (FDE)
(see [110, 109]), making an analogy between convergence of non-negative, integrable solutions to

the (FDE) towards the Barenblatt profile and the convergence to the Gaussian law

1 =2
G(t,z) = e it (3.4.11)
(4mt)2

in the central limit theorem for the Heat Equation (HE)
Ut = Au, (HE)

see [111] and references therein.

Here we consider solutions to (FDE) with nonnegative, integrable data and we want to further
investigate the phenomenon of convergence towards B); and see how far we can go beyond the
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known convergence result (3.4.10). We want to stress that this is already a non-trivial question
in the case of (HE), indeed a wide zoology of solutions is available. The Gaussian G attracts
only integrable data, the non zero constant solutions are probably the easiest example of solutions
which do not converge to G, solutions with initial data uyp € LP(RY) \ L'(R?) also have a different
behaviour, see [111]. If we restrict the study on L'(R?) data, it is a natural question to ask whether
the convergence towards the Gaussian holds in a stronger norm, for instance the L* or maybe in
the sense of uniform convergence of the relative error, namely

Hu(t,x) - G(t,x)

Gt HLOO(Rd) —0 as t— 0. (UCRE)

In general, such a strong convergence does not hold for solutions to (HE). Indeed, it was proven
in [112] that solutions to (HE) with nonnegative, integrable initial data that satisfy

A

~
||

Vo(z) as |x| — oo, for some «>d,

produce solutions that behave with the same power-like decay, namely
V(t,x) ~C(t) x| as |z| = o00.

The relative error V(¢,x)/G(t, z) is unbounded and uniform convergence of the relative error does
not take place. The problem seems to be in the tails (i.e. the behaviour of the initial data for large
|z|), indeed, there is no uniform control of the tails of the above solution V (¢, x) in terms of G(t,x)
in the whole R%, i.e.

there are no finite C,Cy > 0 such that

C1G(t,x) <V(t,z) < CaG(t,x) for any =€ R?. (3.4.12)

Nevertheless, inequality (3.4.12) holds on bounded domains and it goes under the name of Harnack
Principle or Harnack Inequality, see Part I for more information about Harnack inequalities in the
nonlinear setting. More of such examples and other curious phenomena related to the (HE) can be
found in [111].

Global Harnack Principle (GHP) We call GHP an estimate (from below and from above) of
any nonnegative integrable solution u(¢,z) in terms of suitable Barenblatt profiles (see for instance
inequality (3.4.14)). For solutions to (FDE), the Global Harnack Principle is known under strong
assumptions. The following result was proven in [110].

Theorem (GHP, [110]). Let u(t,x) be a solution to (CP) with initial data 0 < ug € L' (R?). Assume
that there exists R > 0 and A > 0 such that

A
up(z) < —, for any |x| > R. (3.4.13)

o ’x‘ 1-m

Then for any tog > 0 there exists 71,70 > 0 and My, My > 0 such that

B, (t —711,2) <u(t,x) < B, (t + 12, x) forany t>ty, e R?. (3.4.14)
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Estimates similar to (3.4.14) were also proven in the context of bounded domains, see [113], and
of Riemannian manifolds, see [54, 56]. One can look at the GHP as a suitable generalization of the
Harnack inequalities proven in Part I for local solutions in the context of (CP).

We will see in Chapter 4 that (3.4.13) is not only sufficient, but also very close to being necessary.
Indeed, if we do not assume (3.4.13) we can construct the following counterexample. Let m > ﬁ'lg,
and consider the solution w(t,z) to (CP) with initial data wg given by

1

wo(x) = ——————.

(1+ o) 5
It is clear that wy does not satisfy assumption (3.4.13) and, for |z| large enough, we have that
wo(z) > Bas(to, z) for any to, M > 0. However, wg € L'(R?) for any m > fiz. As will be clear
below the behaviour of w(t,z) does not resemble the one given by the Barenblatt profile. Indeed,
by constructing explicit sub/super-solutions, we are able to show that for any time ¢ > 0

1 14 ¢)Tm

- —— < w(t,z) < (+)2m.

((4m(1 —m)dt+ 1) + W) = (14t +[f?)T=m

(3.4.15)

The inequality above gives us remarkable insight about the long time behaviour of the solution
w(t,z). First, for any time ¢ > 0, w(t,x) has a power-like behaviour at infinity, namely that

w(t,z) ~ ]m\ﬁ as || — oo, which differs substantially from the Barenblatt one. Second, in
view of this anomalous tail behaviour, an inequality as (3.4.14) is simply not possible, due to the
not-matching powers of the tail of w(t, z) with respect to the Barenblatt one.

Coming back to the (FDE), we are able now to state the main question that we want to address
in Part II.

What is the largest class of nonnegative, integrable solutions Q1)
which satisfy the GHP (inequality (3.4.14))%

We want to stress here that inequality (3.4.14) gives us a very big amount of information: such
estimates allow a uniform control of the tail and prove infinite speed of propagation, they allow
to prove a uniform quantitative control of C*(RY) (for o € (0,1)) and C*¥(R?) norms, they imply
uniform convergence of the relative error and ultimately give us a quantitative insight on how the
solution approaches the Barenblatt profile. Therefore, we believe that it is of paramount importance
to give a precise answer to the above question.

Our main result will be a complete answer to the above question in both (CP) and (p-CP) cases.
Indeed we will say more, we will prove a sort of Generalized Global Harnack Principle, which classifies
the tail behaviour of solutions to (CP) in terms of the power-like decay of the initial data.

Let us first comment on the main obstructions in proving inequality (3.4.14). In [99] it was already
proven that nonnegative, integrable solutions to (FDE) develop at least Barenblatt-like tails. We
shall prove the same kind of result for solutions to (CP) and to to (p-CP) (see Theorem (4.2.1) in
Chapter 4, Theorem (5.2.2) in Chapter 5). Therefore the only obstruction is represented by the
upper bound of inequality (3.4.14). The sharp condition on the initial data ug in order to obtain
such an upper bound turns out to be a decay condition, but not of the kind assumed in (3.4.13),
indeed we need an integral kind of decay: to be more precise let us define the space X.

Let f € LY(R?), m € (%, 1), we say that f € X or equivalently that it satisfies the tail-
condition (TC) if

o i=sup R M@ < oo, (TC)
R
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with a slight abuse of language we will also call X’ the tail space. Recall that for m € (dff, 1) we
have that ﬁ —d > 0. It is easily seen that |- |y is a norm. Intuitively the quantity |f|y measures
how fast the function f decays at oo relatively to the decay of the Barenblatt profile B;,. We now
introduce a subspace of L'(R?) of functions that satisfy the tail condition (TC), that will play a key
role in the rest of the thesis:

X = {u e LYRY) : Ju|lx < +00}. (3.4.16)

In the general case (v # [ # 0) the space X depends on ~, and it is defined in Chapter 4,
see Chapter 5 for the (p-CP) case. We observe that X’ contains functions which do not satisfy the
assumption (3.4.13), we postpone the construction of such examples to section (4.5) of Chapter 4,
nevertheless we have the following

Theorem 3.4.5. Let u(t,x) be a solution to (CP) with an initial data 0 < ug € LY(RY). Then the
GHP (inequality (3.4.14)) holds if and only if

U[)EX\{O}.

The above Theorem provides necessary and sufficient conditions for the GHP to hold, indeed, it
gives a complete answer to (Q1).

Generalized Global Harnack Principle In section (4.4.3) in Chapter 4 we will prove an inequality
similar to (3.4.14) but for initial data which do not belong to X. Indeed, by means of constructing
super /sub-solutions we shall prove that if the initial data ug has a power-like decay for |z| — oo
such as

(A+|z))" <wglz) < (B+|z))™® where d<a<2/(1—-m)

then it will produce a solution u(t,x) with the same power-like behaviour for |z| — oo for all times,
8o no change in the qualitative behaviour at infinity occurs. This is a remarkable fact since it shows
a clear difference between X and X, indeed it suggests that the space X is stable for the fast
diffusion flow. We can say more, our results provide a precise characterization of the fine behaviour
of solutions in terms of the initial data and allows to see a clear separation between two classes of
data, in terms of the space X. Such a separation is better understood if we pass to self-similar
variables.

Self similar variables. Nonlinear Fokker-Plank equation. Let u(¢,z) be a solution to (CP)
with initial data ug, and consider R(t) = (%)ﬁ, where 91 = 2—d(1—m). The self-similar change
of variables

R(t)? 1 R(t) Cx 1—m\"”
= t h ==1 = =(——— 4.1
U(T7y) Cd U( 7.%') where T o Og R(O) ’ y R(t) ) C 2m (3 7)
transforms u (¢, z) into a solution to the following nonlinear Fokker-Planck type equation
dv : m—1 :
af—l-dlv(vVv ) =2div(va), (NFPE)
-

with initial data vo(y) = %uo(%). Notice that the mass of the initial data is unchanged.

Finally we recall that the Barenblatt profile B ,,(t, z) is transformed into the stationary profile
1

(C(M) + |y2) T

Bu(y) =
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where C'(M) is a constant which depends on the mass M and on d and m. In self-similar variables
the nonlinear version of the central limit theorem (3.4.10) can be restated as

HU(T) - BMHL%(Rd) —0 as 7T— 00,

where again M is the mass of the initial data vg. Lastly let us define the Manifold of the Barenblatt
solutions:

Mp = {B]V[ M > 0} s (3.4.18)
and the distance

di(f) = Bﬂ}g/fws If = Barllpy gy -

The (NFPE) as a flow in Ll (R?) and the space X. It is well-known that the (NFPE) can be
seen as the gradient flow of an Entropy functional, see [114, 115, 116, 117]. Solutions to (NFPE)
can be seen as continuous paths that will eventually converge to a point of the manifold Mg, this is
another interpretation of the Central Limit Theorem (3.4.10). Hence, the basin of attraction in the
dy topology (or L! topology), of the manifold M is the whole space L}F(Rd). However here appears
an interesting issue: we can split L1 (RY) in two disjoint sets

LL(RY) = xuaxe,

with a slight abuse of language, we identify X with the space X ﬂL#(Rd). As we will see in Chapter 4
the flow is stable in both sets, i.e., if ug € X then the solution stays in X, namely u(t) € X for
all t > 0, and if ug € X then the solution u(t) € X¢ and there is no crossing from X to X'¢ and
viceversa, see figure 3.1 for an illustration of this fact.

Figure 3.1: We represent two possible paths in Li(Rd), one starting in X and one in X, there are
no crossing lines between X and X°. We notice that the manifold of the Barenblatt solutions Mg
is contained in the topological boundary (with respect to the L' topology) of X: Mp C 91 X.

Surprisingly the key feature that allows to discriminate different behaviours is a fine analysis of the
tails, that is better seen through uniform convergence in relative error topology, that is

Ly

deo(f) := _inf B,

By eMp

Loo(R4)
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Figure 3.2: Illustration of the stability of the sets X,. Once the solution enters one of those sets it
will stay there.

The first thing to notice is that, even if v(7,y) — Bu(y) as 7 — oo a.e., hence also in relative
error, i.e. v(7,y)B;; (y) — 1 as T — oo a.e., the uniform convergence of the relatlve error may fail.
Indeed, it is not hard to see that what happens for the solution of w(t, z) in (3.4.15) is that

Hi— H =00 for all 7 > 0,
By Loo (Rd)

and uniform convergence of the relative error does not take place. It is then quite natural to ask

What is the largest class of nonnegative, integrable solutions
for which uniform convergence of the relative error takes place?

(Q2)

One of the main results of Chapter 4 solves this issue: again X is the correct space we are looking
for. Let us state the main theorem that solves the issue, we will state it in original variables.

Theorem 3.4.6. Let m € (‘%2, 1) and let u be a solution to (CP) with initial data 0 < ug € L'(R?)
and M = |[ug|ly1re). Then u(t,z) converges to the Barenblatt profile B (¢, x) in uniform relative
error, i.e.

%M(t x)
t—>oo” ‘BM t,x) HLOO(]Rd)

=0 (3.4.19)

if and only if the initial data ug satisfies the tail condition (TC), namely
up € X1\ {0}
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The above theorem provides an explicit characterization that allows to discriminate wether a so-
lution will converge or not to B (or equivalently to the manifold Mpg) uniformly in relative error.
We have stated it for the particular case v = 8 = 0 but it holds also in the general setting. This
explains the two disjoint subsets on Li(Rd), namely X and X¢. Let us analyze the possible different
scenarios for the flow in L} (R9). Before starting our analysis, we just mention that from now on we
will use the terms “uniform convergence of the relative error” and “convergence in uniform relative
error” as equivalent and both will refer to the validity of (3.4.19).

o [fug € X€. In this case ds(vp) = 0o holds unconditionally. Notice that Mz C X. We know that
the solution v(7) € X° since vy € X°. Indeed we can show that

vir)

v € X¢ =
By

= +o00 forall 7 > 0= (1) € X°.
Loo (RY)

This tells us that if an initial datum vy has a tail strictly above the Barenblatt one, then the
corresponding solution will have a tail at least of the same size as vg, for all times. This is the
case, for instance, for the solution w(t, ) considered in (3.4.15). In particular it reveals that it is
impossible to have bounds of the form

doo(v(7)) < di(v(7)),

if we do not have it already (at least) for the initial datum. Hence the two distances d; and d
are really different along the flow, since any ug € L}r is sent by the flow to a unique element of
Mg in the L! topology, but not in uniform relative error. Indeed in the latter case, the flow stays
always at infinite d..-distance from Mg.

o Ifvg € X and do(vg) < 00. Recall that Mpg C X, and that it is the set of stationary solutions or
equilibria of (NFPE). The GHP tells us that

o)

B < 00 forall 7 > 0= v(1) € ¥ = d(v(1)) —— 0.
M

v € X =
LOO(]Rd) T—00

Indeed the GHP implies a stability result for the flow, since it can be rewritten as

doo (v(7)) < F(|vola, lvollLr mey)

for some locally bounded function F'. In other words, if we begin close to the manifold B, we stay
close to it, see figure 3.2 for an illustration of this fact. In this case it is possible to prove uniform
convergence of the relative error, a stronger statement than merely a convergence in d;-distance
(or L! topology). Indeed, a finer analysis can be done, we discuss briefly this issue below.

e Ifug € X and doo(vg) = 0o. This is the borderline case. The GHP implies a strong control of
the tail, which means
deo(v(7)) < 00 for any 7 >0,

and so we can essentially apply the analysis of the previous scenario. This case was not known in
the literature and shows how sharp our result is.

Finer analysis in X. Let us define X* and for any r > 0 the set XF as

X ={v e X :dyo(v) < oo} and X ={ve Xt do(v) <r},
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it follows that .
X:X%(Xﬁ) and At =] AL,
r>0

The GHP implies stability of the flow in X and X*: for any vy € X there exists 79,79 > 0 s.t.
doo(v(T)) < 70 for all 7 > 79, hence the flow never exits a certain Xﬁo. Indeed, we show more:
doo(v(7)) — 0 as 7 — oo, which means that the flow always leaves the manifolds doo(v(7)) = r (level
sets of distance from Mpg) to enter one at a lower level, say doo(v(7)) = 7 — €, see fig. (3.2) for an
illustration of this fact.

This can be summarized as follows: we show that the solution map S; sends immediately X into

the more regular X*
Sy X — XF.

Also, notice that lim; o, S7(X) = Mp holds in the sense of uniform relative error if and only if
ug € X, while lim,_, S; (L1 (R?)) = Mz holds in the L' (R?) topology.

Rates of Convergence. The natural question that we address here is: are there “universal rates”
of convergence towards Mpg? More precisely:

i self-similar variables, can we find a speed of convergence to the stationary profile which is valid
for all solutions starting from data in X7

In different words, can we find a function f(7) for which f(7) — 0 as 7 — oo such that

v(T)

B < f(7)

Loo(R4)

In [118], Carrillo and Vazquez computed the rate of convergence for radial initial data which satisfy
the decay property (3.4.13). They have proven that

| u(t’gﬁﬁ(t’ . o =07 420

for all the range d%dz < m < 1. Notice that the above result is stated in original variables. In

particular, again in [118], Carrillo and Vazquez leave unanswered the following question

What is the largest class of initial data for which (3.4.20) holds? (Q3)

The answer to the above questions is delicate and cannot be easily given for all m € (0, 1), neither
for all m € (d%‘l?, 1). Some preliminary remarks are in order. In the case v = § = 0 the question
has a long history (see [119]): for d%d? < m < 1 under suitable assumptions, it has been proven
in (108, 116, 120, 12, 121, 117, 122|, with techniques that involve the relative entropy functional
(introduced in [123, 124]) or exploiting the so-called Bakry-Emery methods, (see [125]), that there
exist (sharp) rates of convergence in different topologies, the most common being the d;. The rate
t~1 computed above was extended to a larger class of data in [126]. In a quite long series of papers,
[127, 128, 129, 53| similar results were obtained in the whole range 0 < m < 1, we recall that in
the range 0 < m < d%d? there is a dramatic change in the behaviour of solutions since they may
vanish in finite time, see [48, 4]. In the general case v # 0, 5 # 0, rates of convergence were obtained

in [18, 19].
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In Chapter 4 we will show how we can combine the techniques of this paper with the ones used in
[128, 53, 129], to obtain rates of convergence to the Barenblatt profile with an (almost) uniform rate
in the whole X'. For reasons that are not entirely clear up to now, we need to restrict ourselves to the
range%:m1<m<1inthecase'y:,820, andtotherange%<m<l,’y<0forthe
general case, see [18, 19] for further remarks. The former restriction is somehow natural, since, at
least when v = § = 0, the FDE is a gradient flow of a displacement convex functional (the relative
entropy) with respect to the so-called Wasserstein distance, see [114, 117, 115|. The displacement

convexity is lost below m. The main result reads:

Theorem (Almost sharp universal rates of convergence in the non-weighted case). Let u be the
solution to (CP) corresponding to the initial data 0 < ug € X, [pauodz = M, [pazug(z)dz =0
and assume that 5 =~ = 0. Then, for every § € (0,1) there exist ts,cs > 0 (that may also depend
on ug) such that for all t > ts

cs Cs
[u(t) = Bar(t)]lL1 rey < i and  t7|u(t) — B ()| oo (ray < ey

Remark. Notice that the above result is new for the whole space X" even if we are dealing with the
case 7 = [ = 0. Indeed, all the previous results deal with more restrictive assumption such as radial
data, a very precise control for |x| — oo or being sandwiched between two Barenblatt profiles.

When dealing with CKN-weights, the result is a bit weaker, because of the possible lack of C¥
regularity at the origin and reads:

Theorem (Almost sharp universal rates of convergence in the weighted case). Let u be the solution
to (CP) corresponding to the initial data 0 < ug € X with [pauolz|™ de = M and assume v < 0.
Then, there exists a §, € (0,1) such that for every 6 € (0,0) there exist ts,cs > 0 (that may also
depend on ug) such that for all t > ts

Cs

_ Cs
lu(t) — %]W(t)HL}Y(Rd) < -5 and e ’Y)ﬁ”u(t) _ %M(t)HLoo(Rd) <

tl—é'

In the above Theorem ¥~1 = (2 + 8 —7) — (d — v)(1 — m). If we consider radial initial data in X
we can provide a universal rate of convergence, very much in the spirit of [118] or [126].

Theorem (Sharp universal rates for radial data). Assume v = =0 and let m € (d%f, 1). Let u
be the solution to (CP) corresponding to the radial initial data 0 < ug € X, with fRd updx = M.
Then, there exist to,co > 0 (that may also depend on ug) such that for all t > t

-

<

Co
Lo (Rd) t

B (D (3.4.21)

Remark. As an immediate consequence of (3.4.21) we obtain that for all ¢t > ¢

C
[u(t) = Bar ()| oy < =

2 and () = Bas (1) ey <

S5

The above Theorem solves a problem left open in [118], i.e. identifying the largest class of non-
negative radial L' data for which the above rate of convergence holds and gives an answer to (Q3).
Such rates are proven to be sharp, since they are fulfilled by two time-shifted Barenblatt, with the
same mass, see [118, 126]. Finally, we observe that, even if we restrict the analysis to radial data,
the class X' is much larger than those considered up to now in the literature: we refer to Section 4.5
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of Chapter 4 for examples of functions in X which do not resemble the behaviour of the Barenblatt
profile.

On the p-Laplace Case. Almost all of what we have said holds true for solutions to (p-CP).
However, we shall remark that there are some differences. The p-Laplace case happens to be less
studied in the regime (f—fl < p < 2 so fewer results are available. In Chapter 5 we have proven the
counterpart of Theorem 3.4.5 and of Theorem 3.4.6, however, up to know, rates of convergence in
uniform relative error are not available. We have not constructed solutions that have a tail behaviour
substantially different from the Barenblatt profile but we remark that it can be done. Finally, we
want to observe that in Section 5.3.3 we have used an interesting connection (discovered in [130])
between radial solutions to (CP) and radial solutions to (p-CP), this characterization allows us to

give a quantitative description in space (for large |z|) of the gradient of solutions to (p-CP).
Stability of Gagliardo-Nirenberg Inequalities. In Chapter 6 our purpose is to establish a new
stability result for a special class of subcritical Gagliardo-Nirenberg inequalities. We develop a new
strategy for studying the stability, in which the flow of the fast diffusion equation is used as a tool.
Let us consider the Gagliardo-Nirenberg-Sobolev inequalities (GNS in what follows)

IVAIS 11059 > Can [1fll,, V¥ f € DRY (3.4.22)

where D(R?) denotes the set of smooth functions on R? with compact support. The exponent p is
in the range (1,400) if d =1 or 2, and p € (1,d/(d—2)] if d > 3. The exponent § = Z%l ﬁ(d—@
is determined by the scaling invariance. According to [12],

glz)=(1+ \x|2)_P%1 Vaz e R?

is an optimal function of (3.4.22), and the set of all optimal functions is the manifold of the functions
Iruy() = pg((x — y)/\) parametrized by (A, 1, y) € (0, +00) x (0, +00) x R%. When p = d/(d—2),
this manifold is the set of the Aubin-Talenti functions.

Inequality (3.4.22) can also be written in non-scale invariant form as

d—p(d—2 2p 4E-U_2 (D)
2D gt - 2Kox Il 70 20 (342

3[f]:==(p— 1> IVFII3 +4
and equality is again achieved by g. See [131, Section 4.1] for details on how Cgn and Kgn are
related. We will call § the deficit functional.
In this chapter we study the stability properties of the GNS. The main question we want to address
here is the following:

Assume that §[f] is small, in what sense, if any, is f close to g% (Q4)

The issue of stability of optimal functions in the Calculus of Variations started with the study of
solitary waves obtained by minimization methods as in [132, 133, 134]. In recent years, the problem
of finding stability estimates for the sharp inequalities both in analysis and geometry such as the
isoperimetric inequality, the Brunn—Minkowski inequality, the Sobolev inequality, the logarithmic
Sobolev inequality, etc, was intensively studied.

In the case of Sobolev inequality and GNS some early results have been obtained in bounded
domains in [135, 136], but the result of G. Bianchi and H. Egnell for the critical Sobolev inequality [13]
was immediately recognized as a major breakthrough, with the irritating drawback that the constant
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is still unknown. In the critical case p = d/(d —2) = 2*/2, d > 3, G. Bianchi and H. Egnell proved
in [13] the existence of a positive constant C such that

4

@z V11— 2Ke /]2 2 € inf [V = Vg5

where the infimum is taken over the (d + 2)-dimensional manifold of the Aubin-Talenti functions.
However, the existence of C is obtained by contradiction and no quantitative estimate of C has been
obtained so far.

Our goal is establish a quantitative analogue of the estimate of G. Bianchi and H. Egnell in the
subcritical range p € (1,2*/2). More specifically, we aim at proving that J[f] controls a distance to
the function g under some suitable assumptions.

Before stating our main result, we need to introduce the relative entropy functional, let d > 3 and

pe (1,d/(d-2)],

el = (12 [, (1w et = g - ) o,

it may not appear obvious but £ is a positive functional. Indeed, £ is naturally associated to the
Fast Diffusion Flow and in the next section the relation between § and £ will be clarified. It is
interesting to notice that if || f|| 2re) = [/g[lL20(ra) then, by the Csiszér-Kullback inequality, the
entropy controls the L% distance between f and g, namely there exists a constant Cp > 0 such that

1
Hf gHLQp R4) <Cpg[f]§a

for further information see |17, 137, 138|.

Let us denote W'2(R?) the space of measurable functions on R that have a square-integrable
distributional gradient. We are finally in the position of stating our main result.

Theorem 3.4.7. Let d > 3 and and p € (1,d/(d —2)). Let f € WH2(RY) such that for some
A, B > 0 we have

d—p(d—4)

supr  »1 / fPdr <A< oo and  E[f] < B < .
|| >r

r>0
Suppose also that
i I — /R e =0,
Then there exists a constant C > 0 depending only on d,p and A, B such that

5[f] > CElf] (3.4.24)

Remark. At a first glance it may appear unnatural to consider the entropy of the function f.
However, it will be clear in section 6.1.1, f? will be nothing else than the density (or solution) of
the Fast Diffusion Flow, so it makes sense to consider f2p to compute the remainder term in (3.4.23).

The reader will also recognize the tail condition in the definition of the space X considered in the
previous chapters and now restated as

d—p(d—4)

supr  p-1 / fPdr < A. (3.4.25)
r>0 || >r
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Once again, in what follows, f?? will be the density of the Fast Diffusion Flow, since we will use the
Global Harnack Principle proven in Chapter 4 it is natural to ask f? to belong to the space X. Let
us clearly state that (3.4.25) cannot be dropped and it is key in our method.

Lastly, let us remark that condition (3.4.25) guarantees that both the quantities fRd |z| f2P dz,
fRd |z|2 f?P dz are finite.

As a consequence of Theorem 3.4.7 we obtain the following Bianchi-Egnell type inequality.
Corollary 3.4.8. Under the assumptions of Theorem 8.4.7 assume further that
17 2Pl ey = 187 |2l ey and  S[f] < 1.
Then there exists a constant Co > 0 which depends only on d,p and on A of Theorem 6.1.4 such that
IV~ Vol ma

- (3.4.26)
(14 19 F e )

S[f] = Cy

Both Theorem 3.4.7 and Corollary 3.4.8 answer to question Q4, however the results are quite
different. Inequality (3.4.24) of Theorem 3.4.7 affirms that the deficit controls the L2 distance from
f to g, while inequality (3.4.26) proves stability at the level of gradients which, as often mentioned
in the literature, is the strongest possible norm in this context.
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Chapter 4

(Global Harnack Principle for FDE with
Caffarelli-Kohn-Nirenberg Weights

In this chapter we investigate the large-time behaviour and the quantitative behaviour for large ||
of nonnegative solutions to nonlinear singular diffusion equations with weights. We prove sharp,
global lower bounds for solution to the Cauchy Problem with non-negative, integrable initial data.
If the initial data also satisfies an additional condition (called the tail condition ), we prove that such
lower estimates are matched by global upper estimates and the so called Global Harnack Principle
holds. As a consequence, we prove that the convergence to the Barenblatt profile in uniform relative
error holds if and only if the initial data satisfy the aforementioned tail condition. Finally we further
investigate this property proving that it is stable under the flow given by the WFDE.

4.1 Introduction and main results

In this chapter we study the large-time behaviour and the quantitative behaviour for large |z| of
nonnegative solutions to nonlinear singular diffusion equations with weights as those considered in
Part 1. We consider non-negative solutions to the Cauchy-Problem for the Weighted Fast Diffusion
Equation

Bpu = |2V - (|xrﬁvum) in (0, 00) x R, p)
u(0,z) = up(x) in R?,
where
ug € L,IH_(Rd) = {ug: R 5 R :up > 0,/ up |z|7 7 dr < oo},
b Rd
and m € (me, 1), where m, := d&z;’g . We will always consider the following range of parameters,

d—2
v <d and ’y—2<ﬁ§7’y.

This range is optimal for the validity of a family of the so-called Caffarelli-Kohn-Nirenberg inequal-
ities, see [5| and Part 1. The nonlinear operator |z[7V - (|z|#Vu™) was introduced in the 80s by
Kamin and Rosenau [6, 7, 8], to model heat propagation -or more generally singular/degenerate
diffusion- in inhomogeneous media; the parabolic problem has been studied by many authors since
then, mostly in the case m > 1 and with only one weight, see the Introduction to Part II.
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CHAPTER 4. GLOBAL HARNACK PRINCIPLE FOR FDE WITH
CAFFARELLI-KOHN-NIRENBERG WEIGHTS

For (CP) existence, uniqueness and a comparison principle have been proven in [18, 86] and in the
range m, < m < 1 conservation of mass holds. In the non-weighted case v = 5 = 0, the WFDE
becomes the standard Fast Diffusion Equation (FDE) which has been intensively studied in the
recent years by many authors: it is hopeless to give here a complete bibliography, hence we refer to
the monographs [48, 4] and [49, 25] for a complete account, as well as for the physical relevance of
the model.

Barenblatt Solutions. The Problem (CP) admits a family of fundamental solutions of self-similar
type, the so called Barenblatt solutions:

; (B)

Barlte)= —> %3
M) = By M(thm s ==
boqeoi=my T b1lz|”

¢ Ca )Z (t+T)Tw
|

where M is the mass of the solution and T is a free parameter. The profile By is given by

Bar(y) = (C(M) + |y|°) 7T (4.1.1)
and 1 \ L—m
o:=2+4+p5—7, Ez(d—'y)(m—mc), (v = et (4.1.2)

The time rescaling R,(t) is defined as follows

t

ro= (1) 413

The constants by, b; depend only on d,m,~, 5 while C(M) depend on the mass of the profile. In
what follows we shall frequently use the solution (B) with the parameter T' = 0. We will denote
such a solution in the following way

B(t,x; M) =DBuo(t,z), and recall that B(0,2; M) = My . (4.1.4)

As well we shall often write B(¢; M) to denote the function t — B(¢,-; M). We introduce next

a useful parameter which plays the role of an artificial dimension, to emphasize formal analogies

among exponents, in the weighted and non-weighted case (i.e. when n = d)
~2(d—7) n—2

= that =
St B so tha Me "

(4.1.5)

The space X. Let f € L},(Rd), m € (me, 1), we say that f € X or equivalently that it satisfies the
tail-condition (TC) if

2+8—
1-m

= sup R0 [ @] e < oc. (T0)
R>0 Bg(0)

With a slight abuse of language we will also call X’ the tail space. Recall that for m € (me, 1) we

have that % — (d—7) > 0. It is easily seen that |- |x is a norm. Intuitively the quantity |f|x

measures how fast the function f decays at oo relatively to the decay of the Barenblatt profile B ;.

We now introduce a subspace of L,ly (R) of functions that satisfy the tail condition (T'C), that will

play a key role in the rest of the paper:

X = {u € LLRY) : Julx < +oo}. (4.1.6)
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4.1. INTRODUCTION AND MAIN RESULTS

Main Results. The aim of this chapter is to show a global picture of the fine behaviour of the solutions
to (CP), classified in a precise way in terms of the initial data. Our first task will be to understand
if the Barenblatt solution is representative in any way of the intermediate asymptotic and of the
behaviour for large |x| of solutions to (CP). Since the prominent work of Herrero and Pierre, see [99],
it was known that solutions to (CP) with non-negative initial data become instantaneously positive
and develop a tail which is at least the one of the Barenblatt profile: a solution u(t,z) 2 ]a;\_ﬁ for
large |z| . It was also already known (at least in the case v = 5 = 0) that solutions do not develop
a bigger tail if we consider initial data which have the same decay at infinity as the one given by
the Barenblatt profile, namely ug(z) S |x\_ﬁ, see for instance [110]. Our first main result is to
prove that the decay condition ug(x) < |:1:|7ﬁ is not sharp: indeed we can consider a bigger class
of data which develop the same tail of the Barenblatt profile, such a class is exactly the space X.

Theorem 4.1.1 (Global Harnack Principle). Let u be a solution to (CP) with 0 < ug € X'\ {0} and
let to > 0. Then there exists 7,7 > 0 and M, M > 0 such that we have

Bt —1,0; M) < ult,z) < Bt +7,2;M), forany xR andt>tg. (4.1.7)
The upper bound of inequality (4.1.7) holds if and only if ug € X.

Remark 4.1.2. The proof of the above result will be split into two cases: the upper bound, Theorem
4.3.1, and the lower bound, Theorem 4.2.1. For the upper bound the hypothesis 0 < ug € X, i.e.
that ug has a precise decay at infinity, is strictly necessary. Indeed, for data ug ¢ X* we are able to
construct explicit (sub)solutions that provide precise lower bounds that clearly contradict the upper
bound of formula (4.1.7). More precisely, for any ¢ > 0 and for any 2 € R? we have that

1
(D(t) + |a]o) =

u(t,x) >

2 B(t,x; M),

2
where ¢ > 0 is small, and D(t) ~ t=0-m],
On the other hand, such hypothesis is not necessary for the lower bound of formula (4.1.7): indeed,

lower bounds hold for any data 0 < ug € L}thC(Rd), see Theorem 4.2.1.

It turns out then that the Barenblatt solution B, is representative of the global behaviour (for
large |z|) of solution to (CP) whose initial data belong to X'. We can look at this fact also in terms
of convergence to the Barenblatt profile. Such a convergence has been studied by many researches
and many results are available (at least in the case vy = 8 = 0). The weakest form of convergence is
in L}/ topology, see [106], which holds for any data 0 < ug € L% (RY), indeed

lim [fu(t, -) — Bt M) 1 gy = 0

t—o00

In [106] the authors proved uniform convergence on expanding sets on the form |z| < Ct?, for the
case v = = 0, namely

lim sup u(t,x) — SB(tvfra M)

=0, 4.1.8
=0 pe{|z|<C 7} B(t,z; M) (4.1.8)

under the condition of positive initial data ug € L*(R%) NL2(RY), we will prove a very similar result
for the weighted case see, Theorem 4.2.4. Lately Véazquez in [107] has completed the proof of the
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CHAPTER 4. GLOBAL HARNACK PRINCIPLE FOR FDE WITH
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previous result for the whole class of positive initial data which belong to L!(R?). He also shows
uniform convergence in L>(R%)

: dd . —
Tim ¢47)Ju(t, @) = B(t, @5 M) (o) = 0. (4.1.9)

It is a natural question to ask whether a stronger convergence in the form of uniform relative error
may hold, i.e. can we prove under suitable assumptions that

, )

A =0 4.1.10
t—>ooH% ta; M) HLOC ’ ( )

where B(t, z; M) is the Barenblatt solution with the same mass of ug? Before starting our analysis,
let us just mention that from now on we will use the terms “uniform convergence of the relative error”
and “convergence in uniform relative error” as equivalent and both will refer to the validity of (4.1.10).
The answer of the above question is not easy, since, as we already mentioned in Remark 4.1.2 there
exist solutions which do not share the Barenblatt behaviour for large |x|. For such solutions indeed
it happens that )

R
so convergence of uniform relative error does not take place. However, in [107] Vazquez has proven

2
that under the hypothesis 0 < ug < |z| == (that paper considers only the case v = § = 0)
convergence in uniform relative error does hold. Indeed the threshold seems to be again the space
X. In section 4.3 we will prove the following result.

=00 for any t >0,

Theorem 4.1.3. Let u be a solution to (CP) with initial data 0 < ugy € L,ly(]Rd) \ {0} and M =
Hu0||L%(Rd). Then u(t,x) converges to the Barenblatt profile B(t,z; M) in uniform relative error,
i.€.

lim ) (4.1.11)
t—»00

H u(t, z) — B(t, :z-M)H
B(t,x; M) Lo (R4)
if and only if the initial data ug satisfies the tail condition (TC), namely

uoEX\{O}.

Once the result of convergence in uniform relative error is established we can talk about rates of
convergence. In [118], Carrillo and Véazquez considered the case 7 = 3 = 0 and computed the rate of
convergence for radial initial data which satisfy the decay property ug < |x\_ﬁ, they have proven
that
=0, (4.1.12)

Hu(t,x) — B(t,xz; M) H

B(t,x; M) Loo (Rd)
for all the range d%z < m < 1. In particular, again in [118], Carrillo and Vazquez leave unanswered
the following question

What is the largest class of solutions for which (4.1.12) holds?

Many have contributed to this problem, see for instance [126, 128], more will be discussed in sub-
section 4.3.5. Here we prove that the largest class of initial data for which the uniform convergence
in relative error takes place is X', providing a partial answer to the open problem posed by Carrillo
and Vazquez.

The main result reads:
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4.1. INTRODUCTION AND MAIN RESULTS

Theorem 4.1.4 (Almost sharp universal rates of convergence in the non-weighted case). Let u be the
solution to (CP) corresponding to the initial data 0 < ug € X\{0}, [pauodz = M, [pqxug(z)dr =0
and assume that 3 =~ = 0. Then, for every § € (0,1) there exist ts,cs > 0 (that may also depend
on ug) such that for all t > ts

[u(t) = Bt M) ey < 575 and ¢ fut) = B M) o) < 15

u N LY(RY) = t1_6 an u 3 Lo (Rd) = tl—(s'
Remark 4.1.5. Notice that the above result is new for the whole space X even if we are dealing
with the case v = 8 = 0. Indeed, all the previous results deal with more restrictive assumption as
radial data, a very precise control for |z| — oo or being sandwiched between two Barenblatt profiles.

When dealing with CKN-weights, the result is a bit weaker, because of the possible lack of C*
regularity at the origin and reads:

Theorem 4.1.6 (Almost sharp universal rates of convergence in the weighted case). Let u be the
solution to (CP) corresponding to the initial data 0 < ug € X \ {0} with [pquglz|™ dz = M and
assume v < 0. Then, there ezists a §, € (0,1) such that for every § € (0,9,) there exist ts,cs > 0
(that may also depend on ug) such that for all t > ts

C

) — &)
lu(t) = Bt M) 2 ey < 7% and €8 u(t) = Bl M)y <

tl1—6"

If we consider radial initial data in X we can provide a universal rate of convergence, very much
in the spirit of [118] or [126].

Theorem 4.1.7 (Sharp universal rates for radial data). Assume v = 8 =0 and let m € (‘%2, 1).
Let w be the solution to (CP) corresponding to the radial initial data 0 < wy € X \ {0}, with
fRd ugdx = M. Then, there exist to,co > 0 (that may also depend on ug) such that for all t > t

u(t)

Hmm‘l

<
Loo(R9)

. (4.1.13)

Remark 4.1.8. As an immediate consequence of (4.1.13) we obtain that for all ¢ > tg

||lu(t) — B(t; M)HL}Y(Rd) < CTO and t(d—”/)ﬁHu(t) — B(t; M)HLOO(Rd) < C?O
The above Theorem solves a problem left open in [118], i.e. identifying the largest class of nonnegative
radial L' data for which the above rate of convergence holds. Such rates are proven to be sharp,
since they are fulfilled by two time-shifted Barenblatt, with the same mass, see [118, 126]. Finally,
we observe that, even if we restrict the analysis to radial data, the class X is much larger than those
considered up to know in the literature: we refer to Section 4.5 for examples of functions in X which
do not resemble the behaviour of the Barenblatt profile.

The flow in L}YNL(Rd) and the space X. Tt is well-known that solutions to (CP) can be seen as

continuous paths, however here appears an interesting issue: we can split L}n +(IRd) in two disjoint
sets
Ll (RY) =xuxe.

With a slight abuse of language, we identify X with the space X' N L}Y,Jr(Rd). As we will see in sec-
tion 4.5 the flow is stable in both sets, i.e., if ug € X’ then the solution stays in X', namely u(t) € X
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for all ¢ > 0, and if up € X¢ then the solution u(t) € X and there is no crossing from X to X° and
viceversa, see also Introduction to Part II.

Organization of this chapter. We will split the proofs of our main results in two sections. In
Section 4.2 we consider the general case of L}Y(Rd) data and we shall prove the infinite speed of
propagation, the lower bound of inequality (4.1.7) and the convergence in relative error in parabolic
domains (set of the form |z| < Ct”). In section 4.3 we shall focus on initial data which belong
to X, proving the upper bound of inequality (4.1.7), the uniform convergence of the relative error,
giving the proof of the aforementioned rates. In Section 4.4 we shall construct the afore mentioned
counterexamples to the uniform convergence in relative error and we shall prove, for some particu-
lar data, a form of Generalized global Harnack principle giving a quantitative control of the tails.
Finally, in section 4.5 we shall consider the flow in X and give detailed information about the space X.

Definition of solution. We already discussed in Part [ what are the main obstructions in defining
a weighted Sobolev space. Here we just define H }/ 5 (Rd) to be the closure of C'* (Rd) with the

topology given by the norm HngiIlB( = llolls, + Vo35, and D, g (R?) to be the closure of
v

R4)
C2° (R?) under the norm ||¢||, 5(BY) = |Vll2,, see section (0.0.1) of Part I. As a consequence,
s

solutions to (CP) need to be considered in a suitable sense, as follows.

Definition 4.1.9. A solution to (CP) is a measurable function u : [0,00) — R such that
u € Cloc([0,T); L2 (]Rd)) and u™ € L?OC([O,T); Hlﬁ,loc(Rd)) , forany 0<T < oo

v;loc 0l

and the following identity holds,

/Q fu(ta, 2)6 (t2, 2) — ultr, )6 (t1,2)] 2] 7 de

to to
:/ /uqbt |z| ™7 dx dt —/ / Vu™ - V¢ |z|7F dedt,
t1 Q t1 Q

for any open Q C R and for any interval [t1,ts] C [0,T] and for any test function ¢ such that

(4.1.14)

172 . .
¢ € Wy ([0, T]; L3(2)) N Lite ([To, T} Dy,5(92))
and we consider u; in the following sense
ut € L110c<[0’ T} ) L'ly,loc(Q>)'
Self-similar variables. Nonlinear Fokker-Plank equation. Since we will extensively use a particular

change of variables, we have decided to define this transformation here. Let u(t,z) be a solution
to (CP) with initial data ug, and consider R(t) = Ry (t + 1). The self-similar change of variables

R(t)4 1. R(t) Cx
u(T,y) = Cdi_vu(t,a:) where 7= ;logm, Y= RO’ (4.1.15)
transforms u (¢, x) into a solution to the following nonlinear Fokker-Planck type equation
g” + || div (\xrﬁ v wmfl) = |z|Vdiv (|xrﬁ v vya;\ff) , (4.1.16)
-
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4.2. INITIAL DATA INL!  (RP)

with initial data vo(y) = %uo(%). Notice that the mass of the initial data is unchanged. Let

us recall that the Barenblatt profile B,/ 1(¢, x) is tansformed into the stationary profile Bas(y). In
self-similar variables the L,lY (R9) convergence can be restated as

|v(7) — BMHL%(Rd) —0 as T—00,
while the L>(R%) convergence result of (4.1.9) can be restated as

Tlggo [v(7) = Ba |0 mey = 0.

4.2 Initial data in L! | (R?)

In this Section we show the results that hold for all data in L}y, +(Rd), namely, we show that the
lower-part of the GHP estimates hold true (Theorem 4.2.1) for (just) locally integrable data: this
allows to measure the (infinite) speed of propagation as “fatness of the tails”. On the other hand,
on the whole space it is not possible to match the lower bounds with similar upper bounds for all
initial data in L; Jr(]Rd): we will provide explicit counterexamples and improved lower bounds in
Section 4.3. This latter phenomenon, an anomalous tail behaviour, can only happen if we miss a
control of the tail of the initial datum: we will show that the sharp tail-condition is encoded in
the space X thoroughly analyzed in Section 4.3. As a consequence of the estimates of this section,
we show also uniform convergence in relative error towards equilibrium on compact sets and even
on parabolic cones, see Theorem 4.2.4. All of these results are sharp, as shown in Section 4.4.3 by
means of suitable counterexamples.

4.2.1 A universal global lower bound: measuring the speed of propagation

We now state the main result of this section, which holds for nonnegative initial data which are
merely locally integrable. We recall here a useful quantity, ¢, that will appear frequently throughout
this section:

—m 1
te = tu(ug, R) = K ||u0Hi%(BR(O)) R . (4.2.1)

where k. > 0 depends on d, m,~, 5. This quantity appears in [139, Theorem 3.1|, where a complete
proof and an explicit expression of k. is given. For reader’s convenience, we recall the result in
Theorem 4.6.3 in Subsection 4.6 in the Appendix.

Theorem 4.2.1. Let u be a solution to (CP) with initial data 0 < ug € L}Y 1oc(RY) and let tg, Ry > 0

be such that HUOHL}Y(BRO(O)) > 0. Then there exists T > 0 and M > 0 such that

u(t,z) > Bt —1,2; M), for all z € RY and t > tg, (4.2.2)
where
1
1 to \ 1-m
T = 5 (t* VAN to) and M=b HUOHL%(BRO(U)) 1A E . (4:23)

The constant b > 0 depends only on d,m,~y,3 and has an explicit expression given in the proofs,
while ty is as in (4.2.1).
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Measuring the speed of propagation. The above Theorem reveals a remarkable property of
solutions to WFDE: the positivity spreads immediately for every nonnegative initial datum, showing
infinite speed of propagation. A delicate issue is how to discriminate in a quantitative way among all
the possible cases of infinite speed of propagation. Our Theorem shows that we can put a (delayed)
fundamental solution as a lower barrier for any data: this is how the WFDE immediately creates
a fat tail (inverse power), which is clearly bigger than the “standard Gaussian tail” created by the
linear heat equation. This can be expressed as follows:

Corollary 4.2.2 (Minimal tails). Under the assumption of Theorem 4.2.1 we have that for any
t>0 )
liminf u(t,z) |z|T=m > by tT-m (4.2.4)

|x|—o00

The constant by depends only on m,d,y, B and is achieved by the Barenblatt solutions.

We will often call |x\*‘7/(1*m) a minimal tail or o Barenblatt tail . Finding matching upper bounds
is simply not possible in such generality, we will need to ask the tail condition (TC) on ug. We are
now going to prove the main result of this section.

Proof of Theorem 4.2.1: Let us explain first the strategy of the proof. The quantities 7 and M
take different forms depending on wether or not t, < tg. We will assume first that tg > t,, then we
will discuss the case 0 < tg < t, at the end of the proof.

Let Mg, = HUOHLE,(BRO(O))a 7 = at, and M = bMp, where a € (0,1) and b > 0 will be explicitly
chosen later. Without loss of generality, we prove inequality (4.2.2) only at ¢ = ¢,, namely

u(te, ) > B((1 —a)ts,z; M) . (4.2.5)

Once proven at t = t,, the case t > t, will follow by comparison. To prove (4.2.5) we need to
determine the values of a,b. We need to separate two cases, namely inside a ball and outside a ball,
obtaining different conditions on a, b, respectively conditions (4.2.7) and (4.2.10). Finally we check
the compatibility of such conditions and choose a,b explicitly as in (4.2.11).

Condition on a, b inside a ball. We want to find conditions on a, b such that the following inequality
holds:

M bm?M
e o = sup B(t.-T,:M),  (426)
Ry béfim (1 B a)(d_ﬂy)ﬁﬁgkdf'y)ﬁRodf'y z€BaRr, (0)

where k; is as in (4.6.4). It is easily seen that the former is implied by the following condition on a
and b:

_1
0 < kb (1 — @) P (4.2.7)

Note that by inequality (4.6.4) the first term in (4.2.6) is bounded above by infyep,, u(ts, ),
therefore we obtain that

inf  wu(te,x) > sup B(te —71,2;M),
r€BaR, x€Bap, (0)

inequality (4.2.5) is then proved for any |z| < 2Ry.

Condition on a,b outside a ball. We want to find suitable conditions on a, b such that (4.2.5) holds
in the outer region |z| > Rp. Such an inequality will be deduced by applying the comparison
on the parabolic boundary of Q@ = (z,t.) x By (0), namely 9,Q = {{r} x By (0)}U{(z,t:) x
{z € R?: |z| = Ro}}, see for instance [99, Lemma 3.4].
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It is clear that u(z,z) > B(0,x; M) = do(x), for any |z| > Ry, hence we just need to prove that
u(t,z) 2 B(t — 7,23 M) for any |z| = Ro, t € (7, ). (4.2.8)

The following inequality

— baﬁMJﬁ
N ( i > Tz - : (4.2.9)
by (1 — a)(d=o{d?

implies that inequality (4.2.8) holds, indeed for any |z| = Ry and t € (7,t,) we have that

1

1 1 S
i=m bmﬁle? 1—qg)T=mil™
u(t,z) > inf  wu(t,x) >k ( at’;) > — Ro - (1 —a)=mt, :
te(aty,tx), Ry p=m (1 . a) (d_,y)gtgkdf'y)ﬁ b (1—a)o?to? =m
CEGBzRO (0) 0 0 (bMRO)019<17m>
1 1
1—q)Tomtim
> ( ) —— = sup Bt —1,2;M).
(170‘)019#719 1-—m te(at*,t*),
0 b”ﬁ(l—m)M;g(l_m) + blRoU] |z|=Ro

Recalling that ¢, = R*M]ngéw it is easy to show that inequality (4.2.9) is equivalent to the
following one

= L —(d—v)v
b7 < by RRITT @ (1—aq)d=7 (4.2.10)
which is the condition we were looking for.

Compatibility of condition (4.2.7) and (4.2.10). Both the conditions are satisfied by the following
choice

1 1
1 by ™ L —(d—y) [(1\T=m _
a=g and b = 2(3_7)19 [Fmi‘m (@) () Akl 7)19/41] . (4.2.11)

This concludes the proof of (4.2.5) in the case when ty > t.. It only remains to analyze the case
when tg < t,.

Case 0 < tg < t.. Without loss of generality, we only need to prove inequality (4.2.2) at time ¢ = o,
the full result will then follow by comparison. Recall the Benilan-Crandall-type estimate, [140],

ta\ Tom
u(to, ) > u(ty, x) <t0> , for all 0 <ty < t.. (4.2.12)

Now we recall that inequality (4.2.5) holds under the choices of a,b as in (4.2.11). Using inequality
(4.2.5) and inequality (4.2.12) we get

[ 1
to\ - 2" T—ml ™ ta\ I-m
u(to, z) > u(ty, x) <to> > * . (0)
* |: 27019t$'19 t*

boeomy T bl’ﬂ”} o

1

1 1
2 TmmtiT™ t to I-m
= : 1:%<t0—20750; <to) M
1—-m *

—o940V
2-094g

et (i) 7]

bo
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Recalling that in this case T = t(/2, the proof is concluded. ]
We can now give the proof of Corollary 4.2.2.

Proof of Corollary 4.2.2. Let Rq be such that [luol|r1 (s, o)) > 0, ¢ > 0, and 0 < e < t. By
applying Theorem 4.2.1 at time tg = t — € and radius Ry we get the following inequality

u(t,z) > Bt —1,2;M).

As a consequence we obtain

1
1-m

o 1
liminf u(t, z) |z|T=m > by [t ~3 (t« N to)} ,

|z|—o0

from which (4.2.4) follows just by taking the limit for e — ¢. Notice that in such a limit tg — 0. [

4.2.2 Harnack inequality in parabolic cones

We have shown in [139] that nonnegative local solutions to WFDE satisfy Harnack inequalities of
various kind: an elliptic form (in which the supremum and the infimum are taken at the same time),
a forward in time (the supremum is taken at a smaller time than the infimum) and a backward in
time (the supremum is taken at a bigger time than the infimum). We remark that for solutions
to the heat equation in general only the forward Harnack inequality holds. Here we shall prove an
elliptic form of a Harnack inequality on conical space-time domains of the form

K(t) = Ky(t) = {|z| < ¥ M09 (4.2.13)

for some fixed M > 0. We will call these sets “Parabolic Cones”, with a slight abuse of language.
Indeed for ¥ = 1, K(t) are really cones in space time domains of the form R, x RY. A similar
inequality on balls has been proven in [110, Theorem 1.4].

Theorem 4.2.3 (Harnack inequality in parabolic cones). Let u be a solution to (CP) with initial
data 0 < ug € L%(Rd) \ {0}. Let M = ||'U,(]HL’1\/(Rd) and Ry > 0 be such that HUOHL%(BRO(O)) = M/2,

1
and let t, = ks R (M/2)ﬁ Then, there exists a positive constant H such that

g U(t,l‘) in U(t, {E)
u _— 1 -~ 7
xeKIzt) B(t,x; M) —  zek(t) B(t,z; M)’

where the constant H depends only on m,d,~, 5 and K(t) depends on M as in (4.2.13).

for any t > 3t,., (4.2.14)

1 . 1 _ tx __
Proof. By applying Theorem 4.2.1 we deduce that u(t,z) > B(t — 7,2; M) with 7 = 5 =

1 1
5 Ry (%) I-m and M = b M /2 where b is as in (4.2.10). In view of the Smoothing Effects (4.6.2)

and of inequality (4.2.2), it is enough to prove that there exists H such that

1 ld=y)?

Ry (bo+by)Tm < HbT™ inf B(t—1,2;M).

MY pek(t)

This amounts to prove that the following quotient is uniformly bounded by H for ¢ > 3¢,:

bo(t—7)o? o “m
B by = MY [A[}(zg(i)m) + Mabélélfm)} '
kil 1+ — — I <H.
o Ha=? (t—1)Tm
Since T = t./2 we easily conclude that H can be taken as
1
_ b1 ﬁ _1 2 v T=m
H=%r1 |1+ — H1-m b(] - —|—b1 . O
bo b
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4.2.3 Uniform convergence in relative error in parabolic cones

In this section we will prove that solutions to (CP) with initial data ug € L}%Jr(]Rd) converge to the
Barenblatt profile B(t,x; M) in relative error uniformly in parabolic cones, and as a consequence
uniformly on compact subsets of R?. To obtain such a result we will use the convergence to the
Barenblatt profile in L#(Rd), namely

l|lu(t) — B(t; M)HL%(Rd) —0 as t— o0, (4.2.15)
or equivalently, in self-similar variables
|o(T) — BMHL’ly(Rd) —0 as 7— 00, (4.2.16)

where v(7,y) is defined in (4.1.15) and it is a solution to (4.1.16). The proof of (4.2.15) can be done
by a straightforward adaptation to our setting of the so called “4 step method”, carefully explained
in [107, Theorem 1.1]. We leave the details to the interested reader, just noticing that the proof
contained in [107] deals with the case m > 1, and uses compactly supported initial data, hence
compactly supported solutions (when m > 1 there is finite speed of propagation). In the present
setting, the very same proof works, just by replacing the compactly supported solutions by the ones
which satisfy the GHP.

Theorem 4.2.4 (Uniform convergence in relative error on parabolic cones). Assume m € (%, 1)

and let u be a solution to (CP) with initial data 0 < ug € L}{(Rd) \ {0} and let M = ”UOHL%(Rd).
Then for any Y > 0 we have that

u(t, ) — B(t,z; M)
B(t,z; M)

lim sup =0. (4.2.17)

=00 ze{|z|<T 9}

Remark. As an easy corollary of the previous Theorem, we obtain that

u(t,x) — B(t,z; M)

B(t,2; M) — 0 for any compact set K C R%.

Lo (K) t—o00

This follows from inequality (4.2.17) just by observing that K C {|z| < T’} for some ty > 0.
Before proceeding with the proof, let us define the Holder seminorm. Let © C R? be a bounded
domain and u : 2 — R be a function and define for any v € (0,1)

lulcv(q) = sup

We say that u € C*(2) whenever |u]cv(q) < co. We refer to Section 4.7 for more information about
the above quantity.

Proof. We split the proof into several steps. First we prove a uniform pointwise estimate on the
solution u(t,x) in domains of the form {|x| < CR(t)}, where R(t) is as in (4.1.15) and C' > 0.
We remark that for any ¢ > 0 we have that {|z| < Ct’} C {|z| < CR(t)}. As a second step
we will rescale u(t,z) to self-similar variables (we recall that domains of type {|z| < CR(t)} are
transformed into B,(0), where p = (C) and, using the estimates obtained before, we estimate
[v(7,+) — Bar] v (B,,) uniformly in time. Finally, by applying a clever interpolation, Lemma 4.7.1
we prove that [[v(7,-) — Basllpee(p,) — 0 as 7 — oo, and finally (4.2.17) follows.
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Uniform estimate on u(t,z) in {|z|] < 3T R(t)}. Let p > 0 be such that fB up(z)|z| Y de = &

and define t, = K, pﬁ (%)1_ where Ky is as in (4.6.3). By applying Theorem 4.2.1 and the global

smoothing effect, inequality (4.6.2), we obtain that for any ¢ > ¢,

Mm?

B(t—t,x; M) <ult,z) < ElWa

where t = %* and M = gM . By the above inequality, we can deduce the following matching lower
bound, by means of straightforward estimates relying on the explicit expression of 2B: there exists a
constant k; > 0 which depends on d,m,~, 3, T and M such that

Mm? Maﬁ

<u(t,z) <k V@

K
Uniform and Holder estimates in self-similar variables. We first rescale u in selfsimilar variables,
according to (4.1.15), and get v(7,y). Analogously, the domain {|z| < 3YTR(t)} is transformed into
Bs,-(0) where = Y(. Inequality (4.2.18) reads in rescaled variables:

Cd MY <wo(r,y) < Cd ﬁﬁMUﬁ
RtV 1) (4.2.19)
forany 1> — log *7, and for any y € Bs,.(0).
o R(0)

By applying Lemma 4.8.2 we deduce that there exist v > 0,% > 0 such that for any 7 > 1 = log (tzv)l) +

1 we have that

v(T, - <K 2—1919]\/[‘719
Lv( )va<33( ) i
Using the subadditivity of L-JCV(BT(O)) and the fact that the above estimates can also be applied to
the Barenblatt profile Bys(y), we conclude that
1 R(t, V1)

Rl 50y rod
M forany 72> — log
i R(0)

+1. (4.2.20)

lv(r,+) — B ) <4k

cv (B%T(O)

Convergence in L norm. We only prove the case 0 < v < d, which is the most delicate, the
case v < 0 being simpler. In what follows it is convenient to assume that r > 2, namely that
T > %, we will overcome this technical assumption at the end of the proof. From the convergence

in L%, formula (4.2.16), we deduce that there exists 7, such that for any 7 > 7, we have that
lv(T,-) — BMHL%(B3 o) < %'. We are in the position to apply inequality (4.7.4) of Lemma 4.7.1 to
j'f‘

v(T,-) — Bas and get that for any 7 > 7, v 1 = log (tzv)l) +1

(7, ) = Balliee (s, 0)) < Capywp (1+7)"
(4.2.21)

_d
9 pod | TP v
X <1+4nC 9 M ) (T, ) — BM”ET By, (0)

where we have used (4.2.20). Since By (y) > (C(M) + 7"")ﬁ on B,(0), it follows that

v(t,y) — Bu(y)
B (y)

sup
y€Br(0)

_1
' < (COM) + 1) 75 o, ) = Batllie (o)
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which, combined with (4.2.21) and the convergence in L}w formula (4.2.16), shows that the relative
error approaches zero as 7 — 0o. Rescaling back, we finally obtain (4.2.17), recalling that {|z| <
Tt'} C {|z| < TR(t)}.

It only remains to overcome the technical assumption T > % IIrY < % we can repeat the same
argument for T = % Next, we conclude that (4.2.17) takes place for any Y/ < % using that

{lz| <Y'R(t)} C {|z| < TR(t)} whenever Y/ < Y. The proof is now concluded. []

4.3 Initial data in X. Global Harnack principle and uniform con-
vergence in relative error

The space X plays a fundamental role in what follows. As already explained in the introduction, for
any f € L#(Rd) the quantity |f|x defined in (TC) measures the decay at oo of f. However, to not
break the flows of Theorems and ideas we have decided to postpone the analysis of the main feature
of X to Section 4.5.

In what follows we shall prove that X is the space where the uniform convergence in relative error
takes place: the GHP will be an instrument of paramount importance in proving this fact.

4.3.1 Upper bound and proof of Theorem 4.1.1

As already observed in the Introduction, Theorem 4.1.1 is divided in two parts: the upper bound
and the lower bound of inequality (4.1.7). In this section we are going to discuss the upper bound.
The main result of this section is the following Theorem, we postpone the proof of Theorem 4.1.1
to the end of this subsection

Theorem 4.3.1. Let u be the solution to (CP) corresponding to the initial data 0 < ug € L}Y7+(Rd).
Then, for any to > 0 there exist 7, M > 0, explicitly given in (4.3.9), such that

u(t,z) < B(t+7,2; M) for any x € R? and any t > tg, (4.3.1)

if and only if
ug satisfies (TC), i.e. up € X.

The proof of inequality (4.3.1) is constructive and we are able to give values of 7 and M, see
formulae (4.3.9) at the end of the proof. Here we just point out that they depend on M, A,d, m,~, 3
and t().

Remark 4.3.2. We easily deduce from the above upper bound that
limsup u(t, z) |z|=m < by (t+7)Tm . (4.3.2)
|z|—o0

Equality is achieved by the Barenblatt solution translated in time by 7. Notice that this maximal
tail behaviour only holds for ug € X', in which case it matches the optimal minimal behaviour given
in Corollary 4.2.2. These two pieces of information combine well and allow to deduce the sharp
behaviour at infinity, see Section 4.3.4, Corollary 4.3.5.

Let us now prove Theorem 4.3.1.

Proof of Theorem 4.3.1: Let us first explain the strategy of the proof. We will prove inequality
(4.3.1) only at time tg, then, by comparison (see for instance [18, Corollary 9]) it will hold for any
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t > to. The proof is divided in several steps: first, we estimate the solution u(tp,x) in two different
regions (on Bg, (0) and on Bg, (0)¢, with R; to be chosen later), then we find conditions on 7 and
M necessary for inequality (4.3.1) to hold. Finally, we show that such conditions can be fulfilled
providing an explicit expression of 7 and M in terms of to, M and A.
ESTIMATE INSIDE A BALL. We want to find suitable conditions on M,7 and R; such that
1
u(to, z) < Bty + 7,23 M) = (7T poldsforall [o] < R, (43.3)
A

Recall that M = [p, uo|z| ™Y dz. Inequality (4.6.2) implies that
u(to, z) < Elta(dfv)ﬁM"ﬁ for any = € R? and tg > 0.

In view of the above inequality, to prove (4.3.3) it is enough to find suitable M,7 and R; such that

1
MY to 4+ 7)T=m
R1 0 = (fo +7) - for any |z| < R;.
- —\ o i—m
to 50%4—51\5“0 '

Since the righthand side is decreasing in |z| it suffices to have the previous inequality at |x| = Ry,
ie.

=\ — —y)0(1—m)
(to+7) ’ s (to+ T)téd 7)
bo it R < e (4.3.4)

Inequality (4.3.4) is nothing but a first condition on M,7 and R; in order to guarantee the validity
of (4.3.3).

ESTIMATE OUTSIDE A BALL. The goal of this step is to extend inequality (4.3.3) outside a ball,
namely for all |z| > R;. This will end up to conditions on M,7 and R; different from (4.3.4). In
the next step we will take care of checking the compatibility of the two conditions.

We first prove that for any fixed tg > 0 there exists C; = Ci(tg, A) > 0 such that

C
u(to, x) < | ’(110 ) for any |z| > R;j. (4.3.5)
T —m

Let x € R%, |z| > Ry and let R be such that Bygr(z) C Bag(0)¢, for instance R = |x|/16. Applying
inequality (4.6.1) to u(to,x) in the ball Br(z), we get
ot 1

u(to, z) < F1 / o) o7 dy| 7 |:t0:|l—m
0, S V3 0 , |20
t(()d—')/)z? Bon(a) o
K ov N
il - — —__9o 0 1-m
= @ / uo(y) [yl ™" dy|  +F2(16) 1m< U)
fo B3 (0) 2]
518ﬁ AoY s ( to )1_1m < e,
< tédf“/)ﬁ ‘x|ﬁ 167m \|z|° s |x\ﬁ ,

where in the third line we have used that fB%(O) uolz| ™V dx < ARG with R = |z|/16 and
that C1 = Cy(to, A) is given by

= = 1
K1 K2 —m
o + = té m .

O =8Tm
(=Y 16T-m
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Hence inequality (4.3.5) holds. It only remains to show that

1
tn 4+ 7)Tom
e (to +7) i for any || > Ri. (4.3.6)
|z|o/(1—m) (to4+7)7" o
[boﬂg'&(l—m) + b1|x!"]

This will give a condition on 7, M and Rj, as we explain next. Indeed, the above inequality is
equivalent to

It is indeed enough to choose R; > 0 such that

(to+7)7"

RTMO”&(I—T)”L)

biCi™™ + by <to+T, (4.3.7)

since the second term in left-hand side is decreasing in |z|. We conclude that inequality (4.3.3) holds
for any |z| > Ry whenever 7, M and R; satisfy condition (4.3.7).

COMPATIBILITY AMONG THE CONDITIONS (4.3.4) AND (4.3.7). We only need to show the compat-
ibility of the conditions that imply the main estimates of the previous steps, i.e. that inequality
(4.3.3) holds for all z € R? The two conditions (4.3.4) and (4.3.7) correspond to the following
system of inequalities

(to +7)°7
Mo'ﬂ(lfm)

(t0_|_?)m9 - (t0+?)t(()d—7)9(1—m)
Maﬂ(lfm) = E%—mMm?(l—m)

b1Ci ™R + bo < R{(tg +7),

(A) =

b1 RS + by

It is convenient to simplify the above system in order to be able to make explicit choices of 7, M
and R;. The first simplification is the following:

to+ 7

+

by (1 V Cl)l_m RT <

R A

Hd=)0(1-m)

0

Ei—mMaﬂ(l—m) ’
t(()d—v)@(l—m) ]

Ei_mMUﬁ(l_m)

\V)

(B) = (4.3.8)

T

(to +7)"" _ to

MUﬁ(lfm) -

bo RY A

v | 4

It is clear that any choice of 7, M and R that satisfies (B) also satisfies (A). We need a further
simplification, but this time we will choose R; = R1(Ry,to, M) in a particular way, as follows

t(()d—w)@ = t(()d—v)@(l—m)
Ry = so that R = Ei_mM"ﬁ(l_m) ;

and system (B) simplifies to

(to +7)
2 9y

@ torn g

Mo't?(l—m) = 2 E%—mMaﬁ(l—m)

by (1 V Cl)l_m <

(B) =
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which can be simplified as follows

T > [2[)1 (1 V Cl)l_m — t0:| ,
(B) - 1 | =
R 1 S S tO + T o
M > 2b 1-m ocd(1—m)
> (2bo7; ™) ( to >
It is now clear that choosing 7 = 7(tg, Moo, C1, R1) and M = M (7, tg, M) of the form
d—vy

_ 1 t T\ o
T: =0V [2[)1 (1 vV Cl)lim — to} and M := (2boﬁ%7m) o9(1—m) ( 0t+ T) M,
0

implies the validity of the two inequalities of system (B?), hence of system (B), and finally of (A).
e VALUES OF THE CONSTANTS. Letting A := |up|x and M := HUQ”L}/(RCI) , we have

9 1 1-m
L* AO’ — tlf'm
Fi=0v{ab |1v |8 F2h_ —to ¢

t(d—V)ﬁ 161-m

0 (4.3.9)

A A
M := (2bgr; ™) 770 <0t ) M,
0

where %1, R2 > 0 depend on d,m,~, 5, and they have an explicit expression given at the end of the
proof of Theorem 1.2 in [139]. The proof is concluded. []

Proof of Theorem 4.1.1. The proof is a simple combination of Theorem 4.3.1 and Theorem 4.2.1.
O

4.3.2 Uniform convergence of the relative error for initial data in X

As already mentioned in the introduction, we will prove that uniform convergence in relative error
holds for data in X'. Such kind of convergence is not common in the literature. For the casey= =10
such a result appeared for the first time, to the best of our knowledge, by Vazquez in [107], and it
was proven under the additional hypothesis that the initial data decay at infinity as the Barenblatt
profile, namely that there exists R > 0 such that

2
up(x) < |x|"T-m for any |z| > R.
In [107], Véazquez also asserts that the decay condition may be weakened to an integral one, namely

d——2_
| ewlay=0 () el e,
Yy—Ti>5

very similar to (T'C). In [118], Carrillo and Vazquez computed the rate of convergence for radial
initial data which satisfy the above decay property, the authors have proven that

=0, (4.3.10)

u(t,x) — B(t,z; M)
H B(t,x; M) HL°"(Rd)

for all the range <2 < m < 1. In particular, again in [118], Carrillo and Vazquez leave unanswered
the following question
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What is the largest class of initial data for which (4.3.10) holds?

Many have contributed to this problem, see for instance [126, 128], more will be discussed in sub-
section 4.3.5. Here we prove that the largest class of initial data for which the uniform convergence
in relative error takes place is X', providing a partial answer to the open problem posed by Carrillo
and Vazquez.

Finally, let us briefly comment on the role of the GHP in what follows. It was already known that
convergence in relative error is uniform in parabolic cylinders, see [106] and [107]. To prove that
such a convergence takes place uniformly in the whole R? one needs a uniform control of the tail of
the solution. Here we prove that the GHP provides the right instrument to obtain such a control.

Theorem 4.3.3 (Global Uniform Convergence in relative error ). Let m € (*2,1) and let u be a

solution to (CP) with initial data 0 < ug € X\ {0}. Then we have that

tvx)_%(t,.f,M) B B
B(t,z; M) HLOO(]Rd) =0, where M = |[uollp1 (ra)- (4.3.11)

lim H u(
t—o0

Proof. It is convenient to work in self-similar variables: we transform u(¢, ) into v(7,y) accordingly
to formula (4.1.15). We will prove that for any € > 0 there exists 7. > 0 such that

H’U(ﬂy) — Bu

(y)
’ ! 2 Te 4.3.12
B]\/[(y) HLOQ(Rd) < zg or any > ( 3 )

We argue that we only need to prove the following claim.
Claim. For any 1 > ¢ > 0 there exists p. > and 7. > 0 such that

o(t,y) — Bu(y)
B (y)

' < e forany 72>T7T.. (4.3.13)
|y|2ps

Indeed, once the Claim is proved we just have to combine it with the convergence inside parabolic
cones, i.e. the main result of Theorem 4.2.4 (recall the change of variables (4.1.15) transforms the
parabolic cones {|z| < TR(t)} into balls of the form {|y| < T}):

u(ty)

v(T,y)
_ <2
B (y) HL”"({Iy\ZY}) =°c

o(r,y)
B (y) HLOO({MST})

B (y) HLOO(]Rd) -

from which inequality (4.3.12) follows.
Proof of the Claim. Let tg, Ry > 0 be such that H“OHL%(BRO () > 0. We know by Theorem 4.1.1 that

B(t —t,7; M) <u(t,z) < B(t+7,2;M).

for suitable ,£ > 0 and M, M > 0. As a consequence, recalling the change of variables (4.1.15), we
get

a®)™ (LA a(t) =7 Bu (y) <o(ry) < b6 (b(t) v 1)T=r By (y) - (4.3.14)
where R(t) = R.(t + 1) and
1. R() CR(t+1) _ R.(t+1)
T—;logm a(t)—m and b(t)—m.

Since a(t),b(t) — 1 as t — oo we deduce that there exists 7. > 0 such that

(1 - g) By (y) < v(r,y) < (1 + g) By (v) for every 7 > 7. (4.3.15)
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Recall that all the Barenblatt solutions s have the same behaviour at infinity, which is independent

of the mass M, namely ‘ l|im Bar, (y)/Buar, (y) = 1 for any My, My > 0. Hence, there exists p. =
Yy — 00

pe(M, M) > 0 such that

B (y) n By (y)
= d B (y)

Combining the above inequality with (4.3.15) we obtain the proof of the Claim. The proof is
concluded. [

1—

<14, forany [yl >p..

[SCIRO)
=
=
—~~
<
~—
w| ™

4.3.3 Proof of Theorem 4.1.3

We finally provides in this section the proof of Theorem 4.1.3. We recall here that Theorem 4.1.3
provide a characterization of the convergence in uniform relative error towards the Barenblatt profile,
i.e. the limit

u(t, x)

A b N L

holds if and only if the initial data ug € X. Here we want again to stress two main points.
First, the validity of the above limit was known in the literature (see [107, 118]) only under stronger

assumptions on the initial data, namely that the initial data ug < |z|” == for |z| > R and R big
enough. It other words, the initial data resembles the Barenblatt profile "at infinity". Here we
clarify that this hypothesis is sufficient but not necessary. As we will see in Section 4.5, X’ contains
(even radial) functions which do not satisfy the above condition.

Second, if uniform convergence takes place, then the initial data ug belong to X. Therefore, the
condition ug € X represents a necessary condition for such a convergence to hold.

Proof of Theorem 4.1.3. We notice first that the validity of (4.1.11) under the assumption (TC)
has already been proven in Theorem 4.3.3 so we need only to prove the converse. The proof will be
based on the following claim.

Claim. Let m € (®=2,1) and let u be a solution to (CP) with initial data 0 < ug € L}/(Rd), then

for any R > 0 and for any ¢, s > 0 there exist constants C', Co > 0 which depend on m,d,y, 8 such
that

/ u(t,z)|z| ™ dz < C; / u(s, )|z dz + Co |t — s|T=m RV | (4.3.16)
BS,(0) B (0)

Inequality (4.3.16) resembles inquality 3.1 of [99, Lemma 3.1]. To prove (4.3.16) one can adapt the
techniques used in Lemma 1.2.1 of Part I, Chapter 1: we only need to change the test function from
a smooth, compactly supported function ¢ to ¢ = 1 — ¢ and integrate on the complementary of
Br(0) instead of taking the integrals in Br(0). Since the solutions are in L%(Rd) integrating on the
complementary of a ball does not represent a problem. We do not give a proof of this Claim since
the proof is very similar to the one of [139, Proposition 2,4|. Let us proceed with the rest of the
proof.

Assume now that (4.1.11) holds, we deduce that there exists a time # > 0 such that for any = € R?

u(t, z) — B(t,z; M)
_ <1,
B(t,z; M)
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by the triangle inequality we conclude from the above that
u(t,z) < 2B(t,z; M).

A simple computation then shows that for any R > 0 there exists a constant £ > 0 which depend
on m,d,, 3 and on t such that

/ w(, z)|z| Y dz < kR Tm
B%(0)
By applying (4.3.16) at time ¢ = 0 and s =t we conclude that for any R > 0

o —1_ _
(2R) % / uo(2)|7 77 dz < C w77 + CL T i 77,
BQR(O) y @y

which shows that the initial data ug satisfies the tail condition (TC). The proof is then concluded.

4.3.4 Harnack inequalities for quotients and sharp behaviour at infinity

Here we prove a Harnack inequality which, to the best of our knowledge, was not known in the
context of the FDE, even though similar results were proven in [110]. The Harnack inequality we
present here is global, i.e. it holds on the whole R?, and for initial data ug € X.

Theorem 4.3.4. Let u be a solution to (CP) with 0 < ug € X \ {0} such that |[ug|my,s = A and
Hu0||L%(Rd) = M and let Ry > 0 be such that ||U0HL§(BRO(O)) = M/2. Then there exists a constant H,
which depends only on m,d,~, 3, such that

— —— = forany t>1
verd B(t,x; M) = zere B(t,x; M) f o=

where

1-m
K o
t = 3 max {Alm <m>
K2

The constants K1, Re and Ky« are as in (4.6.1) and as in (4.6.3) respectively.

7 1 1
25, ki RY (M/2)1—m} .

Proof. In what follows we shall assume without loss of generality that

1

kg " > by tolotme2, (4.3.17)

Indeed, since ko comes from the upper bound (4.6.1) we can choose it as large as needed. By applying

1—m

Theorem 4.3.1 at time tg = A'™™ (@) 7Y

1
25 and Theorem 4.2.1 at time ¢, = &, Ry (]\4/2)ﬁ
we obtain that for any ¢ > ¢ the following inequality holds

K2

Bt —1,0;M) <ult,z) <B(t+7,2;M), (4.3.18)

where

= M
\/_Z = b _
) ) = 2 )
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and

d—y

=022 (Ry) T = g, M = (2boR1) " (b1 g2-m-—do (ﬁg)l—m) " M.

Here is the point where the assumption (4.3.17) enters the game, since it implies that 7 > 0. By
inequality (4.3.18) it is enough to show that there exists a constant H such that for any ¢t > ¢

sup B(t+7,2;M) <H inf Bt —71,2;M)

cerd Bt x; M) zeRd  B(t,x; M)

A simple computation, which is left to the interested reader, shows that the previous inequality holds
with a constant which depends only on m,d,y, 5 and not on the mass M neither on the parameter
A. The proof is then concluded. []

One can interpret the above Harnack inequality as a control of the tail of the solution. Indeed, for
solutions with initial data in X we have the following Corollary which describes the behaviour at
"infinity" of such solutions.

Corollary 4.3.5 (Sharp behaviour at infinity). Let u be the solution to (CP) corresponding to the
initial data 0 < ug € L#7+(Rd). Then we have that

lim sup u(t, x) |x|ﬁ 1
|z|—o00 T\ 1-m . .
—— < (1 + ) if and only if up € X\ {0}.
(t, ) |z|1=m ¢

1<
liminf u
|z|—o00

Here, T depends on the initial data and is as in Theorem 4.3.1.

Proof. We just have to combine inequality (4.2.4) of Corollary 4.2.2 with inequality (4.3.2) of
Remark 4.3.2. J

The above inequality gives us some interesting information about the sharp behaviour at infinity
of solutions to (CP) when the initial data ug € X'. It is remarkable that the behaviour at infinity
does not depend on the mass: more precisely, as an easy consequence of the above Corollary, we can
show that for all M, M > 0, there exists 7 > 0 such that

limsup u(t, z) B¢, z; M) 1
|z|—o00 7\ 1= . .
I< < (1+- f and only if X :
- l‘ir‘ninf u(t,x) Bt z; M) — < + t) thand only 1 up € X\ {0}
T|—00

The above inequalities are sharp, indeed equality is attained by Barenblatt profiles, possibly with
different mass.

4.3.5 Almost universal rates of convergence in X

As we have mentioned in the Introduction of Part II, we know that solutions starting from 0 <
ug € X, will eventually converge to a Barenblatt profile B, (with the same mass as ug), i.e. an
element of the manifold B. The natural question that we address here is: are there “universal rates”
of convergence towards B? More precisely:

i self-similar variables, can we find a speed of convergence to the stationary profile which is valid
for all solutions starting from data in X7
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The answer to this question is delicate and can not be easily given for all m € (0,1), neither for
all m € (%, 1). Some preliminary remarks are in order. In the case v = = 0 the question has a
long history (see [119]): for % < m < 1 under suitable assumptions, it has been proven in [108,
116, 120, 12, 121, 117, 122], with techniques that involve the relative entropy functional (introduced
in [123, 124]) or exploiting the so called Bakry-Emery methods, (see [125]), that there exist (sharp)
rates of convergence in different topologies, the most common being the d; (see Introduction to
Part IT) . The rate t~! of convergence in uniform relative error has been computed first in [118] for
radial data in the whole range % < m < 1, later in [126] such a rate was extended to a larger
class of data. In a quite long series of papers, [127, 128, 129, 53] similar results were obtained in
the whole range 0 < m < 1, we recall that in the range 0 < m < % there is a dramatic change
in the behaviour of solutions since they may vanish in finite time, see [48, 4|. In the general case

v # 0,8 # 0, rates of convergence were obtained in [18, 19].

In what follows we will show how we can combine the techniques of this paper with the ones used
in [128, 53, 129], to obtain rates of convergence to the Barenblatt profile with an (almost) uniform
rate in the whole X'. For reasons that are not entirely clear up to now, we need to restrict ourselves
to the range % =mj <m < 1in the case vy = =0, and to the range % < m < 1 for the
general case, see [18, 19] for further remarks. The latter restriction is somehow natural, since, at
least when v = 8 = 0, we have that the FDE is a gradient flow of a displacement convex functional
(the relative entropy) with respect to the so-called Wesserstein distance, see [114, 117, 115]. The
displacement convexity is lost below mj. For the sake of completeness we report here our main
result, already contained on page 106 reads:

Theorem (4.1.4 of page 106, Almost sharp universal rates of convergence in the non-weighted case).
Let u be the solution to (CP) corresponding to the initial data 0 < ug € X\ {0}, [gauodz = M,
Jga wug(z) dz =0 and assume that § =~y = 0. Then, for every 6 € (0,1) there exist t;,cs > 0 (that
may also depend on ug) such that for all t > t;

Cs

Cs
lu(t) = Bt M)y < 75 and -t Ju() = B M) |leme) < 5725

= (4.3.19)
Remark. Notice that the above result is new for the whole space X even if we are dealing with
the case v = B = 0. Indeed, all the previous results deal with more restrictive assumption as radial
data, a very precise control for |z| — oo or being sandwiched between two Barenblatt profiles.

When dealing with CKN-weights, the result is a bit weaker, because of the possible lack of C¥
regularity at the origin and reads:

Theorem (4.1.6 of page 106, Almost sharp universal rates of convergence in the weighted case). Let

u be the solution to (CP) corresponding to the initial data 0 < ug € X\ {0} with [pq uglz|™" dz = M

and assume v < 0. Then, there exists a 6, € (0,1) such that for every 6 € (0,04) there exist ts,cs > 0

(that may also depend on ug) such that for all t > ts
Cs

— Cs
Hu(t) — %(tvM)HL%(Rd) < 751776 and t(d ’Y)ﬁ”u(t) . %(t;M)HLoo(Rd) < tli,(;

If we consider radial initial data in X we can provide a universal rate of convergence, very much
in the spirit of [118] or [126].

Theorem (4.1.7 of page 106, Sharp universal rates for radial data). Assume v = 8 = 0 and let
m € (%2,1). Let u be the solution to (CP) corresponding to the radial initial data 0 < ug € X'\ {0},
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with fRd uodx = M. Then, there exist to,co > 0 (that may also depend on ug) such that for all t > tg

s

B(t; M) =

Lo (RY)

. (4.3.20)

Remark 4.3.6. As an immediate consequence of (4.3.20) we obtain that for all ¢ > tg

c _ c
Hu(t)—‘B(t;M)HL%(Rd)S?O and ¢ ”)ﬁl\u(t)—%(t;M)HLoo(Rd)gf

The above Theorem solves a problem left open in [118], i.e. identifying the largest class of nonnegative
radial L' data for which the above rate of convergence holds. Such rates are proven to be sharp,
since they are fulfilled by two time-shifted Barenblatt, with the same mass, see [118, 126]. Finally,
we observe that, even if we restrict the analysis to radial data, the class X is much larger than those
considered up to know in the literature: we refer to Section 4.5 for examples of functions in X which
do not resemble the behaviour of the Barenblatt profile.

Finally, let us give the proof of the above statements.

Proof of Theorem 4.1.4. Here we exploit the techniques introduced in [128, 53, 129]. Let us
rescale u(t, z) to v(7,y) according to the change of variables (4.1.15) and define w = % where
M = ||lugl|y,1 (ray- Let us define the Free Energy or Relative Entropy F|w] and the Fisher Information

T[w] as

m w™ —1
.F[’LU(T)] = m e I: m — (w — 1):| B]T\Z dy and
(4.3.21)
m m— m— 2
Tlu] = o RdeM‘V[(w Lo By [y

It is well known in the literature (see [138, 137, 17, 118, 117]) that the relative entropy controls the L!
distance between the solution v(7,y) and the Barenblatt profile By, indeed, by the Csiszar-Kullback
inequality one obtains

8 o :
o) = Burlhaeey < (o 183 ™ luscan ) v/ (13.22)

therefore a decay of the relative entropy corresponds to a decay of |lu(t) — B(¢)|| 1 ra). If v(7,y) is
a solution to (4.1.16) the Fisher information is related to the relative entropy as follows

d
3w = —Flu]. (4.3.23)

Also, notice that for any m € (d%dl, 1) the Entropy-Entropy Production inequality
4 Flw] < Tw], (4.3.24)

is equivalent to the optimal Gagliardo-Nirenberg inequality, see [12]. Recall that the best constant
in the Gagliardo-Nirenberg inequality is achieved precisely by the Barenblatt profiles. The best
constant in (4.3.24) is 4 and it determines, as follows from (4.3.23), the decay of the relative entropy
along the flow, namely

Flw] < Flwo) e 7.
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The strategy in [128, 53, 129] consists in proving a faster decay of the entropy along the flow using an
improved (with a larger constant) entropy-entropy production inequality along the flow. This is done
by comparing the relative entropy and the Fisher information with suitably linearized quantities
which satisfy a Hardy-Poincaré inequality (with an improved constant). Combining Lemma 3,
Theorem 7 of [128] with Lemma 1 of [129] with no difficulties one can prove the following claim.

Claim. For any 0 < 6 < 4% there exists a time 75 > 0 such that

(j; - 5) Flw(r)] < Zw(r)], for any 7 > 75 (4.3.25)

where ¥ is as in (4.1.2).

SKETCH OF THE PROOF OF THE CLAIM. We shall not provide the lengthy details of the proof of
the above claim, we will just explain how to deduce it as a straightforward combination of already
published results, adapting them to the current notations. The claim follows by formula (11) of [129],
that in the current notations takes the form (at least for sufficiently large times)

2 [Aga —d(1 —m) ((1+e)*Em) —
(14¢)7—3m

1)] Flw(r)] < Zw(r)], (4.3.26)

where ¢ is (roughly speaking) the size of the relative error |w — 1| ~ €, which we need to be small in
order to guarantee the validity of the result (note that in formula (11) of [129] A ~ 1 + ). Notice
that everything is quantified explicitly in terms of € in the paper [129] which also relies on precise
results of [128, 24]. The smallness of ¢ for sufficiently large times follows by our Theorem 4.1.1,
Global Harnack Principle, together with the uniform convergence in relative norm, Theorem 4.3.3.
Recalling now Lemma 1 of [129], we get the expression for A, 4 = 4o — 2d, which in our notations
becomes Ay g = %. Note that we need to assume that the first moment is fixed, but this is well-
known to be true along the nonlinear flow as well, see [129]. This concludes the proof of the claim.
For a more complete account of the details of the proof see also Proposition 6.3.1 of chapter 6.

As a consequence of inequality (4.3.25), we obtain a faster decay of the relative entropy and conclude
that L.
[v(7) = Bumllp1 ey < ce (G2 (4.3.27)

By re-scaling back to original variables and observing that e?” = R(t) ~ t” one concludes that
Jua(t, ) = Bt M) sy < O

since d > 0 was arbitrary small we conclude that the left inequality in (4.3.19) holds.

It only remains to prove the second inequality in (4.3.19), to do so we need to invoke the following
interpolation Lemma which goes back to Gagliardo (see [141]) and Nirenberg (see [142, Pag. 126]):
let f € C*(R?) NLY(RY) for some p > 1 and k a positive integer, then

4 k
ety < Cosea 11 gy 1121 (43.28)
where |||k (ra) is given by
| fllck (ray = max sup 577f(2)‘7
Inl=k ,crd

where || = n1 + ... + g is the length of the multi-index n = (1y,...,n4) € Z%. We recall that in
the case v = 8 = 0 solution to (CP) are C*°(R?) and for any k > 1 we have that

sup [[v(7) — B loiray < o0,
T>T0
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for a proof of the above inequality see [128, Theorem 2 and Theorem 4]. Fix k£ > 1 to be chosen
later, combining the above interpolation inequality (4.3.28) with the decay of the L' norm given
in (4.3.27) one obtains

|v(T) = BarllLe < e~ (G5-3) (%)

)

and rescaling back to original variables we easily find that

tdﬁHU(t, ) - %(t,M)Hch} S Ct_( 4 d+k+w

139 d dw)
)

since both k and 0 we arbitrary we conclude that the second inequality in (4.3.19) holds. This
concludes the proof. [

Proof of Theorem 4.1.6. The proof is very similar to the one of Theorem 4.1.4, here we only
explain the main differences. We cannot reach the rate ¢t 119 for two reasons. The first: we can
obtain an inequality as the one (4.3.25), however the constant is smaller that (% — 5), see [18, 19].
The second: we need to assume v < 0 to obtain an inequality similar to (4.3.28), see Lemma 4.7.1.
Lastly, solutions to (CP) do not enjoy C'* regularity, indeed the maybe only C'* at the origin (see
Part I), so we cannot use inequality (4.3.28) as done in the proof of Theorem 4.1.4. This concludes
our considerations. []

Proof of Theorem 4.1.7 Carrillo and Vazquez have proved Theorem II under the assumption that
the initial data ug is bounded, radially symmetric and satisfies ug = O(|x\7ﬁ) It is only needed
to show that radial data in X produce solutions that satisfy the decay assumption above for any
time t > to for some given tg. This is exactly the statement of the GHP. The proof is concluded. [

4.4 Counterexamples and generalized global Harnack principle

In Section 4.3 we have seen how under some suitable assumption on the decay of the initial data
solutions to (CP) have a common behaviour at infinity and for any time ¢ > 0 are sandwiched
between two Barenblatt profiles, see Theorem 4.1.1. Here we provide an example of solution which
does not share this behaviour. For the sake of clarity here we consider solutions to (CP) without
weights (i.e. v = = 0), in the subsections below we will provide results in the full generality.

Let m > %Q, v = 8 =0 and consider the solution w(t,x) to (CP) with initial data wq given by

1
Wo = ——————m -
(1+ [2f2) 5
It is clear that for wg does not satisfy the assumption of Theorem 4.3.1 and, for |z| large enough, we
have that wo(z) > B(to, z; M) for any to, M > 0. However, wy € L'(R?) for any m > ﬁiz' As will
be clear below the behaviour of w(t,z) does not resemble the one given by the Barenblatt profile.
Indeed, by constructing explicit sub/super-solutions, we are able to show that for any time ¢ > 0

1 1+4)Tm
— <w(t,z) < d+?) —

((4m(1—m)dt+1)%m + ‘$|2>m (1—|-t—|—|x‘2)17m

The inequality above gives us remarkable insights about the long time behaviour of the solution
w(t,x). First, for any time ¢t > 0, w(¢,z) has a power-like behaviour at infinity, namely w(t,z) ~

—2m
|z|T=m as |x| — oo, which differs substantially from the Barenblatt’s one. Second, due to this
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anomalous tail behaviour, an inequality as (4.3.1) is simply not possible, due to the not-matching
powers of the tail of w(¢,x) with respect to the Barenblatt. Third, the existence of the function
w(t, x) shows that the tail-condition (TC) is not only sufficient but also necessary for Theorem 4.1.1
and 4.3.1 to hold. Finally, the function w(t,z) provides an example of solution which does not
converge in relative-error to the Barenblatt profile. Indeed, due to the non-matching tail powers we
have that for any ¢ > 0
w(t, x)

B(t,z; M) HLOO

where B(t,x; M) has the same mass of w(t,x). The same considerations apply if we substitute
B(t,x; M) by any other Barenblatt profile with a different mass.

Such an anomalous behaviour is not peculiar to only w(¢,x) and is indeed shared by many other
solutions. In what follows we construct a family of sub and super solutions which can be classified
with respect to their power-like behaviour at infinity. The construction holds for any -, 8 in our
range of parameters and for any m € (%, 1). Therefore all the considerations above will de facto
apply to solutions to (CP) with general v and .

sup
zcRd

:OO7

4.4.1 Construction of a subsolution

In the following Proposition we construct an explicit family of sub-solutions which can be classified
by the power-like decay at infinity. Every subsolution decays in space slowly than the Barenblatt
profile.

Proposition 4.4.1 (Family of Subsolutions). Let m € (®2,1), ¢ € (0,12~ —n), A,B > 0 and

a = ﬁ — 5 > 0. Define for some tg € R the function
1
D)= (e A" 'mB(d—7) (1 —a(l —m))t+ty) 0. (4.4.1)
Then the function
A
V(t,z) = e L} (rR? 4.4.2
Y00 = 0+ By <) 442
satisfies, in a suitable sense,
BV (t,z) < |z[Vdiv (\xrﬁvzm) . (4.4.3)

' 1—m

Ifme (;45,1) and e € (0 2 —n—2) then |z|7 V(t,z) € L}Y(Rd),

Remark 4.4.2. We notice that [[V (¢, -)||pe(ray = ¢~ T=a(=m as ¢t — oco. This is not in contrast
with the smoothing effect (inequality (4.6.2)) which implies that any solution u(¢, z) to (CP) decays
in time as [[u(t,)||poo(ray = t=(@=17Y _ Indeed, a simple computation shows that the condition & €

<0, ﬁ - n) implies that T < (Y, However, as |z| — oo, V(t,x) exhibits quite an

interesting behaviour: V(t,z) < |z|77%. The power —o«a do not match the one of the fundamental
solution, indeed, for any choice of the mass M, as |z| — oo we have B(t,z; M) =< |x]_ﬁ This
proves that, for any choice of the parameters A, B, ty and for any choice of the mass M the inequality
V(t,x) > B(t,x; M) holds |z| large enough.

As a final remark, we can define another family of subsolutions. Indeed, for some choice of the
parameters B’, F’ and T the function W defined as

(T — t)Tm

W(t,:ﬂ) = (B’—FF"Z”U)a ’
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is a subsolution to the equation (CP) which has the same qualitative behaviour as |z| — oo but also
the drawback of the extinction in finite time.

Proof of Proposition 4.4.1: We just need to verify that the function V (¢, x) defined in (4.4.2)
satisfies the inequality 9,V (¢, z) < |z[7div (Jz|7#VV™). Assume that r = |z, as an abuse of notation
we will write V(t,2) = V (¢t,r) and V (¢,7) is understood as a radial function. We recall that the
operator L3 = |2[7V - (|z|7PV ) acts on a radial function f(r) in the following way

_ d—1-p
Los(f)=1"" (f”(r) + (T) f’(r)) : (4.4.4)
A simple computation shows the following identities
—AadD
OV (t,r) = — OO
(D(t) + Fro)®
—(cam A™F)

Lyg(V(t,r)™) = [(d=~)D({t)+ Fr°(—cam+d—2-0)].

(D(t) + Fro)om+?

The inequality 0;V (t,r) < L, 5 (V(t,r)™) is satisfied if and only if

—AadD(t) _ —(cam A" F)
(D(t) +F’r0’>a+1 = (D(t) + Fra)oszrQ

omF A™1
0:D(t) >
D(t) 2 (D(t) + Fro)e(m=1)+1

[(d—7)D(t)+ Fr° (—cam+d—2—f)] <

(d—7)D(t) + Fr° (~oam+d—2—8)], (4.4.5)

where to obtain the last line we have used the fact that o > 0. The reader may notice that if
€ < 2/(1 —m) — n then in the right-hand-side of inequality (4.4.5) the term Fr? (—cam +d —
2 — ) is negative. A simple computation then shows that the supremum of the right-hand-side
of inequality (4.4.5) is achieved at » = 0. Hence inequality 0,V (t,7) < L, g (V(t,r)™) will follow
asking that

0:D(t) > omF A1 (d—") D(t)a(lfm)
o omF A1
=su
rzlg (D(t) + Fro)am=1)+1

(d—=~)D(t)+ Fr°(—cam+d—2—p0)].

We conclude the proof observing that, for any to € R%, such an inequality is satisfied by the function
D(t) defined in (4.4.1). [J
A revision of the proof of Proposition 4.4.1 reveals that the condition on ¢ for V to be a subsolution

is actually
2

1—m

me < —n,

while for ¢ > % (ﬁ — n), V ceases to be a subsolution. This has some remarkable consequences.
The above threshold allows one to chose ¢ > ﬁ —n and so to have subsolutions which do not
belong to L#(Rd). This is a remarkable fact since it shows that, in general, initial data ug & L}/(Rd)
produce solutions that will not be in L}Y(Rd) for any time ¢ > 0. We resume this fact in the following

corollary.
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2 1

Corollary 4.4.3. Letm € (%, 1), ¢ [_—m —n, R(ﬁ — n)}, A, B,tg >0 and a = ﬁ—% > 0.

S
Then the function V (t,x) defined in (4.4.2) satisfies inequality (4.4.3) and for any t >0
V(t,) ¢ Ly(RY).

Moreover, if u(t,x) is a solution to (CP) with initial data uy such that, for some A, B,ty > 0 and

for some € € [ﬁ —n, (2 — n)} it holds

A

)= D) + Bl

then for any t > 0
ult, ) ¢ LL(RY).

Y

2 1 2
—n — — 1 €
1—m m (1 —m )
Figure 4.1: Tail behaviour of the subsolution V with respect to ¢.

The family of subsolutions constructed in Proposition 4.4.1 can be classified according to its power-
like behaviour at infinity. For ¢ = 0 the subsolution has a power-like tail which resembles the

_—9 . .
Barenblatt’s one and goes to zero as [z|T=m. As ¢ grows this behaviour changes, first ca = 12— — %°

reaches the value of d — v when ¢ = ﬁ — n and finally for ¢ = % (ﬁ — n) we have that

oa = (d=7)

me see figure 4.1. We recall that we are not allowed to chose & > % <ﬁ —-n),
since the function V(¢,z) defined in (4.4.2) ceases to be a subsolution for high value of €. An
intriguing fact is that we are indeed allowed to take negative values for e, however for such a choice
the subsolution will stay below a Barenblatt profile and will not provide any new information since
inequality (4.2.2) holds for any solution which has initial data in L}/(Rd). It is interesting to inquire

the integrability of these subsolutions. As already noticed in Corollary (4.4.3) we have that for
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JH.

i,

n %_( 2 n} £

A1 —mn

Figure 4.2: Integrability of the subsolution V with respect to ¢.

any choice of € € [0, = - n) the subsolution V (¢, z) is in L},(Rd). The family does not belong to
d
T (r)

m \ 1-m

L%(Rd) fore > 2 —n. Ife=1 (i - n) then for any § > 0 the subsolution V (¢, z) € L'

but V(t,z) & LA;T/C (R9). See figure 4.2.
As a corollary of Proposition 4.4.1 we have the following.

Corollary 4.4.4. Let m € (%, 1), e € (0, ﬁ—n), A,B,C>0anda= ﬁ—% > 0 and assume
that
A

BGEYr

Then we have 4
liminf |z|7 % u(t,x) > 5

|z|—o00

The proof of the above Corollary is an immediate application of Proposition 4.4.1. We conclude
the section proving that if the initial datum ugp does not satisfy the tail condition (TC) there is no
chance to conclude that uniform convergence to the Barenblatt profile in relative error holds.

Corollary 4.4.5. Under the same assumptions of Corollary 4.4.4 we have that for any M > 0 and
foranyt >0
u(t, x)

ey B(t,z; M)

z€R4

_ 1‘ — . (4.4.6)

Proof. Since
A

w2 G B
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we conclude by Proposition 4.4.1 that for any ¢ > 0

A
(D(t) + Blz|7)*’

u(t,z) >

1
where D(t) = (c A" 'mB(d—7) (1 —a(l —m))t+ C’l_a(l_m)) 1=all=m) A simple computation
shows that the quotient

1

tov 1-m 1 oe
1 A A bom +b1|l“o—i| Abll_m ‘J:‘? | ‘ —
_ —~ — as |T o0,
%(t,l‘;M) (D(t)+B|$’U)a tl—lm (D(t)—&—B‘l’P)ﬁiT Bﬁfi tﬁ

from which we deduce (4.4.6). The proof is then complete. []

4.4.2 Construction of a supersolution

In this section we construct a family of supersolutions which share same qualitative behaviour with
the subsolutions constructed in Propositon 4.4.1.

Proposition 4.4.6. Let m € (*-2,1), e € (0,12 —1n), E,F >0 and o = 1- — £ > 0. Define

n Y 1—m 1-m

for some tg € R and H > 0 the function
G(t):=ty+ Ht, (4.4.7)

and let us define the function

EGH)®
(G(t) + Flz|7)

Vit,z) = — e L}(RY). (4.4.8)

If H satisfies the following condition
H>moF?E™ ! 24+8—-d+oam), (4.4.9)

then
AV (t,z) > |z[Vdiv (\xrﬁvvm) (t,z) . (4.4.10)

Proof of Proposition 4.4.6: We just need to verify that the function V(¢,z) defined in (4.4.8)
satisfies inequality (4.4.10) under the assumption (4.4.9). We shall assume that r = |z|, as an abuse
of notation we will write V (t,z) = V(¢,7) and V(¢,r) is understood as a radial function. We recall
that the operator £, 5 = |z[YV - (|z| PV f) acts on a radial function f(r) as written in (4.4.4). We
have the following identities

aBEGH)*'H
(G(t) + Fro)ot!
camF E™G(t)*™
(G(t) +Fra)am+2

OV (t,r) =

L3 (Vm(t,r)) = [Fro2+p—d+oam)—(d—v)G(t)] .
It is straightforward to verify that (4.4.10) holds at r = 0 since for any ¢ > 0 the derivative in time
AV (t,0) =0and £, g (Vm(t, 0)) is negative. When r > 0 a simple computation shows that (4.4.10)
is equivalent to the following inequality

G(t)

G(t) 1—a(l—m)
= <G(t)+Fr") mo FE™ 1 FQ2+8—dtoam)—(d—y)—=| . (4411)
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(t)+F ro ro
plies (4.4.11). Hence V (¢, z) is a supersolution and the Proposition is proved. [J

1—a(l—m)
Since (#) < 1 and (d — 7)% > 0, it is straightforward to see that (4.4.9) im-

The proof of the above Proposition reveals that if we chose e < 0 then V(t,z) ceases to be a
supersolution. Indeed, if & < 0 we have that 1 —a(l —m) < 0 and so in (4.4.11) we would have that

G(t) 1—a(l-m) , Fro a(l-m)—1
(e #w) (v ai) Tem

and an inequality as (4.4.11) would be impossible.

The supersolutions V constructed above share some features with the subsolutions constructed in
Proposition 4.4.1: the have the same qualitative power-like behaviour for || — oo and share the
same integrability properties as those explained in fig. 4.2. We would like to add a few remarks.

Initial data which have a power-like decay for |z| — oo such as
(A+|z))™ < uo(z) < (B+ =)™

where n < a < /(1 —m) will produce a solution wu(t,z) which would have the same power-like
behaviour for |z| — oo for all times, so no change in the qualitative behaviour at infinity occurs.
This is a remarkable fact since it shows a clear difference between the “good” range (me, 1) and
the range (0,m.), in the former one it has been shown the existence of initial data which produce
solutions with a power-like behaviour for |z| — oo which changes with time, see [143].

As we previously have proven, a GHP for general data is not possible, however a generalized GHP,
in which the solution is sandwiched between two different power-like tails, can be still an option, see
Section 4.4.3.

4.4.3 Generalized global Harnack principle

In the previous section we have proven that the GHP as stated in Theorem 4.1.1 simply cannot hold
if we do not ask the correct decay for the initial data. Nevertheless we are able to prove a generalized
version of the GHP when the initial data decay more slowly than the Barenblatt profile.

Theorem 4.4.7. Let m € (*=2,1), e € (0, -2~ —n) and a = 1 — £ > 0. Assume that the initial
data ug satisfies

A < wug(z) < Bv
>~ o > = o Nao
(thrBrff) (t+Fr7)
for some A, B,E,F,t,t > 0. Then for any t > 0 we have that
A EG@t)“ —
Vit 2) = <ultir) < 2C°_ p g

(D(t) + Blz|7)* (G(t) + Flzlo)>
where

D)= (e A" 'mB(d—7)(1—a(l—m))t+t) Al and G(t)=to+ Ht,
where H > mo F2E™ ! (248 —d+oam).

Proof of Theorem 4.4.7. The proof is a simple combination of the results contained in Proposi-
tion 4.4.1 and Proposition 4.4.6. []
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4.4.4 Final remarks

As we already mentioned, the convergence of solutions to (CP) to the Barenblatt profile has been
studied by many researchers and many results are available. Indeed, we have shown in Theorem 4.2.4
that for data in L%’ +(Rd) convergence to the Barenblatt profile holds in uniform relative error in
parabolic cylinders. At a first sight the existence of the subsolution V of Proposition 4.4.1 might
be in contrast with the above mentioned convergence result. However this is not the case and the
family of sub/supersolutions give us a new insight on the mechanism of convergence to the Barenblatt
profile for solutions whose initial datum does not satisfy (TC). Indeed let us consider a solution
u which is sandwiched between V and V and for which (TC) does not hold. Let us as notice first
that, even if both V and V give us a quite precise description of the tail behaviour, they are actually
quite imprecise in describing the behaviour of u in compact sets. Indeed, on those sets V approaches
zero uniformly while V' goes uniformly to a constant. This is quite a different behaviour from the
one that can be expected from Theorem 4.2.4. We then must concluded that neither V nor V are
significative in describing the asymptotic behaviour of u in expanding sets of the form {|z| < CtV}
or more generally on compact sets. Nevertheless the Barenblatt profile fails to describe uniformly
the asymptotic behaviour of u in sets of the form {|z| > Ct”}. We therefore expect that the correct
asymptotic behaviour for u should be given by a different function which resembles the behaviour of
the Barenblatt profile in expanding sets {|z| < Ct} while it has a proper decay in sets of the form
{lz| > Ct’}.

4.5 On the fast diffusion flow in X

In this section we finally analyse the properties of the space X'. As we have already seen, X plays a
key role in the proof of the upper estimates of Theorem 4.3.1 and it is the space where the uniform
convergence in relative error takes place, therefore we believe that it is of paramount importance to
give some detailed information about it.

4.5.1 Examples of functions in X which do not satisfy the pointwise decay con-
dition |f| < |z| T

We have already claimed that the norm of X measures how fast a function decays at infinity. More
precisely, if f € X then it decays faster or as the Barenblatt profile B ),, however we notice that the
topology in which this decay is measured substantially differs from the one of L™ or L'. Indeed,
let us consider the following examples. To fix ideas let us take 0 = 2 and v = 8 = 0. Let N be an
integer such that N > 2 and define zy = (N,0), where 0 € R4 1 ig the zero vector of R%~1. Define
the function f to be

1
fly) = ——— if yeB. (zn), f(y) =0 otherwise.
Nt N2

It is straightforward to verify that By-2(zn) N Bys—2(zar) # 0 if and only if N = M therefore the
definition makes sense. Let us now prove that the function f is integrable, indeed

y f(z)dz = Ni;/B f(z)dz = iwd‘w%ﬁj

1 (zN) Noy NTmt
N2
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the right-hand-side of the above expression converges if ﬁ — 1+ 2d > 1, which holds true since
d > 3. We also have that

2 > LNﬁfzd
[ el (o) e = Z/ o] P fa)de < 3 w2
By—2(zn)

N=2 ]\fl*'mi1

2 1
< wg2tm Z N2 T

where we have used the fact that if y € B 1 (zn) then |y| < 2N. So, by the following computation
N
we have that f € A

Rﬁmd/ fd:chl?m/ fdmg/ | =7 f dar < oo
B%(0) B%(0) B%(0)

However it straightforward to verify that for any A > 0 there exists N = N(A) such that for any
M > N we have that

A
flx) > s—, forany ze€B
N

ﬁ(xM)

We have proven that
x
for any R > 0 sup / 2)
|z[>R |z|T=m

Therefore f(z) does not decay at infinity as a Barenblatt profile. Here we give another counter
example. Let o, 5 > 0 and define the function g to be

1

m if yé&€ By-a(zn), f(ly) =0 otherwise.

9(y) =

It is easy to see that if

1 2 2
d>p>0 and oz>max{d_6,d<1_m—d—|—1>},
then g € X, however g gLf(fC(Rd)

Finally we give a radial example. Let again «,3 > 0 such that 0 < f < 1 and ry = N for
any positive integer N > 2, and define the set Ay = {ry < |z] < ry + N7%} and the function
h(z) = h(|z|) to be
- 1
r—rN|?

If @ > d/(1 — B) we have that h € L(R?), indeed

rd=1ldr rNtNTS dr
z)dz = < 2N d—l/ S
/Rd xr = WdZ/ ‘T—TN"g WdZ( ) ’T_TN’//J’

if yeAn, h(y) =0 otherwise.

N>2 N>2 N
= wy Z (2N)~ 1/ sPds = wy Z (2N)I~t y—e=68)
N>2 N>2

where we have used the fact that if y € Ay then |y| < 2N. The series converges since o > d/(1—f3).
With the same technique it is easy to show that h € X if

2
(1-m)1-5)
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4.5.2 Different norms on X

The norm |-|x has some unpleasant features, indeed equipping X’ with |-|x would lead to a definition
of a non-complete space. To see this we consider, for any 0 < & < ;% — (d — ), the function

fla)=la| 77 (1 XBy(0)) T || (4= XB1(0) »

where X, 0y = 1 on B1(0) and vanishes outside B1(0). The function f does not belong to L%(Rd)
nevertheless | f|x < oo, and it can be approximated in the topology induced by |- |x. To see this let
us define, for any 0 < r < 1 the family {f.(z)}:

folw) = |a] 77 (1 - XBy(0)) T || (4= X By (0)\ B,(0) -

We have that f, € X for any 0 < r < 1 and a simple (but lengthy) computation shows that
|fr — flx — 0 as r — 0. To avoid this phenomena we introduce the following, more suitable, norm
on X

248—y _

£l = sup (1v R0 [ f@)a] 7 do < oo (45.)
R>0 BS,(0)

The main difference between | - |y and || - ||+ is that the latter takes into account the influence of
the L}Y(Rd)—norm, as it is proven in the following Proposition.

Proposition 4.5.1. Assume that v < d and m € (m.,1). Then,

i) For any f € X we have that

[f1lx = max{[| fllry ray, [} (4.5.2)

i) X equipped with the norm || - ||x, defined in (4.5.1), is a Banach space;

Proof. We will first prove 7). We first prove that || f||x < max{HfHL%(Rd), |fla}. Forany 0 < R <1
we have that (1v R)7/(=m)=d=) [5e ) flzl77de < HfHL%(Rd) while for any R > 1 we have that
R

(1v R)U/(l_m)_(d_7) IB%(O) flz|77dx < |f|x, so we have proved the wanted inequality. We shall
now prove that || f|lx > max{||f||L%(Rd), |fla}: we have that

HfHX > lim (1 \/R)O'/(l—m)_(d_,y)/
R—0

fle|77dxe = ||f :
50 |z 1f1ILs ra)

Finally notice that
£l = sup (1 v R)7/A=m=(d=) / f(z)|a] ™ dz
R>0 ¢ (0)

> sup R7/(1-m)~(d=) / f(@)]z] ™ de = |l
R>0 B4,(0)

We shall now prove ii). Let {ur}2, be a Cauchy sequence in X. By inequality (4.5.2) {ux}32,
is a Cauchy sequence in L#(Rd). Since L%(Rd) is complete there exists a function @ € L%(Rd) such
that up — win L}Y(Rd). Up to passing to a subsequence we can suppose that uy converges to u also
a.e. in R?. We will prove that @ € X and that uj converges to @ in X'. Let N > 0 be the smallest
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integer such that for any k,m > N we have that ||up — um||x < 1, as a consequence we then have
that sup,spy |lukllx < 1+ [Jun||- Let R > 1 and let M = M(R) be the smallest integer such that
for any k > M we have that [p,|up — 7| dz < R4%1™) recall that d — 2/(1 —m) < 0. As a
consequence of this choices by the triangle inequality we have that for any k& > max{N, M}

/ |u]da:§/ ]uk—u|d:1:—|—/ lug|dz < R w2+ |Jun]|x)
B$,(0) R4 B%(0)

Since the choice of R was arbitrary we have proved that ||u|| < 2+ [Jug||x. It remains to prove that
uy, converges to u in the topology induced by || - ||x. Since {u}72, is a Cauchy sequence in X, for
any € > 0 there exists an integer K > 0 such that for any k, m > K we have that, for any R > 0,

R (@) / lup — up| de < €.
B§(0)

Taking the limit in & — oo and applying the Fatou lemma to u; we deduce from the above inequality
that

R (@) / [T — up|dz < e,
Bg(0)
uniformly in R > 0, which is enough to conclude. The proof is then concluded. []

Remark 4.5.2. By definition, X is a proper subspace of L}Y(Rd), however the topology induced by
| - ||lx is quite different from the one induced by the L}Y(Rd)—norm. For example, it is not difficult
to see that compactly supported functions are not dense in X'. Indeed, if we try to approximate
B with a compactly supported function we will face the following problem: let ¢ be a smooth
compactly supported function such that supp(¢) C Bg,(0) for some Ry > 0, then for any R > Ry
we have that

/ ]‘BM—QZ)]d:U:/ By de,

B%(0) B%(0)

and therefore

- 1
RO

o 1-m
By — > su Rl—m—<d—”/ ) b,
1B = ollx = iy 5 RS+ C(M)

By dr > <
%(0)

where H is a positive constant which depends on d,m,~, 8, while C'(M) also depends on the mass
M. The reader should not be surprised by this fact, since the norm || - ||+ takes into account the
behaviour of the tails, it is quite natural that compactly supported functions shall not be a dense
set.

It is interesting to notice that we can explicitly compute the values of |Bys|x and [By (2, -)|x-
In what follows we will make use of the following auxiliary function

Boo(z) = || T . (4.5.3)

Proposition 4.5.3. Let d > 3, v < d, 8 € R? such that v —2 < 3 < d%fw and m € (%, 1). Then
the following identities hold

i) The function Boo & X and ||By||x = max{M, (1 —m)dwq};
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. RTwm dx
Boolx = (1 —m)dwq and \%M’X:RIEEOW / %MW*(l_m)ﬁwm
B%(0)

i11) For any M > 0 and for any T € R we have, for any t > min{|T|,0}, that

1Barr(t,-)|x = (R*(tcm) o (1—m)dwy, (4.5.4)

where wq = |SYY is the measure of the (d — 1)-dimensional sphere in R?.

Proof. Point ¢) is a consequence of iii) of Proposition 4.5.1.

Let us analyse point ii). To compute |Bso|x we consider the following computation, for any R > 0
we have that

ngm(dw/ Boolz| Y dz = RT7 " (1 - m)dwy R = (1 — m) 9 wy,
B%(0)

taking the supremum in R > 0 we get the result. To obtain |Bys|x = (1 — m)vY we first notice that
B < Boo, therefore |Bys|x < [Boo|lr. It only remains to prove the converse inequality: for any
R > 0 we have that

1

o dx R° T-m . dz
Rl—rn_(d_’Y)/ By—— 2> () Rl—m_(d_w)/ B>
B, (0) 2|7 R +C(M) Be©) |z

- <R" +R:7(M)> T (1= m)d wa,

taking the supremum in R > 0 we obtain |Bs|x > |Boo|x. From the above inequality it is clear
that the supremum of the | - |y is assumed at infinity. Therefore 7) is proved.

To prove iii) we notice that it is enough to prove the first identity in (4.5.4), since the second can
be obtained as a consequence of #ii) in Proposition 4.5.1. Let p > 0, we observe that by a change of
variables we have that

dy
By (Y) =
Be(0) ( )|y|7

1
prom ) / Byr(t, ) do _ (R(EET)N 0o piom (d=7)
By =P ¢

which proves the first identity in (4.5.4). The proof is then concluded. []

4.5.3 The fast diffusion flow as a curve in X

In the same spirit of [144] we want to investigate solutions to (CP) as curve in X. As we already
explained in Section 4.1 the space L}n +(]Rd) can be split into two different components X and X’°.
We have already shown that the flow is stable in X', namely if 0 < ug € X then the solution u(t) € X
for all times ¢ > 0. On the other hand, if ug ¢ X the flow will never enter X', namely u(t) ¢ X for
all t > 0, as it is proven in the following Proposition.

Proposition 4.5.4. Let u,v be solutions to (CP) with initial data ug, vy respectively. Then
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i) If 0 <wg € X then for allt >0, u(t,-) e X,
lult, ) — v(t,)|x < C(1+tTm) ug — vo|x - (4.5.5)

it) If up >0 and ug ¢ X then for allt >0, u(t,:) ¢ X.

iii) If ug € X then u € C((0,00); X). Moreover, if ug € X* and compactly supported we have
that u € C ([0,00); X);

Remark 4.5.5. Assertions i) and ii) guarantee that the condition ug € X (or u(tg) € X) is always
preserved under the flow, and if the initial data is not in X the solution will never be. Assertion
i) shows also the continuous dependence on the initial data. In L,ly (RY) the same property holds (it
goes under the name of L!-contraction, namely |Ju(t,-) — v(t, -)||L%(Rd) < |luo — ’UOHL%(Rd), see [18,
Proposition 8|). We can conclude that there exists a constant Cd,m,3 such that

1
lult, ) = vt )l < Cama,p (1+E7=7) luo —vollx -

Assertion 4ii) shows that the solution wu(t,-) is a continuous path in X’ for any ¢ > 0. The natural
claim would be that v € C([0,00), X) for any initial data in X. Unfortunately we were not able to
prove it neither disprove it for general initial data, and proving the assertion for compactly supported
data is not enough to conclude (see Remark 4.5.2). However, we believe that this property holds
and the strategy to prove it would be to prove that —|z|YV(|z|® Vu™) is an m-accretive operator
in & and then to apply the semigroup theory as done in [145]. This is a tedious task which falls out
from the goal of this thesis. A final comment on the hypothesis on the positivity of the initial data
ug: the results of Proposition 4.5.4 holds even if the initial data is sign changing, we simply do not
consider such solutions here.

Proof. The proof is based on the following inequality: for any R > 0 and for any ¢,s > 0 we have

that
d 1-m d 1—-m
[ o e) ([ wsolE] o wcl-spem w5
B, (0) || B, (0) ||

where C' is a positive constant which depends on d,m,~, 3. The proof of (4.5.6) follows the line
of Lemma 1.2.1 of Part I, Chapter 1: we only need to change the test function from a smooth,
compactly supported function ¢ to ) = 1 — ¢ and integrate on the complement of Bg(0) instead of
taking the integrals in Br(0). Since the solutions are in L#(Rd) integrating on the complement of a
ball does not represent a problem. By taking the sup in R > 0 in inequality (4.5.6) we can deduce
that for any ¢, s > 0 we have that

fut, ) < € (Juls, ) + 477 ) (4.5.7)

where € is a positive constant which depends on d,m,~, 8. From (4.5.7) we deduce that if ug € X
1

then forallt >0, |u(t,-)|x <€ (|u0\/\» + tlfm), where we have used inequality (4.5.7) with s = 0.

In a similar manner we can deduce i) from (4.5.7) by interchanging the roles of ¢ and s.

It remains to prove i), we adapt here the strategy of [146, Theorem 4.4]. Let ¢(x) = ¢(|z|) €
C>®(R%) such that ¢(|z|) = 1 for |z| > 2, ¢(|z|) = 0 for |z| <1 and ¢(|z|) > 0 for 1 < |z| < 2. We
will prove that the quantity

R~ (@) /
R4

u(t, ) — u(s, x))qﬁ (%) |z| 77 dz

138



4.5. ON THE FAST DIFFUSION FLOW IN X

is continuous in ¢ uniformly in R > 0. We divide the proof in two steps: 0 < R<land R>1. In
the case 0 < R < 1 the results follows by strong continuity in L% (RY). By construction a solution u
to (CP) belongs to C ([0, c0) ;L}Y(Rd)), see [18, Section 2.2]. Therefore for any 0 < R < 1 we have

that
RS —(d—) /
R4

which shows the wanted result in this case. It remains to consider R > 1. The Aronson-Benilan

x
u(t,z) — sx‘q§< )’ h_Hu( )—u(s,-)HL%(Rd)%O as t—s,

1
estimate (1 —m)u; < u/t implies that the function ¢~ T=mu(t, ) is nonincreasing in ¢ for any = € R?.
Let 0 < tp < t1, then we have that

ulto, @) — u(t, z) > [(2) e 1] ulte, ) = — !1 _ CZ’) m] ulte, ).

Define the negative part of a function f as (f)— := max{—f,0}, the above inequality shows the
1
following bound (u(tg,z) — u(ty,z))_ < [1 — (%) - } u(to, ), multiplying by ¢(x/R) and inte-

grating on R? we get
x
— had -
[, (utto.2) u(tl,x>>_¢(R)|a:| da

= (2) ] /Rdu(to,x)qﬁ<2> [~ da.

Let us define the positive part of a function f as (f)+ := max{f,0}, we notice that f = (f)+ —(f)-.
Applying the identity |f| = f + 2(f)- we deduce from the above inequality that for any R > 0 we

have
R~ (@) /Rd
— RZm (@) (/R (ulto, ) — u(ts,z)) & (%) 2|~ da
+2 /Rd (ulto, z) — u(ti, z))_ ¢ (%) 2|~ dx) — () + (II),

(4.5.8)

u(to, x) — u(ty, x)‘qﬁ (%) |z| 77 dz =

Inequality (4.5.8) shows that the second term (II) vanishes as t; — top (or viceversa), therefore it
remains to prove that (I) is continuous in ¢. From inequality (4.5.6) we deduce that for any R > 0
and for any 0 < tg < t; we have that

f7n_(d_7) E ﬁ
i /Rﬂ) (7) o)
1

I T d.r 1-m 1-m
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therefore (I) can be estimated as follows

0 < (R [ 6(2) ) )

1-m

d—y _
n R Cl ’to tl‘ 1
Rl m fRd ( ) (t17 )|£E|'Y (459)

i—m
ROy |tg —t
< el | 1+ Lito— 1 e
R1= mfRd ( ) (t17 )‘Z’l’y

where

dx
x|

x

) — T2 —(d=7) *
lutts, il := sup R3 o) w0

To conclude it remains to estimate RTm (4~ Jra @ (%) u(ty, x )\xh by below uniformly in R > 1.
In order to do so we invoke the result of Theorem 4.2.1: there exists M such that for any ¢ > t(/2
and for any = € R? we have that u(t,z) > B(t — %0, x; M); from this last inequality we deduce that

for any R > 1
RTm T dz _ RTm to dz
- > _ 2 _
R(d_,y) \/]Rd d) (R) (tly ) ’ |7 - R(d_,y) /ER(O) %(tl 4 7«T7M) |{L"'Y

_t
>C (= %) =i g(ty),

B _0\ou 1-m
[boj(wlms(l)m + bl}

where C is a constant which depends on d,m,~, 8 and g(¢1) converges to a positive constant K =
k(tg) # 0 as t; approaches tyg. Summarizing, we have that for any R > 1

REF [ utto,) = utn,a)|o (5) S

|z

Cylto — t1|> = <t0> =0
14 0T Sy ,
( g(t1) a1

and the right-hand-side of the above inequality vanishes as ¢; — to. The first part of assertion i)
is proved, it remains to prove continuity at ¢ = 0 for compactly supported data. Assume that ug is
supported in Bpg,(0) for some positive Ry. Then for any R < 4 Ry and for any ¢ > 0 we have that

R [ - wia (5)

[
< (4R0)ﬁ_(d_7)\|u(t,-)—u0||L%(Rd) —~0 as t—0.

< |[Ju(t)]l|x

Let us consider now the case R > 4 Ry, using inequality (4.5.6) and the fact that ug is supported in

Bpr,(0) we deduce
(d-) dr _ przm—d-v) zy dz

[ lutt0 = watofo (7) g = &= [ uttoo (7)

.

(o4
Rl—m_
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and the right-hand-side of the above inequality vanishes as ¢t approaches 0. The proof is then
concluded. [

The GHP (inequality (4.1.7)) allows one to give precise estimates on the behaviour of the norms
|-|x and || - || under the flow given by (CP). In the spirit of inequality (4.2.4) obtained in Corollary
4.2.2 we can compute the limit for ¢ — oo of both |u(t,-)|x and |lu(t,-)||x when u(t,x) is a solution
to (CP) with initial data ug € X'*.

Proposition 4.5.6. Under the assumption of Theorem 4.1.1 we have the following

i) There exist T, > 0 such that for t large enough we have that

(B22)7 <oty < (B)

i1) The following limits hold

t.- t. - 9 T—m
i e g el s <> Wi (4.5.11)
t—o00 tlf'm t—o00 tlfm 1 —m
i11) For any t > 0 the function t — w s non increasing and for any t > 0 we have that
tI-m
t, ) > : 2 R 45.12
. 1-m - 1-m
ult e > emy=m (1) (15.12)

where wg = | S is the measure of the (d — 1)-dimensional sphere in R?.

Remark 4.5.7. Inequality (4.5.12) obtained in i) is sharp, in the sense that for any mass M > 0
the Barenblatt profile B (¢, z; M) achieves the equality in (4.5.12).

Proof. i). Under the assumption of Theorem 4.1.1 we know that there exist 7,7 > 0 and M, M > 0
such that for any ¢ large enough we have that

B, -r(t, ) <ult,z) < By~
From the above inequality and inequality (4.5.4) of Proposition 4.5.3 one can easily deduce both
inequalities in formula (4.5.10). Here we only remark that, since R,(t) is increasing in ¢, for ¢ large
1
enough we have ||By| = (M) 71— m)dwg.

Identity (4.5.11) of i7) can be deduced from (4.5.10) once one sees that for any 7' € R we have the
following limit.

1

lim Ry (t + T)T=mv ¢ T=m = T .

t—00
The proof of the above limit is obtained by the definition of R, in (4.1.3).

In order to prove #ii) we introduce an auxiliary quantity which is easily differentiable under the

flow. Let k > 0 be a positive integer and ¢y (x) be such that

1 1

or(z) =1 on |z| Zl—i—E, ¢r(zr) =0on |z| <1, and ¢p(r) >00n 1< |z| < 1+E'
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Let us define
IHfIHkx—supRl m—(d=7) / f(z) o >|x] Tdx. (4.5.13)

For any k > 1 and for any f € X we have that

k; 1fm7(d77)
<k+1> fla < (1 f k2 < 1f1x -

As a consequence of the above inequality for any f € X" the following limit holds

=\flx. (4.5.14)
We take advantage of the auxiliary norms (4.5.13). Let & > 0 be a positive integer and R > 0 and
define Yy, (t) = [pa ¢k (5) ul(t, )4z - By the Aronson-Benilan estimate u; < 7=; we find that
1
Y, —_— Y t

which, integrated between any 7 > s > 0 leads to

Yk(ls) > Yi(7) .

S1l-— T1-m

Multiplying by R/(1=m)=(@=7) and taking the supremum in R > 0 in the above inequality we get
IR

[[fu(s, )

Slfm ti-

taking the limit as k — oo in the above inequality one gets the monotonicity of ¢~ 1=™)|u(t, )| x.
Let 7 > s > 0 as before, from the inequality

uls, )l o ulT:-)|

1 - 1 Y
S1-— T1l-m

taking the limit as 7 — oo and using (4.5.11) one obtains inequality (4.5.12). [

4.5.4 Convergence to the Barenblatt in X

Finally we address here the question of convergence to the Barenblatt profile of solutions to (CP) in
X with the topology induced by || - ||x. We find that it is false in general that

llu(t,-) —B(t,z; M)||lx -0 as t— 0.

To see this fact we provide an explicit counterexample. Consider the Barenblatt profile B (¢, z; M)
and a translation in time of it B(t + 7, x; M). For R > 0 large enough we have that

1 e
%(t—i—T,l‘;M)—%(t,l‘;M)‘Z2|:<1+7t->1 —1] B(t,x; M) forany |z|>R,

we therefore conclude, thanks to identity (4.5.4), that

“B(t—FT,x;M) - ‘B(t,x;M)‘X > tTom
However, if we suitably rescale the || - ||x by t7=m we find the following result.
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Proposition 4.5.8. Under the assumption of Theorem 4.1.3 we have that

D) — Bt M
lim utt, - i(t’ S —0 as t— 0. (4.5.15)

t—o0 tl
Remark 4.5.9. It is interesting to notice that in self-similar variables, recall (4.1.15), the above
1
convergence result takes place without the scaling factor 7=, namely we have that

lim HU(T, ) — B]V[(T)”X = 0.

T—00

Proof. By Proposition 4.5.1 we know that || - ||x = max{| - |x, | - HL%(W)}, so to prove (4.5.8) we
need to prove that both the limits
t,) — B(t, s M Ju(t, ) = B(t, 5 M)l ra
lim (4G = BESMx g i ’ LED _y,

t—o00 tl—m, t—o00 til—nb

hold. We will prove only the first one in the above formula since, due to the conservation of mass, the
second one is trivial. Under the running assumption we know that (¢, z) converge to the Barenblatt
profile B(t, x; M) in relative error. We restate this result in the following way: there exists a positive
function g(t) : (0,00) — (0,00) which g(t) —0 as ¢t — oo and such that for any 2 € R? and for any
t large enough we have that

u(t, z) = B(t,z; M)| < g(t) B(t,z; M).

By the above inequality we see that

. - B(t. -
lim sup Y . < lim g(t) ————= =0,

t—o00 ti-m T t—oo ti-m

where we have used identity (4.5.11) and the fact that g(¢t) — 0 as t — co. The proof is therefore
concluded. []
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Appendix

4.6 Some results from Part I

For the sake of completeness we include here some results proven in Part I of this work. The following
Theorem can be found in Chapter 1, Theorem 1.0.1 (inequality (1.0.1)).

Theorem 4.6.1 (Local Upper Bounds). Let u be a nonnegative local strong solution to WFDE on
the cylinder Q x (0,T], with initial data ug € L%(Q) Let m € (me, 1) and Bag,(zo) C §2 such that
Ry = |x0|/16. Then there exist R1,R2 > 0 such that for any t € (0,T] we have

o

+ 1=
+ Ko |::| , (4.6.1)

K1 _
sup  u(ty) < L / fuo(w)] 191~ dy _
(=7 [ Bom R

YyEBR (zo0) St o (zo
where ¥ and o are defined in (4.1.2). The constants R1, ke depend only on d,~ and f5.

A simple corollary of the previous Theorem is the so-called smoothing effect for the Cauchy problem.

Theorem 4.6.2 (Upper Bounds for The Cauchy Problem). Let m € (me, 1) and u be a nonnegative
local strong solution to CP with ug € L}Y(Rd). Then there exist k1 > 0 such that for any t € (0, 00)

we have
_ ot
K1

Ju@lleisn < smga | [, o) bl a] (462

where ¥ and o are defined in (4.1.2). The constant Ry depends only on d,~ and (.

In the proof of Theorem 4.2.1 in Section 4.2 we have made extensive use of the following result.

Theorem 4.6.3 (Local Lower Bounds). Let m € (me, 1) and let u be a solution to CP with initial
data ug € L%O and let R > 0. Define t. as

—m 1
te = t*(u07 R) = Rx ||u0”11_4,1y(BR(0)) Rv . (463)

Then, there exists k = @(d,m,’y,ﬁ) > 0 such that

1

t 1=m
inf ta) > K| — te[0,t].
xeg:R(O)u( w)_H{RJ} for any t € [0,t,]

The constant k. depends on d,m,~y, 3.

The above Theorem has been proven in Part I, Chapter 2, Theorem 2.0.1. Theorem 4.6.3 applied
to a solution u(t, x) to the (CP) on a ball Br(0) at time t, reads as

(7 1
ol u(te2) > g OIAERO)

, 4.6.4
z€Bar(x0) Ri= ( )

where k; depends only on d, m,~, 8.
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4.7 Interpolation inequalities on bounded domains

Let © C R? be a bounded domain and u : © — R be a function and define for any v € (0,1)

lu(x) — u(y)|
Vi = P = 91 471
lu] v (o) zs;lgﬂ P (4.7.1)
TH#Y

We say that u € C¥(§2) whenever |u|cvq) < oo. Notice that |u]cv) = 0 if and only if u is
constant, since in what follows we need to use strictly positive quantities we shall use the following
inequality which holds for u € C¥ ()

fu(@) = u(y)] < (1+ Lw) o (gay ) lo = l” (4.7.2)
Let ' C Q be a subdomain, we define the distance between Q and ' as

dist(Q, Q) = 11(19% |z —yl,
S s
yeaY

where 91 is the boundary of Q and 9 is the boundary of €. The purpose of this section of the
appendix is to prove the following lemma.

Lemma 4.7.1. Let p > 1, v € (0,1) and u: Q% — R be a function such that u € 15(2) N CY ().

i) Assume v < 0 and let ' C Q such that dist(2,Q) > 0, then there exists a positive constant
Cd~,vp, which depends on d,~,p and v, such that

d—v
[ullLe @) o ey P
[ullLe @) < Caypp | 1+ T (1+ [u)evo) =77 lullip o) -
(1 + LUJCV(Q)) diSt(Q, Q/)P v
(4.7.3)

i) Assumey >0, dist(Q2, Q') > 1 and ||uH€p(Q) < B, then there exists a positive constant Cq ,yp,
Y
which depends on d,~v,p and v, such that

~y

P d _pv_
lullios(sr) < Carop (1 +sup |m|) (U4 lufove) ™ lullfm,,  (474)
Proof. For any z,y € Q' we have, by the triangle inequality, that

u(@)]” < (Ju(z) = w(y)] + [u@)])” <27 (ju(z) = w@)[” + July)) .

Let 0 < R < dist(§2, ), averaging on a ball Br(z) we have

p L ulx) —u p - 271) U p -
P < gy e Pl s s [ .
Jul?, T
o o
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where in the last step we have used (4.7.2) and that fBR(w) lu(y)|Ply| Y dy < Hu”ip(m. We claim
. Y

that for any zo € R? and for any R > 0 there exist positive constants Cv,d, Cy,q such that

d R\™Y d R\

C%dR ‘:L'()’ V 5 < /LW(BR(.f)) < C%dR ‘l’o’ V 5 . (4.7.6)

The above inequality can be proven using the techniques developed in [139, Lemma 5.2, Appendix
B|, we will not include the proof here.

Let us now prove i). Assume that v < 0, from (4.7.6) we deduce that 11, (Br(x)) > cy.4 R, s0
from (4.7.5) we obtain

u(z)P < C’(R”” (1+ L) ove)” + B~ |lull?, Q)) (4.7.7)

the right hand side of the above inequality achieves its minimum at

_((d/wwmmz>d#w
A\ (1 Lulevo)” |

but a priori it can be that R, > dist(©2,’) so we are not allowed to evaluate the right-hand side
of (4.7.7) at R,. We instead evaluate it at R = 0 R, where § = (1 A m) < 1. By simple
computations we then find (4.7.3).

It only remains to prove ii). Assume that 0 < v < d, then using (4.7.6) in (4.7.5) we have for any
0<R<1<dist(Q,Q)

umWSO(WWU+ummm)+““”)Hr )
< C(+ ol (B (1+ [ulev@)” + B ully g )

where in the last step we have used that (|zo| v %)7 < (14 |zo|”). Let

1
e [l
** T )
pv (14 [u)ev)”
notice that by the assumption [ju||?

L2 () < % we have that R, < 1. After evaluating (4.7.8) at R
4
and performing some simple computations we have that

¥ _d LV
ua0)] < Capup (14 [z0)? (14 L)) 77 ul 575

taking the supremum in xo € Q' we get (4.7.4). The proof is then complete. []

4.8 Holder continuity of solutions to weighted linear equations
We present here some regularity results for nonnegative local weak solutions to both linear and

nolinear parabolic equations with weights. The results contained in this section are mainly contained
in Part I, Chapter 3, Section 3.1 and references therein.
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Consider the equation

Vp = W,y Z 0; (A;5(t,z) Ojv), (4.8.1)

1,j=1

posed on the cylinder @ := (0,T") X2, where A; ; = A;; and there exist constants 0 < A9 < A\ < +00
such that for some v, < N, satisfying v — 2 < § < (N 2) 7, we have for any ¢ € R¢ and any
x € RY

N
wy <[z and 0 < Aolz[P¢? < Z At 2)6&5 < Mz P2, (4.8.2)
ij=1
We shall consider bounded, nonnegative, local weak solutions to equation (4.8.1). For a precise

definition we refer to [139, 65, 72| and references therein, here we just want to stress the fact that
this class of solutions is large enough for our purposes.

It is convenient to introduce the notion of distance between sets of the form @ = (0,7) x Q C
(0,00) x RN, Let Q' = (T1,T2) x ' C Q, we define

4,0(Q.Q) = inf o=yl v (57) (it =), (183)

(t,2)€{[0,T] xOQ}U{{0}xQ},
(s,9)€Q’

-1
where (pZ"B ) is the inverse of the following function pZ’B defined for any y € R% and v, 8 as above

N
P (R) = (/ mwﬂﬂm>.
Br(y)

Finally, we introduce the notion of C* norm which takes into account the presence of the weights.
With the above notation we define

|o(t, z) —v(T,y)]

l[u]ca ()= sup . (4.8.4)
%ﬂ( ) (t,x),(T,y)eqQ’ (|$ — y| + |t — S|ﬁ)a
(t,2),#(T.)

The proof of the following result can be found in [139, Proposition 4.2, Corollary 4.3].

Proposition 4.8.1 (Holder continuity for linear equations with weights). Let v be a nonnegative
bounded local weak solution to equation (4.8.1) on Q = (0,T) x 2, under the assumption (4.8.2). Let
Q' = (T1,T) x ' C Q. Then there exist a € (0,1) and B > 0, such that for all (t,z),(s,y) € Q'

lulee @) < WHUHLOO Q) (4.8.5)
where R > 0 is given by
1, if o > 2,
o = Fg 1 = (4.8.6)
To V sup |z , if0<o<2.
o €EN

The constants o, K, depend only on N,v, 3, Ao, A\1.
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Proposition 4.8.5 can be fruitfully used to deduce regularity results also for nonlinear parabolic
equations: for example we can consider nonnegative bounded solutions to u; = |2z|*V (|z|#Vu™)
as solutions to the linear equation u, = ||V (|z|7? a(t, x) Vu) where a(t, z) = mu(t,z)™"!. Indeed
the same can be done for solutions to (4.1.16).

Lemma 4.8.2. Let p, 7 > 0, 0 < Mg < A\ < 00, m € (0,1) and let v(r,y) : (0,00) x R = R be a
nonnegative bounded solution to (4.1.16) and assume that

Mo <mo™ N y) <\ forany T> 719 and |y| < p.
Then there ezist v > 0 and & > 0 such that if 71 > 70 and 7 € [11 + Llog Ri(2), 1 + 2 log R«(3)]
then

[o(7, ) v (B, 50) < B N0llnos ([ryri 42 10g Ru(2)] 6B, (0)) - (4.8.7)

The constants v,k depend on m,d,~, 8, Ao, A\1; K depends also on p.

Below we give the proofs of the results of this section.
Proof of Lemma 4.8.2. The proof is divided in several steps. We consider the function o(7,y)
defined by
v(r,y) :=v(r+m) forany 7>0.

Rescaling to original variables. The rescaled function u(t,x) defined by

¢ L R.(t+1) ¢z \ Sl
( % >‘R*<

u(t,z) == W” R.(1) " R.(t) t+1

0 (1) (4.8.8)

satisfies (CP). Define the following domains

¢

On both @, and @, the following estimate holds true

Q= {(t,x):0§t§3,|ac| <

}7 inz{(t,x):1§t§2,|x|§pR*(t+1)}

2¢

R*(l)(d—”/)(l—m)
¢(d=7)(1-m)

R, (4)td=)(1=m)
¢(d=7)(1-m)

Ao <ma™ Mt z) < M\
Application of the linear result. We can consider u as a bounded solution to the the linear equation
u = |z|"V (\$|_5 a(t,x) Vﬂ) where a(t,z) = mu(t,z),
on the domain Q. From Proposition 4.8.1 we deduce that there exists v > 0 and %, > 0 such that

[l g,

el o) <Rp————. (4.8.9)
O (Q2) d’)/,ﬁ(Qh Q)"

Since R4 (1), R«(4), ¢ are numerical constants which depend only on d, m,~, 3, the constant v shall
depend ounly on d, m,~, 8 and Ag, A\;. However the constant k,, will depend on p when 0 < o < 2, see
the expression of the constant &, in Proposition 4.8.1. Finally, we notice that d%/g(@l,@z)” depend
as well on p. We shall now freeze the time variable and consider %(¢, x) as a function in space only.
From (4.8.9) we deduce that for any t € [1,2] we have that

7~ @,

L@ 4.8.10
4 5@ ) (48.10)

Lu(t, )]

<%
cr <Bp Ry (t41) (0)>
2¢
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Rescaling back to self-similar variables. The domains Q; ( @ resp.) will be transformed back to
(71,71 + Llog R.(4)] x B,(0) ( [11 + L log Ru(2), 71 + Llog Ry(3)] x B, 2(0) resp.). Estimate (4.8.10)

becomes (4.8.7) where “ ) ~
"= <§§;‘§) (Rf(l)) PR

The proof is then concluded. []
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Chapter 5

(Global Harnack Principle for the
p-Laplace evolution equation

In this chapter we investigate the global behaviour of solutions to the fast p-Laplace evolution
equation u; = Ayu, where
Apyu=V. (|Vu\p_2Vu) ,

with d%fl < p < 2. We prove sharp, global lower bounds for solution to the Cauchy Problem
with non-negative initial data ug € L!'(R). If the initial data also satisfies an additional condition
(up € X, where X}, is a suitable generalization of the same space introduce in Chapter 4): we prove
that such lower estimates are matched by global upper estimates and the so called Global Harnack
Principle holds. As a consequence, we prove that the convergence to the Barenblatt profile uniformly
in relative error holds if and only if the initial data uy € X'. Finally, exploiting a radial transformation
introduced in [130] we prove sharp decay properties for the gradient of radial solutions in X'.

5.1 Introduction and statement of the main results

In this chapter we consider the initial value problem

u(0, ) = uo() for z € RY, (p-CP)

{ ui(t,r) = Apu(t,z) fort >0 and z € RY,
in the fast diffusion range N+2 < p < 2. The initial data is supposed to satisfy 0 < ug € Ll(]Rd) and
the p-Laplace operator is defined as Apw = div(|Vw|[P~2Vw).

The theory of diffusion equations has been widely investigated in the last fifty years, however not a
lot of the recent literature has been dedicated to the above Cauchy Problem. It is known that p-CP
is solvable if 0 < ug € Lloc(Rd), weak solutions are unique and uniformly bounded if ug € Ll(Rd),
[78] and [105]. It is known that the mass is conserved along the flow, however we will also give
a proof of this fact. Existence of self-similar solutions is also known, they go under the name of
Barenblatt solutions and assume the form B(t,z) = t~*F(|z|t~#) such that

B(t,z; M) = t77 b by Pl , (5.1.1)
prEs
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where by, by depend on d, p; B(t, z; M) takes the Dirac delta with mass M as initial data:

%i_IQ% B(t,x) = Moy(x). (5.1.2)

Our main goal is to prove quantitative lower bounds for the positive solutions of Problem (p-CP)
and to introduce a suitable subspace of L!(R?) where such lower bounds are matched by upper bound
of the same type. As a consequence we characterize solutions which converge to the Barenblatt profile
in relative error.

Notion of solution. We begin by giving the notion of weak solutions for the problem (p-CP).

Definition 5.1.1. A solution to (p-CP) in (0,00) x R? is a measurable function

€ Coe ([0, 7] Lo (R)) L]

loc

([O,T]; VVll’p(]Rd)> , forany 0<T <oo,

ocC

such that for any open Q C RY and for any interval [s,t] C [0,T) the following equality holds true
t
/ u(s, x)¢(s, ) dw =/ u(t,z)d(t, ) do +/ / (—ugr + |Vulp2Vu - Vo) dedr, (5.1.3)
Rd Rd s JRA

for any test function ¢ € W1’2<[0,T]; L2(Q)> N LP(RY) ([O, TY; Wol’p(Q)>.

The above definition is well known in the literature and can be found in [105] and [78]. We recall
that, as proven in [78], weak solutions enjoy far more regularity than the one asked in the above
definition. If the initial data 0 < ug € L'(R?) then solutions are locally Cllo’f‘ (R9) for some positive
a which depends on d, p, see [78, Theorem II1.8.1].

Let us introduce some parameters which will be widely used along this chapter:

d 1 2d

] D W dp—2)+p PTar1

8= 5= (5.1.4)

The space X),. Before stating our result we need to introduce a suitable subspace of LY(R?) for which
our results hold. Let f € L*(R?) and p € (p.,2). We say that f € X, if it satisfies

|flx, := sup R7® 7 / |f(z)]dz < 0. (5.1.5)
R>0 B, (0)

With a slight abuse of language we will also call X the tail space. Recall that for p € (p,, 2) we have
that 3(2 —p) > 0. It is easily seen that | -|x, is a norm. Intuitively the quantity |f|x, measures
how fast the function f decays at oo relatively to the decay of the Barenblatt profile 5. We now
introduce a subspace of L!(R?) of functions that satisfy the tail condition (5.1.5), that will play a
key role in the rest of the paper:

X, = {uc LY(R?) : lu| x, < +oo}.

Statement of the main results. Our first main result regards matching lower and upper bounds for
solution to (p-CP). We have the following Theorem.

Theorem 5.1.2. Let u be the solution of Problem (p-CP) and let 0 < ug € &), \ {0}. Then for any
to > 0 there exist 7,7 > 0 and M, M > 0 such that

Bt —1,2;M) <u(t,z) < B(t+7,2; M) forallz € RY, t > tg. (5.1.6)

The values of T, M and of 7, M are given in the proof of Theorem 5.2.2, Theorem 5.3.1 respectively.
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Remark 5.1.3. The proof of the above result will be split into two cases: the upper bound, Theo-
rem 5.3.1, and the lower bound, Theorem 5.2.2. For the upper bound the hypothesis 0 < ug € A,
i.e. that up has a precise decay at infinity, is strictly necessary. Indeed, for data ug ¢ X}, as we
already did in chapter 4, it is possible to construct explicit (sub)solutions that provide precise lower
bounds that clearly contradict the upper bound of formula (5.1.6). More precisely, for any ¢ > 0
and for any = € R? we have that

1

u(t, ) > = B(t,z; M),

p—1

<D(t) + \m|ﬁ> =

2
where € > 0 is small, and D(t) ~ t=@=»). On the other hand, such hypothesis is not necessary for
the lower bound of formula (5.1.6): indeed, lower bounds hold for any data 0 < ug € L'(R%), see
Theorem 5.2.2.

It is known that solutions to (p-CP) with initial mass M = [Jug||;1(gae) converge to the Barenblatt
profile B(t, x; M) pointwise, uniformly in compact sets and in any LY, for 1 < ¢ < co. On the other
hand much less is known for uniform convergence in relative error. Theorem (5.1.2) allows us to
characterize solutions that converge in relative error uniformly on R%. Indeed, we have the following
Theorem.

Theorem 5.1.4. Let u(t,x) be the solution of Problem (p-CP) with initial data 0 < uy € L'(R?).
Then the following limit holds

lim u(t, z)

_\D) _ 1 (Tod
t—o0 H B(t,l‘, M) HLOO(]Rd) — 0’ ’thGTe M HU’OHLGR ) ’

if and only if
ug € Xp \ {0} .

For the Fast Diffusion Equation (u; = Awu™) similar results can be found in [118, 106]. For
problem (p-CP), to the best of our knowledge, the only similar result is contained in [147], and it is
done for p > 2.

Remark 5.1.5. We will prove the above Theorem by means of other techniques, however, it is
interesting to notice that it is possible to construct explicit solutions u(t,x) for which
u(t, z)

sup ———— = +o0.
sers Bt ; M)

Organization of this chapter. Let us briefly explain in which order we will present the above results.
In Section 5.2 we establish lower bounds for solutions to (p-CP). In Theorem 5.2.1 we prove local
positivity estimates which will be suitably used in Theorem 5.2.2 to prove the lower bound of
inequality (5.1.6). We conclude that section giving a proof of the conservation of mass. In Section 5.3
we prove first the upper bound of inequality (5.1.6) and finally we establish Theorem 5.1.4.

Some useful properties and known results. Solutions to (p-CP) posses a family of symmetries, in
particular we will extensively make use the following rescaling property. If v(t,x) is a solution to
the (p-CP) with mass M, that is [pq vo(x)dz = M and

vi(t,z) = Apv(t,z) fort >0 and x € RY,
v(0,z) = vo(x) for z € RY,

152



5.1. INTRODUCTION AND STATEMENT OF THE MAIN RESULTS

then .
u(t,x) = MU(tM%p,x) (5.1.7)
is a solution to the PLE with mass 1, that is [pq uo(z)dz =1 and
ug(t,z) = Apu(t,z) fort >0 and z € RY,
u(0,z) = 7vo(z)  for z € RY,

Therefore, it is sufficient to work with solutions having mass 1 and then using relation (5.1.7) we
recover the result for solutions with mass M.

In what follows we report some known and very useful a priori estimates for the problem (p-CP).
Any solution u to (p-CP) satisfies the Benilan-Crandall estimate

u(t, x)

t < . 0.1.8
wlt.o) < o (519
As consequence of (5.1.8) the following monotonicity estimates holds
t— t_ﬁu(t,x) is a decreasing function for any z € R, t € (0,00). (5.1.9)
As well, from (5.1.8) we can deduce that
2(2 - p)
HUtHLl(Rd) < THUOHLl(Rd) . (5.1.10)

Solutions to (p-CP) enjoys, sometime, more regularity than their initial data. The smoothing effect
L' — —L® has been proved for instance in [48, Theorem 11.2], for the sake of clarity we report the
statement of that Theorem below.

Theorem 5.1.6 (Smoothing effect). Let 2 > p > J\z,—fl and let u be the solution to equation (p-CP)
with initial datum 0 < ug € L'(RY). Then there is a constant c(p, N) such that

0 <u(t,x) < Cl||uoleﬁ1( t=NB for every t >0 and for all z € RY, (5.1.11)

R4)
where (3 is as in (5.1.4). The best constant C; = C1(p, N) is computed in [48, Theorem 11.2].

In what follows we will make extensive use of the following local-smoothing-effect: let zy € R?
and Ry > 0, then any solution to (p-CP) satisfies the following inequality

pB
JBap (o) U0 e
( By (wo0) ) ) ( t )2 (5.1.12)

Ry for any t > 0.

sup u(t,z) < Ky
Brg (o)
The proof of the above inequality can be found in [75] or it [105, Thm. II1.6.2|.

The equation u; = Apu admits also a family of singular Barenblatt solutions U (x,t) which can be
defined as the limit when M — oo of the Barenblatt solution B(x,t; M) . We write the singular
Barenblatt solution starting at time .S:

_p=1
Uz, t;8) = by 7 (t + S) 77 |z| 2. (5.1.13)
We also will make use of the following modification of the Barenblatt solution:
1 P Bp_ _%
U, t; B, S) = (t+8)77 [ba [2]7T = By(t + 8)57] 77 (5.1.14)

This function has a singularity on the surface |z| = Ry (t) = (B1/b2)®P~V/P(t + S)? where the
denominator vanishes and it is a solution of u; = Apu in the parabolic domain {|z| > Ry (t);t > 0}.
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5.2 Lower bound for initial data in L} (R?)

In this Section we show a positivity estimate that holds for all data in L}r (RY), and as a consequence
we deduce that the lower-part of the GHP estimates hold true (Theorem 5.2.2) for integrable data:
this shows also a very interesting feature of the fast diffusion regime, i.e., the infinite speed of
propagation, which can be also measured as “fatness of the tails”.

5.2.1 Positivity estimates for initial data in L! (R?)

Here we consider solutions to (p-CP) and we obtain a local positivity estimate which holds for all
times.

Theorem 5.2.1. Let u be the solution of Problem (p-CP) and let R > 0 and z¢ € R?. Then

L\ -8 fort >t
Mg (j) or s
inf  w(t,x) >C— te

5.2.1)
C =4 1/(2— (
2€Ban(w0) R (ti) e ot <t

where

te=kM2PRF and My :/ uodz . (5.2.2)
Br(zo)

Proof. Without loss of generality we can assume that ug is supported in Br(xp) and that 2o = 0.
If it is not the case, then define the function vo = uoX By (z,): Where Xpg(zo) = 1 on Bgr(wo) and
XBp(zo) = 0 outside Br(zo), and let v(t) be the solution to Problem (p-CP) with vg as its initial
data. Then, by comparison, u(t) > v(t) for any ¢ > 0, therefore applying the result to v will prove
the result for u. As well, by scaling, we can assume that fBR(xo) updx = 1. We shall divide the proof
in two steps.

Case t < t.. We observe that for ¢ < t. inequality (5.2.1) is a consequence of the Benilan-Crandall
estimate (5.1.10) combined with (5.2.1) at ¢ = t.. Indeed, using the monotonicity (5.1.9) for ¢ < ¢,

u(t, x) satisfies
1

1 —_ L
t 2ru(t,x) >t. “Pulte,x).

By combining this with the lower bound at time t., in which case it just says that u(x,t.) > %, we
have that

1 c 1
u(t,x) > (t/te) 2P u(te, x) > ﬁ(t/tc)%z’ :

Case t > t. Let us define an auxiliary time t, = RR% where V8 = 2N*1 Oy | By| where C; is the
constant of inequality (5.1.11) and |Bj] is the volume of the ball of radius 1 in RY. We will first
prove an initial lower bound for u(t.,0) and then we shall generalize it to inequality (5.2.1). Let
r >0 and t > t,, by conservation of mass we have that

1:/ u(O,x)da::/ u(t,x)d:n:/ u(t,a:)d:v—l—/ u(t,:v)dx—l—/ u(t, x)dzx.
R R< Bar Bory+\B2r RINBap4r

For the first integral we apply the smoothing effect (5.1.11):

(2R)Y

/ u(t, z)dz < Crt~?|By| = Cot =P |By| 2R)Y = C1| B~ 5
Baor
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For the second integral we apply the Aleksandrov reflection principle ([110] Proposition A.1 page
425):

/ u(t, 2)dz < |Barsr \ Bar| u(0,£) = |Bi|(2R + )™ — 2R)N)u(0, 1).
Bor+r\B2r

For the third integral we argue in the following way: for any zo € R?\ Bap,, we use (5.1.12) on
the ball Br,(xo) with Ry = |zg|/2. Since ug is supported in Br(xg) the term fBR (z0) updxr = 0 and
0

) )
P t 2-p
t < 42— .
w0 <5 ()

Applying the above inequality we get

P t ﬁ
/ u(t,x)dr < kg d2-r / -
RANBaopqr RANBaopyr |$‘p

1 oo
<wt5 e lon) [ N ar
2

R+r
< ko475 1757 |OBy| (2 — p)B (2R + ) P .

Combining all the previous estimates we arrive at

o (B = A®) @R+ r) 7w
u(t,0) > {éﬁ = ( (@R IY — @R)) ) |By|™? (5.2.3)

where

2R)N
tNB

We note that for ¢t > t, we have that B(t) > 0 and B(t,) = 1/2. The function f(r) is continuous in

r and the following equalities hold

B(t)=1—C|B| and  A(t) = {77 ko 4757 [9B1| (2 — p)8.

lim f(r)=—-oc0 and lim f(r)=0.

r—0+t r—+00

Since f(r) is sign changing we conclude that it has at least one local maximum, which we call 7,.
At such point we have that f/(r,,) = 0, which translates into the following condition on 7y,

A(t)
B(2—-p)
By condition (5.2.4) we have that

[(23 )N - (2R)N] - [B(t) (2R + 1) 7O — A(t)} NER+m)N.  (5.2.4)

flrm) =
Again from (5.2.4) we deduce that
1 - (2 _p)pﬁ (NB(t))pﬂ
2R +7,)%7  \ P Al )

(N2 —p)NPC=P)  B(t)P
3 pPB A(t)NBE=p)

and therefore

flrm) >
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Finally we notice that B(t) > B(t,) for any t > t, and that A(t) = ¢tV which leads us to

u(t,0) > R;/j\f (Z*) " , (5.2.5)

where
NNB(2—p) 1By |t

B #NB NB@-p)
B (2p)PP i (@4%) g

ﬁ:

Now we shall pass from the pointwise estimate at x = 0 to the infimum on the ball. The strategy
will be to prove that for any y € Bag(0), u(t, y) satisfies estimates (5.2.5) when t € ¢, and ¢, does not

depend on y. Let y € Bog(0) and define ¢, (y) = & (4R)%, we apply the above mentioned procedure
to the function w in the ball Byr(y) (notice than wg is supported in such a ball) and we get the
following inequality

K " NB
u(t,y) > <4§)N (t iy)) , forany t>t.(y). (5.2.6)

We notice that for any y, yo € Bar(0) the times ¢, (y) = t+(yo) (in other words for any y € Bar(0) such
a time is equal to a constant depending only on the radius of Bar(0)) and therefore inequality (5.2.6)
is uniform in y € Bar(0). Taking the infimum (in y € Bag(0)) in (5.2.6) we get inequality (5.2.1)
for any t > t. where t. and the constant C' of (5.2.1) have the following expression

B
te := 4é %R% and C = 54_N(%) .

The proof is concluded once one rescales back to the original variables. []

5.2.2 A universal lower bound for initial data in L} (R)

As a consequence of the local positivity result of Theorem (5.2.1) we are able to prove a universal
(in the sense that it holds for any L'(R¢) data) and global lower bound (in the sense that it holds
for all 2 € RY).

Theorem 5.2.2. Let u be the solution of Problem (p-CP), let to > 0 and R > 0 be such that
HUOHLl(BRO(O)) > 0. Then there exist T > 0 and M > 0 such that

u(t,z) > Bt —,2; M), for all z € R and any t > to, (5.2.7)
where
1 to\ =7
T = 5 (tc VAN to) and M =150 HUOHLl(BRO(O)) 1A E (5.2.8)

where t. is as in (5.2.2). The constant b > 0 depends only on d and p.

Remark 5.2.3. The above Theorem reveals a remarkable property of solutions to (p-CP): the
positivity spreads immediately for every nonnegative initial datum, showing infinite speed of prop-
agation. A delicate issue is how to discriminate in a quantitative way among two infinite speeda
of propagation. Our Theorem shows that we can put a (delayed) fundamental solution as a lower
barrier for any data: this is how the PLE immediately creates a fat tail (inverse power), which is
clearly bigger than the “standard Gaussian tail” created by the linear heat equation.
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Proof of Theorem 5.2.2: Let us explain first the strategy of the proof. We will prove first that
inequality (5.2.7) holds at time ¢ = ¢, and then conclude discussing the two different cases, namely
to > t. and 0 < ty < te.

Proof of inequality (5.2.7) holds at time t = t.. More precisely we will prove that

u(te, ) > B(t, — 7, 2; M), for all z € RY, (5.2.9)

where
T=at. and M =bMgpg,,

with @ € (0,1) and b > 0 to be chosen later, ¢. as in (5.2.2) and Mg, = HUOHLl(BRO(O))' We split the
proof in different steps. First, we find conditions (5.2.11) on a, b so that (5.2.9) holds in |z| < Ryp.
Next, we will find condition (5.2.14) on a, b so that (5.2.9) holds in |z| > Ry. Finally, we check the
compatibility of all the conditions.
Condition inside a ball. We want to find condition on a, b such that the following inequality holds:
QMR; > — b7 M, = sup B(t.—71,2;M), (5.2.10)
RO bffp (1 o a)dﬁﬁdﬁR()d r€BaR,, (0)

where C'is asin (5.2.1) and & is as (5.2.2). It is easily seen that the former is implied by the following
condition on a and b:

p—1
WP < kPO (1 —a)®P. (5.2.11)

Note that by inequality (5.2.1) the first term in (5.2.10) is bounded above by infzep,p, u(te, ),
therefore we obtain that

inf wu(te,z)> sup B(te—71,2;M),
2€B2R, r€BaR, (0)

inequality (5.2.9) is then proved for any |z| < 2Ry.

Condition outside a ball. We want to find suitable conditions on a,b such that (5.2.9) holds
in the outer region |z| > Ry. Such an inequality will be deduced by applying the comparison
on the parabolic boundary of Q = (z,t.) x By (0), namely 9,Q = {{z} x Bg (0)} U{(z,tc) x
{z eR?: |z| = Ro}}.

It is clear that u(z,z) > B(0,x; M) = do(x), for any |x| > Rp, hence we just need to prove that

u(t,x) > B(t —1,x; M) forany |z| = Ro,t € (1,t.). (5.2.12)

The following inequality
L Mg, b O ME]

Caz=r (5.2.13)
- d — p=1 )
oo (- ays it
implies that inequality (5.2.12) holds, indeed for any |z| = Ry and t € (7,t.) we have that
1
1 M bpﬁMpﬂ 1— 2% tﬁ
u(t,x) > (inf ) u(t“’p) > Ca2» RIEO > — Ro _ ( a) P te _
te(ate,te), p=1 P s L
2€Barny (0 I O Bl A
' (bMRO)Q_p):TﬂT

> T = Ssup B(t—r1,2;M).
(1— pTltI?—Bl I te(ate,te),
by =T by Ry lz=FRo
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Recalling that ¢, = IQM}QBEP R(l)/”g it is easy to show that inequality (5.2.13) is equivalent to the
following one

»

ja 1

7 R1Ba75 (1—a)?P (5.2.14)

W< Cb

=

which is the condition we were looking for.
Compatibility of condition (5.2.11) and (5.2.14). Both conditions are satisfied by the following choice

P8
1

p=1 d 1 2—p
a = and WP =7 C kP <2) . (5.2.15)
This concludes the proof of (5.2.9).

Case tg > to. Since inequality (5.2.7) holds for ¢t = t. by comparison it holds for any ¢ > t..

Case 0 < ty < to. As already mentioned, we only need to prove inequality (5.2.7) at time ¢, the
result will then follow by comparison. From the Benilan-Crandall-type estimate (5.1.8) follows tha
for 0 < tg <t

to

u(to, ) > u(te, z) () & . (5.2.16)

te

Inequality (5.2.9) holds under the choices of @ and b as in (5.2.15). Using inequality (5.2.9)
and (5.2.16) we get

1

to \ 2P
U(to,l‘) > u(tcam) "
te
1 o= 1
2 2zt to) 27
Z = p=1 \ ¢
Bp Bp 2—p 28

2 p—1¢P 1

D
b ———<—— +—bg‘x|517
(bMRO)(Q‘p)prl
1 1
) R
- - _1
2—p
g _p_
by 2-00¢e +bg‘$|zﬁl

) ><2—p>p‘“’1

<bMRO ()
) " _1
2—p

= B(to — 7, x; <t0> M),

c

which is exactly (5.2.7) when ¢y < t.. The proof is then concluded [J

5.2.3 Conservation of mass

We conclude this section with the proof of the conservation of mass for non negative solutions
to (p-CP). This is a known result and it can be found in [148] and in [149]. The proof we give below
is based only on some a priori estimates, we have decided to include it since we find it very simple
(once the result of Lemma 5.4.4 is known).
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Proposition 5.2.4. Let ]\%—fl < p <2 and let u(t,z) be the solution of Problem (p-CP) with initial
datum 0 < ug € LY(R?). Then for any t > 0 we have that

/RdU(t,:r)dx = /Rd ug(z)dz . (5.2.17)

Proof. Using in the weak formulation (5.1.3) a cut-off function ¢ supported in Byg such that ¢ =1
in Bgr, we have that

t
’/ uo(;ﬁ(x)dx—/ u(t,x)qﬁ(w)dw’ §Cl/ / |VuP~!
Rd Rd R Js JByr(0)
1 2(p=1)

1
t— P t \7-p P
<C ( f) / wod + ( >
R? Bur RB

where in the middle step we have used Lemma 5.4.4. Taking the limit for R — oo we have the
assertion. [

5.3 Initial data in &),. Global Harnack principle and uniform con-
vergence in relative error

In this section we are going to prove the upper bound of inequality (5.1.2) for initial data in Aj,.
As already observed, the space X), plays a key role in the understanding of the Global Harnack
Principle. Intuitively, function in X decay at oo as fast as the Barenblatt, however our intuition
here is false. Indeed, it is possible to cook up some counterexamples for which such a statement is
false. So it is somehow surprising that for such examples the GHP still holds.

5.3.1 Upper bound and global Harnack principle

As already observed in the Introduction Theorem 5.1.2 is divided in two parts: the upper bound
and the lower bound of inequality (5.1.6). In this section we are going to discuss the upper bound.

Theorem 5.3.1. Let u be the solution of Problem (p-CP) and let 0 < ug € X,,. Then for any ty > 0
there exist constants 7, M such that

u(t,z) < Bt +7,2;M) forall x € R, ¢t > ¢, (5.3.1)
where T = T(to, ||uollx,), M = M(to,T, [uollr1(rey) and are given in (5.3.9) and in (5.3.10) respec-
tively.

Proof of Theorem 5.3.1. We will prove first inequality (5.3.1) under the stronger hypothesis that
there exists Ry > 0 such that

D
92—

up(z) < Alz| 2= for all |x| > Ry . (5.3.2)

At the end of the proof we will show that such a decay condition is satisfied by a solution u(¢, z) of
Problem (p-CP) if the initial data ug € Aj.
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Let us fix a value ty > 0. Without loss of generality, we can assume that f]Rd up(x)de = 1. Tt
is sufficient to prove estimate (5.3.1) for time ¢ = tg, the result for larger times ¢ > tg follows by
comparison principle. We prove there exists a suitable choice of parameters M and 7 such that

u(to, z) < Blto + 7, 2; M), Vo € R% (5.3.3)

The strategy is as follows: in view of the decay of the data (5.3.2), firstly, we determine sufficient
conditions for the solution u(tp,z) to be bounded from above by a singular Barenblatt solution
for |z| > Ro. This is an upper barrier which meets the upper bound given by the smoothing effect
(5.1.11) at some point |x| = Ry. Then we find the Barenblatt solution B(ty + 7, z; M) to be above
the barrier U for all |z| > R;. Inside the ball {|z|] < R;} the comparison (5.3.3) follows by the
monotonicity of B(to + 7, z; M) in |z|.

Upper barrier outside a ball. We consider the singular Barenblatt solution starting at time S as it
was previously introduced in (5.1.13)

p—1
2

U(t,z;8) = by =7 (t + S) 77 |2| 2.

We continue by proving that under certain conditions, we can compare the initial data ug with an
appropriate U(0, x; S).
If Ry =0, that is, estimate (5.3.2) holds in the whole space, then we choose

S > bl A% (5.3.4)

then )
up(x) < Alz|"77 <U(0,z;5), Vo e R, z#0.

It is known that U(¢, x; S) is a supersolution of the equation in the domain {|z| > 0,¢ > 0}. Since
U(t,0;5) = +oo > u(t,0) for all ¢ > 0, we conclude by the maximum principle that

Ut,z;8) > ult,z), YzeRyt>D0.
In case Ry > 0 we will use the singular Barenblatt solution defined in (5.1.14)

_p—1
Bp ] 2-p

Ult, 23 B1, S) = (t+ S)T5 by 7T — By(t + §)o-1

This function has a singularity on the surface |z| = Ry(t) = (B1/b2)®P~V/P(t + S)? where the
denominator vanishes and it is a solution of the equation for |z| > Ry(t). We want to prove that
u(t,z) <U(t,xz; By, S) in the parabolic domain {|z| > Ry (t);t > 0}. The comparison on the lateral
boundary {|x| = Ry (t), t > 0} is clearly satisfied since U(t, z; By, S) = +o0 here. It remain to find
conditions on S and Bj such the comparison at initial time ¢ = 0 hold. Since ug satisfy (5.3.2) for
|z| > Ro and U(0, x; By, .S) is defined for |z| > Ry (0), then it is sufficient to choose the parameters
of the barrier such that

p—1

Ro=Ry(0) and Alz| 77 < §7 [bg mfﬁ]_ﬁ.

p—1

This holds when Ro = (£1) * S and § > 0§~ A>7. Thus we take S and By such that

P 8
S>b1A% P and By =by R} 'S »1. (5.3.5)
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We conclude that
u(t,z) <U(t,x; B1,S), V(t,z) € {|z| > Ry(t), t > 0}.

This estimate holds also when Ry = 0 since in this case Ry (0) = 0 and then B; = 0.

Upper estimates in the whole space. We determine the point Ry where the upper barrier U(¢, z; By, S)
meets the one given by the smoothing effect (5.1.11) at time t = ¢:

Citg™” =U(tg, Ri; By, S).

Simply computations show that the above inequality is satisfied by the following choice of Ry

NB(2—p) 1
to p—1 (t0+S)p—1
2-p

p—1
Cl

Bp
p—1 |

(5.3.6)

D
blep71 = —i—Bl(t()—‘rS)

We observe that in view of the definition for B given in (5.3.5) we have Ry < R;. So far we have
obtained a first upper bound for the solution u(z,t) in the whole space:

CltaNB, for |z| < Ry
u(t,x) <
U(tp,x; By, S), for |z| > Ry.
Finding the Bareblatt solution. We look for condition on 7 and M such that
B(to +7,2; M) > U(to,z; B1,S), for any |z| > R;. (5.3.7)

We observe that the above condition is sufficient to obtain (5.3.3) since, by the monotonicity in |z
of B, one has that for |z| < Rj:

u(t,z) < City™? = U(ty, R1; By, S) < B(Rt+7, Ri; M) < B(t +7,; M).

Straightforward (but lengthy!) computations show that inequality (5.3.7) is equivalent to the fol-
lowing one

=)

p—1

e -1 —1 to+7) 1 Bp=1
b2’$"£1 (to +95) T (to +7) pil] > bl% + Bi(to + S) = , for any |z| > R;.
M)

The left-hand-side of the above inequality is monotone increasing in |z|, therefore it is only necessary
to verify it in |x| = Ry, namely 7 and M need to satisfy

Bp—1
_b_ 1 1 t = 1 Bp—1
bR [(to+8) 7 — (tg+7) 7T > bl(og?)’;p Byt + 5) 7 (5.3.8)
M P

Using the definition of Ry given by (5.3.6) and the one of By given by (5.3.5) we find that condi-
tion (5.3.8) is equivalent to

Bp—1 P P Bp—1
P! 1 to+7)r 1 R\ 71 Bp t! 1
0 (to+7)7T > 61(0277)p + by (Sg> T (to+ 8)P T + O (tg + )71
Clpfl %P Clpﬁ
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Such a condition is satisfied by the choices of

1 1\ia L R _2
T>|K <S + t> trt +2(tg + 9)P1 —to where K :=2b,C, "'RET, (5.3.9)
0
and .-
—(9—_p) BP_ —2=p [ 7\ P
MR > 500 7 < 0;”) T (5.3.10)
0

It only remains to show that initial data in &), will satisfy the decay condition (5.3.2).
Initial data in X,. Let ug € &), we will show that for any ¢ > 0 there exists A(¢) such that
A(t)

u(t,x)§| PL, for all z € R\ {0} .
€Tl+—Pp

Let zg € R and Ry = @, by inequality (5.1.12) we have that

B

1

t \ =7

u(t,xo) < o5 / wo(z)da |+ ro (w) ’
\Bmo(zo)

pp
1
=
< ;—}5 / uo(x) dz + K2 (Rtop> ! ,
B%O(wo)
1 1
< K1 42-p)B HU()HXP ¥ Ky <4p t )2—1) _ A(t)
T JwlEn [wol” w027

where we have used the fact that Bag,(z0) C B (0) and the definition of the space &}, To fully
obtain the result we just need to apply the precedent steps to the function wu(tp,x). The proof is
then complete. []

Proof of Theorem 5.1.2. The proof consists in a simple application of Theorem 5.2.2 and Theo-
rem 5.3.1. [

5.3.2 Uniform convergence in relative error

The main goal of this subsection is to prove Theorem (5.1.4). We will split the proof in two steps:
we will first prove Theorem (5.3.2), which gives us the convergence in relative error for data in A,
We consider this as a result on its own, since, as far as we know, it was not known before. Finally,
we will show that if such a convergence take place, then the initial data ug € A},. The proof of this
second part is postponed to the end of the section.

Theorem 5.3.2. Let u be the solution of Problem (p-CP) and let 0 < ug € A, \ {0} and let
M = |luol| 1 (ray- Then the following limit holds

u(t, x)

B [ 5o ™ e = 0 (5:3.11)
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Proof of Theorem 5.3.2. We will prove that for any € > 0 there exists t. > 0 such that

z)

—_— for all t > ¢, . 3.12
HBta:M) HLO@(Rd)<€’ oraftt=te (5.3.12)

We will need some previous results.

Claim 1. Let u(t, ) be the solution of Problem (p-CP) and let 0 < ug € L'(R?) with M = [uollrt (rey-
Then the following limit holds

lim ) u(t, x) — B(t, 25 M)||p00 ay = 0. (5.3.13)

We have not found any reference to this result. Very similar results for the FDE/PME have been
proven in [106] and in [107], however the exact statement of the above claim seems to be missing in
the literature. In [147] the authors prove the above statement in the case p > 2 using the so called
"4 step method" (see also [107] for a detailed account of this method), we claim that their prooof
may be adapted to the case d+1 < p < 2 with some modifications.

From the above Claim 1 the following Claim 2 is easily proven

Claim 2. Let u(t, ) be the solution of Problem (p-CP) and let 0 < ug € L(R?) with M = [uoller (ra)-
Then for any C' > 0 the following limit holds

t
lim  sup u(t, )

——— —1|=0. 5.3.14
t=00 (31<ce8y | B(E, x5 M) ‘ ( )

Proof of Claim 2. We argue by the following chain of inequalities

p—1
t 2
wp | HE)

1| < ult, @) — B(t, @5 M) oo (gay 77
{lz|<Ct8} B(t,x; M) lu(t, =) ( MLoo (ray

+ byC

)

M(Q*P)%

thanks to Claim 1, the right-hand-side of the above converges to 0. This ends the proof of Claim 2.

The result of Claim 2 is needed to control the convergence in relative error in domains of type
{|z| < Ct°}, while the GHP is needed to control the tails. We take advantage of the simple fact,
already observed in [107, 118], that any Barenblatt solution B(t,z; M) behaves independently of the
mass, for |z| ~ oo, indeed

Fix € > 0 and tg > 0, by applying Theorem 5.1.2 we know that for any ¢ > tg we have that
Bt —r1,0;M) <u(t,z) <B(t+7,2;M),

for some 7,7, M, M > 0. Using (5.3.15) it is possible to prove that in domains of the type {|x| >
C'tPY, for C > 0 large enough, we have that

0-5) (5) <5l = (+9) ()
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We conclude that there exists t. > 0 such that

1—e< u(t,z)

_Wﬁl—i—é‘, forallt >t., and x € {|z| > Ct}. (5.3.16)

To conclude the proof of the Claim we only need to prove an inequality similar to the previous one
but for (¢,x) € {|z| > C't}. By (5.3.14) there exists t/ > 0 such that

t
wp | E2)

2 1| <e, forallt>t!. (5.3.17)
{ja|<2c 5y | B(t, 2 M) c

By combining (5.3.16) with (5.3.17) we obtain the proof of inequality (5.3.12). [

We can now complete the proof of Theorem 5.1.4.
Proof of Theorem 5.1.4. We have already seen that if ug € A&}, then wu(t) converges to the

Barenblatt profile B(t, z; [|uol[1(re)) in relative error, this is the result of Theorem 5.3.2. We only
need to prove the converse. Assume that ug € L'(R?) is such that convergence in relative error
holds, we will prove that ug € X,. By convergence in relative error we have that there exists top > 0
such that

u(t,z) <2B(t,xz; M), forallt>ty.

By inequality (5.4.3) we have than that for any R > 0

1
Rﬂ(Elfp) / uo(z) de < k3 2R5(21*”) / B(to, x; M) +t§_p
B5,(0) Br/2(0)

Since B(t; M) € X, for any t > 0, by taking the supremum in R > 0 in the above inequality, we
conclude that ug € &), . The proof is then complete. []

5.3.3 Decay of the gradient for radial data

It is widely known that the theory of the p-Laplace equation, u; = Ap(u), has it counterparts in the
various diffusive equations, for example the Porous Medium or Fast Diffusion Equation

u = Au™,

if the parameter m > 1 we are in the Porous Medium regime, while for d%f < m < 1 the above is
called the Fast Diffusion Equation. The relation among the two equations is even clearer when we
consider radial solutions, indeed there exists a transformation which maps radial solution of PME
to radial solutions to the P-Lapacian Equation (PLE). In what follows we consider radial solutions
defined on R, d being the topological dimension of the ambient space. We will denote by 7 = |z|
the coordinates in the FDE case and by r = |z| in the PLE case. Assume that u(¢,7) is a radial
solution of the PME/FDE, then it satisfies

— 0 , =
Uy = F1—n % (?n—l |H|m—1 ﬂr) . (5318)

Similarly, a radial solution to the PLE u(t, r) satisfies

(“?r (r" Hu, [P ) (5.3.19)

up ="
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Here we will consider both the parameter n and 7 to be continuous and the functions u(t,r), u(¢,7) :
R? — R. It doesn’t make sense, in general, to consider such parameters as continuous quantities,
however, in the radial case, this allows us to unveil some unexpected features.

In [130] the following radial equivalence has been proven

Theorem 5.3.3 (Theorem 1.2, [130]). Suppose 2 <7 < oco. Then the radially symmetric solutions
w and w of the FDE, resp. PLE, are related through the following transformation:

9 m)? m—1
w(t,r) = DFet a(t,7), D= (M) , (5.3.20)

where the correspondence of the parameters is

p=m+1 n:m_?w, (5.3.21)

2m
and the independent variables are related by r = 7m+1 |

In [130] the authors also analyze the case 0 < 7 < 2, however we have decided to not report their
results here since we are not going to use them.

It may not be clear at a first glance but when the parameter m does not coincide with d, equa-
tion (5.3.18) is a Weighted Fast Diffusion Equation with Caffarelli-Kohn-Nirenberg weights. Indeed,
we can write the right-hand-side of (5.3.18) in a more suggestive way

9
or

—1-7n

™ ) = |2 V. (2|7 @™t va) (5.3.22)

where

y=d—Tn. (5.3.23)
In the following result the aforementioned radial correspondence is key.

Theorem 5.3.4. Let u(t,z) be the solution of Problem (p-CP) with a smooth (C*°(R?)) radial
initial data uo(|x|) and assume that there exists A >0 and Ry > 0 such that

Vuo(r)| < 2, forall v > Ry. (5.324)

r2-p

Then, for any t > 0 there exists a constant C = C(t, A) > 0 such that,
C(t,A)
(14+7r)2->r

|Vu(t,r)| < ., forallz € RY, (5.3.25)

N

Remark. We notice that the decay required in (5.3.24) is the one corresponding to |VB|. We also
want to point out that condition (5.3.24) is not only-sufficient but necessary in the class of radial
data. Indeed it is possible to construct counterexamples if that conditions is dropped.

Proof. We will use the aforementioned radial transformation and the Global Harnack Principle for
solution to the Fast Diffusion Equation with Caffarelli-Kohn-Nirenberg weights proven in [150]. We
will think of both u(t,r) = u(t,|z|) and w(t,7) = w(t, |z|) as real valued functions defined on RY. As
already mentioned above, the equation satisfied by u(t, |z|) is

w(t, ) = 21V, (e[~ Tu) |
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where

-1
y=d-—"mn, ﬁzQL—i—Q and m=p-—1.
p

To apply the known result to u(t,7) it is needed to verify that v < 0 (namely d < n) and that
m > me(y) = Z=2. Indeed, we have that

1 (2—pd—2
d-m—d_9_ 9P 1y 2=pd-2p
p p

0,

since p > d%r—dl . While the condition on m amounts to verify that

D Lo . 9 3d+1 2d 2d
>2— ————— which lent t — —=(p-1 ——— >0,
D pitd—d which is equivalent to p pd+1 +d+1 (p—1) 11
, e . . 2d
again such a condition is satisfied since p > 75 .

Finally, we observe that the solution w may be sign changing, however, this does not represent a
problem in applying GHP, since we always have that

—u— (07?) < ﬂ(oa?) < ﬂ-ﬁ-(()??) )

where w_(0,7) := max{0, |u(0,7)|} is the negative part of @ and w4 (0,7) := max{0,u(0,7)} is the
positive part. Both w_ and wy satisfy the following inequality

SN

H—(va) 7ﬂ+(07F) 5 2

rli-m

for some A > 0. Therefore, the GHP applies to @_(t,7) ( @y (t,7) resp.), T_(t,7) being the solution
to the Cauchy Problem with initial data @_(0,7) (@4(0,7) resp.). By comparison, we deduce that
the solution [u(t,7)| satisfies the following inequality

() < — 20

(1+72)Tm
for some A(t) > 0. We obtain (5.3.25) as a consequence of the radial transformation (5.3.20). The
proof is then complete. []
5.4 Some technical lemmata

Here we will write down some technical lemmata which were used in the previous section and whose
proof we postponed to not interrupt the flow of ideas and theorems.

We first state a technical lemma, which will be widely used in what follows. Let us introduce the
following notation, for any 0 < r < R we define the annulus A(r, R) to be

A(r,R) :={z eR¥:r < |z| < R}. (5.4.1)
The following lemma is a modification of [105, Lemma 1.4.1, pag. 240].
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Lemma 5.4.1. Let 2d < p <2 and u be the solution of Problem (p-CP). There exists a constant
k = k(d,p) such that for any e > 0, for any 0 < s <t and for any 0 < r < R the following inequality
holds

p—1

2 P
// \VuP~ P dedr < k (t — 5) 5 // t—T - (u—l—e)ﬁ(p*l) VP
A(r,R) A(r,R)
1
' 1 21"
X (t—7)r (ute)r :
s JA(rR)

where (x) is any smooth function supported in A(r, R).

(5.4.2)

The next two lemmas are of paramount importance in the above theory. The idea behind their
use and proof is to quantify how fast the mass is transported locally and at infinity. We just recall
that Lemma 5.4.2 is used to prove Theorem 5.1.4 while Lemma 5.4.3 is used in Proposition 5.2.4,
namely, the conservation of mass.

Lemma 5.4.2. Let #dl < p <2 and u be the solution of Problem (p-CP). There exists a constant
k3 = k3(d,p) such that for any R > 0 and for any T >0

_1
sup / u(z, 7)dr < K3 [/ u(z, T)dx + (TI) ’ p] : (5.4.3)
0=7<T J B5R(0) 7(0) R#

Proof. In what follows, we will denote by Bp the ball of radius R centered at the origin B = Bg(0).
For any integer k > 1 define

k
R,=2R-RY 27" and Rj= w

i=1

both Rk ,Ek \‘ R. (5.4.4)

Let us define for any k£ > 0 the function x — £;(z) being a nonnegative smooth function such that

k+2
R

— 2
& =0for |z| < Ry, & =1lfor |[x| > R and |V&]| <c (5.4.5)

We notice that by a limit procedure, we are allowed to use & as test functions in (5.1.3). By testing
the equation with ¢ = & we obtain, for any 0 < s < T that

2k+2 T
/ u(s,z)dz < / u(T,z)dz + c / / B |VuP~! dadr,
B e R Js Ja@ry)

defining for any k£ > 1

My, == sup / u(r,x)de, (5.4.6)
0<r<T ¢

we have that for any £k > 1

k+2
My, < / w(T,z)dz + ¢ / / VP~ dzdr . (5.4.7)
e R Jo Ja®r

167



CHAPTER 5. GLOBAL HARNACK PRINCIPLE FOR THE P-LAPLACE EVOLUTION
EQUATION

We can use inequality (5.4.2) of Lemma 5.4.1 with a test function v such that

¢ =1in A(Rg, Ry), ¢ =0in Af := A°(Rgy1, Re + (R, — Rt1)),

2k+2
and |Vy| < ¢ =< ,
Ry, — Ri11 R

with € such that

to obtain
p—l T
/ / |VulP~!dedr < & < ) // —7) (u—i—e)%(p 2
2= p(Rk — Ry1)
s A(Rp,Ry)
[ 2(p—1) T d
(2—p)
< Cy 2P0+ |14, <gp> ’ /TI+TP sup /ui(”” de
i 5 (T—T) P O<T<tAk
[ T % 2 AL
< Oy2r(k+2) RNT% ()p ’ —i—T% RN sup (/ uda:) ’ ,
Rp 0<r<T \J 4,

(5.4.8)

where we have used the fact that |Agx| < kgR?, where kg is a constant which depends only on the
dimension d. Combining the above inequality with (5.4.8) and using the fact that

/ u(t,z)dz < / ult, z) dz

A B¢
k Rpy1

we conclude that for any k£ > 1

: (5.4.9)

1 1
T \ 2=p T \» 2(p=1)

< 1) + ( 1) k-‘ri)
R# R7

where C5 depends only on d and on p. Fix 6 € (0,1) to be chosen later, by Young inequality we
have that

My, < / u(x, T) dz 4 C32PF
B

o T Y7, 2o Pk (T \T5
032]7 1 Mk ! < 5Mk+1 + C(d7p> 5)2(2717) 1 )
RB RB

where C(d,p, ) = (C} 52(p= 1)) . Combining the above formula, with inequality (5.4.9) we obtain
for any £ > 1

c
R

F s T \7%
My, <6 Mygy1+ C(d,p,6)2@» / u(z,T)dz + <1> . (5.4.10)
RB
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5.4. SOME TECHNICAL LEMMATA

1
D
Call Z = ch u(z, T)dx + <T1> p] , then we have the following iterative process
R Rﬁ
p2
sup / u(t,z)de < My <IMy+ C(d,p,0)2@2 7
0<7<T JBg,,

P2 P2
<62 Mz + ZC(d,p,0) <2<2p> +92n 5)

2

2 (5.4.11)
<6 M, + Z2C(d,p,5) 27 (1+5+522<§z>>

2 k-1 22
< 6% Myy1 + Z C(d,p,6) 207 S (6209)1
1=0

292
Choosing § = 9" = » ! and taking the limit for k — oo we obtain

T\
sup / u(z,7)dr < K3 / u(z, T)dx + <1> ,
0<r<TJB B R?

which is what we wanted to prove. []

c
2R

As a Corollary of the method of the previous proposition one can prove the following one (see also
[105, Lemma I113.1]).

Lemma 5.4.3. Let dz—fl < p <2 and u be the solution of Problem (p-CP). There exists a constant
k4 = k4(d,p) such that for any R > 0 and for any T >0

sup / u(r,z)dr < Ky [/ u(T,z)dr + <Tl> 21 ) (5.4.12)
0<7<T J Bg(0) Bar(0) Rs

The proof of the above lemma follows the line of the proof of Lemma 5.4.2, the only difference is
that we shall implement the entire procedure in balls Bg, instead of domains of type Bf, .

Finally, we provide a proof of Lemma 5.4.4 which is used in the proof of conservation of mass.

Lemma 5.4.4. Let % < p < 2 and u be the solution of Problem (p-CP). There exists a constant
ks = ks(d, p) such that for any R > 0 and for any 0 < s <t <T

2(p—1)

1 1
1 t _ iy 5o P
/ / (VP! dzdr < ks (t f)p / up dx + <tl>2 ’ . (5.4.13)
R Js Br(0) R7 B4r R7

Proof. We begin using inequality (5.4.2) of Lemma 5.4.1 with ¢ a cut-off function such that ¢ =1
1
on Br(0) and ¢ = 0 in B§,(0). We then obtain for any € = ((t — s)/RP)2-»

17 2(p-1)
1 [t t . ‘_ s—1r
/ / [VulP~! < Cl/ / (t—T)Zl’ a4 ) dadr
R Js Br(0) R Js Baor Rp
1 BIpE =
_ — _ - p
< Ca(t — s)» et [SUP / - (t 15) p]
R s<7<tJByn R?
2(p—1)

t—s\» t \75] 7

— P -p

<C3 ( 1S> / up dx + <1> ;
R? Bur R7
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where in the last line we have used inequality (5.4.12) of Lemma 5.4.3. [J
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Chapter 6

From the fast diffusion flow to stability
in Gagliardo-Nirenberg Inequalities

The purpose of this chapter is to establish a new stability result for a special class of subcritical
Gagliardo-Nirenberg inequalities. We develop a new strategy for studying the stability, in which
the flow of the fast diffusion equation is used as a tool. This flow has regularity properties which
allow us to reduce the problem to spectral issues of a properly linearized problem. The main novelty
is that we can quantify all steps, including a global Harnack type result. As a consequence, we
are able to establish explicit estimates for a stability region around the optimal functions in the
Gagliardo-Nirenberg inequalities. Our estimates depend on the behaviour of the tail of the function
in the stability result and of the tail of the initial datum in the case of the fast diffusion equation.

6.1 Introduction and main results

In the study of functional inequalities, the existence of an optimal function and its characterization
is a standard problem of the Calculus of Variations: see for instance [151, 152]. Let us consider the
Gagliardo-Nirenberg-Sobolev inequalities (GNS in what follows)

IVFIS 1£150 > Can [1fll, ¥V f € DRY), (6.1.1)

where D(R?) denotes the set of smooth functions on R? with compact support. The exponent p is

in the range (1,400) if d =1 or 2, and p € (1,d/(d—2)] if d > 3. The exponent 0 = 1%1 #(d—z)

is determined by the scaling invariance. According to [12],
2\~ o1 d

glz)=(1+|z]*) »' VzeR
is an optimal function of (6.1.1), and the set of all optimal functions is the manifold of the functions
Irpy(®) == pg((x —y)/A) parametrized by (A, u,y) € (0,400) x (0, +o00) x R%.

Inequality (6.1.1) can also be written in non-scale invariant form as
d—p(d—2)
p+1

d(p—1)—2(p+1)

1 2p -
115 —2Ken Iflly, “777" >0

3[f]:= (=1 |Vfllz +4 ptl

and equality is again achieved by g. See [131, Section 4.1 for details on how Cgn and Kgn are
related. Along this Chapter we will call § the deficit functional.

In this chapter we study the stability properties of the GNS. The main question we want to address
here is the following:
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Assume that §[f] is small, in what sense, if any, is f close to g? (Q)

The issue of stability of optimal functions in the Calculus of Variations started with the study of
solitary waves obtained by minimization methods as in [132, 133, 134]. In recent years, the problem
of finding stability estimates for the sharp inequalities both in analysis and geometry such as the
isoperimetric inequality, the Brunn—Minkowski inequality, the Sobolev inequality, the logarithmic
Sobolev inequality, etc, were intensively studied.

In the case of Sobolev inequality and GNS some early results have been obtained in bounded
domains in [135, 136], but the result of G. Bianchi and H. Egnell for the critical Sobolev inequality [13]
was immediately recognized as a major breakthrough, with the irritating drawback that the constant
is still unknown. In the critical case p = d/(d — 2) = 2*/2, d > 3, G. Bianchi and H. Egnell proved
in [13] the existence of a positive constant C such that

e IV IR~ 2K 1713 > € inf [V £ — Vgl

(d—2)
where the infimum is taken over the (d + 2)-dimensional manifold of the Aubin-Talenti functions.
However, the existence of C is obtained by contradiction and no quantitative estimate of C has been
obtained so far.

Several other results have been obtained since the result of G. Bianchi and H. Egnell. The stability
of the Sobolev inequalities in the case p # 2 was proven by Cianchi, Fusco, Maggi and Pratelli in [14]
and more recently by Figalli and Neumayer in [15]. For GNS the first stability results (to the best
of our knowledge) is due to Figalli and Carlen in [16] and to Dolbeault and Toscani in [17].

Our goal is to establish a quantitative analogue of the estimate of G. Bianchi and H. Egnell in the
subcritical range p € (1,2*/2). More specifically, we aim at proving that §[f] controls a distance
to the function g under some suitable assumptions. Here we devise an entirely new strategy based
on a nonlinear flow and fine regularity properties which allows us to relate in a quantitative way
a nonlinear regime with an asymptotic regime and a properly linearized problem. We apply our
method to an entire family of subcritical Gagliardo-Nirenberg-Sobolev inequalities. Our approach
breaks in the critical case, that is, in the case of Sobolev’s inequality considered by Bianchi and
Egnell, but at least sheds a new light on a quantitative stability theory in functional interpolation
inequalities.

Before stating our main result, we need to introduce the relative entropy functional, let d > 3 and

pe (Ld/(d_ 2)}7
2 1
el = (12) [ (1o - gt = S gt or - ) ) e, (6.1.2)
1—p) Jgd 2p

it may not appear obvious but £ is a positive functional. Indeed, £ is naturally associated to the fast
diffusion flow and in the next section the relation between ¢ and € will be clarified. It is interesting to
notice that if || f||r2pre) = |8l 20 (ra) then, by the Csiszar-Kullback inequality, the entropy controls
the L% distance between f and g, namely there exists a constant Cp > 0 such that

1
Hf _gHigp(Rd) < Cpg[f]Q )

for further information see |17, 137, 138|.

Let us denote W12(R?) the space of measurable functions on R that have a square-integrable
distributional gradient. We are finally in the position of stating our main result.
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Theorem 6.1.1. Let d > 3 and and p € (Ld/(d — 2)) Let f € WH2(RY) such that HfHL2p(Rd) _
”g||L2p(Rd) and assume that
/ zfPde =0
Rd

and that for some A, B > 0 we also have
d—p(d—4)

supr »-1 / fQde§A<oo and Elf] < B< .
7”>0 |1~‘>7~

Then there exists a constant C > 0 depending only on d,p and A, B such that
51f] = CELf] (6.13)

Remark 6.1.2. At a first glance it may appear unnatural to consider the entropy of the function
f?P. However, it will be clear later, in section 6.1.1 that f?” is nothing else then the density (or
solution) of the Fast Diffusion Flow, so it makes sense to consider this power of the function f.

The reader will also recognize the tail condition in the defition of the space X considered in the
previous chapters and now restated as

d—p(d—4)

supr  p-1 / fPdr < A. (6.1.4)
||>r

r>0
Once again, in what follows, f2? will be the density of the Fast Diffusion Flow, since we will use the

Global Harnack Principle proved in chapter 4 it is natural to ask f2P to belong the space X.

Finally, let us clearly state that (6.1.4) cannot be dropped and it is key in our method.

As a consequence of Theorem 6.1.4 we obtain the following Bianchi-Egnell type inequality.

Corollary 6.1.3. Under the assumptions of Theorem 6.1.4 assume further that
177 2Pl gy = 187 |2 lli ey and  8[f] <1
Then there ezxists a constant Co > 0 which depends only on d,p and on A of Theorem 6.1.4 such that

IVf = Vl?: g
f1=¢ PR (6.1.5)

(1 4+ 19 o)

Both Theorem 6.1.1 and Corollary 6.1.3 answer to the question (), however the results are quite
different. Inequality (6.1.3) of Theorem 6.1.1 affirms that the deficit controls the L?P distance from
f to g, while inequality (6.1.5) proves stability at the level of gradients which, as often mentioned
in the literature, is the strongest possible norm in this context.

6.1.1 The deficit functional as the entropy-entropy production inequality

In order to study the GNS interpolation inequalities let us consider the fast diffusion equation

ou m
% = (6.1.6)
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with an exponent m in the range m; < m < 1, my := (d — 1)/d. We recall that in this range
conservation of mass holds. As we already mentioned along this text, equation (6.1.6) admits a
family of self-similar solutions given by

Blt,z) = R/EL:W 5 ()

where B is the Barenblatt profile
1
B(z) = (1+|z[*)™T VzeR?

with mass M, namely

M = B(z) dz,
R4
and where g > 0 is such that
1—m
2—d(1-m) _ 1
K “om (6.1.7)
and
Rt)=(1+at)/*, a=dm-m.), m.=(d—2)/d. (6.1.8)

The free energy (or relative entropy) and the relative Fisher information are defined respectively by

Flu] := b /]Rd (W™ = B™ —mB" ! (u—B))dx (6.1.9)

m—1
and
Tlu) == 1L u {Vumfl — VBmfl‘g dx .
—m Jpa
We know from [12] that

Flu] < ~ T (6.1.10)

Indeed, again from [12], we know that the GNS inequality, or equivalently the fact that 6[f] > 0, is
indeed equivalent to inequality (6.1.10). Let f € Wh3(R?), p € (1, d%f) and m € (mq, 1) if

— 1 _ 2p
P=5 and u=|f|*?, (6.1.11)
then we have the following identity
p+1
———0|f] = T|u] — 4F[u].
1oyl =T 47

The relation (6.1.11) gives the following relation among B and g
B(z) = g ().

Furthermore, again under the assumption of identities (6.1.11) we have that

where £ is the functional defined in (6.1.2) while F is the one defined in (6.1.9). See [12| and [131]
for a global overview.

With the notation of this section Theorem 6.1.1 can be restated as
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Theorem 6.1.4. Assume thatm € (m1,1) and 0 < ug € LY(RY, dx) with Flug] < oo and Zlug) < oc.
Suppose also that

/uoda:: Bdx and /xiuoda::/ x; Bdx foranyi=1,--- ,d.
R4 R4 R4 R4

and assume that for some A, B > 0 we also have

d(m—mc)

supr 20-m) / updr < A < oo and Flug] < B < 0.
|z|>r

r>0

Then there exists a constant C1 > 0 depending only on d,m and A, B such that
Iuo) — 4F [uo] > C1 Fuo] (6.1.12)

6.1.2 Fast diffusion flow in self-similar variables

By the self-similar change of variables we mean

1l

R(t)

1
S (r,y) where 7= 3 logR(t), y= BT (6.1.13)

u(t,z) = R

where p and R are given respectively by (6.1.7) and (6.1.8), a solution of (6.1.6) with initial datum wug
is transformed into a solution to

% +V (V™) =2V (yv) (6.1.14)
with same initial datum wy. A key feature of (6.1.13) is that the self-similar solution B(t,-) is
changed into the stationary solution B. The description of the so-called intermediate asymptotics,
that is, the large time behaviour of the solution u of (6.1.6) is now reduced to the convergence of
the solution v to B as 7 — +00, according to, e.g., [106, 12]. Let us simply recall that the global
existence of a non-negative solution corresponding to an initial datum ug > 0 has been established
in [99] for any m € (mq,1). Much more is known and we refer to [4] for a global overview.

We know from [12] that the Gagliardo-Nirenberg inequality (in non-scale invariant form) determines
an exponential rate of convergence of the solutions to the fast diffusion equation (6.1.6) when it is
measured in relative entropy (relative with respect to the optimal Barenblatt functions). The optimal
exponential rate is moreover equivalent to the knowledge of the optimal constant in the inequality.
Indeed, if v solves (6.1.14) with initial datum ug, we have

& Flo(r, ) = ~T0] < 4 Fo(r, )], (6.1.15)
which shows that
Flu(t, )] < Flugle™*™ V7 >0.

6.1.3 1Idea of the proof of Theorem 6.1.4

In [128] the authors prove that if v is close to B in uniform relative error then an improved version
of the entropy-entropy production holds. More precisely, assume that v solves (6.1.14) and satisfies,
for a small enough 0 < & < 1 and for some 7. > 0, the following assumption

v(7)

B 1‘ <e for any 7 > 7., (6.1.16)

sup
z€R4
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then there exists a constant C = C(g) > 4 such that
C(e) Flo(r)] < Zlo(r)]  for amy 7 > 7. (6.1.17)

However, for solution to (6.1.14) inequality (6.1.16) holds for large times but not for initial data.
Our main discovery is that it is the quotient

Zvo)
4F o]

where vg is the initial data, that determines how fast the solution v(7) approaches B. Let us fix
some details. Let us consider the class of non-negative functions v such that

d(m—mc)
supr 21-m) / vdr < A< o0 (HA)
r>0 || >r

for some positive parameter A and let us define X as
X ={veLl'R?) :v>0,v satisfies (Hx)}. (6.1.18)

In chapter 4 we have proven that initial data in X produce solutions to (6.1.14) which converge
uniformly in relative error to the Barenblatt profile B (once the mass of the initial data is properly
fixed). For any 0 < & < 1 let us define

t
v;g)—lH <e forany t>T},

T5 (vg) :==inf{T >0: ‘ Lo

and comnsider the set
VN = {vg € X : TS (vg) < N}.

We shall prove that functions v € VEN satisfy an improved entropy-entropy production inequality,
namely that

I[v] — 4F[v] > C(e, N) Flv], (6.1.19)
where
e 8N . Coo(e) AN
C(e,N) = 4m min{1, ( T 1> (e —1)}>0. (6.1.20)

Our proof is a based on a dichotomy argument on the value of the quotient

Z{vo]
4f [’Uo]

for functions vy € V.

Let us explain how this chapter is organized. In section 6.2 we make use of the Global Harnack
Principle to quantify the time T¢ (vp) in terms of the initial mass and the parameter A of (Hya).
In section 6.3 we first prove inequality (6.1.17) under the assumption (6.1.16), this is the result of
Proposition 6.3.1. Later in Proposition 6.3.6 we prove inequality (6.1.19) for all data in VY. Finally,
the proof of Theorem 6.1.4 consists in finding sufficient conditions on the initial data vy (a bound
on the entropy F[vp] and on the parameter A) such that vg € V¥ for a fixed N and e.
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6.1.4 Final comments and notation

In what follows we shall often make use of the self-similar change of variables and, with an abuse
of notation and language, often refer to the Fast Diffusion Flow as either the flow given by the
equation (6.1.6) or by (6.1.14), however, we believe that no confusion will arise.

In section (6.2) we shall make use of a Barenblatt profile with a different masses. Let us define
1
t :I: 1-m
Bt+7,2; M) = (t£7) . (6.1.21)

p-m)2

—m

1
%—b1|x\2

where M is the mass of B(t + 7,x2; M), by, b1 are constants which depend on d,m and £7 is a
translation in time. We recall that, by the semigroup property, the function B(t £ 7,x; M) is a
solution to (6.1.6) whenever ¢t + 7 > 0.

6.2 Global Harnack principle and uniform relative convergence: a
quantitative approach

In Chapter 4 we have shown that any solution u of (6.1.6), whose initial data is in X', converges to
a suitable Barenblatt profile in uniform relative error, namely that

u(t, x)
B(t,z)

lim sup
t—o00 rERE

_1':0'

The validity of the above limit implies that for any 0 < ¢ < 1/2 there exists for ¢, > 0, which
depends on € > 0 and some others parameters, such that

u(t, z)
B(t, x)

sup
zER4

—1’ <e. (6.2.1)

Through all this section we shall assume that

/ ug dr = Bdx.
Re Rd

Our main goal in this section would be to quantify and give an explicit expression to t,. We will
prove the following theorem.

Theorem 6.2.1. Assume that m € (m1,1), 0 < ¢ < 1/2 and A > 0 are given. There exists
a nonnegative constant t, such that, if u is a solution of (6.1.6) with non-negative initial datum

ug € LY(RY) satisfying (Ha), then
u(t, x)
B(t, z)

sup
zeR4

—1‘9: ViE>t,.

The expression of ty is given at the end of the proof.

Once again our main tool will be the Global Harnack Principle (GHP in what follows). We just
recall to the reader that we mean by GHP the following property: fix a tg > then there exists 7,7 > 0
and M, M > 0 such that we have

B(t—r1,m;M) <u(t,z) < Bt +7,z; M), for any =€ R% ¢t > tg, (6.2.2)

177



CHAPTER 6. FROM THE FAST DIFFUSION FLOW TO STABILITY IN
GAGLIARDO-NIRENBERG INEQUALITIES

where B(t — 7,2; M) and B(t + 7, x; M) are defined in (6.1.21). We have proven in chapter 4 that
the above property holds for solution to (6.1.6) whose initial data belong to X'.

Let us give the idea of the proof. The GHP implies a control on the tails, namely the validity of
inequality (6.2.1) in sets of the form |z| > Ct“. However, this would be not enough. Indeed, to
obtain (6.2.1) in sets of the form |z| < Ct* we shall proceed in a different way. As was already
done in Chapter 4, we will use regularity theory to estimate the C” seminorm of the difference
u(t,z) — B(t,x). Then, by means of an interpolation inequality, we shall prove that the entropy
functional F[u] controls the L> norm of the difference u(t, x) — B(t, z) on sets of the form |z| < Ct*
which will be enough to show (6.2.1) in those sets. Most of the computations will be done in
self-similar variables.

Our goal in this chapter is to give quantitative estimates, possibly with explicit expression in terms
of m, d or in terms of some known quantities. So we shall give explicit expression, when possible, of
the main constants which appear in the computations.

6.2.1 Quantitative upper bound of inequality (6.2.2)

Inequality (6.2.2) has already been proven in Chapter 4. However, since in what follows it will be
easier to take track of the involved quantities, here we will state again the results of Chapter 4
with full details and with explicit constants. The upper bound of inequality (6.2.2) is given in the
following proposition.

Proposition 6.2.2. Assume that m € (my,1) and A > 0. There exist nonnegative constants
M, 7T such that, if u(t,x) is a solution of (6.1.6) with non-negative initial datum vy € L'(RY)
satisfying (Ha), and if

a(l—m)

—1
a(14—(1-m)) K/l 2 1— -1 1 —m 1—m
ty = 2 2 — AT — (2 - 6.2.3
0 = max { (@ Q ( 8 m (2kK2) @ f ( )
then
N
S — t+t)t-m
u(t,z) < Bt+t——, ;M) = ( ) — Vt>tp. (6.2.4)
(07 —m 2 1—-m
[M2<1a ) (t+2)° g x|2]
—20—m) di-mgdm-D T 2m a
M [e%
a(l4—(1—m)) M
Remark 6.2.3. The condition tg > 2 2 g—;) A'=™ in Proposition 6.2.2 is not a

necessary one, indeed a more general version of this result holds true and it is proven in [110, Thm

1.5]. However we believe that this weaker result give us a clearer view of the value of the parameters
-1

involved and is more suitable for our purposes. The condition ty > o~ ! <;8—:’nl (2 mg)l_m - a)
is a technical one and its role will be clear in Section 6.2.4. The reader may observe that (6.2.6)

amounts to g2 (2 ko) T —a > 0.

In the expression of ¢y given in (6.2.3) the constants k1 and ko appear. The reader should know
that those constants come from the following lemma.

Lemma 1. Under the Assumptions of Theorem 6.2.1, there are two positive constants k1 and ko
such that, if any solution u of (6.1.6) with a nonnegative initial datum uy € L. _(R?) satisfies the

loc
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pointwise parabolic estimate

1

2/a
t 1—-m
sw ultn) < ok ([ )y +@(Q Vit R) € (0,400, (625)
e Br(z) R

yEBR/2(z)
where
6 d+2 1471'46% ﬁl(ﬁ?)jlogj
w = 2818 ()% T ,
2 o -1
- o .
K1 3\ % 21-m 3-2 1=m ﬁfm+m°
Ky = ———— 4wy + 32 ( = d wa ’
T ot | <2> 2—m( Tiom ’

where wy = I%Zer//;)and the constants S can be estimated in terms of the I' function.
The above lemma is actually one of our main results of the first part of this thesis. Indeed, for the

interested reader we refer to Chapter 1 for the proof. There we keep track of the constants and give
explicit expressions.

Remark 6.2.4. Even if k1, ko are explicit, understanding their value is not straightforward. Never-
theless we take advantage of the fact that they are used in an upper bound therefore we may assume
that, for example, they are both bigger than a certain numerical value. A technical assumption will

be that g
2
KL s o = gmeL (6.2.6)
1—m

6.2.2 Quantitative lower bound of inequality (6.2.2)

Here we give the details of the lower part of inequality (6.2.2). In [110, Theorem 1.1] the authors
prove a lower estimate for solution to (6.1.6) which, in our setting, can be restated as follows. In
part I of this thesis we have proven a very similar result, however, it is easier to keep track of the
main constants if we use [110, Theorem 1.1].

Lemma 2. Assume that m € (my,1). Then there exist non-negative constants K, ks, such that, if
u(t,x) is a solution to (6.1.6) with non-negative initial datum uy € L*(R?),and let R, > 0 be such
that f\x|<R* ugdx = M /2, then

t 1-m
B}i%r*lfo)u(t,x) > K <R,2<> Vte[0,t], where t;=r, MRS, (6.2.7)
where
oM+ iy ((d=1)(1=m-+4)) o o
Ky = [max{l,mwd”d [max{1,4d2dwde

(1 — m)T=ma

_ d
2 2‘17574 (2dfi1 - 1) -1 _1-2
/ﬁ:(d(l—m))i_l T oad 1 od [max{l,mwd}] [max{1,4d2dwdH “

/2 . .
where wg = % and K1 1s as in Lemma 1.
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Remark 6.2.5. Under the assumption (H,4) we are able to provide an upper bound on the time ¢;
defined in (6.2.7). Since, by defintion of R, we have that

/ uod:z::/ updr = M/2,
|I|SR* |:L‘|2R*

we can argue as follows

1 1 o 1 1 ey 1 1
(7 = kT MRIT =2t kI RIS [ wpde<ammelTA (629)
|z|> Ry

where in the last inequality we have used (Hy).

We do not give a proof of Lemma 2 since it can be found in [110, Theorem 1.1] or in Chapter 3.
However, we want to stress that the value of the constants k, k., can be computed, through lengthy
but simple computations, following the proof in [110]. Finally, we remark that similar results are
also contained in [24] and [139]. We finally give the details of the lower bound of (6.2.2).

Proposition 6.2.6. Assume that m € (mq,1). There exist nonnegative constants b such that, if
u(t,x) is a solution of (6.1.6) with non-negative initial datum ug € L'(R?) and let R, > 0 bu such
that satisfying f|m\<R* ugdx = M /2, then

1

tl 1 (t _ %) 1-m
u(t,x) > Bt — = — —, ;b M) = — Vt>t1, (6.2.9)
2 o 2(1—m) t—t—l)% , T
a 2 + l—mﬂ
(bM) 2(1;m) ’ud(l—m)ad(m—l) 2m o
where t1 s as in (6.2.7) and b is
da
a(l—m)—2 a(l1—m) 1

1 2 a a—2 o
b S M K/ifm (O{) min {5525 K (de) 2(1—m) afd?a 2(1—m) , (de) 2_1—m} . (6210)
1%

6.2.3 Relative uniform estimates on the tail

From now on we shall use the self-similar variables. Assume that m € (m,1), as a consequence of
Proposition 6.2.2 and Proposition 6.2.6 we obtain that if u(¢,z) is a solution of (6.1.6) with non-
negative initial datum ug € L'(R?) satisfying (H4) and let R, > 0 be such that f|x|<R* updr = M/2,
then

for any ¢ > max{tg, 1},

where tg is as in Proposition 6.2.2 and t¢; is as in Proposition 6.2.6, we have that

t 1 _ 1 —
B(t — 51 — =, b M) < u(t,z) < B(t+1— =,z M). (6.2.11)
a a
In self-similar variable inequality (6.2.11) reads as
2(r)"B(yx(7);b M) < v(r,y) < 2(7)"B (y 2(7); M) (6.2.12)
for any 7 > (1/2) log R(max{to,t1}), where
1
Vo 2T 27
(1) = ¢ and  z(7) = c . (6.2.13)

1
et

Q=

(2?7 —2 — aty) (2o — 1+ at)
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Theorem 6.2.7. Assume that m € (my,1) and 0 < ¢ < 1/2. There exist non-negative constants
R., 7. such that, if v is a solution of (6.1.14) with a non-negative initial datum ug satisfying (Ha),
then for any T > T,

(1—¢) By;b M) <wv(r,y) < (1+¢) B(y; M) (6.2.14)

and for any T > 7. and any |y| > R.

1—¢e<

<l+e. (6.2.15)

The constants R.,T. have an explicit expression given at the end of the proof.

Proof Let us first prove inequality (6.2.14). Our starting point is inequality (6.2.11). A simple
computation shows that the term B (y z(7); M) can be estimated as follows

(2(r) v )T B(y; M) < B(y2(7); M) < (2(r) A1)Tm B (y; M) .
Combining the above inequality with (6.2.12) we can deduce that
(o(r) A D (@(r) V)T Bly:b M) < v(ryy) < (2(r) VD) (2(r) AT B (3T
to prove (6.2.14) it only remains to estimate z(7) and z(7). From (6.2.13) we deduce that z(7) > 1

for any 7 > (1/2)log R(max{to,t1}), however, to deduce that z(7) < 1 the additional hypothesis
at > 1 is needed: this happens to hold in our case since in Proposition 6.2.2 we assume that

to>a~t (égfg (2k9)t ™ — a) which is an equivalent statement, see Remark 6.2.3. Since z(7) is

increasing and z(7) is decreasing, assuming that 7 > 7., where

_ 1
Te = — logmax

2«

24 aty at—1
{ a(l-m) ~’ a(l-m)
21- (59| )" -]

is enough to prove that l‘(T)% < (1-1(¢/3)) and that 2(7)% > (1—(¢/3)), concluding therefore
that inequality (6.2.14) holds. As a consequence, to deduce (6.2.15) we only need to find R. such
that for any |y| > R. we have that

1+ a max (t1, o) } (6.2.16)

€ B(y;b M) €
3= T8y M By S TE

A simple though lengthy computation shows that

2(1—m)

=T (H)
(55 1]

where M is given at the end of the proof of Proposition 6.2.2 and b in (6.2.10). The proof is then
concluded. [

R = max{ } (6.2.17)

181



CHAPTER 6. FROM THE FAST DIFFUSION FLOW TO STABILITY IN
GAGLIARDO-NIRENBERG INEQUALITIES

Remark 6.2.8. Both inequalities (6.2.11) and (6.2.14) represent a remarkable fact: after some time
a solution to (6.1.6) (respectively a solution to (6.1.14)) which satisfy (H,4) is trapped between two
Barenblatt profiles. This gives us an insight on the intermediate asymptotic of solutions to (6.1.6)
(respectively (6.1.14)). First it reveals that (Hga) is sufficient to control the tail of the solution.
Indeed, (H4) is also a necessary condition for (6.2.11) to hold, as proved in chapter 4. Second it sug-
gests that a result such as Theorem 6.2.1 is possible. However, inequality (6.2.11) (inequality (6.2.14)
respectively) is not enough to deduce the precise quantitative behaviour in relative uniform norm as
in Theorem 6.2.1. The main obstruction is the same in both original and self-similar variables, how-
ever it is easier to understand in self-similar variables. The Barenblatt profiles B(y;b M), B (y,ﬂ)
which control the pointwise behaviour of the solution v(7,y) have different masses with respect to
M, ie. the mass of the solution v(7,y). This allows to give a precise control of the tail of v(7,y)
since B(y;b M) ~ B (y; M) as |y| — oo, but it is not enough to control the quotient v(7,y)/B(y)
close to the origin. Indeed the supremum of B (y; M) /B(y) and the infimum of B(y;bM)/B(y) are
both achieved at the origin and are not equal to 1, which makes impossible to deduce Theorem 6.2.1
from inequality (6.2.14). Therefore more work is needed.

6.2.4 Holder continuity and relative uniform estimates in a ball

We prove a precise quantitative control of v(7,y)/B(y) on a ball centered in the origin. This result
is complementary to inequality (6.2.15) of Theorem 6.2.7 and is the missing part in the proof of
Theorem 6.2.1, see Remark 6.2.8.

Theorem 6.2.9. Assume that m € (my,1) and let r > 0. There exist positive constants C, v such
that, if v is a solution of (6.1.14) with a non-negative initial datum ug satisfying (Hya), then

1 1—9

— 1' <C (14T [Flule ™2 Vr>71, (6.2.18)

1
1

sup
z€B(0)

where C, 9 are given at the end of the proof and ?i is as in Theorem 6.2.7.

The proof of the above Theorem is based on a explicit estimate of the C*(R%) norm of the solution
v(T,7y), where the C¥(R%)-seminorm is defined as follows:

lv] v (Rd) = leé%d W . (6.2.19)
T#Y

To obtain such estimates we shall use parabolic regularity theory, but we have to be careful to
choose a strategy which is both quantitative at any step (no compactness nor contradiction argu-
ments) and which can be adapted to our nonlinear-singular case. The main idea is to treat the
nonlinear equation (6.1.6) as a linear one with measurable coefficients, which need to be uniformly
parabolic, see Appendix 6.6. Unfortunately, the coefficients depend on the nonlinearity and are a
priori singular/degenerate. To overcome this difficulty and obtain uniform C” estimates, the quan-
titative upper and lower bounds obtained in the previous sections will play an essential role, more
specifically inequality (6.2.14). Adapting the strategy of the pioneering paper |74] to our setting, as
in [139], we are able to quantify all the constants and obtain a quantitative uniform C” continuity
on the whole R%. Therefore, we obtain a quantitative version of the analogous estimates appearing
in [128, 19].
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Lemma 3. Under the same assumption of Theorem 6.2.9 there exists a monnegative number v €
(0,1) such that

A7) = Blov(ue) < 2 2V2i 1 Z (1(15%?1(?)> (/\A{J

The constant v depends only on d, m and is given at the end of the proof, ?i 1s as in Theorem 6.2.7

Qv

nY
(—) forany T >7T1.
@

(6.2.20)

and M is as in Proposition 6.2.2.

Proof We split the proof in several steps.
Step 1. In this step we want to prove the following estimates

5 /16 R(3)\"
Lo(m, Mevmio) < ( R(l() )> Bll=izon

5 (16 R(3)\"
(7, M ew (Buop\ By a0) = 4< R(1) > Bl Beionz, a0

(6.2.21)

for any 7 > 71 and for some positive v. We proceed as follows. Regularity estimates as inequal-

ity (6.6.1) in A4ppend1x 6.6 are technically easier to obtain if the equation is in the form (6.1.6), so
we shall use the change of variable 6.1.14 to obtain the desired result. We shall exploit the idea that
a solution to (6.1.6) satisfies a linear parabolic equation whose coefficient is m u™ 1, therefore is key
to obtain estimates from above and below for such quantity. Let us define the parabolic cylinders

@ = [josr @] x BOL Q@ = [oglere)| x5O,

and

Ay = B logR*(l),;logR*(Z)] xB1(0)\B12(0),  Ay:= [OélogR*(S)] x Bg(0)\ B1/4(0) ,

it is clear that Q1 C Q2 and A; C A,. Without loss of generality we can use the semigroup property
and work with the function o(7,y) = v(7 +71,y). As a consequence of (6.2.14) (with e = 1/4) we
4

obtain the following inequality for ¥ which holds on both Q2 and As

m <4>1_m min { ! <M>2a(l_m) b <mim () (6.2.22)

5 16°\ 1
AT ad=m) 64(1 — m)
<2m| = max{ T } .
3 pd(i=m) p2557 T 2am

Let us first procced with the couple of cylinders @1, @2, the procedure will be analogous for A; and
As. We perform the change of variables (6.1.13) and pass from ¢ which satisfies equation (6.1.14)
on (Y2 to 4 which satisfies equation (6.1.6) on Q2 where Qs is the image of Q2 in the change of
variables. We observe then that inequality (6.2.22) scales accordingly to the change of variables.
We are now in the position to apply inequality (6.6.3) of Proposition 6.6.1 to u(¢,z) assuming that
a(t,z) = ma(t,z)™ 1. The values for \g and \; are

m 4 1-m 1 M 2a(1—m)
=" (2 in{— (2 d
0= di—m) (5) mm{m’ (M) } an

d(1—m) 1-m d(1—m) _
Al = 2—mR(d§2_ ) (4> max{ < A=) 641 ~m)
pd=m pd(1-m) 2027 20m

. } . (6.2.23)
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and d, (Ql, QQ) = TR(1)/u, we conclude then that for any (¢, ), (s,2) € @1

~ ~ 8/}, Y - v
i)~ (s, < (7057 ) Wilimiay (=2 +1e=sP2) 0 (622
the value of v is given by
I{/\81+)\1
= logg )\‘£1+7>\ (6.2.25)
k0 T —1

0

where k¢ > 2 and depends only on the dimension d. We claim that inequality (6.2.24) im-
plies (6.2.21). Indeed, we obtain (6.2.24) by considering 6.2.24 for points that have the same
time coordinate and then rescale back to the function v(7,y). The proof of the first inequality
in (6.2.24) is then complete. To obtain the second one we apply the same procedure to the cou-
ple of parabolic cylinders Ay, Ao. The only difference is the value of the parabolic distance among

dy, </~11, Ag) = R(1)/(2u). The proof of this step is concluded.
Step 2. In this step we shall extend inequality 6.2.21 to sets of the form B\ (0) \ By /2(0) for every

A > 1. We consider the auxiliary function
2
’U)\(Tv y) = Al-m ’U(7_7 )‘y) ’

which is a solution to (6.1.14). As a consequence of (6.2.14), v)(7,y) satisfies inequality (6.2.22) on
the parabolic cylinder Qs. Therefore we may apply the procedure already explained in Step I and
get inequality (6.2.21) as a result. Once we scale back to v(7,y) we obtain the following

16 R(3) —v
Lo ) v (By 008y 2(0)) < 4( R(1) ) 1Bl eromesu0 A

Step 3. In this last step we join the inequalities obtained in Step 1 and Step 2 to get the desired

result. As final remark we observe that since B satisfies inequality (6.2.14) all the estimates developed
in Step I and Step 2 applies to B. We consider the following chain of inequalities, which hold for

any 7 > T1
4

| A

{’U(T, ) JCV (]Rd) U(Ta )JCV (Rd) {BJ ov (Rd)

2 z% T M ov (B 00\B, ) + V(T ) ov B0
]:

5 (16 R(3 L, 5 (16 R(3)\"
4< R(1) > Z”BHMBW B, 027 +4< =) ) 1Bl < (55(0))
— 2
2" 5 (16R(3)\ (M [p\d
< - i Ll
<2511 () () (5)

where in the very last line we have used the fact that || B(y; M)|| 00 ra) = (%) (ﬂ)d. O

IN

Finally we are in the position to prove Theorem 6.2.9.
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Proof of Theorem 6.2.9 The following computation holds for any » > 0 and for any 7 > 0

—4guwﬂo—muﬂw>u+mﬂlm

sup
y€Br(0)

1
< Cany (14 7%) 7 [[0(r, ) = Bl gy [0(7,) = Bl 2k

where we have used the explicit expression of B and the interpolation inequality (6.4.1) with p = 2,
v being as in (6.2.25) and

d
U= .
d+2v
We now estimate the L2 norm of the difference v(7,y) — B, since B™~2 > 1 we have that
Io(r.) ~ Bllsn = [ o)~ BPay < [ 200 ol gmay
’ PED ™ Jpa = Jre| B(y)

Form>7 1 inequality 6.2.14 holds with ¢ = 1/4, therefore we are in the position of using inequal-
ity (6.5.1) of Lemma 7 with

5 B(y; M) 5 M
UFe) =5 20 By -7 ()

This yields to inequality (6.2.18) with constant

2
- v § 16 R(3) %
C = Cd,?,l/2 14 ( R(l) > <M>

1—9

)d (i bQ—m> o (6.2.26)

)
—
Q=

The proof is concluded. []

6.2.5 Proof of Theorem 6.2.1

Proof of Theorem 6.2.1 The main idea is to combine inequality (6.2.15), which provides a control
of the tail of v, with inequality (6.2.18) which gives us an explicit control of the asymptotic of v(7,y)
on a small ball centered in the origin. Let 0 < & < 1/2. For any 7 > 7. we have that

v(T,y)
B(y)

where 7. and R, are given in (6.2.16) and (6.2.17) respectively. It remains to prove the previous
estimate in |y| < R.. Let 7 be the smallest time such that

- 1’ <e for anyly| > R.,

1 .
C (1 —|—R§> e []-'[uo] 6_4T:| * <, (6.2.27)
where C' is given in (6.2.26). Then using inequality (6.2.18) we have that, for any 7 > max {?i’%}

v(T,y)
B(y)
Therefore both estimates hold when

—1'<5 for any |y| < R..

T 2 max {f',?g} .
Rescaling back to the original variables we can find the value of ¢,(A). The proof is concluded. [
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6.3 Entropy estimates in self-similar variables and consequences

6.3.1 Improved entropy-entropy production inequality along the flow

In this section, we adapt the method of [128] to the solution of (6.1.14) to obtain an improved
entropy-entropy production inequality for solutions which satisfy the following

v(T,y)
T

We will make extensive use of the function

<l+e Vr>m7, yeR? (6.3.1)

w(T,y) = . 6.3.2
In the variable w the free energy is given by

Flu(r) =

m—1 Rd

m_1
m [“’ —(w—n] Brdy,
m

while the entropy production (or fisher information)

m _ m—11 |2

Finally, let us define the linearized Fisher Information I[g], where g := (w — 1)B™~!,
2
I[g] —/ !Vg?de—/ )V [(w—1)B™!] ( Bdy (6.3.3)
R4 R4

The next Lemma compares the linearized Fisher information with the nonlinear one.

Lemma 4. Assume that m € (m1,1), 0 < e < 1 and assume that (6.3.1) holds. Then we have that

I[g] < u?%ﬂl[w] + 2d s2(¢) /Rd lw — 1|2 B™dy, (6.3.4)
with 2(2-m) 22—m)
1 -m 1+e)" ™
s1(e) = (—i(_lg)_g) and  s9(e) = (El_'_—giw_m) - 1> .

Proof Let us first give an idea of the proof. We need to compare the linearized Fisher information
with the nonlinear one. In order to do so, we introduce a third quantity, namely

ful = [

which behaves very much like the nonlinear Fisher information. So we will first compare the I[g]
with J[w] and then conclude by observing that (6.3.1) implies J[w] < (1 —&)~* ((1 —m)/m) Z[w].
Recall that g = (w — 1)B™~!, a simple computation then shows that

v [(wt = 1) B )2de

4
M) = [ VuPBay 2 [ P e 1By -2 [ w - 1PB"dy.
Rd 1 —m Rd R(i
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While J[w] can be written as

)= [

\V4 (wm—l _ 1) ‘282m—1dy+

; (6.3.5)
/ ly|* |w™ ™t = 1)? Bdy — 2d/ jw™ ™ — 112B™dy .
1—-m Rd Rd
We notice that, since w € (1 —¢,1 + ¢) we have that
|wm—1 _ |2 5 |wm—1 _ 1|2
—— <lw-1"<a; ——— 6.3.6
Qo (1 — m)2 = |’LU ‘ = (1 (1 — m)g ) ( )
where
ap = (1 —¢)2@=m and a; = (1+¢)2@™)
As well we have that |V (w1 —1) |2 = (1 — m)?w?™=2 |Vw|? and as a consequence
2
/ |Vw\2[>’2m_1dy _ (1-—m) / w2(m=2) ,2(2=m) |Vw|2 B2m1gy
R (1=m)? Jga (6.3.7)
< L / v (wm—l _ 1) ’282m—1dy
~ (1=m)? Jpa '
As a consequence of (6.3.6) we also have the following
[Pl =1pBay < s [P nt - 1By,
Rd ~ (1=m)? Jpa
Collecting the above computations together we obtain
I[g] S (lail)Q / ’V (wm—l o 1) ‘2 BQm—l dy
(6.3.8)
4oy m—1 2 2pzm
_|_(7 ly|? |w — 1|*Bdy — 2d |w 1°B™dy .
As a consequence of (6.3.5) we obtain the following expression
aq ~ 1 2 1
I[g] < A—mp [J[w} - / ly? [w™t — 1] de+2d/ lw™ ™ — 1)2B™dy
4oy 21 m—1 _ 12 2 1om
+ [y~ Jw —1[*Bdy —2d | |w—1]"B™dy.
(L =m)® Jpa Rd
Simplifying and collecting terms in the above inequality we get
o] < — 3w + 2d/ ™1 — 128 dy — 2d/ o — 112B™dy .
(1—m)? R4 Rd
As a consequence of the fact that w € (1 —e,1 + &) we obtain
a1
Ilg] < T 2d [ — -1 —11°B™d 6.3.9
9% g T+ 2 (2 =1) [ o= 1pBmay. (6.39)

The proof is then complete. []

As a consequence of Lemma 4 we are able to prove an improved entropy-entropy production in-
equality which holds along the flow (6.1.14) for large times, namely when (6.3.1) holds.
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Proposition 6.3.1. Assume thatm € (my,1) ande € (0,1). Ifv is a solution of (6.1.14) with initial
datum vy such that [pq (1, x)ugde = [pa (1,2) Bdz, Flug] < oo and Z[vg) < oo satisfying (6.3.1),
then we have the estimate

Zlv(1)] > Coo(e) Flu(T)] VT > 740 (6.3.10)

with

Coo(e) = 4 F <1;§)29_m)—d(1—n0].

Remark 6.3.2. As it is clear from the expression of Coo() we have that for e — 0 that
Coo(e) > 4da=4(2—-d(1 —m)) >4 when m € (my,1).
Since Coo(€) is decreasing for € € (0,1) there exists a unique €, 4 € (0,1) such that
Coo(Em,a) = 4.

Proof. The proof is a consequence of the following Hardy-Poincaré inequality proven in [129, Lemma
1], see also [153, Proposition 1]. ]

Lemma 5. Let d > 3 and m € (my,1). Assume that f € LY(RY, B> ™dx) and Vf € L2(RY, Bdz).
Then the following inequality holds

2—d(1—
2<d(7m)‘/ WPB%mdxfi/|VgFde (6.3.11)
1-m Rd Rd

under the conditions
/ gB*™Mdr =0 and / rgB>™Mdr =0.
R4 R4
We notice that in the case of g = (w — 1) B! we have that
/ |Vg|? Bdz = I|g] and / \g\zBdex:/ lw— 1> B™ dz .
R4 R4 R4

The conditions fRngQ_m dx = 0 and fRdngQ_m dr = 0 are satisfied since the former is the
conservation of mass for v(7) while the latter is the conservation of the center on mass once it is in
0 € R

Combining inequality (6.3.11) with inequality (6.3.4) of Lemma 4 we obtain

QM — 2d52(6)] /Rd lw — 1) B™ dx < 151(5)I[w].

1—-m (I —m)m

Then to get inequality (6.3.10) one needs to combine the above inequality with (6.5.1) of Lemma 7.
The proof is concluded. [
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6.3.2 Improved entropy-entropy production inequality in suitable neighbour-
hoods of the Barenblatt

In section 6.2 we have proven that X is the basin of attraction of B in relative error, where
Xp = {vo € L'(RY) 100 > 0, [|vollpr ra,gey = M, vo  satisfies (Ha)} . (6.3.12)

Let vo € LY (R?) and assume that it satisfies (Hy4), then for any € > 0 we can define

. v(t
T2 (vo) := inf{T > 0 : H;) - 1HLOO(Rd) <e foramny ¢>T}. (6.3.13)

Remark 6.3.3. The assumption (H4) implies that 7% (vg) < 0o.
We will now define a covering of the space X4, for any € > 0 and for any N > 0 let us define
VN = {vg € Ay : T5(vg) < N} (6.3.14)

Remark 6.3.4. It is not difficult to show that {V'}. y is a covering of X4, indeed
= U
£>0 N>0

Remark 6.3.5. Notice that the set VY is stable under the flow given by (6.1.14). In other words:
assume that vg € VEN for some N,e > 0, then, by the semigroup property, we have that

v(t) e VN, forany t>0.
Even more, it happens that for any ¢ > we have T¢ (v(t)) = max{7T¢ (vo) — t; ,0}.

In the sets VEN an improved entropy-entropy production inequality holds, indeed we have the
following proposition.

Proposition 6.3.6. Assume that m € (m1,1), 0 < e < gy, q and N > 0. There exists a constant
C(e, N) such that for all v € VN with [pq (1,2)vde = [pa (1,2) Bdz, Flv] < 0o and I[v] < oo the
following inequality holds

Z[v] — 4F[v] > C(e, N) Flv], (6.3.15)
where . ©
e . COO 93 AN
C(e,N) = S min{1, <4 - 1> (e*V —1)}. (6.3.16)
Proof. Let us consider the Rayleigh quotient Z[v]/(4F[v]). We have the following dichotomy: either
Z[v] e 8N
A >4 —
(*) 4 Flv] — +1—e_8N’
or
Z[v] e 8N

B T < T T

Since in (A) there is nothing to prove let us consider (B) and let us further assume that

(COZ(S)—1> (e*M-1)<1.
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This further restriction will be overcome at the end of the proof. Let us define v(7) as the solution
to (6.1.14) with initial data v(0) = v. We divide the proof in two steps: in step 1 we show how
to estimate the entropy F[v(NN)] by below, as a consequence of this estimate we show in step 2
that (6.3.15) holds.

Step 1. We want to prove that

4N_1

Flo(N)] > eV £

1T o= (0] (6.3.17)

Integrating the first equality in (6.1.15) and using that Z[v(7)] < Z[v(0)]e™*" (obtained as a conse-
quence of “LT[v(7)] < —4Z[v(7)]) we obtain

74N_1
4

To obtain (6.3.17) we only need to combine the above inequality with inequality (B). This step is
concluded.

Flo(N)] = Fo(0)] > Z[v(0)] <

Step 2.
Since v(0) € VN by inequality (6.3.10) we have that at time 7 = N

Z[v(N)] = 4F[o(N)] = C(e) Flv(N)] -
Therefore inequality (6.3.15) is obtained as a consequence of the following chain of inequalities

Z[v(0)] = 4F[w(0)] = Zv(N)] — 4F[v(N)]
> (C(e) —4) Flu(N)]
AN 1

> (C(e) —4) eV &

1 _ o8N Flv(0)],

where we have used the fact that the quantity Z[v(7)] — 4F[v(7)] is monotone non increasing under
the flow. This concludes the step 2.
It only remains to overcome the restriction (0’07(8) — 1) (€4N — 1) < 1 assumed at the beginning.

4
Here we argue by contradiction: assume that (B) holds with (QOT(E) — 1) (64N — 1) > 1. By repeat-

ing the procedure described in step 1 and 2 we deduce that

Z{v(0)] Coo(e) AN e e
>l (=1 (e —1) TR I -

AF(0)] —
which contradicts (B). The proof is concluded. []

6.3.3 Proofs of Theorem 6.1.1 and Theorem 6.1.4

As we already explained in Section 6.1.1, Theorem 6.1.1 and Theorem 6.1.4 are two different state-
ments of the same result, therefore it is enough to prove only Theorem 6.1.4.

Proof of Theorem 6.1.4. In view of the result of Proposition 6.3.6 we only need to show that
ug € VY for some ¢ > 0 and N > 0. As a consequence of Theorem 6.2.1 we know that for any £ > 0
the time 7% (up) < oo and as a consequence of Remark 6.3.5 it happens that

uy € VN, for any N > T5 (up) -
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Our strategy will be to fix € > 0 to a number which will allow us to use the result of Proposition 6.3.6
and to find N > 0 such that 7% (ug) < N. Let us fix € > 0 such that

_ . { 1 emgd }

€ :=minq -, ,
8 8

where €, 4 is as in Remark 6.3.2. It clear from the proof of Theorem 6.2.1 that under our assumptions

we have

T; (up) < max {%,?E}, forany 0 <e <1/2,

where 7T.is given in (6.2.16) and 7 is the smallest time such that

1 1—9

C (1 +§§)m []-"[uo] 6_417 <e,

where C' and R. are given in (6.2.17) and in (6.2.26) respectively. In what follows we want to
estimate 77 (ug) with e = 2.

Let us estimate 7. with ¢ = ¢, from (6.2.16) we learn that (roughly speaking) 7. is the maximum
of the parameters ¢, t; and ¢, given respectively in (6.2.3), (6.2.7) while £ = ¢, gto. The time #;
depends only on d, m while ty also on A; it is anyway clear that under the running assumptions we
can deduce the following bound

Te < TA

where 74 = 74(m,d,g, A) > 0 is a uniform constant which depends only on m, d and the parameters
g and A.

Let us now estimate 7 with € = g, from their expression it is clear that both ¥ and C' depend only
on m and d, while R. depends also on ¢ > 0. We recall that, under the running assumption, we
have that Flug] < B so if we define 7 as the smallest time such that

1 1—9

C(1+R)"" [Bei™] <,

we will have that
7A' < B

and 7p depends only on m,d,Z and B. We therefore conclude that
T¢ (ug) < max {f',?g} < max {TA 77'3} = N,
which proves that ug € Vgﬁ as desired. The proof is concluded. []

6.3.4 Proof of Corollary 6.1.3

As we already explained in Section 6.1.1, we can restate the statement of Corollary 6.1.3 in a language
easier to deal with when we use the fast diffusion flow. Indeed, Corollary 6.1.3 is equivalent to the
following Claim.

Claim. Under the hypothesis of Theorem 6.1.4 and assuming furthermore that

/ uo]x\de:/ |z|? Bdz, and Ofug] <1,
R4 R4
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there exists a constant Co > 0 such that

8
_1
(170 = VB Hluae
> 4
Step 1. In this step we prove that, under the assumption of Theorem 6.1.4 the following inequality
holds

duo] = Z[ug| — 4Fug] > Ca (6.3.18)

1

(1 + HVugl_5

Proof of the claim We split the proof in different steps.

8[uo] = Zluo) — 4F[ug] > +—

[uo] = Zfuo] wol 2 5=
Inequality (6.3.19) can be deduced from inequality (6.1.12). Indeed, multiplying inequality (6.1.12)
by 4/(4 4 C1) we are left with

Tluo] . (6.3.19)

4
44+ C
from which inequality (6.3.19) can be deduced with no difficulties.

I[UO] —4F > 0,

Step 2. In this step we want to prove that there exist a (computable) constant C > 0 such that

Afm - 1) |wug* — vBm-
2m—1)2 117"

2 1 , .

Once inequality (6.3.20) is proven it is not difficult to deduce (6.3.18) using inequality (6.3.19) in

the above formula.
Proof of Step 2. Recall that

B=(1+ |JU\2)ﬁ

and consider the following identities

_1 2 _ 1,2 2 1
(Vug 2 = vBm | = |Vug 3| [VBm | - 2w 2 vBn,
) , , (6.3.21)
-1 m—1 m—1 m—1 m—1 m—1
ug ‘Vugn — VB ‘ = uo‘Vuo ‘ + UU‘VB ‘ —2uoVuy' " - VB )
Taking into account the following computations
1 m—1) 1
Vugn 2= Em_i;ug Vaug and Vug™t = (m — 1) ul *Vug, (6.3.22)
the following holds
4 (m—1)2 _1 2
L)QHWS” : B3 — Tfu) =
(2m — 1) L2(R?) (6.3.23)

1

1
:/ (B — ug)|VB™ Y ?dx + 2/ ug <u5 _ Bé) Vur VB dz
Rd Rd

Since VB™! = 2z and since we have chosen [pq uolz|*dz = [y, Blz|*dz we have that (6.3.23)
becomes
2
dlm 1) Hvug”‘% — VB3
(2m—1)

? 3 3 1 m—1
L2(R4) —I[UO] = 4/Rd “3 <u§ - BQ) VUO -z dx. (6324)
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Using again (6.3.22) we find that

4 (m—12_ m-1 2
LLHVUO FovETE| om—1
(2m —1) L2(RY) 2m — 1

Finally, by Cauchy-Schwartz we find that

4(m-1° me’% _vpmi||*
2m—1)2 11770 L2(RY)

! (6.3.25)

1-m m—1
< Zluo] +8((12m)) [Vug ?llL2wa) (/Rd (U

ST
|
oy
Ny
'
o
B
o
=W
8
S~
I

Let us define w = uy/B, we have then
1 2 2 2 2
(ug - Bé> 2| =B (w% — 1) lz|* = B™ (w% - 1) el

where in the last equality we have used the fact that B'=™ = (1 + \x|2)_1. It is not hard to verify
that for w > 0 we have )
‘w? _1‘2 < ‘w_lya

and therefore the last integral in (6.3.25) can be estimated as

B 2
/ (ug — B§> ]x\de < / |lw — 1|B™dx .
Rd Rd

We learn from [17, Theorem 4] that there exists a computable constant ¢, 4 > 0 such that

2
( ) lw— 1| Bmdx> < Cm,aF[uo) -
R

Therefore, we deduce from (6.3.25) that

A= 1) |vug== —vs3|
2m—1)2 11" L2(Rd)

(1—m) m

S I[U[)] + 8Cm,dm HVU’O

_1 1
? ||L2(Rd) Fluol4

(6.3.26)
m—21 3 1
<C <1 +[|[Vu, * HLz(Rd)) max{Z[ug]4,1} T[ug]* .

The proof is concluded. []
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Appendix

6.4 Interpolating between L’ and C” norms — A lemma by Gagliardo
and Nirenberg

The purpose of this note is to prove the following interpolation lemma which goes back to [141] and
to [142, pag. 126]. In those papers the authors provide a more general result, here we prove only a
simpler case which is needed to our purposes.

Lemma 6. Let p > 1, v € (0,1) and u : R — R be a function such that u € LP(RY) N C¥(RY).
Then there exists a positive constant Cq, p, such that

||u”L°°(]Rd) < Cd,u,pt Jgftp;gd) H ||Z:,_p]§d, (641)

d% pv pu+d%
o))

where || cv(gay s defined in (6.2.19) and wq = S41) = 2742/ T(d/2).

where

RS

Wd

1
Cd,u,p — <2p+1 wd+>

Proof. By the triangle inequality for any z,y € R% we have that

(@) < (lu(z) = u(y)] + [u@)))” < 2 (ju(@) — u(y)l” + [u(y)[?) -
Averaging on a ball Br(z) (for any R > 0) we obtain

2p 2p
u(z)P < / u(z) — u(y)|Pdy + / u(y)|Pd
WP < 2 [, sy g [y

AR —d
R / lu(z) — u(y)Pdy + R / fu(y)Pdy
Bp(z) Br(x)

_ u\r) —ul\y
RPY d/ | ( ) I(w)‘ Cl + R d||u||Lp Ré)
Br() yl

|x —

<

Wd

op+1

<

Wd

Wd

S el LU VT

where wy = |S?71|; in the third step we have used definition (6.2.19) and that fBR(z) lu(y)Pdy <

HuHip(Rd). Optimizing in R and then raising both members to the power 1/p, proves inequality
6.4.1). 0
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6.5. BEHAVIOUR OF THE RELATIVE ENTROPY WHEN V (1,Y) APPROACHES THE
BARENBLATT PROFILE B

6.5 Behaviour of the relative entropy when v(7,y) approaches the
Barenblatt profile B

In [128] the authors noticed that the relative entropy JF|[v] behaves as a weighted L? the solution
v(T,y) approaches the Barenblatt profile 5. We report here their result which is used in the proof
of Theorem 6.2.9, we refer to [128, Lemma 3| for a proof if this result.

Lemma 7. Assume that m € (my,1) and 0 < € < 1 are given. If v is a solution of (6.1.14)
satisfying

(1—-¢)< <(l1+¢e) forany 7>1

then for any T > T we have

(14+¢)m2 /]Rd

6.6 Quantitative regularity result for linear parabolic
equations with measurable coefficients

v(7,y)
B(y)

v(T,9)
B(y)

2 2
—1| By < 3JT[U(T, N <@—e)m? / —1| B'dy. (6.5.1)
m R4

Consider a linear parabolic equation of the form
o =V - (A(t,z)Vv) (6.6.1)

where A(t, x) is a real symmetric matrix with bounded measurable coefficients satisfying the uniform
parabolicity condition

d
0< Xlé]> < Y Ayt 2)&&s < Mlél

ij=1
for some 0 < Ag < A1. In what follows it is convenient to use the notion of parabolic distance among
two sets of the form Q1 = (71, 51) x Q1 and Q2 = (T3, S2) X g, assuming that Q1 C Q2 we define
d , = in z—y|VI|t—s|?. 6.6.2
p(Ql Q) (t,x)€{[T2,S2] x O JU{{T2} xQ2}, | yIvi | ( )

(57y)6Q1
We are now able to state a result of Holder continuity for bounded local weak solutions to (6.6.1),
for a definition of such concept see [154, Chp. 3]. Similar results are contained in |74, 154, 139],
however the following one has the very useful feature that the dependence on the parameters Ag, A\
is explicit.

Proposition 6.6.1. Let Q1 and Q2 as above and assume that 2D = d,(Q1,Qz2). Then there exist a
positive constant v € (0,1) such that if v is a nonnegative bounded local weak solution on Qo then

v

v(t,z) — v(T,
S L R .
(ta)(ryeqr (JT =yl + ]t = 7]1/2)

where v depends only on d, A\g, \1 and it is given

HUHL‘X’(QQ)a (663)

)\31+>\1

v := logg €(0,1), (6.6.4)

AT A
HEO +1—1

and kg > 2 depends only on the dimension d.

The proof of the previous result can be found in [139, Prop. 4.2].
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