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Abstract

The Kolmogorov equation was firstly introduced in 1934 as a fundamental ingredient of a kinetic model
for the study of the density of a system of N particles of gas in the phase space. Kolmogorov pointed
out that, although the dimension of the phase space is 2NV and the diffusion term acts on the velocity
variable, whose dimension is IV, the differential operator is strongly degenerate. Nevertheless, Kolmogorov
exhibited the explicit expression of the fundamental solution of the operator and pointed out that it is a
smooth function, in fact proving that the operator is hypoelliptic. Throughout this work, we are mainly
concerned with degenerate Kolmogorov equations in divergence form, for which the regularity theory for
classical solutions had widely been developed during the years. Chapter 1 of this work is devoted to a
survey of results on the classical regularity theory for Kolmogorov operators with constant or continuous
coefficients. In Chapter 2 we consider an application of the Kolmogorov equation in finance, where the
Black and Scholes theory is applied to the pricing problem for Asian options. The price of the option
is computed by solving a Cauchy problem, where the initial data represents the payoff of the option
and the associated PDE is a Kolmogorov type equation with local Holder continuous coefficients. The
existence and uniqueness of the fundamental solution of the associated PDO are proved, alongside with a
uniqueness result for the solution of the Cauchy problem, through a limiting procedure whose convergence
is ensured by Schauder type estimates. Furthermore, in Chapter 3 we consider an application of the
Kolmogorov equation to the kinetic theory. Specifically, we introduce a space inhomogeneous kinetic
model associated to a nonlinear Kolmogorov-Fokker-Planck operator and we investigate the classical
theory for the associated Cauchy problem in Hoélder spaces. The second part of my thesis is devoted
to the regularity theory for weak solutions to the Kolmogorov equation with measurable coefficients,
which is nowadays the main focus of the research community. It has been developed during the last
decade, and the most advanced achievement in this framework have been established in the particular
case of the Kolmogorov-Fokker-Planck equation. In Chapter 4 we give proof of a geometric statement for
the Harnack inequality for weak solutions to the Kolmogorov-Fokker-Planck equation proved by Golse,
Imbert, Mouhot and Vasseur in 2017, based on the concepts of Harnack chains and attainable set. As
far as we are concerned with the more general Kolmogorov equation in divergence form, Chapter 5 is
devoted to the extension of the Moser’s iterative procedure (proved by Pascucci and Polidoro in 2004 for
the dilation invariant case) to weak solutions to the Kolmogorov equation under minimal integrability
assumptions for the lower order coefficients in the non-dilation invariant case.



Sunto

L’equazione di Kolmogorov e stata introdotta nel 1934 come ingrediente fondamentale di un modello
cinetico per lo studio della densita di un sistema di N particelle di gas nello spazio delle fasi. Kolmogorov
osservo che tale operatore & fortemente degenere in quanto la dimensione dello spazio delle fasi ¢ 2V,
mentre il termine di diffusione agisce sulla variabile velocita di dimensione N. Nonostante cio, egli
forni ’espressione esplicita della soluzione fondamentale per tale operatore, una funzione differenziabile
infinite volte, cosl dimostrando che 'operatore & ipoellittico. Nella mia tesi mi occupo prevalentemente
di equazioni di Kolmogorov degeneri in forma di divergenza, per le quali la teoria della regolarita classica
e stata ampiamente sviluppata nel corso degli anni. Nel Capitolo 1 presento i principali risultati di
tale teoria per operatori di Kolmogorov a coefficienti costanti o continui. Nel Capitolo 2 considero
un’applicazione dell’equazione di Kolmgorov in ambito finanziario, dove la teoria di Black & Scholes
si applica al pricing problem per le opzioni Asiatiche. Il prezzo di un’opzione si calcola risolvendo un
problema di Cauchy, il cui dato iniziale rappresenta il payoff dell’opzione e la EDP associata ¢ un’equazione
di tipo Kolmogorov a coefficienti localmente Holderiani. Attraverso una procedura di limite, la cui
convergenza € assicurata da stime di tipo Schauder, si dimostrano 1’esistenza e I'unicita della soluzione
per ’ODP associato ed un risultato di unicita per la soluzione del problema di Cauchy. Nel Capitolo
3 considero un’ulteriore applicazione dell’equazione di Kolmogorov alla teoria cinetica. In particolare,
introduco un modello cinetico non omogeneo associato ad un operatore non lineare di tipo Kolmogorov-
Fokker-Planck e studio la teoria della regolarita classica per il problema di Cauchy associato in spazi
Holderiani. La seconda parte della mia tesi ¢ dedicata alla teoria della regolarita per soluzioni deboli
dell’equazione di Kolmogorov a coefficienti misurabili, argomento su cui & prevalentemente concentrata
la comunita scientifica oggigiorno. Gli sviluppi piu recenti in questa direzione sono stati ottenuti nel
caso particolare dell’equazione di Kolmogorov-Fokker-Planck. Nel Capitolo 4 dimostro un enunciato di
tipo geometrico per la disuguaglianza di Harnack provata da Golse, Imbert, Mouhot e Vasseur nel 2017
per le soluzioni deboli dell’equazione di Kolmogorov-Fokker-Planck a coefficienti misurabili, basandomi
sul concetto di catene di Harnack e insieme ammissibile. Per quanto riguarda invece ’equazione di
Kolmogorov in forma di divergenza nella sua forma piu generale, il Capitolo 5 & dedicato all’estensione
dell’iterazione di Moser (dimostrata da Polidoro e Pascucci nel 2004 nel caso invariante per dilatazioni)
alle soluzioni deboli per ’equazione di Kolmogorov sotto ipotesi minimali di integrabilita per i coefficienti
di ordine inferiore nel caso non invariante per dilatazioni.
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Introduction

Kolmogorov equations appear in the theory of stochastic processes as linear second order parabolic
equations with non-negative characteristic form. Throughout this work, we are mainly concerned with
degenerate Kolmogorov equations. In its simplest form, if (W), , denotes a real Brownian motion, the
density p = p(t,v,y,v0,y0) of the stochastic process (Y;, Vi)i>0
Yi=yo+ oW,
¢ 1)
Vi=wvo+ [, Ysds

is a solution to a strongly degenerate Kolmogorov equation, that is
%U%?ﬁp + v0yp = O4p, t>0, (v,y) € R?. (2)

This equation was firstly introduced by Kolmogorov in 1934, as a fundamental ingredient of a kinetic
model for the study of the density of a system of N particles of gas in the phase space. Kolmogorov
pointed out that, although the dimension of the phase space is 2N and the diffusion term acts on the
velocity variable, whose dimension is N, the differential operator is strongly degenerate. Nevertheless,
Kolmogorov provided us with the explicit expression of the density p = p(¢,v,y,vo,y0) of the above
equation (see [78])

p(t,v,y,v0,Y0) = 2\7{52 exp (_ (U—:o)z _ 3(0—110)(%;yo—t110) _ 3(y—yz;tyo)2) t>0, (3)

and pointed out that it is a smooth function despite the strong degeneracy of the equation (2). As it is
suggested by the smoothness of the density p, the operator K associated to equation (2)

K = 15202 + 00, — 0, (4)

2

is hypoelliptic, in the sense of the following definition, that we state for a general second order differential
operator K acting on an open subset  of RV,

HYPOELLIPTICITY. The operator K is hypoelliptic if, for every distributional solution u € Li. () to the
equation Ku = f, we have that

feCc>®Q) = uelC>*Q). (5)

Hormander considered the operator K in (4) as a prototype for the family of hypoelliptic operators studied
in his seminal work [64]. Specifically, the operators considered by Hormander are of the form

K=> X{+YV, (6)
k=1

7
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where X, are smooth vector fields of the form

N+1 N+1
Xy = Z bj,k(z) 82,‘7 Y= Z bj,m-‘rl(z) 8Zj k= 17"'7ma (7)
j=1 j=1

with bj, € C(Q) forevery j=1,...,N+1,k=1,...,m+ 1 and Q is any open subset of RN*1. The
main result presented in [64] is a sufficient condition to the hypoellipticity of K. Its statement requires
some notation. Given two vector fields Z;, Z5, the commutator of Z; and Z, is the vector field:

[Z1,Z5] = Z1 Zy — Zo Z;. (8)

Moreover, we recall that Lie(X7q, ..., X,,,Y) is the Lie algebra generated by the vector fields X7, ..., X,,,Y
and their commutators.

HORMANDER’S RANK CONDITION. Suppose that
rank Lie(Xy,..., X, Y)(2) = N +1 for every z € Q. (9)

Then the operator K defined in (6) is hypoelliptic in 2,

Let us consider again the operator K defined in (4) with o = v/2, to simplify the notation. It can be
written in the form (6) if we choose

X =09, ~(0,1,0)T, Y =vd, + 0 ~ (—1,0,v)7T,
and the Hérmander’s rank condition is satisfied, as

[X,Y]=XY -YX =03, ~ (0,0,1)".

As the regularity properties of Hérmander’s operators K are related to a Lie algebra, it became clear that
the natural framework for the regularity theory of Hérmander’s operators is the non-euclidean setting
of Lie groups, as Folland and Stein pointed out in [48]. Later on, Rothschild and Stein developed a
general regularity theory for Hérmander’s operators in [112]. We refer to the more recent monograph by
Bonlfiglioli, Lanconelli and Uguzzoni [19] for a comprehensive treatment of the recent achievements of the
theory. As far as we are concerned with the operator I, we show that it is invariant with respect to the
non-commutative translation given by the following composition law

(t,'l), y) o (t07UO7yO) = (t() + ta Vo + v, Yo + Yy + t/UO)v (t7v7y)7 (t07UO7yO) S R?)'
Indeed, if w(t,v,y) = u(to +t,vo + v,y0 + y + tvg) and g(t,v,y) = f(to + t,v0 + v,yo + y + tvg), then
Ku=f <<= Kw=g forevery (to,vo,90) € R

As we will see in the sequel, in several applications the couple (v, y) denotes the velocity and the position
of a particle. For this reason the above operation is also known as Galilean change of variable.

Another remarkable property of the operator K is its dilation invariance. More precisely, the operator
K is invariant with respect to the following family of dilations

5 (t,v,y) == (rt,rv,ry), r >0,

with the following meaning: if we define w(t,v,y) = u(r?t,rv,73y) and g(t,v,y) = f(r*t,rv,r3y) we have
that
Ku=f <<= Kw=r?g forevery r>0.



9 Introduction

As we will see in the sequel, this underlying invariance property plays a fundamental role in the study
of the operator K, even though it does not hold true for every Kolmogorov operator (see Chapter 1,
Proposition 1.1), as it happens in the family of uniformly parabolic operators. Indeed, we usually consider
parabolic dilations 6,(z,t) = (rx,7?t) also when considering the parabolic Ornstein-Uhlenbeck operator
K=A- (a:,V> _8t-

Throughout this work, we are mainly concerned with degenerate Kolmogorov equations in divergence
form, for which the regularity theory for classical solutions had widely been developed during the years,
starting from the work by Lanconelli and Polidoro in [84], and it is referred to the case of the Kolmogorov
operator

mo mo
K= Z ai7j(a:,t)8§izj + ij(x,t)&gj + (Bx, D) — O, for (z,t) € RVH!

i.j=1 i=1

with either constant or continuous coeflicients a; ;’s and b;’s, and 1 < my < N. As in the parabolic
case, the classical theory for degenerate Kolmogorov operators is developed for suitable spaces of Holder
continuous functions that we introduce in Definition 1.11. This definition relies on the Lie group G that
we define in (1. 12), a non-Euclidean invariant structure for the constant coefficients operators of the
type K. This non-Euclidean invariant structure was implicitly used for the first time by Garofalo and E.
Lanconelli in [51], and then later on properly written and thoroughly studied by Lanconelli and Polidoro
in [84]. In this framework, we deal with classic solution to the equation Ku = f under minimal regularity
assumptions on u in the following sense.

CLASSIC SOLUTION. A function w is a solution to the equation Ku = f in a domain  of RN if there
exist the Euclidean derivatives Oy u, Oy, z;u € C() fori,j = 1,...,mo, the Lie derivative Yu € C(£2),
and the equation

> aij(2)02, ulz,t) + Y bi(2)0 u(x,t) + Yu(e,t) = f(x,1)
7,7=1 j=1

is satisfied at any (x,t) € Q.

In the following of this work, Chapter 1 is devoted to a survey of results on the classical regularity theory
for Kolmogorov operators, which can nowadays be considered complete, starting from the ideas presented
in the paper [6]. In Chapter 2 we consider an application of the Kolmogorov equation to finance, and in
particular we address the problem of the existence and uniqueness of the fundamental solution for PDEs
with local Holder continuous coefficients associated to Asian options, that we have presented for the first
time in the paper [5]. Asian options are a family of path-dependent options whose payoff depends on
the average of the underlying stock price over a certain time interval. Indeed, in the Black & Scholes
framework, the price of the underlying Stock S; and of the bond B; are described by the processes

St = S()@MtJrUWt, Bt = Boe”, 0 S t § T,
where p, r, T, and o are given constants. In particular, in this work we consider continuous Asian Options

and the price (Z;)o<i<7 of a path dependent option is considered as a function Z; = Z(S;, A, t) that
depends on the stock price Sy, the time to maturity t and of an average A; of the stock price

Ay = f(S‘r) dr, te [O,T}
[



Introduction 10

The price of the option is computed by solving the Cauchy problem associated to the process (S, B, At)>o0:

052

102(S, A, 1)S22Z + f(S)2Z 4 (S, A1) (S22 - Z) + 22 =0 (S, A1) e RY x Rt x]0,T], (10)
Z(S,A,T) = (S, A) (S, A) € RT x RY,

where the initial data ¢ represents the payoff of the option, and depending on the choice of the function
f(S) we have a different Kolmogorov type equation with local Holder continuous coefficients associated
to it. Indeed, when f(S) = logS we recover the case of Geometric Average Asian Options and the
Partial Differential Operator (PDO) associated to (10) is the classical Kolmogorov operator with only
one commutator:

Ku(a, y.t) = 8(a<x,y,t>a“) F o) 2 4 22 ey, b

R2n+1 .
Ox Ox Ox Oy (@,y,t) €

u

ot
On the other hand, by choosing f(S) = S the PDO associated to (10) is a generalization of the constant
coefficients operator (i.e. a =1 and b = 1) introduced by Yor in his seminal paper [123] for the study of
Arithmetic Average Asian Option:

Lu(z,y,t) = % <a(x,y,t)x gz) + b(z,y,t)x % + x % —r(z,y,t)u — % (z,y,t) € R
In Chapter 2 the existence and uniqueness of the fundamental solution for both the operators I and
% is proved (see Theorem 2.1 and Theorem 2.12), alongside with a uniqueness result for the solution
of the Cauchy problem (10) (see Theorem 2.2 and Theorem 2.13). Our approach is based on a limiting
procedure whose convergence is ensured by Schauder types estimates for the Kolmogorov operator i,
and on the idea that locally the operator .£ behaves as the classical Kolmogorov operator K.

Furthermore, in Chapter 3 we consider an application of the Kolmogorov equation to the kinetic
theory. The new results we present here are part of a joint project with Yuzhe Zhu from the ENS of
Paris (France), where the author has spent a research period under the supervision of Prof. Cyril Imbert
(CNR). In particular, we are interested in the following nonlinear spatial inhomogeneous drift-diffusion
equation

(11)

(O +v - Vi) u(v,z,t) = pl(z,t) Lu(v,,t),
u(v,z,0) = ¢(v, z),

for an unknown u(v,x,t) > 0 with (v, z,t) € R® x T" x R™, where the constant 8 € [0,1], and

pulz,t) = /n u(v, z,t) dv, with  p,(z) = /n w(v, z)dv.

Equation (11) arises in various different research fields, such as plasma physics and polymer dynamics,
and it is a fundamental tool for the modeling of the collisional evolution of a system of a large number of
particles. If we denote by .Z the kinetic Kolmogorov-Fokker-Planck diffusive operator appearing on the
right-hand side of the equation (11)

Lu =V, (Vy +0)u,

the nonlinear diffusive collision term p2.%Z models the collision of particles in a certain surrounding bath,
where the aggregation of particles induces friction contribution. Moreover, we remark that the linear
operator associated to equation (11), given by .Z — 0y + v - V,, is a particular case of the operator K, in
fact obtained by choosing N = 2n, mg = n, x = (v, x,t) and

! le_J. , and b; =1 foreveryi=1,...,n.
0 otherwise

a;j(v,z,t) = {
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Our aim is to investigate well-posedness results for classical solutions to the Cauchy problem (11). In
the framework of Sobolev spaces results of this type have been proved by Imbert and Mouhot in [68],
and by Liao, Wang and Yang in [87]. Our results improve that of [68] and [87] because we consider the
Cauchy problem (11) in Holder spaces. Indeed, if the initial data is bounded we prove the existence and
uniqueness of a positive weak solution for (11). Moreover, given that the initial data is continuous the
global existence and uniqueness are proved, alongside with C'>° a priori estimates, obtained by adapting
an iterative procedure firstly introduced by Imbert and Silvestre in [69] for the Boltzmann equation.

The second part of this work is devoted to the study of the weak regularity theory for solutions to the
Kolmogorov equation in divergence form, that is nowadays the main focus of the research community.
In particular, we are interested in weak solutions to the Kolmogorov equation Ku = f, with measurable
coeflicients a;;’s and b;;’s:

Z On, (aij(z, )0y, u(x, t)) Z bijx;0p,u(x, t) — Opu(z, t)+ (12)

3,7=1 3,5=1
mo

+Zb (@, t)Oul@,t) = Y O, (ai(w, tyu(x, 1)) + ez, t)u(z, t) = f(x,1),

=1 =1

where (z,t) € RVt and 1 < mg < N. The most recent developments in this framework have been
established in the particular case of the kinetic Kolmogorov-Fokker-Planck equation. This equation
belongs to a class of evolution equations arising in the kinetic theory of gases and takes the following
form

n

Z V0, u + Opu = Z O, (@ij Op;u + bju) + Z a;Op,u + au + f, (v,z,t) € R*F! (13)

j=1 ij=1 i=1
where v = wu(v, z,t) represents in this case the density of particles with velocity v = (vy,...,v,) and
position = (x1,...,x,) at time ¢t. We remark that we recover this case from (12) by choosing mg = n,

N =2n and b;; = 1 for i = n+1,...,2n and zero everywhere else. The lefthand side of (13) is the
so called total derivative with respect to time in the phase space R?"t!. Whereas, the righthand side
is the collision operator, where a;j, a; and a are functions of (v,z,t). Indeed, this latter equation is
the one considered by Golse, Imbert, Mouhot and Vasseur in [58], where the authors prove the Holder
continuity and a Harnack inequality for weak solutions to the kinetic Kolmogorov-Fokker-Planck equation
in divergence form (13). The Harnack inequality proved in [58] is the only one available in the framework
of weak regularity theory for Kolmogorov equations in divergence form, and it is based on the De Giorgi
method. In Chapter 4 we prove a geometric statement for that Harnack inequality, based on the concepts
of Harnack chains and attainable set. The results we present here appeared for the first time in the paper
[4] by the author, Eleuteri and Polidoro. As far as we are concerned with the more general Kolmogorov
equation (12), Chapter 5 is devoted to the extension of the Moser’s iterative scheme to weak solutions to
Ku = 0 in the sense of the following definition.

WEAK SOLUTION (IN THE L? SENSE). Let Q2 be an open subset of RN*1. A weak solution to Ku = 0 is
a function u such that u, 0y, u, ..., 0y, u,Yu € L% () and

/—(ADu, Dy) +Yugp+ (b, Duyp + (a, Do)u + cup =0,  for every ¢ € C;° (),
Q

where the operator KC is written in his compact form, given that

o the matriz A(z,t) = (ai;(x,t)),<, j<n has real measurable entries defined as the coefficients ai;
appearing in (12) for i, =1,...,my and a;; = 0 whenever i > mg, or j > mq;
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e the vectors a(z,t) = (ar1(x,t),...,am,(2,1),0,...,0) and b(x,t) = (b1(x,t),...,bm,(2,1),0,...,0)
are the coefficients appearing in front of the lower order terms; moreover, the drift term is defined
asY = Z?fj:l bijxjam - at.

The main advantage of this definition is that it allows us to directly handle the computations involving
the drift term Ywu. In particular, it allows us to extend the previously known results for the Moser’s
iterative scheme proved by Polidoro and Pascucci [104], Cinti, Pascucci and Polidoro [33] and Wang and
Zhang [119] to weak solutions to (12) with lower order measurable coefficients with positive divergence
under minimal integrability assumptions in the non-dilation invariant framework. These results were
firstly presented in the paper [7] by the author, Ragusa and Polidoro in 2019. The main difficulty of this
case lies in the lower order term. Our study has been inspired by the article of Nazarov and Uralt’seva
[99], who prove L{° estimates and Harnack inequalities for uniformly elliptic and parabolic operators
in divergence form that are those with my = N according to our notation. As it is known, in order to
prove the Moser’s iterative scheme we need to combine a Caccioppoli inequality and a Sobolev inequality.
Nevertheless, since we are considering degenerate equations, the Caccioppoli inequality gives an a priori
L? estimates for the derivatives 0, u, .. ., Oz,,, u of the solution u, that are the derivatives with respect to
the non-degeneracy directions of K. Moreover, the standard Sobolev inequality cannot be used to obtain
an improvement of the integrability of the solution as in the non-degenerate case. For this reason we
rely on a representation formula for the solution u firstly applied in [104] that allows us to represent a
solution u to Ku = 0 in terms of the fundamental solution of its principal part operator.



Chapter 1

Classical regularity theory

This chapter is devoted to the study of the classical regularity theory for Kolmogorov operators of the
form

N N
Ku = Z aijaiﬂju + Z bijr;i0z;u — Oyu
ij=1 ij=1 (1. 1)

=Tr(AD?u) + (Bz, Du) — du, xRN teR,

where A = (a;;); j=1,...~ and B = (b;;); j=1,... N are matrices with real constant coefficients, A symmetric
and non negative. In the following, we present a survey of results for the classical theory appeared for the
first time in the paper [6] by the author and Polidoro, and we conclude this introductory chapter with
the proof of a Strong Maximum Principle for Kolmogorov operators with continuous coefficients based
on the Harnack inequality stated in Theorem 1.26.

As we have already pointed out in the introduction of this work, the simplest Kolmogorov equation
(2) has appeared for the first time in 1934, when Kolmogorov considered it to describe the probability
density of a system with 2n degrees of freedom in his seminal paper [78]. There the author also proved
the existence of its fundamental solution (3), and wrote it as the density of the solution to the stochastic
differential equation (1). This is also the case when we consider a higher dimension. Specifically, let o be
a N x m constant matrix, B as in (1. 1), and let (W});>¢ be a m-dimensional Wiener process. Denote
by (Xi)i>0 the solution to the following N-dimensional Stochastic Differential Equation (SDE in short)

(1. 2)

dXt = —BXt dt + O'th
Xto = Xp.

Then the backward Kolmogorov operator Ky of (X;):>0 acts on sufficiently regular functions u as follows

K:bu(ya ) (9 U ya Z a”Lj y vj Z szyza U y> )
3,7=1 3,7=1
where
A= %UO’T, (1. 3)

and the forward Kolmogorov operator Ky of (X)i>¢ is the adjoint K of Ky, that is

Kyv(z,t) = —0p(z,t) Z ij0y,5,0(2,1) Z bijxiOp,v(x,t) + tr(B)v(z, 1),

1,7=1 i,j=1

13
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for sufficiently regular functions v. Note that Ky operator agrees with /C in (1. 1) up to a multiplication
of the solution by exp(ttr(B)). Also note that, because of (1. 3), it is natural to consider in (1. 1) a
symmetric and non negative matrix A. When the matrix A is strictly positive, the solution (X¢)¢>¢ of
the SDE (1. 2) has a density p = p(t — s, x, y) which is a solutions of the equations KCpp = 0 and Kyp =0
in the following sense. For every (z,t) € RV*! the function u(y, s) := p(t — s,x,9) is a classical solution
to the equation Kpu = 0 in R"x] — 0o, t[ and, for every (y,s) € RV*1 the function v(z,t) = p(t — s, 7, %)
is a classical solution to Kyv = 0 in R™x]|s, +oo[. This is not always the case when A is degenerate. In
the sequel we give necessary and sufficient conditions on A and B for the existence of a density p for
the stochastic process (X;);>0. These conditions are also necessary and sufficient for the hypoellipticity
of IC. In order to state the aforementioned conditions, we introduce some further notation. Following
Hormander (see p. 148 in [64]), we set, for every ¢ € R,

E(t) = exp(—tB),  C(t) = /0 E(s) A ET(s) ds. (1. 1)

The matrix C(t) is symmetric and non-negative for every ¢ > 0, nevertheless it may occur that it is
strictly positive. If this is the case, then C(t) is invertible and the fundamental solution I'(z, to;z,t) of
K is

F(Z‘,t,g,T):F(J?—E(t—T)f,t—T), (1 5)
where T'(x,t) = I'(x,¢;0,0). Moreover, I'(x,t) = 0 for every t < 0 and

—7(477)7% X —1 “rt)w, ) —ttr
[(z,t) = detc(t)ep< (07 )z, 2) tt(B)), t>0. (1. 6)

The last notation we need to introduce allows us to write the operator K in the form (6). To do that, we

N N
1
Xy = — 0ik0p., k=1,...,m, Y = bi;xi0p. — Oy 1.7
k \@; jkVx; i;I ijLilx; t ( )
This allows us to rewrite the operator K as a sum of squares
K=Y X7+YV,
j=1

analogous to the form (6) introduced in Chapter , when talking about hypoelliptic operators. The fol-
lowing result holds true.

Proposition 1.1 Consider an operator K of the form (1. 1), and let o be a N x m constant matrix
such that A writes as in (1. 3). Let X1,..., X, and Y be the vector fields defined in (1. 7). Then the
following statements are equivalent

C1. (Hérmander’s condition): rank Lie(X1, ..., Xpm,Y)(2,t) = N + 1 for every (x,t) € RN+1;
C2. ker(A) does not contain non-trivial subspaces which are invariant for B;
C3. C(t) > 0 for every t > 0, where C(t) is defined in (1. 4);

C4. (Kalman’s rank condition): rank (o, Bo,...,BN~1o) = N;



15 Classical Regularity Theory

C5. for some basis of RN the matrices A and B take the following block form

A O
(39 o8
where A is a symmetric strictly positive mo X mo matriz, with mo < m, and
* * e * * B()’O BO,l N BO’H,1 BO,K
Bl * . * * Bl Bl,l Bm—l,l B,g)l
B = 0) B2 e * * — O B2 NN BK_172 BK,Q (1 9)
0O O ... Bg = ©) o ... By By
where every block Bj is a m; x mj_1 matriz of rank m; with j = 1,2,...,k. Moreover, the m;s
are positive integers such that
mo>mi>...>me>1, and mog+mi+...+m.=N (1. 10)

and the entries of the blocks denoted by x are arbitrary.

When the above conditions are satisfied, then K is hypoelliptic, its fundamental solution T' defined in
(1. 5) and (1. 6), is the density of the solution (X;)i>o to (1. 2), and the problem (1. 11) is controllable.

The equivalence between C1 and C2 is proved by Hormander in [64]. The equivalence between C1, C2,
C3 and C5 can be found in [84] (see Proposition A.1, and Proposition 2.1). The equivalence between
C3 and C4 was first pointed out by Lunardi in [89].

Remark 1.2 The condition C4 arises in control theory and it is related to the following controllability
problem. For xg,z1 € RY and to,t; € R with tg < t1, find a “control” w € L([to, t1],R™) such that

{i(t) — —Bax(t) + ow(t),

z(to) = o, x(t1) = 1, (1. 11)

where o, B are the same matrices appearing in (1. 2). It is known that a solution to the above control
problem exists if, and only if, Kalmann’s rank condition holds true (see [125]).

Remark 1.3 We discuss the meaning of the matriz C(t).

e From the SDEs point of view, 2C(t) is the covariance matriz of the solution (X);>o to the SDE
(1. 2). In general, (X;)i>0 is a Gaussian process and its density p is defined on RN when its
covariance matrix is positive definite. If this is not the case, the trajectories of (Xi)i>o belong to a
proper subspace of RY.

e The matriz C(t) has a meaning also for the optimal control point of view. Indeed, it is known that
t
(C(t—to) ™ (x — E(t —to)xo) , o — E(t — to)xo) = inf/ |lw(s)|? ds,
to

where the infimum is taken in the set of all controls for (1. 11) (see [86], Theorem 3, p. 180). In
particular, when (x9,to) = (0,0) the optimal cost is (C(t)"'z,x), a quantity that appears in the
expression for the fundamental solution T in (1. 6). As we will see in the sequel, this fact will
be used to prove asymptotic bounds for positive solutions to Kolmogorov equations (see (1. 42) in

Theorem 1.15).

In view of the above assertions, the equivalence of C3 and C4 can be interpreted as follows. A control
w € LY([to, t1],R™) for the problem (1. 11) exists if, and only if, the trajectories of the Stocastic Process
(X1)i>0 reach every point of RN,
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1.1 Lie Group

In this section we focus on the non-Euclidean invariant structure for Kolmogorov operators of the form
(1. 1). This non commutative structure was first used by Garofalo and Lanconelli in [51], then explicitly
written and thoroughly studied by Lanconelli and Polidoro in [84]. Here and in the sequel we denote
by K, the family of Kolmogorov operators K satisfying the equivalent conditions of Proposition 1.1. We
also assume the basis of RY is such that the constant matrices A and B have the form (1. 8) and (1. 9),
respectively.

We now define a non commutative algebraic structure on RN*+! introduced in [84], that replaces the
Euclidean one in the study of Kolmogorov operators.

Lie GrOUP. Consider an operator K in the form (1. 1) and recall the notation (1. 4). Let
G = (RV*1,0), (z,t) 0 (£,7) = (€ + B(T)x, t +7). (1. 12)
Then G is a group with zero element (0,0), and inverse
(z,t)"" := (=E(=t)x, —1). (1. 13)
For a given ¢ € RV, we denote by Le the left traslation defined as
be: RVFL S RNFL D pi(2) = oz
Then the operator K is left invariant with respect to the Lie product o, that is
Kol =4:0K or, equivalently, K (u(Coz))=(Ku)((oz), (1. 14)

for every u sufficiently smooth.

We omit the details of the proof of the above statements as they are elementary. We remark that,
even though we are interested in hypoelliptic operators K, the definition of the Lie product o is well posed
wether or not we assume the Hérmander’s condition. Also note that

& 1) to(x,t)=(x—E(t—71)&t—T), (z,t), (&,7) € RN T, (1. 15)
then the meaning of (1. 5) can be interpreted as follows:

D(z,t;¢,7) =T((& 1) o (2,1)). (1. 16)

Among the class of Kolmogorov operators K, the invariant operators with respect to a certain family of
dilations (4, ),>0 play a central role. We say that IC € K is invariant with respect to (6, )¢ if

K(uoé,)=r%,(Ku), forevery r >0, (1. 17)

for every function u sufficiently smooth. This property can be read in the expression of the matrix B
(see Proposition 2.2 of [84]).

Proposition 1.4 Let K be an operator of the family K. Then K satisfies (1. 17) if, and only if, the
matriz B as this form

o o0 ... 0 0
B O ... 0 O
BO: (0) B2 O O . (1. 18)

o O ... B. O
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In this case
6y = diag(rly, 7Ty, . .., 725, 7%)  forevery r > 0, (1. 19)

where L,,; denotes the identity matriz in R™7. In the sequel we denote by Ko the family of dilation-

invariant operators belonging to K.

It is useful to denote by (d,0(r)),.., the family of spatial dilations defined as

r>0

6r0 = diag(rlyg, 7Ly, . . ., 72", ) forevery r > 0. (1. 20)

HOMOGENEOUS LIE GROUP. If the matriz B has the form (1. 18), we say that the following structure
Go = (RV*!,0,(8,),20) (1. 21)

is a homogeneous Lie group. In this case, because 6,0 E(t) 0.0 = E(r*t) is verified when B has the form
(1. 18), the following distributive property holds

5,(Coz) = (6:C) 0 (6r2),  6.(z7") = (6,2)7" (1. 22)
Remark 1.5 A measurable function u on Gg will be called homogeneous of degree o € R if
u(0,(2)) = ru(z) for every z € RV TL,
A differential operator X will be called homogeneous of degree € R with respect to (8,)r>0 if
Xu(6,(2)) =P (Xu) (6,.(2)) for every z € RNT1L

and for every sufficiently smooth function w. Note that, if u is homogeneous of degree o and X is
homogeneous of degree 3, then Xu is homogeneous of degree o — 3.

As far as we are concerned with the vector fields of the Kolmogorov operators as defined in (1. 7), we have
that X1, ..., X are homogeneous of degree 1 and Y is homogeneous of degree 2 with respect to (0,)r>0-
In particular, KK = Z;nzl X; +Y is is homogeneous of degree 2.

Remark 1.6 The presence of the exponents 1,3,...,2k + 1 in the matriz 6 can be explained as follows.
The usual parabolic dilation in the first mg coordinates of RN and in time is due to the fact that K is non
degenerate with respect to x1,...,Tm,. The remaining coordinates appear as we check the Hérmander’s
condition. For instance, consider the Kolmogorov operator

K= 89%1 + 171(9952 + 1‘28953 -0 = X12 +Y.

To satisfy the Hormander condition we need k = 2 commutators 0., = [X1,Y] = X1Y — Y X, and
0zs = [[X1,Y],Y]. Because Y needs to be considered as a second order derivative, we have that O,
and Oy, are derivatives of order 3 and 5, respectively. On the other hand, the matrices A, B and Dg(r)
associated to this operator are

100 00 0 r 0 0
A={0 0o o, B={[10 0], o) =[0 0
00 0 01 0 0 0 P

The same argument can be applied to operators that need k > 2 steps to satisfy Hormander’s rank
condition.
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The integer numbers
Q:=mo+3mi+...+2c+1)my, and Q+2 (1. 23)

will be named homogeneous dimension of RN with respect to (8,0)r0, and homogeneous dimension of
RN+ with respect to (8,),>0, because we have that

det d, 9 = r? and detd, = r9t? for every r > 0.

We now introduce a homogeneous semi-norm of degree 1 with respect to the family of dilations (d; )0
and a quasi-distance which is invariant with respect to the group operation o.

Definition 1.7 For every z = (z,t) € RVT! we set

N
1 =
2l = (62 + |2l ol = Jayl™, (1. 24)
j=1

where the numbers q; are associated to the dilation group (8,)r>0 as follows

6, = diag (rql,...,r‘IN,TQ).
Remark 1.8 The norm || - || is homogeneous of degree 1 with respect to {6, }r~o, that is
| 0-(z,8) |I=7 || (z,¢) || for everyr >0 and (z,t) € RVNTL,

Because every norm is equivalent to any other in RN, other definitions have been used in the literature.
For instance in [90] it is chosen the following one. For every z = (x1,...,xn,t) € RN\ {0} the norm
of z is the unique positive solution r to the following equation

q1 g2 qN 2
T T5 TN L
S T oag Tt gy T L (1. 25)

Note that, if we choose (1. 25), the set {z eRNTL: 2| = ’I”} is a smooth manifold for every positive r,
which is note the case for (1. 24).
A further example may be the following norm

B 1 1
| (z,t) 1= 2] 4+ ... + |on]=~ + [,
where the homogeneity with respect to {0, }r>0 can easily be showed. We prefer the norm of Definition
1.7 to || - |1 because its level sets (spheres) are smooth surfaces.
Based on Definition 1.7, in the following we introduce a quasi-distance d : RN*1 x RN+1 — [0, +o0]
(see Definition 1.10 below). This means that:
1. d(z,w) = 0 if and only if z = w for every z,w € RN*1;
2. for every compact subset K of RV*1, there exists a positive constant Cx > 1 such that

d(z,w) < Cgd(w, 2); (1. 26)

d(z,w) < Ck (d(%,¢) +d(¢,w)), forevery z,w,( € K. '
The proof of (1. 26) is given in Lemma 2.1 of [41]. Definition 1.10 is given for general non-homogeneous
Lie groups. This requires the notion of principal part operator discussed in the next section. We point
out that the constant Cx doesn’t depend on K in the case of homogeneous groups (see Proposition 2.1
in [90]).
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1.2 Principal part operator

This section is devoted to show that dilation invariant operators are the blow-up limit of the operator
belonging to K. In order to identify the appropriate dilation, we denote by Kq the principal part operator
of K obtained from (1. 1) by substituting the matrix B with By as defined in (1. 18), that is

]C() = le(AD) + <Bo.’t, D> - 8t. (1 27)

Since Ky is dilation-invariant with respect to (8, ),>0, we define K, as the scaled operator of K in terms
of (6;)r>0 as follows

K, :=1%6, 0 Ko =Tr(AD?) + (B,z,D) — 0, (1. 28)
where B, = 0, Bdy, is given by
7‘23070 7”'4B0,1 e TQHBO,K_l 7’25+2B0,,€
B, 7"2B1’1 e 7’2K72B,Q,1’1 7’2HB,€’1
B, = ©) By o T2K—4BH,1,2 T‘QK_QBK,Q ) (1 29)
(@) O . B,{ Tan,r@

Clearly I, = K for every r > 0 if and only if B = By, and the principal part Iy of K is obtained as the
limit of (1. 28) as r — 0.

The invariance structures of the operator K also reveal themselves in the expression of the fundamental
solution I'. In particular, as noticed above, I is translation invariant, as it satisfies the identity (1. 16). As
far as we are concerned with the dilation invariance, the fundamental solution I'y of Iy is a homogeneous
function of degree —(@Q with respect to the dilation (9, ),s0, that is

Do(6,2) = 7 9T () forevery z € RN\ {0}, r >0, (1. 30)

where @ is the spatial homogeneous dimension of RN¥*! introduced in (5. 19). Moreover, the expression
of 'y writes in terms of 6, o(r). Indeed, the matrix C(¢) defined in (1. 4) satisfies the following identity

C(t) = (5\/270 C(1) 6\/570 forevery t > 0,

and
Cn _
Lol 1) = ' exp (—ﬁc N1)3y 0 01y a;>),
where C'y is the positive constant
Cn = (47)" % (det C(1)) 2.

We refer to [84], [80], [82] for the proof of the above statements. Eventually, Theorem 3.1 in [84] provides
us with a quantitative comparison between I' and T'g.

Theorem 1.9 Let K be an operator of the class K and let K be its principal part as defined in (1. 27).
Then for every K > 0 there exists a positive constant € > 0 such that

(1 - £)To(2) <T(2) < (1 + ©)To(2) (1. 31)
for every z € RNTL such that Ty(z) > K. Moreover, e = e(K) — 0 as K — +oc.

Note that the above result does not hold true in the set {T'g < K} (see formula (1.30) in [84]).

W

We now introduce the quasi-distance d for a generic Lie group G. In the following definition “o
denotes the traslation associated to I, and the norm ||-|| is the one associated to Ko.
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Definition 1.10 For every z,w € RN we define a quasi-distance d(z,w) invariant with respect to the
translation group Go as follows
d(z,w) = || o wll, (1. 32)

and we denote by B,(z) the d—ball of center z and radius r.

Definition 1.11 Let o be a positive constant, a« < 1, and let Q be an open subset of RNT1. We say a
function f : Q — R is Hélder continuous with exponent o in Q0 with respect to the groups G = (RVN*1 o)
and (8,)r>o (in short: Holder continuous with exponent a, f € C*(QY)) if there exists a positive constant
k > 0 such that

() = FOl Sk d(5,0)*  forevery z,¢ € .
To every bounded function f € C*(2) we associate the norm
_ 1f(z) = £(O)]
[floo = Slép lf] + sup, A0
¢
Moreover, we say a function f is locally Holder continuous, and we write f € C (), if f € C*(Q) for
every compact subset ' of Q.

Remark 1.12 Let Q be a bounded subset of RNTL. If f is a Hélder continuous function of exponent o
in the usual Fuclidean sense, then f is Holder continuous of exponent «. Vice versa, if f € C*(Q)) then

[ is a B—Holder continuous in the Euclidean sense, where 8 = 5% and  is the constant appearing in
(1. 9).

1.3 Kolmogorov operator with Holder continuous coefficients

In this section we consider Kolmogorov operator in non-divergence form in RV+1

mo mo
K= Z aij(sc,t)aiiwj + ij(x,t)(?% + (Bz, D) — 0, for (z,t) € RVH! (1. 33)
ij=1 j=1

with continuous coeficients a;;’s and b;’s. As in the parabolic case, the classical theory for degenerate
Kolmogorov operators is developed for spaces of Holder continuous functions introduced in Definition
1.11. We remark that this definition relies on the Lie group G in (1. 12), that is an invariant structure
for the constant coefficients operators. Even though the non-constant coefficients operators in (1. 33) are
not invariant with respect to G, we will rely on the Lie group invariance of the model operator

mo
Apmg+Y =Y 02 + (Bx,D) - 0y, (1. 34)

j=1
associated to K. Indeed, this is a standard procedure in the study of uniformly parabolic operators. We

next list the standing assumptions of this section:

(H1) B = (b;;) is a N x N real constant matrix of the type (1. 9), with blocks B; of rank m; and
x—blocks arbitrary;

(H2) A = (aij(2))ij=1,...mo is a symmetric matrix of the form (1. 8), i.e. a;;(2) = a;;(2) for i,j =
1,...,mg, with 1 < mg < N. Moreover, it is positive definite in R™° and there exist a positive
constant A such that

Y26 S D anlales <23 lal
= 1,)= =

for every (£1,...,&m,) € R™ and z € RV
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(H3) there exist 0 < a < 1 and M > 0 such that

laij(2) — aij (O < Md(2,0)%  |bj(2) = b;(¢)] < Md(z,()?,
for every z,( € RV and for every i,5 = 1,...,mg.

Note that, if mg = IV, the operator K is uniformly parabolic and B = Q. In particular the model operator
(1. 34) is the heat operator and we have d((&,7), (z,t)) = | — x| + |7 — t|/2, so that we are considering
the parabolic modulus of continuity.
In the sequel we refer to the assumption (H3) by saying that the coefficients a;;’s and b;’s belong to
the space C“ introduced in Definition 1.11. We next give the definion of classic solution to the equation
Ku = f under minimal regularity assumptions on u. A function u is Lie differentiable with respect to
the vector field Y defined in (1. 7) at the point z = (x,t) if there exists and is finite

Yu(z) = lim 20 =u0O) s p g, (1. 35)

s—0 S

Note that 7 is the integral curve of Y from z. Clearly, if u € C*(Q), with Q open subset of RN*+1, then
Yu(z,t) agrees with (Bx, Du(x,t)) — Oyu(zx,t) considered as a linear combination of the derivatives of w.

Definition 1.13 A function u is a solution to the equation Ku = f in a domain Q of RNt if there
exists the Buclidean derivatives Op,u, Og,o;u € C(2) fori,j =1,...,my, the Lie derivative Yu € C(£2),
and the equation

> a2, ul) + 3 bi(2)0s,u(2) + Yu(z) = f(2)

is satisfied at any point z = (x,t) € QL.

The natural functional setting for the study of classical solutions is the space
C2(Q) = {u €0™(Q) | 0pu,02, uYueC¥RQ), forij=1,... 7m0}, (1. 36)

where C%() is given in Definition 1.11. Moreover, if u € C*%(Q) then we define the norm

mo mo

o0 = [tlao + Y _|0nulan + D 102, tlaq + [Yulaq. (1. 37)
i=1 i,j=1

Clearly, the definition of 01203(9) follows straightforwardly from the definition of C{% (2). A definition
of the space C**(Q) for every positive integer k is given and discussed in the work [101] by Pagliarani,
Pascucci and Pignotti, where a proof of the Taylor expansion for C*®(€2) functions is given. It is worth
noting that the authors of [101] require weaker regularity assumptions for the definition of the space C%
than the ones considered here in (1. 36).

As in the uniformly elliptic and parabolic case, fundamental results in the classical regularity theory
are the Schauder estimates. We recall that Schauder estimates for the dilation invariant Kolmogorov
operator (i.e. where the matrix B = By) with Hoélder continuous coefficients were proved by Manfredini
in [90] (see Theorem 1.4). Manfredini result was then extended by Di Francesco and Polidoro in [41] to
the non-dilation invariant case.

Theorem 1.14 Let us consider an operator K of the type (1. 33) satisfying assumptions (H1), (H2),
(H3) with a < 1. Let Q be an open subset of RNF1, f € C () and let u be a classical solution to

Ku = f in Q. Then for every Q' cc Q' cc Q there exists a positive constant C such that

ulata,0r < C(SUPQ” lul + |f|a,sz”)-
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A more precise estimate taking into account the distance between the point and the boundary of the set €
can be found in [90] (see Theorem 1.4) for the dilation invariant case. We omit here this precise statement
because it requires the introduction of further notation. We also recall that analogous Schauder estimates
have been proved by several authors in the framework of semigroup theory, where they consider solutions
which are not classical in the sense of Definition 2.6. Among others, we refer to Lunardi [89], Lorenzi
[88], Priola [111], Delarue and Menozzi [38].

1.4 Fundamental Solution and Cauchy Problem

The existence of a fundamental solution I' for the operator K satisfying the assumptions (H1), (H2)
and (H3) has been proved using the Levi’s parametrix method. The first results of this type are due to
M. Weber [121], to II'In [67] and to Sonin [114] who assumed an Euclidean regularity on the coeficients
a;;’s and b;’s. Later on, Polidoro applied in [107] the Levi parametrix method for the dilation inviariant
operator IC (i.e. under the additional assumption that B has the form (1. 18)), then Di Francesco and
Pascucci removed this last assumption in [40].

The Levi’s parametrix method is a constructive argument to prove existence and bounds of the funda-
mental solution. For every ¢ € RN*+1 the parametrix Z(-,() is the fundamental solution, with pole at

¢, of the following operator
mg

Ke= Y aij(¢)2,,, + (Bx,D) — 0. (1. 38)

ij=1

The method is based on the fact that, if the coeficients a;;’s are continuous and the coefficiens b;’s are
bounded, then Z is a good approximation of the fundamental solution of K, because

KZ(20) =Y (aij(2) — ai;(C)) 02,,,2(2,C) + Y _b;(2) 0=, Z(2,C),
i,j=1 j=1

at least as z is close to the pole (. We look for the fundamental solution I' as a solution of the following
Volterra equation

t
T(a,t,6.7) = Z(a,t,6,7) + / / 2ty )Gy, 5,6, 7)dy ds, (1. 39)
T JRN

where the unknown function G is obtained by a fixed point argument. It turns out that

—+o0

G(2,¢) =Y (KZ)i(z,0), (1. 40)

k=1

where (KZ)1(z,¢) = KZ(z,¢) and, for every k € N,

(KZploten) = [ [ K2ty ) (K267 s

Let’s point out that Z is explicitly known by formulas (1. 5) and (1. 6), then the equations (1. 39)
and (1. 40) give explicit bounds for T" and for its derivatives (see equations (1. 42) and (1. 53) below).
We summarize here the main results of the articles [107] and [40] on the existence and bounds for the
fundamental solution.

Theorem 1.15 Let K be an operator of the form (1. 33) under the assumptions (H1), (H2), (H3).
Then there exists a fundamental solution T'(-,() to K with pole at ¢ € RNTL such that:
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1. T(-¢) € LL (RNFH) n C(RNF1\ {¢});

loc

2. for every ¢ € Cy(RYN) the function

uwt) = [ Tt 0)p(E)de,

s a classical solution of the Cauchy problem

_ N +
{lCuO, (z,t) € RN x R . 41

uw(z,0) = ¢(z) (x,t) € RV,
3. For every (x,t),(&,7) € RVTY such that T < t we have that

/F(fﬂ,t,ﬁﬁ) d¢ =1;

RN

4. the reproduction property holds for every (y,s) € RN*L with 1 < s < t:

rwuaﬂz/fum%@rmaaﬂ@;

RN

5. for every positive T and for every A > A, with A as in (H1), there exists a positive constant
¢t =cT(ANT) such that

¢ T7(2,0) <T(2,¢) <ctTH(2,¢) foreveryz,( e RVNTL 0 <t —7< T, (1. 42)

for every (x,t),(&,7) € RNTY with 0 < t — 7 < T. Here, I't and T~ are, respectively, the
fundamental solutions of the following operators:

Kt =M, +(Bx,D) -9, and K~ =\"'A,,, + (Bz,D) — 0.

Once the uniqueness of the Cauchy problem is guaranteed, points 3. and 4. of the above theorem will
follow from point 2. The lower bound in (1. 42) is proved by using the Harnack inequality presented in
Theorem 1.26 and following the technique introduced by Aronson and Serrin [11] for the classic parabolic
case. We remark that property 3. of Theorem 1.15 does not hold true unless we require further regularity
assumptions on the coefficients a;;’s and b;’s needed to define the formal adjoint * of K.

In view of (2. 14), the fundamental solution is the most natural tool to deal with the Cauchy problem
associated to the equation Ku = f. For a given positive T we denote by St the strip of RVN*1 defined as

follows
Sr =RNx]0,T],

and we look for a classical solution to the Cauchy problem
Ku=71 ?nSfV’ (1. 43)
u(-,0) = inRY,

with f € C(St) and ¢ € C(RY). Once again in view of (2. 14) it is clear that growth condition on f
and ¢ are required to ensure existence and uniqueness for the solution to (1. 43). The following result is
due to Di Francesco and Pascucci in [40].
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Theorem 1.16 Let KC be an operator of the form (1. 33) under the assumptions (H1), (H2), (H3).
Consider the Cauchy problem (1. 43) with ¢ € C(RY) and f € C%(Q), in the sense of Definition 1.11.
Let us suppose for some positive constant C

[f(z,8)] < CeCll* ()] < € O,

for every x € RN and 0 <t < T. Then there exists 0 < Ty < T such that the function

w(z, t) = /r(x,t,g,O) @(f)dﬁ—//F(x,t,f,f)f(ﬁ,r) dé dr. (1. 44)

RN 0 RN

is well defined for every (x,t) € RN x]0,Ty[. Moreover, it is a solution to the Cauchy problem (1. 43)
and the initial condition is attained by continuity

lim  w(z,t) = p(xo), for every xo € RY.
(z,t)—(x0,0)

Uniqueness results for the Cauchy problem (1. 43) can be found in [108], [40] and [41]. Later on, Cinti
and Polidoro proved in [34] the following result.

Theorem 1.17 Let K be an operator of the form (1. 33) under the assumptions (H1), (H2), (H3). If
u and v are two solutions to the same Cauchy problem (1. 43) satisfying the following estimate

T
//(|u(m,t)\+|v(x,t)\) e~ (15+55) gy gt < 400 (1. 45)

0 RN
with 0 < B < 1, then u = v.

We eventually quote the main uniqueness result of [41], that doesn’t require any growth assumptions on
the solutions w and v.

Theorem 1.18 Let K be an operator of the form (1. 33) under the assumptions (H1), (H2), (H3). If
u and v are two non-negative solutions to the same Cauchy problem (1. 43), with f =0 and ¢ > 0, then
u=v.

1.4.1 The Dirichlet problem

In the sequel Q will denote a bounded domain of RV*1. For every f € C() and ¢ € C(9Q,R), we
consider the Dirichlet problem for the operator /£ with Holder continuous coefficients

{ICu— f in Q,

(1. 46)
U= on 0f2.

This problem has been studied by Manfredini in [90] in the framework of the Potential Theory. In
accordance with the usual axiomatic approach, we denote by H, fj the Perron-Wiener-Brelot-Bauer solution
to the Dirichlet problem (1. 46) with f = 0. In order to discuss the boundary condition of the problem
(1. 46) we say that a point zy € 99 is K—regular for Q if
lim Hf;(z) for every p € C(0R). (1. 47)
z— 20

The first result for the existence of a solution to the Dirichlet problem (1. 46) for an operator K with
Holder continuous coefficiens is proved by Manfredini in [90], Theorem 1.4.
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Theorem 1.19 Let K be an operator in the form (1. 33) satisfying conditions (H1), (H2), (H3), and
assume that the matriz B has the form (1. 18). Suppose that f € C*(Q) and ¢ € C(09Q). Then there
exizts a unique solution u € C2*(Q) to the Dirichlet problem (1. 46). The function u is a classical
solution to Ku = f in Q, and zh—>nz10 u(z) = @(z0) for every K—regular point zy € 0S).

The assumption that the matrix B is of the form (1. 18) has been introduced to simplify the problem
and seems to be unnecessary. Indeed, this condition is removed in [41], where a specific family of open
sets ) is considered. The uniqueness of the solution follows straightforwardly from the following weak
mazximum principle that can be found in the proof of Proposition 4.2 of [90].

Theorem 1.20 Let K be an operator in the form (1. 33) satisfying conditions (H1), (H2), (H3), and
assume that the matriz B has the form (1. 18). Let Q be a bounded open set of RN*1, and let u be a

continuous function in €, such that O, (ﬁﬂju, fori,5 =1,...,mg and Yu are continuous in 2. If
moreover

Ku>0 in€Q,

u<0 on 012,

then u <0 in Q.

In order to discuss the boundary regularity of €2, we recall that the analogous of the Bouligand theorem
for operators K has been proved in [90]. Specifically, a point zg € 9Q is K—regular if there exists a local
barrier at zg, that is there exists a neighborhood V of zy and a function w € C%<(V) such that

w(zo) =0, w(z) >0for z€ ANV \ {2} and Kw<0inQnNV.

Let zy be point belonging to 9. We say that a vector v € RN*1 is an outer normal to Q at zy if there
exists a positive r such that B(z1,r|v|) N Q = {20}. Here B(z1,r|v|) is the Euclidean ball centered at
z1 = 20 + rv and radius r|v|. Note that this definition does not require any regularity on 92 and several
linearly independent vectors are allowed to be outer normal to €2 at the same point zy. The following
result proved in [90] gives a very simple geometric condition for the boundary regularity of Q and is in
accordance with the Fichera’s classification of 0f2.

Theorem 1.21 Let K be an operator in the form (1. 33) satisfying conditions (H1), (H2), (H3).
Consider the Dirichlet problem (1. 46), and let zy € 0). Assume that v is an outer normal to Q at z.
Then it holds

e if (A(20)v,v) #£ 0, then there exists a local barrier at zg;
o if (A(zo)v,v) =0, and (Y (20),v) > 0 then there exists a local barrier at zo;

e if (A(zo)v,v) =0, and (Y (20),v) <0 then z is non regular.
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FIG. 1 - REGULAR POINTS FOR 02+ ©18a, — 8; ON THE sET | — 1, 1[*x] — 1,0[.

The following more refined condition extends the Zaremba cone criterium. Let U be an open set of RY
and let t > 0. We denote by Zz 7(20) the following tusk-shaped cone

Zg #(z0) = {z00 D(z,~1) |2 € U,0<r < 1}.

Theorem 1.22 Let K be an operator in the form (1. 33) satisfying conditions (H1), (H2), (H8), and
assume that the matriz B has the form (1. 18). Consider the Dirichlet problem (1. 46), and let zy € OS2.
If there exist U and t such that Zg i(20) N Q = {20}, then there exists a local barrier at zo.

Theorems 1.21 and 1.22 have been first proved in [90] assuming that the matrix B has the form (1. 18),
this assumption has been removed from Theorem 1.21 in [41]. We also recall the work [85] by Lascialfari
and Morbidelli, where a quasilinear problem is considered, and the article [72] by Kogoj for a complete
treatment of the potential theory in the study of the Dirichlet problem for a general class of evolution
hypoelliptic equations.

Recently, Kogoj, Lanconelli and Tralli prove in [75] a characterization of the K—regular boundary
points for constant coefficients operators K of the form (1. 1). Their main result is stated in terms
of a series involving —potentials of regions contained in RV*!\ Q within different level sets of T
the fundamental solution of K. Specifically, if F' is a compact subset of R¥T! then Vr denotes the
K —equilibrium potential of F'. That is,

Vr(z) = limcinf Wr(C), z € RNTL (1. 48)
—Zz

where if IL(RV*1) denotes the family of X —super harmonic functions in RV +!
Wp=inf{v: ve KRV, v >0mR " v > 1inF}. (1. 49)

Moreover, for given p €]0,1[, zo € 02, and for every positive integer k we denote by Qf(zo) the set

Qz(ZO) — {Z c RN+1 \(2 | (l%)k‘logk S F(ZO7Z) S (%)(k‘i‘l)log(k-’—l)}.
We then have (Theorem 1.1, [75]).

Theorem 1.23 Let K be an hypoelliptic operator in the form (1. 1), let Q be a bounded open subset of
RN+ and let zg € 0. Then zo is K—regular for 0Q if and only if

“+oo
ZVQE(ZO)(ZO) = 4-o00. (1. 50)
k=1

We remark that this criterion is sharper than the Zaremba cone condition, moreover it provides us with
a necessary regularity condition. On the other hand, it only applies to constant coefficients operators of
the form (1. 1).

1.5 Mean value formulas, Harnack inequalities and Strong Max-
imum Principle
In the first part of this section we consider divergence form operators acting on functions u = u(x,t) €

C?%(Q) as follows

Ku= " 0q, (aij(x,t)0,u) + Y _bj(2,t)0s,u + (Bz,Du) — dyu, (1. 51)

i,j=1 J=1
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under the structural assumptions (H1), (H2), (H3). Moreover, we suppose the following additional
assumption for the first order derivatives holds true:

(H4) for every i,j = 1,...,mq the derivatives 0,,a:;(x,t) Op,b;(z,t) exist and are bounded Hoélder
continuous functions of the exponent « in (H3).

The reason to consider classical solutions to divergence form operators is that the adjoint * of I is well
defined and the function I'*(z,¢,&,7) = ['(§, 7, x,t) built via the parametrix method is the fundamental
solution of KC*.

1.5.1 Mean value formula

The mean value formula we present here is based on the Green’s identity and on the fundamental solution
to K and is derived in the same way as for the classic parabolic case. In order to give the precise statement
we need to introduce some notation. For every r > 0 and for every zo € RVT! we denote by 2,.(z0) the
super-level set of the fundamental solution T' of IC defined as

Qr(20) = {2z e RN | T(20;2) > L}. (1. 52)

We remark that I' is constructed via the parametrix method as the sum of a series of functions (see
(1. 39) and (1. 40)), then the definition of the set §2,(zo) is implicit. However the parametrix method
provides us with the following local estimate, useful to identify Q,.(z9). For every € > 0 there exists a
positive K such that

(1—¢)Z(20,¢) <T(20,¢) < (1 +¢)Z(20,0) (1. 53)

for every ¢ € RN+ with Z(z0,() > K, where Z is the fundamental solution associated to the operator K¢
defined in (1. 38) and its explicit expression is available. Moreover, every super-level set of Z is bounded
whenever B has the form 1. 18. This fact and Theorem 1.9 imply that Q,.(2¢) is bounded for every
sufficiently small positive r.

Mean value formulas for constant coefficients operators in the form (1. 1) have been proved by Kuptsov
[80], Garofalo and Lanconelli [51], then by Lanconelli and Polidoro [84]. Later on, Polidoro considers
operators K with Holder continuous coefficients in [107] and proves mean value formulas for operators K
of this kind under the qualitative assumptions that the coefficients of K are smooth.

Theorem 1.24 Let K be an operator in the form (1. 33) satisfying conditions (H1), (H2), assume the
coefficients a;; are smooth and that the matriz B has the form (1. 18). Let u be a solution to Ku =0 on
Q. Then, for every zo € Q such that Q,(z9) C 2, we have

u(zp) = % / M(z0;2) u(z) dz.
Q- (z0)
Here
(A(2) D3I (205 2) , DoT'(20; z)>

M) = [2(z0:2)

(1. 54)

As in Theorem 1.19, the assumption that the matrix B has the form (1. 18) has been introduced to
simplify the problem and seems to be unnecessary. We finally remark that mean value formulas analogous
to the one stated in Theorem 1.24, where the kernel (1. 54) is replaced by a bounded continuous one,
have been proved in [80], [51], [84] and [107]. Lastly, we recall a recent paper by Cupini and Lanconelli
[36], where the authors give a general proof of Mean Value formulas for solutions to linear second order
PDEs, only based on the local properties of the fundamental solution.
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1.5.2 Harnack inequality

The first proofs of Harnack type inequalities for Kolmogorov operators have been derived using mean value
formulas, and are due to Kuptsov [80] [81]. This result has been improved by Garofalo and Lanconelli (see
Theorem 1.1 in [51]) for some specific constant coefficients operators of the type (1. 1). Their approach
follows the ideas introduced for the heat equation by Pini [106] and Hadamard [61] in their seminal works.
Later on, Lanconelli and Polidoro proved the Harnack inequality for every operator (1. 1). The statement
of this result requires a further notation. For every positive € we denote

K, (20,) := Q,(20) N {(x,t) eRNHL [t <ty — arQ/Q} . (1. 55)

We recall here Theorem 5.1 in [84].

Theorem 1.25 Let K be an operator of the form (1. 1) satisfying the equivalent conditions of Proposition
1.1. Then there exist three positive constants c¢,rqg > 0 and €, only dependent on K, such that

sup  u(z) < cu(zp), (1. 56)
z€K,(20,€)

for every non negative solution u to Ku = 0 in an open subset Q of RN, for every zo € Q such that
Qa,-(20) C Q and for every r €]0,ro|.

The same result has been proved in [107] for variable coefficients operators (1. 51) satisfying (H1)- (H4),
with B in the form (1. 18). We point out that the geometry of the above Harnack inequality is quite
complicated. The natural analogy between the parabolic case and the Kolmogorov case is restored in
[84], where the Harnack inequality is written in terms of cylinders (see equation (1. 59) below). Here and
in the following, we consider the unit box Q defined as

Q=]-1,1[Nx]—1,0[. (1. 57)
Moreover, for given constants o, 8,7,0 with0 < a < <y <land 0<n<1, we set

Ot =6,0(]-L1[N)x] =, 0[, Q =6,0(—1L1[") x]—v,-8[ (1. 58)

FI1G. 2 - HARNACK INEQUALITY.

Based on the translation and on the dilation respectively defined in (1. 12) and (1. 19), we introduce for
every r > 0 the cylinders

Q,:=6,Q= {6T(x’t) | (‘r’t) € Q}
Qr(xo,t0) := (20,t0) © Qp
= {(wo,t0) 0 0r(,1) | (,t) € Q}
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centered at the origin and at a point (zg,%9) € RV*1, respectively. Analogously, we define
Q;F(l‘o,to) = (l‘o,to) o 5TQ+, QT_ (xo,to) = (1‘0, to) o 5TQ_.

Given the above notation, we recall that in Theorem 5.1 of [84] is proved a Harnack inequality analogous
to (1. 56), where the sets Qa,(z9) and K,(zo,¢) are replaced by cylinders. Specifically, we have

sup  u(z) < cu(zo), (1. 59)
2€Q; (20)

whenever Q,.(z9) C 2. We next quote the most general Harnack inequality for operators in non-divergence
form as defined in (1. 33) proved in [41].

Theorem 1.26 Let KC be an operator of the form (1. 33) satisfying (H1)-(H3).Then there exist positive
constants ¢, ro, a, 3,7 and 0, only dependent on the parameters of the assumptions (H1)-(H3), such that

sup  u(z) <c¢ inf  u(z), (1. 60)
2€907 (20) 2€Q7 (20)

for every non negative solution u to Ku = 0 in an open subset Q of RN, for every zo € Q such that
9Q,(20) C Q and for every r €]0,7¢].

In spite of their local nature, Harnack inequalities are essential tools for the proof of non-local results.
Among them, we find the Liouville theorems proved by Kogoj and Lanconelli in [73, 74] and the ones
proved by Kogoj, Pinchover and Polidoro in [76]. Moreover, they are also used to derive asymptotic
estimates for positive solutions by a repeated application of them. Harnack chains are the tools needed
to prove this kind of estimates.

HARNACK CHAIN. We say that a finite sequence (xg,to), (z1,t1),..., (2K, tx) is a Harnack chain if there
exist positive constants rg,71,...,7k—1 Such that QTJ. (xj,t;) C Q and (xjﬂ,tjﬂ) S Qerj (zvj,tj) for
j=0,...,k—1, so that, by the repeated use of the Harnack inequality, we obtain

w(zr, tr) < cu(xp—1,tp—1) < -+ < Cku(xﬂatO)v

for every non-negative solution u to Ku =0 in Q.

In particular, a first application of this tool can be found in the proof of Proposition 1.32 in the
following subsection, where Harnack chains are used to prove a geometric version of Theorem 1.26. Further
applications can be found in the papers by Polidoro [105], Di Francesco and Polidoro [41], Boscain and
Polidoro [21] and Cibelli and Polidoro [28] to obtain asymptotic estimates for the fundamental solution.
We also recall the work by Cinti, Nystrom and Polidoro [31, 32] where a boundary Harnack inequality is
proved.

1.5.3 Strong Maximum Principle

The most general statement of the strong maximum principle for subsolutions to Kolmogorov equations
is proved by Amano in [3]. It extends the Bony’s mazimum propagation principle [20] to a wide family
of possibly degenerate operators with coefficients a;; € C*, among which we find the ones in the form
(1. 33). To our knowledge, a proof of the strong maximum principle for operators of the form (1. 33)
with continuous coefficients a;;’s is not available in literature, even though it is expected to be true. For
this reason, in the following we derive from Theorem 1.26 a strong maximum principle for solutions to
Ku = 0, assuming that the coeflicients a;;’s are Holder continuous.
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In order to state the strong maximum principle, we introduce the notion of K-admissible curve and
that of KC-admissible set. Recall that to every operator K in the form (1. 33) we associate the model
operator (1. 34), which can be written in the Hormander form

mo

S XP+Y, with X; =0, for j=1,...,mq.

j=1
Definition 1.27 Let K be an operator of the form (1. 33), satisfying assumptions (H1)-(H3). We say
that a curve 7y : [0, T] — RN+ js K-admissible if is absolutely continuous and

3s) = 3 wn(9)Xu(v() + Y (3(9))
k=1

for almost every s € [0,T] and with wy,ws,...,wmn, € L'0,T].

Definition 1.28 Let © be any open subset of RN*1 and let K be an operator of the form (1. 33),
satisfying assumptions (H1)-(H3). For every point (xo,to) € Q we denote by oy 4, .14)(§2) the attainable
set defined as

o Q) = (z,t) € Q| there exists an K — admissible curve
(vo,w0,20) 227 1 [0, T] — Q such that v(0) = (z0,%0) and v(T) = () [

Whenever there is no ambiguity on the choice of the set Q we denote vy 24.t0) = Y (vo,z0,t0) ()

We are now in position to state the strong maximum principle.

Theorem 1.29 Let Q be any open subset of RN and let K be an operator of the form (1. 33),
satisfying assumptions (H1)-(H3). Let u > 0 be a solution to Ku = 0 in Q. If u(xo,to) = 0 for some
point (xo,to) € 0, then u(x,t) =0 for every (x,t) € Hvy a0 .t0)-

We remark that the attainable set <7, »,,1,) strongly depends on the domain 2. For instance, when €

agrees with the unit box Q =] — 1,1[*x] — 1,0[ we have
Ho0.0) = {(zl,xg,t) € Q||| < |t|}. (1. 61)
t

D
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FIG. 3 - 90,0,0)(Q) witH Q =] — 1,1[*x] — 1,0[.
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For the proof of this fact we refer to [30], Proposition 4.5, p.353. Moreover, the statement of Theorem
1.29 is optimal. Indeed, in Proposition 4.5 of [30] it is also shown that there exists a non-negative solution
u to Ku = 0 in Q such that u(z,t) = 0 for every (z,t) € 0y, and u(z,t) > 0 for every (z,t) € Q\eq,0).

In order to prove Theorem 1.29, we first need to prove the following intermediate result.

Theorem 1.30 Let K be an operator of the form (1. 33) satisfying (H1)-(H3), and let Q2 be an open
subset of RNTL. For every zy € Q, and for any compact set K C int(@f(vmxmto)), there exists a positive
constant C'i, only dependent on Q, 2y, K and on the operator IC, such that

sup u(z) < Ck u(z),
zeK

for every non negative solution u to Ku =0 in Q.

We then obtain, as a direct consequence, the proof of the Strong Maximum Principle stated in Theorem
1.29. In order to achieve this program, we introduce a further notation and we recall a lemma, whose
proof can be found in Lemma 2.2 of [21]. Given 3,7 as in the definition of @~ and for every z € RN+,
r > (0 we set

Q=] — 1,1V Q. (w0, to) = (w0, t0) © 6, Q;
K= =08,0(-1L1") x {22V K (0,t0) := (w0, t0) 0 6, K.

T

Lemma 1.31 Let v : [0,T] — RY*! be an K—admissible path and let a,b be two constants s.t. 0 < a <
b <T. Then there exists a positive constant h, only depending on IC, such that

b—a
B+

b
/ WP <h  — () € K- (v(a)), with r= ]2

Note that K (z) is a subset of Q, (z), then Lemma 1.31 implies O, (y(a)) is an open neighborhood of
~(b). Our first result of this section is a local version of Theorem 1.26, whose proof only relies on the
Harnack chains and on Lemma 1.31.

Proposition 1.32 Let zy be a point of Q, an open subset of RN, For every z € int (ﬁfz(,) there exist
an open neitghborhood U, of z and a positive constant C, such that

supu < ¢, u(zg)
U-

for every non-negative solution u to Ku = 0 in an open subset Q of RN*L.

PrROOF. Let z be any point of int (.@720) We plan to prove our claim by constructing a finite Harnack
chain connecting z to zy9. Because of the very definition of <7,,, there exists a K—admissible curve

~ 1 [0,T] — 9 steering 2o to z. Our Harnack chain will be a finite subset of ([0, T]). As O, (z¢,to) is an
open neighborhood of (zg, tg), for every s € [0, T] we can set

r(s) := sup {'r >0 : @T('y(s)) - Q}
We remark that the function r(s) is continuous, then it is well defined the positive number

ro = Sg{l&g]r(s). (1. 62)

Moreover Q,.(v(s)) C Q,(v(s)), then
9,(v(s)) CQ for every s € [0,T] and r €]0,ro]. (1. 63)
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On the other hand, we notice that the following function is (uniformly) continuous in [0, 7))

I(s) = /0 lw(r)|2dt, (1. 64)

then there exists a positive 7y such that ng < frg and that

b
/ |lw(T)[2dt < h for every a,b € [0,T], such that 0 <a —b <o, (1. 65)

where h is the constant appearing in Lemma 1.31.

We are now ready to construct our Harnack chain. Let k be the unique positive integer such that
(k—=1)no < T, and kny > T. We define {s;};cqo0,1,... x} € [0,T] as follows: s; = jno for j =0,1,...,k—1,
and s = T. As noticed before, the equation (4. 17) allows us to apply Lemma 1.31. We then obtain

Y(sj+1) € Qo (V(s5))  F=0,..., k=2,  ~y(sx) € Q. (V(sk-1)), (1. 66)

for some ry €]0,70]. We next show that (v(s;));_o, _, is a Harnack chain and we conclude the proof.

We proceed by induction. For every j = 1,...,k — 2 we have that v(s;11) € Q. (v(s;)). From (1. 63)
we know that Q, (v(s;)) C £, then we apply Theorem 1.26 and we find

u(y(sj+1)) < sup w<c inf u<cu(y(s;).
Qrg (v(s5)) oy (v(s5))

As a consequence, we obtain

u(y(se-1)) < cu(v(sp-2)) < M*u(y(sp-3)) < ... < " lu((0)).
We eventually apply Theorem 1.26 to the set Q. (v(sx—1)) C 2 and we obtain

supu < cFu(z),

U

where U, = Q. (v(sx—1)). As we noticed above, Q. (y(sx—1)) is an open neighborhood of v(T'). This
concludes the proof. [

PROOF OF THEOREM 1.30. Let K be any compact subset of int (7). For every z € K we consider the
open set U, appearing in the statement of Proposition 1.32. Clearly we have

KQUUZ.

zeK

Because of its compactness, there exists a finite covering of K

Kc |J U

Jj=1,....mg

and Proposition 1.32 yields
supu < C-; u(zo) ji=1,...,mg.
U,

This concludes the proof of Theorem 1.30, if we choose

Ck = max C,,.
j=1,..mg

O
PrOOF OF THEOREM 1.29. If u is a non-negative solution to u = 0 in 2 and K is a compact subset of

int(«,,), then supyx u < Cgu(zp). If moreover u(zy) = 0, we have u(z) = 0 for every z € K and, thus,
for every z € 47,,. The conclusion of the proof then follows from the continuity of w. O



Chapter 2

Existence of a Fundamental Solution
of PDEs associated to Asian Options

Asian options belong to the family of path-dependent options whose payoff depends on the average of the
underlying stock price over a certain time interval. In the Black & Scholes framework, the price of the
underlying Stock S; and of the bond B, are described by the processes

Sy = SpetttoWe, By = Bye™, 0<t<T,

where u, 7, T, and o are given constants. If the price observations are considered as a set of regularly
spaced time points we refer to a discrete Asian Option, otherwise when we consider a continuum of price
observations and its average it is computed by means of an integral we have a continuous Asian Option.
In particular, in this work we consider continuous Asian Options. In the Black & Scholes setting, the
price (Z;)o<i<r of a path dependent option is considered as a function Z; = Z(S;, Ay, t) that depends on
the stock price S, the time to maturity t and on an averageA; of the stock price

A = [ f(S))dr,  telo,T). 2. 1)
/

From a financial point of view, Asian Options have several advantages. Indeed, they are less expensive
than Plain Vanilla Options thanks to the averaging mechanism which allows to reduce their volatility as
well. Secondly, they reduce the risk of market manipulation of the underlying instrument at maturity
(see [115]). In this sense, Asian Options are suitable to fulfill some of the needs of corporate treasures.
We refer to the Black & Scholes [17] and to Merton [95] articles for the seminal works of this theory,
and to the books by Bjork [16], Hull [65] and Pascucci [102] for a comprehensive treatment of the recent
development of this subject. The most common techniques to price path-dependent derivatives are:

¢ the Monte Carlo simulations, relying on the Feynman—Kac formula
2(8,4,1) = B [T 04 (8p, Ar) | (S1, A1) = (5, 4)] . (2. 2)

where Q is a measure such that the process e"'Z; is a martingale under Q, and the fast Fourier
transform (see for example [56], [12], [50]). In [56], the authors derived an analytical expression for
the Laplace transform in maturity for the continuous call option case when the asset price follows
a geometric Brownian motion. However, as pointed out by [49], [44] and [50] the analytical method
of [56] can lead to numerical problems for short maturities or small volatilities. These problems are

33
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consequences of the slowly decaying oscillatory nature of the integrand for such parameter values
(see [50]).

e The PDE approach, which has the aim to solve numerically the Cauchy problem associated
with the no-arbitrage PDE. Related works following this line are those of [29], [15], [116]. In
[37], the author applies a method on conditioning on the geometric mean price. In this case an
approximation of Arithmetic Asian option prices is available. In [39], the author derives an accurate
approximation formulae for Asian-rate Call options in the Black & Scholes model by a matched
asymptotic expansion. In this work we rely on the results proved in [29], where the authors prove
via probabilistic techniques the existence of the fundamental solution I' for the operator . with
smooth coefficients a and b. Moreover, we recall the existence and local regularity results proved by
Lanconelli, Pascucci and Polidoro [83], under the assumption that the coefficients a and b belong
to some space of Holder continuous functions.

The results we present here firstly appeared in the paper [5] and follow an analytical approach based on
PDEs, since it has several advantages compared to the Monte Carlo approach. As it is stressed by [49],
PDE based approaches provide an analytical approximation of the solution in closed-form gives evidence
of the explicit dependency of the results on the underlying parameters. Secondly, they produce better
and faster sensitivities than Monte Carlo methods.

In order to explain our main results, we introduce some notation. From now on, we consider the
stochastic differential equation of the process (St, B, At)i>0
dSt = M(St, At, t) Stdt + O'(St, At, t) Stth,
dBt = T(St,At,t) Bt dt (2 3)
dA; = f(St)dt,
where ¢t €]0, T, i, r and o depend on S;, A; and ¢. Then we construct the replicating portfolio (Z;)o<i<r

for the option, we consider it as a function Z; = Z(Sy, A, t) and we apply It6’s formula. Thus, we obtain
the following Cauchy problem

{;02(5, A)S2LZ 1 £(9)2Z 1+ r(S, A1) (S - 2) +22 =0  (S,A,t) e RT x RTx]0,T],

(2. 4)

Z(S,A,T) = (S, A) (S,A) € Rt x RT,
where ¢ is the payoff of the Asian Option. Depending on the choice of the function f, either equal
to S or to the log(S), we deal with different kinds of options: Arithmetic Average Asian Options and
Geometric Average Asian Options, respectively. As we shall see in the following Section 2.1 and Section
2.2, respectively devoted to Geometric Average Asian Options and Arithmetic Average Asian Options,
we can associate to the pricing problem (2. 4) a second order partial differential operator of Kolmogorov
type. Thus, our aim is to prove the existence and uniqueness of the fundamental solution for those
operators. We improve previous results in that we provide a closed form expression for the solution
of the Cauchy problem (2. 4) under weak regularity assumptions on the coefficients of the associated
differential operator. In Section 2.3 we present our method, which is based on a limiting procedure,
whose convergence relies on some barrier arguments and uniform a priori estimates recently discovered.
Moreover, we emphasize that our approach improves the previously known results in that it allows us to
consider differential operators with locally Holder continuous coefficients, which is a milder assumption
than the usual ones. We will be more specific in the following, as we introduce the required notation.
Lastly, our approach can be also applied to more general problems than the one described above. For
instance, in a further investigation we will consider the pricing problem for an Option on a basket
containing n assets S; = (S},. .., SP") whose dynamic is

dS] = S (S, Aut) + SIY " 0(Sh A t) dWE,  j=1,...,n, (2. 5)
k=1
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where (W}, ..., W/)i>0 is a n-dimensional Wiener process and (4;);>0 is an average of the assets.

2.1 Geometric Average Asian Options

First of all, we address the case of Geometric Average Asian Options, that we recover by choosing
f(S) =1log(S) in the formula (2. 1). Through a simple change of variable v(x,y,t) := Z(e®,y, T — t) we
transform the PDE (2. 4), with its final condition, into the following Cauchy problem

2
{%U2($,y7t) (% - %) + !E%Z + T(xa:%t) (% _U) = %

2.6
’U(l‘,y,O) = @(az,y), ( )

where @(x,y) := p(e®,y). Note that, if we assume that % is a continuous function, then the differential

operator in (2. 6) can be written in its divergence form. Precisely, for every sufficiently smooth function
u, we have that the PDE in (2. 6) writes as Ku = 0, with

0 ou ou ou ou
’Cu(x7y7t) = &s(a(x’y’t)é‘x) + b(l’,y,t)% + xai!y —r(aay,t)u— E (2 7)

Here a(x,y,t) = %UQ(x,y,t) and b(x,y,t) = r(x,y,t) — %UZ(x,y,t) - a(m,y,t)%. The reason to

write IC in this form is that we need apply some results that have been proved only for divergence form
operators. We also introduce its formal adjoint C*, acting on smooth functions w = w(z,y,t) as

. 0 ow 0 ow ow
Kt = o (olend 2 ) = 5 (demu) = a0 —reptw+ 5 @9

The operator K belongs to the class of Kolmogorov operators (1. 1) and (1. 33). Thus, here we simply
recall the basic facts necessary for our proof and we refer to Chapter 1 for a survey of results regarding
the classical regularity theory for the operator /.

The Cauchy problem (2. 6) has been studied over the years, and the fundamental solution Ik asso-
ciated to the operator K provides us with a representation formula for its solution (see Theorem 1.15,
where we summarize the main results on the existence and bounds for the fundamental solution we have
at our disposal). In particular, if ¢ is a bounded continuous function, then

w(z,y,t) = / Tic (2,5, £ €, 7, 0) 3£, m) d€ dn, (2. 9)
R+ xR

is a classical solution to (2. 6). Kolmogorov wrote in [78] the explicit expression of the fundamental
solution T for the operator I with constant coefficients o and r. In this case the function u(x,y,t) :=
ety (m + (%02 - 1") t,y, t) is a solution to the Cauchy problem

/C)\u = O7
u(x? y) 0) = (’Z(x? y) Y

where \ = %02 and

02 0 Ou
Moreover, the fundamental solution IR of the operator ICy is
2 x+§ 2
Y T B IS [ e G-l
R (x,y,t,&m,7) = § =) exP( R G b= (2. 11)

0 t<T.
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Thus, we obtain a closed form for the price of the Geometric Average Asian Option in the case of constant
volatility o and interest rate r.

The Levy parametrix method provied us with a fundamental solution for operators in the form /C
with Holder continuous coefficients. This method has been used by several authors [107, 40, 41, 79] and
requires a uniform Hoélder continuity of the coefficients of K. The definition of the Hoélder space C% is
given in Definition 1.11, nevertheless for the sake of completeness it will be recall in Section 2.1.2. We
will see that a function f belongs to the space C%, with 0 < o < 1, if there exists a positive constant M
such that

l (03
7 (y.0) = 1€, 7)) SM(I%‘—ﬁI +ly—n+e-n=Ef + |t—r|5> , (2. 12)

for every (z,y,t),(£,m,7) € R%. On one hand, the intrinsic Holder space C% associated to K complies
with the fundamental solution T* written in (2. 11). On the other hand, intrinsic Holder regularity can
be a rather restrictive property, as it has already been pointed out by Pascucci and Pesce in the Example
1.3 of [103]. In particular, Pascucci and Pesce show that, whenever a function f = f(y) only depends on
y and belongs to C'%, is necessarily constant. As we will see in the sequel, we only require a local Holder
regularity of the coeflicients of the operator L. This allows us to consider a wider family of continuous
functions. More precisely, we consider the following assumption on the coefficients a and b:

Hy) a,b,r, 22 9% ¢ Co (R3). Moreover, there exist two positive constants A, A such that
Oz’ Ox loc
A<ala,y,t) A, [bla,y, ) r(z,y, O | G2y, 6], |52 (2 y,0)] < A,
for every (z,y,t) € R3.

In the above display, C}:. denotes the usual space of Holder continuous functions. Proposition 2.5 states
that a function f belongs to the space of locally Hélder continuous functions CF . if, and only if, it

belongs to the space C{ZC for some positive 8. We are now in position to state our main results concerning
the operator K.

Theorem 2.1 Let us consider the operator K under the assumption (Hy ). Then there exists a unique
fundamental solution T of IC in the sense of Definition 2.8. Moreover, the following properties hold:

1. Support of Tx: for every (z,y,t), (&,n,7) € R® witht <7
FK('T7 Y, t; 67 m, T) = 07
2. Reproduction property: for every (x,y,t), (zo,yo,t0) € R® and 7 € R with to <1 <t
FK(J"7 Y, t7 Z0, Y0, tO) = / FK(:E7 Y, t7 67 7, T) FK(§7 17,7520, Y0, tO) dé- dn7

R2

3. Integral of I : the following bound holds true
e M < /FK(x,y,t;f,n,T) dedn < M7
]R?

4. Bounds for T : let I =|Ty, T1| be a bounded interval, then there exist four positive constants AV,
A=, C*, C~ such that for every (z,y,t),(&,n,7) ER? with Ty <t <T < T}

— AT +
C IR (v,y.t:6,m.7) < Ix(z,y.t:€&n,7) < CTIR (2,y,6:€,n.7).

The constants AT, A=, CT, C~ depend only on K and Ty — Tp. I} and 1}’}+ respectively denote
the fundamental solution of Kx- and Ky+, defined in (2. 11) and (2. 10) respectively.
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Moreover, the function Tx™(&,n, T;2,y,t) = Ix(z,y,t;&,m,7) is the fundamental solution of the adjoint
operator K* with pole at (§,m,T) and satisfies all of the previous properties accordingly.

We remark that in the Black & Scholes setting it is natural to consider the Cauchy problem (2. 4)
with an unbounded initial condition ¢ that grows linearly. After the change of variable v(x,y,t) =
Z(e*,y, T —t), it corresponds to an exponential growth for the Cauchy data @. As we will see in Remark
2.21, the formula (2. 9) supports initial data satisfying the following condition

2(z,y)| < Mexp(Cl(z,9)|*),  (z,y) € R, (2. 13)

for some positive constants M, C and «, with a < 2. Note that if we consider & = 2 then the solution
to the Cauchy problem (2. 4) is defined in a suitably small interval of time. Moreover, the following
uniqueness result holds.

Theorem 2.2 Let us consider the operator K under the assumption (Hy ). Let uy and us be classical
solutions to

{ICU —0, (z,y,t) € R®x]to, T (2. 14)

u(xo, Yo, to) = (w0, 90) (20, %0) € R%.
in the sense of Definition 2.6, and

‘u1($7y7t)| + ‘uQ(x7y7t)| < Mexp (C(.’L’Q + y2)) )

for some positive consants M and C, then uy = ug in R?x]to, T).

2.1.1 Geometric setting and fundamental solution for K

In this section we recall some basic notions, already introduce and thoroughly presented in Chapter 1,
regarding the geometric setting suitable for the study of the Kolmogorov operator I, and some well
known results concerning its fundamental solution Ij. Firstly, let us consider the operator ; defined in
(2. 10) with A = 1:
0? 0 Ou
Ki=—+o————. 2. 15
Va2 T oy o (2. 15)
Even tough it is a strongly degenerate operator, it is hypoelliptic in the following sense. Let u be a
distributional solution of Kyu = f in Q C R3, then

u € C®(Q) whenever fe C®(Q). (2. 16)

Hormander introduced in his seminal paper [64] a simple sufficient condition to check the hypoellipticity
of any second order linear differential operator defined on some open set Q2 C R¥*! that can be written

as a sum of squares of smooth vector fields Xg, X1,...,X,,, as follows
> X7+ Xo. (2. 17)
i=1

The celebrated hypoellipticity result due to Hérmander reads as follows.
THEOREM (HORMANDER HYPOELLIPTICITY CONDITION). Let us consider the operator (2. 17). If

m
Lie{X¢, X1,..., X;n }(z,y,t) = RNFL at every (z,y,t) € Q, then Y X2 + X is hypoelliptic.

i=1
We recall that the notation Lie{Xy, X1,..., X;»}(x,t) denotes the vector space generated by the vector
fields {Xo, X1,...,X,»} and their commutator. The commutator of two vector fields W and Z acting on
u € C*(Q) is defined as [W, ZJu := WZu — ZWu.
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As far as we are concerned with the operator K; defined in (2. 15), we can write it as follows

Ki=X?*+4Y, (2. 18)
where
1 0 0
X=—~10], Y:xéfgw x and [X,Y]:gw 1]. (2. 19)
i 0 Jdy Ot 1 oy 0

Hence, the vector fields X,Y and [X,Y] form a basis of R® at every point (x,y,t) € R3, so that K
satisfies the Hérmander’s rank condition.

The commutators are strongly related to a non-Euclidean invariant structure for the Kolmogorov
operator, as was firstly pointed out by Garofalo and Lanconelli in [51]. Later on, a non commutative
algebraic structure was introduced by Lanconelli and Polidoro in [84] to replace the Euclidean one in the
study of Kolmogorov operators (2. 15).

Lie GrOUP. Consider an operator Ky in the form (2. 15). Then G = (R3,e),
(xo,Yo0,t0) ® (z,y,t) = (xo + z,y0 + y — txo,to + t). (2. 20)
is a group with zero element (0,0,0), and inverse (z,y,t)~! = (—x, —y — tx, —t).
Indeed, if we set v(z,y,t) = u(zo + x,yo + y — txo, to + t), then
Kiv =0 if, and only if, C;u=0.
Moreover, the operator K; is invariant with respect to the following family of dilations of R?
5o(x,y,t) = (ro, Py, r’t) for every r > 0, (2. 21)
in the sense that if we set v(x,y,t) = u(rx,r3y,r?t), then
Kiv =0 if, and only if, KC;u=0.
We now introduce a quasi-distance invariant with respect to the group operation “e”.

Definition 2.3 For every z = (z,y,t),( = (£,n,7) € R3, we define a quasi-distance di (z,() invariant
with respect to the translation group G as follows

1 1
dK(Z,C)=‘$—§‘ + ‘y—n+(t—T)L§§‘3 + ‘t—T‘Q

Here we recall the meaning of quasi-distance dx : R? x R? — [0, +ool:
1. dg(z,w) = 0 if and only if z = w for every z,w € R?;
2. dg(z,w) = dg (w, 2);
3. for every z,w,( € R? there exists a constant C' > 0 such that (see Lemma 2.1 of [40])

Moreover, we remark that the quasi-distance dy is homogeneous of degree 1 with respect to the family
of dilations {6, },~0 in the sense that for every z,( € R?

dx (6+(2),6-(0)) = r(dk(z,()) for every r > 0.

We are now in position to define the space of Hélder continuous functions C¥.
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Definition 2.4 Let a be a positive constant, o < 1, and let 2 be an open subset of R®. We say that a
function f : Q2 — R is Hélder continuous with exponent o in § with respect to the group G = (R3, e, 6,.)
(in short: Holder continuous with exponent o, f € C%(Q)) if there exists a positive constant C' > 0 such
that

|f(Z)—f(<)| SCdK(ZaC)a foreveryz,{EQ.

To every bounded function f € C%(Q2) we associate the norm

o = suplf| + sup LE=LOL

2#£¢

Moreover, we say a function f is locally Hélder continuous, and we write f € C;“(,loc(Q), if feC%(sY)
for every compact subset ' of Q.

We recall the following result, due to Manfredini (see p. 833 in [90]), where the space C'% is compared
with the usual Euclidean Holder space C'*.

Proposition 2.5 Let Q be a bounded subset of R3. If f € C*(Q) in the usual Euclidean sense, then
f € C%(Q) in the sense of Definition 1.11. Vice versa, if f € C%(S), then f € CP(Q) in the Euclidean
sense with 8 = 5.

We remark that the local Holder regularity assumption we assume on the coefficients of the operator
K is less restrictive than the global Holder regularity, as pointed out by Pascucci and Pesce (see Example
1.3, [103]). Indeed, for every y,n,t,7 € R with t # 7, let us consider the following couple of points in R3

= (1Y — (1Y
z—(t_T,y,t) and ¢ (t_T,mT), (2. 22)

then we have d(z,() = |t — T‘% Since y and 7 are arbitrary real numbers, we see that points in R? that
are far from each other in the Euclidean sense can be very close with respect to the distance d. It follows
that, if a function f(z,y,t) = f(y) depends only on y and it belongs to C%(R?) for some positive o, then
it must be constant. In fact, for z,{ as defined in (2. 22), we have

[f(y) = )l = 1f(2) = F(OI < CJt —7[*

for some positive constants C, a and for any y,n € R and ¢ # 7.

2.1.2 Holder continuous coefficients

The results we present in this chapter regards classical solutions to the equation Cu = f. In this section
we recall the definition of Lie derivative, classical solution for the equation Ku = f and fundamental
solution. We first recall the notion of Lie derivative Yu of a function u with respect to the vector field Y
defined in (2. 19):

Yu(x,y,t) = lim u(y(s)) = U(V(O)), v(s) = (z,y + sz, t — s). (2. 23)

s—0 S

Note that v is the integral curve of Y, i.e. §(s) = Y (y(s)). Clearly, if u € C1(Q), with  open subset
of R3, then Yu(z,y,t) agrees with zd,u(z,y,t) — yu(x,y,t) considered as a linear combination of the
derivatives of u.



Existence of a Fundamental Solution of PDEs associated to Asian Options 40

Definition 2.6 A function u is a solution to the equation Ku = f in a domain 2 of R? if the derivatives
Opu, 0%u and the Lie derivative Yu exist as continuous functions in Q, and the equation

0 Ju ou Ju Ju
ar(a(xvyvt)ax> + b(xayvt)£ + x@ —r(m,y,t)u— a - f(xayvt)

is satisfied at any point (x,y,t) € Q. Moreover, we say that u is a classical supersolution to Ku = 0
if f <0 inQ, and we write Ku < 0. We say that u is a classical subsolution if —u is a classical
supersolution.

Fundamental tools in the classical regularity theory for Partial Differential Equations are the Schauder
estimates. In particular, we recall the result proved by Manfredini in [90] (see Theorem 1.4) for classical
solutions to Ku = f, where the natural functional setting is

CEr () = {ue Cr(Q) | dpu,0}u,Yue CR(Q)},

and C%(1) is given in Definition 2.4. Moreover, if u € C%*(Q) then we define the norm
[Ul24a.9 = ulag + [Geulag + [Fulag + [Yulao

Clearly, the definition of Cf;rlgc(Q) follows straightforwardly from the definition of C% ,.(€2).

Theorem 2.7 Let us consider an operator K of the type (2. 7) satisfying assumptions (Hy) with 0 <
a < 1. Let Q be an open subset of R3, f € Cj‘é’loc(Q) and let u be a classical solution to Ku = f in Q.

Then for every Q' cc Q' cc Q there exists a positive constant C such that

[tly o < C((supgr [ul + [flagr)-

We refer to the survey paper [6] for a more recent bibliography on this subject, and we recall that for
further information the topic of this section is extensively treated in Chapter 1 of this work. We also
recall the notion of fundamental solution.

Definition 2.8 We say o function Ix : R3 x R? = R is a fundamental solution for KC if
1. for every (wo,%0,t0) € R? the function x +— Tk (z,y,t; 70, Yo, t0):
(a) belongs to Li (R3);

loc

(b) is a classical solution of Ku =0 in R3\ {(z0,v0,t0))} in the sense of Definition 2.6;

2. for every bounded function ¢ € C(R?), we have that

unt) = [ T tiéonto) o(€m) de

is a classical solution of the Cauchy problem (2. 14);

3. The function T (z,y,t; xo, Yo, to) = Ik (z0, Yo, to; z,y,t) satisfies 1. and 2. with K replaced by its
adjoint operator KC* as defined in (2. 8).

The existence of a fundamental solution I for the operator K has widely been investigated over the
years, and as we have already pointed out in the Introduction of this paper the Levy parametrix method
provides us with a fundamental solution for the operator I under global Holder regularity assumptions
for the coefficients. Among the first results of this type we recall [121], [67] and [114]. We summarize
here the main results of the articles [107], [40] and [83] on the existence and bounds for the fundamental
solution under the following assumption for the coefficients of the operator K:
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a, %, b,r € C%(R?) and there exist two positive constants A, A such that

A <a(z,y,t) <A ’%| Jb(z,y, b)), (2, y, )| < A for every  (x,y,t) € R, (2. 24)

For more references on this subject we refer to the survey paper [6].

Theorem 2.9 Let K be an operator of the form (2. 7) under the assumption (2. 24). Then there exists a
fundamental solution Ty in the sense of Definition 2.8. Moreover, for every (xo,vo,t0) € R, Iix belongs
to C2T(R3\ {(z0,yo0,t0))} and the following properties hold:

loc

1. Support of Ic: for every (z,y,t), (£,1,7) € R3 witht < 7
FK(Ia Y, t; fa , T) = Ov

2. Reproduction property: for every (x,y,t), (zo,y0,t0) € R® and 7 € R with tg < 7 < t:

FK($,y,t;l’0,y0,t0) :/FK(x,yvt;gvnﬂT) FK(g,naT;anyO,tO) dfdn7
R2

3. Integral of I : the following bound holds true

e-At=T) < / Tic (2,5, £:€,m,7) dé dny < M), (2. 25)

R2

4. let I =]Ty, Ti[ be a bounded interval, then there exist four positive constants \*, A=, C*, C~ such
that for every (x,y,t), (&,n,7) € R® with Ty <t <7 < T}

- +
C IR (v,y,:;&m,7) < Ii(a,y,t:6,m,7) < CYIR (2,9, €,m,7). (2. 26)

The constants AT, A=, CT, C~ depend only on K and Ty — Tp. I} and I}?Jr respectively denote
the fundamental solution of Kx- and Ky+, defined in (2. 11) and (2. 10) respectively.

Furthermore, for every (xo,vo,t0) € R® also T™* belongs to C2T*(R3\ {(z0, yo, t0))}-

loc

The properties 1. and 2. of the above statement have been proved in [107] and [40]. The inequalities
(2. 25) follow from the comparison principle for classical solutions, as the functions e A=) and A7)
are respectively subsolution and supersolution to the Cauchy problem (2. 14) with inital datum ¢(z,y) =
1. We remark that the constants AT, A=, CT, C'~ appearing in the bounds (2. 26) proved in [107, 40]
also depend on the C*(RY x I) norm of the coefficients a, %, b,r. We rely here on the bounds proved
in [83], where the dependence on the regularity of the coeflicients is removed thanks to the Harnack
inequality proved by Golse, Imbert, Mouhot and Vasseur in [58]. We conclude this section with the

following Gaussian bound for Tj.

Corollary 2.10 Let (z,y,t) € R3, witht > tq. Then there exist two positive constants C, only depending
on the operator K, and Ry, also depending on (z,y,t), on to, such that

£2492
2

T (2., t:€,m,7) < Ce @ =
for every (&,m) € R? such that ||(£,n)|| > Ro and for every T € R with ty < 1 < t.

The proof of this result directly follows from the upper bound (2. 26) combined with the explicit expres-
sion of the fundamental solution (2. 11). We refer to the Lemma 3.1 of [108] for the proof, that will be
omitted here.
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2.2 Arithmetic Average Asian Options

Now, we address the case of Arithmetic Average Asian Options, that we recover by choosing f(S5) = S.
Through the change of variable v(z,y,T —t) := Z(x,y,t) we transform the Cauchy problem (2. 4) into
the following

2
30% @,y 022 5% + v,y t) (252 — v) + 232 (n,y,t) = F
v(@,y,0) = p(z,y).

As we did in the previous section for the case of Geometric Average Asian Options, we write the operator
appearing in the above PDE in its divergence form

{wgi(a(x,y,t>x§;> + b(wy, e G =@yt + 0 2 = G, (2. 27)

U(x7 y’ 0) = gp(x7 y)7
where a(z,y,t) = L1o%(z,y,t) and b(x,y,t) = r(x,y,t) — 2za(z,y,t) — x20,a(x,y,t). Note that the

2
coefficient z in front of the derivative % introduces new difficulties. We denote by .Z the differential

operator in (2. 27), acting on sufficiently smooth functions u = u(x,y,t) as

0 ou ou ou ou
gu(mvi%t) Ea x% (a(a@yﬂﬁ)x) + b({,&y,t)l'% +x o= —T(x,y,t)u— aa

o 5 (2. 28)

and its formal adjoint .#*, acting on differentiable functions w = w(x, y,t) as follows

« —c owy 9 29 9
Lw(x,y,t) = x e (a(x,y,t)ac 833) e (xb(m,y,t) w) xayw r(z,y, t)w + prid (2. 29)

The simplest form of the operator . is associated to the stochastic process (S, Ai)i>0
t
S, = SpetttoWe Ay = / exp(us + oWs)ds, (2. 30)
0

where W; is a real valued Brownian motion starting from 0. Indeed, when g = 0 and o is a positive
constant we can consider the following model operator

Ly = A2202 + 20y + 20y — Oy, (2. 31)

where A = %02. As it is pointed out by Yor in [123], thanks to the scaling invariance properties of the

Brownian motion we can restrict ourselves to the case where o = \/5, for which he proves the existence
of the transition density of the associated process (S;, At)¢>0, which reads as follows

2

s
°F 1 2w w w
p(wa:%t) = ‘ exXp (_—’—e> % © (e7t) )

w27t 2y Y Y

where
,ﬁ _ sh . . 7T§
@(z,t):/e 37 ¢~ %08 ginh(¢) sin - d¢.
0

Thus, the explicit expression of the fundamental solution I}! associated with the operator

A = $28£ + 20, + x0y — O, (2. 32)
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reads as follows

PLl(m7yat;x0»y07t0) = ﬁp (; 10g (%) 3 Y 2xy07 ! 2t0> . (2 33)
Thus, the pricing problem for the simplest case of Arithmetic Average Asian Options can be solved by
the argument outlined in the previous subsection when considering (2. 6), but in this case the differential
operator K needs to be replaced by £\. As we can see from the explicit expression (2. 33) of the
fundamental solution I} of %, and as several authors point out (for instance, see [2, 44, 49, 50, 113]), the
explicit representation of the Asian option prices given by Geman and Yor in [56] is hardly numerically
treatable, in particular when pricing Asian Options with short maturities or small volatilities. We quote
[124, 56] for an exhaustive presentation of the topic, other related works are due to Matsumoto, Geman
and Yor [94, 56, 93], Carr and Schroder [26], Bally and Kohatsu-Higa [13].

As we have already pointed out at the beginning of the Introduction, in this work we consider the
operator .Z with variable coefficients. This allows one to deal with more general market models, but
the mathematical theory for this kind of operator .Z is nowadays still incomplete. Indeed, the unique
result available on the existence of a fundamental solution for £ has been proved by Cibelli, Polidoro
and Rossi in [29] and requires the C*° smoothness of the coefficients a and b. Moreover, only the case
r = 0 is considered in [29]. Our research weakens the regularity requirements on the coefficients in that
only the local Holder continuity is needed to produce classical solutions to the pricing problem. The class
of Holder continuous functions C{' related to the operator . is strongly linked to the definition of the
space C'% related to the operator K, as we will see in the sequel of this article. Moreover, in the following
we prove that locally the two definitions coincide (see Proposition 2.16). This allows us to consider a
wider family of continuous functions, since the local Holder condition is really easy to check and less
restrictive that the global Holder continuity assumption, required for instance by the parametrix method,
that is an alternative approach to produce a fundamental solution. We are now ready to state the precise
assumption for the coefficients a and b of the operator .Z.

(HL) a,b da 0b Co

s 9ar B2 € o (RT x R?). Moreover, there exist two positive constants A, A such that

)\Sa(x7y7t) SA’ |b(x,y,t)|7

% (x a(:v,y7t))| , % (zb(z, y,t))| <A,

for every (z,y,t) € RT x R2.

Remark 2.11 As said above, we only consider the operator £ without the zero order term r, as we rely
on the results proved in [29], where this condition was assumed. However a simple change of function
allows us to consider any continuous function r = r(t) only depending on t. Indeed, if u is a solution to
ZLu =0, where the term r doesn’t appear in £, then the function

v(z,y,t) = eR‘(t)u(an,y,t)7 R(t) = / r(s)ds,

to
solves the equation Lv(x,y,t) — r(t)v(z,y,t) = 0.
We are now in position to state our main results regarding the operator .Z.

Theorem 2.12 Let us consider the operator £ under the assumption (Hy ). Then there exists a unique
Sfundamental solution Iy, of £ in the sense of Definition 2.18. Moreover, the following properties hold:

1. Support of Iy, for every (x,y,t), (§,1,7) ERT x R?2 witht <7 ory >1n

FL(xa y»t§§>ﬁ77) = 0;
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2. Reproduction property: for every (x,y,t), (zo,y0,t0) € RT x R? and 7 € R with to <7 <t

FL(x7y7t;x07y07t0) = / FL(mayat;gvan) FL(va,T;xoayoyto) dgd,'%
R+ xR

3. Integral of Iy, : there exists a positive constant C depending on t — 7 and such that C =1 ast — 7
for which

Ip(z,y,t:&m,7)dEdn = 1, / I (z,y,:6,n,7)dedy = C;
R+ xR R+ xR

4. Bounds forI: for everye €]0,1[, and T > 0 there exist two positive constants ¢z ,CS depending on
g, on T and on the operator £, and two positive constants C~,cT, only depending on the operator
£, such that

c _
35(2)(757;0)2 exp (—C~(z,y + zoe(t — to),t — e(t — to); To, Yo, to)) <

+

- B exp (—c¢"Y(x,y — zoe, t + € 20, Yo, to))

< (2,9, t: T, Yo, to) < ——
> L( Y,15%0, Yo O)i$(2)(t—t0

for every (z,y,t) € R x| —o00, yo — woe(t —to)[x|to, T], where 1 is the value function for the optimal
control problem (2. 39).

Moreover, the function Ip*(&,n,7;x,y,t) = Ip(x,y,t;€,n,7) is the fundamental solution of the adjoint
operator L* with pole at (§,m,7) and satisfies all of the previous properties accordingly.

We note that the upper and lower bounds in the above point 4. can be written in terms of the function
(2. 33) as stated in Corollary 2.20 below. As in the case of Geometric Average Asian Options, we
consider the Cauchy problem (2. 4) with an initial condition ¢ that grows linearly. However, in the case
of Arithmetic Average Asian Options the change of variable v(z, y,t) = Z(e®,y, T —t) doesn’t simplify the
proof of our results. Therfore we don’t apply it and we keep the linear growth as the natural assumption
on the function ¢. We will see in Remark 2.24 that the formula (2. 42) supports initial data satisfying
this condition. As far as we are concerned with the uniqueness of the solution to the Cauchy problem for
operators of the form (2. 28), we have the following result.

Theorem 2.13 Let us consider the operator £ under the assumption (Hp ). Let uy and ug be classical

solutions to
Lu =0, (z,y,t) € RT x Rx]to, T]
U(Io,y(),to) = @(x()vyo) (Io, yO) € R+ x R.
in the sense of Definition 2.17, and
fur (2,9, )] + [ua(z,y. )| < Mexp (Clog(a® +y? + 1) — log(x)) +1)°,

for some positive consants M and C, then uy; = ug in RY x Rx]tg, T.

2.2.1 The operator %

In this section we collect known facts on the operator .Z. Let us consider the operator £ introduced in
(2. 31) as the prototype operator for the operator .Z. As we have already pointed out in the Introduction
of this paper, the function I}! defined in (2. 33) is the fundamental solution I} of Z. Tts expression
agrees with that of the density of the process (Wi, Ay)i>0 in (2. 30), first considered by Yor in [123].
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As far as we are concerned with the invariance properties of .27, Monti and Pascucci observe in [96]
that it is invariant with respect to the group operation on Rt x RZ:

(fﬂ?ﬁ)o(%y’t):(ﬁxan+§ya7+t)- (2 34)

Indeed, if we set v(x,y,t) = u(Ex,n+ Ey, T + 1), then v =0 if, and only if, £ u = 0. We also remark
that

L := (Rt x R2,o)

is a Lie group, where the identity I and the inverse of the element (z,y,t) are defined as

I, = (1,0,0), (z,y,t) "= (2,-%,—1).
Let us notice that the translation defined in (2. 34) reflects the mixed nature of the stochastic process
(St, At)e>0 defined in (2. 30). Indeed its first component S; is log-normal, then is related to a multiplica-
tive group, while the component A; is defined as the integral of S;, then is related to an additive group.
In particular, the null element of the group is (1,0,0), the left-translation (r,0,0) o (x,y,t) acts as a
dilation with respect to (x,y), while the left-translation (1,7,t) o (z,y,t) acts as an Euclidean translation
with respect to (y,t)

(r,0,0) o (2,y,t) = (rz,ry,t), (1,m,t) o (2,y,t) = (x,n+ y,7 +1).

As far as we are concerned with the regularizing properties of the operator £}, one can easily prove it
is hypoelliptic in the sense of (2. 16). Indeed, we can write the vector fields associated to .2 as follows

T 0 0
X=20,~(0], Y=20,—0~| x|, and [X,Y|=2z0,~ |z]. (2. 35)
0 -1 0

Thus, Lie{ X, Y, [X,Y]}(z,y,t) = Rt xR? for every (x,y,t) € RT xR? hence .#] satisfies the Hérmander’s
hypoellipticity condition.

2.2.2 The optimal control problem for .Z;

We now introduce the function ¢ appearing in the formula (2. 45). Let us consider the vector fields
X and Y defined in (2. 35) associated to the operator .£;. We consider the following optimal control
problem. For any end point (x¢,yo,t0) € R x R? and starting point (z1,y1,t1) € Rt x R?, with t; > to:

T
(x1,y1,t15 %0, Yo, to) = inf /w2 subject to constraint (2. 36)
weL1([0,T))
0
i(s) = w(s) z(s)

y(s) = x(s) 0<s<T
t(s) = -1
(SL’,y,t)(O) :(xlvylatl)’ (l’,y,t)(T) = (x()vyOatO)'
The constraint £(s) = —1 implies that admissible paths satisfy ¢(s) = t; — s, hence T = t; — to. For

this reason, in the sequel we drop the time variable, and we set T' := t; — tg. Moreover, as z(s) > 0 for
every s, the second equation yields y; < yo. The knowledge of the explicit expression of the function v is
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particularly important, and we summarize here some quantitative informations about it in terms of the
following function

sinh(y/T)
0N 0 > 07
V) '
g(r)=+<1 r=20,
sinh(v=7) —m2 <r<0.

Vi)
Indeed, for every (x1,41,t1), (70, %0,t0) € RT x R?, with ¢ty < t; and yo > y, we have

2

V(1,91 b5 0, Yo, t) = Bty — to) + 28200) — g [py Amse, > om

. (2. 37)
Y(x1, 41, t1; 20, Yo, to) = E(tr — to) + % + 4,/ B+ g,

: 472 2
if — 5ty <E <

T
t1—tg)?

where

E— 4 971 < Yo — Y1 >
(t1 —to)? (t1 —to)/T120

For further informations we refer to [29], Section 4, where also the solution of the control problem (2. 36)
is provided. Moreover, we recall that one of the results of [29] are the following bounds for the fundamental
solution I} constructed by Geman and Yor in [56]:

c
— 5 €Xp (—C’W/)(z,y—!—:z:os(t—to),t—s(t—to);xo,yo,to)) < (2. 38)
z5(t — to)

+
< FLl(xa Y, 520, Yo, to) < 278 exp (—C+¢(x7 Y — xoE, t + €;Z0; Yo, tO)) ’
o (t — t0)2
where 9 is the cost function of the optimal control problem (2. 39).
As the vector fields X = 20, and Y = 20, — 0; are invariant with respect to the left translation “o”
in (2. 34), it turns out that also the solution % to the optimal control problem (2. 36) is invariant with
respect to L = (R* x R2,0). In particular we have

Y(x1, Y1, t1; 7o, Yo, to) = ¥ ((zo, Yo, to) ' o (¥1,41,t1); 1,0,0).

Hence, from now on we fix the final condition (zg, yo,%o) = (1,0, 0) in the optimal control problem (2. 36),
and then use the invariance property to solve it with a general initial condition, and we use the simplified
notation ¥(x,y,t) = ¥(x,y,t;1,0,0). For all of the above reasons, the optimal control problem (2. 36)
now reads as follows for a general starting point (z,y,t) € RT x R~ x R*:

t

,y,t) == inf 2(r)d bject t traint 2. 39
Y(x,y,t) wELlln([O,t]) /w (1)dr subject to constrain ( )

{j:(s) —w(s)z(s), z(0) ==z, =z(t)=1,
y(s) = (s), y(0) =y, y()=0.

2.2.3 The space C}

In order to define the Holder spaces relevant to the operator £ we note that the operators £ and K
agree in every compact set of RT x R2. We then borrow the regularity theory developed for the opeator
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IC, and described in the above subsection, to obtain analogous results for the operator .#. This point of
view was adopted in the work [29] to obtain an invariant Harnack inequality for .Z.

Consider a function f = f(z,y,t) defined in R* x R?, and let (£,7,7) be a point in RT x R2. In
accordance with the operation (2. 34), we define the function

Fla,y,t) = f(Ew,n+Ey,m+1).
We note that N
f(ﬂ?,yJI) = f (%a%at_T) 5

and we apply the Definition 1.11 to f(x,y,t) in a neighborhood of (1,0,0). We find

Fayt) = Fem ) =|F (£ 555 —7) = F(1,0,0)] <

(

Let us remark that the operators . and K are comparable only when the points x and £ are close each
other. Indeed, if we exchange the role of the points (x,y,t) and (£, 7n,7), we find the inequality

1/3 @
+t— T|1/2> ,

which doesn’t agree with (2. 40), unless £ and x have similar size. For this reason, we give the following

definition of quasi-distance and Holder continuous function with respect to the operation “o”, which is

equivalent to (2. 40) when £ is close to 1.

(2. 40)

B _ o |1/3 @
Tg +‘%+(t—r)2i§‘ +|t—¢1/2> .

e n) — s il < (|52

— E4x
e - ng

Definition 2.14 For every z = (z,y,t),( = (&,1,7) € RT x R2, we define a symmetric quasi-distance
dr(z,¢) invariant with respect to the translation group L as follows

1/3
y—n+(t—7)x7+§

dL(ZaC): f/;% + V7t +|t_7|1/2-

Definition 2.15 Let a be a positive constant, o < 1, and let Q be an open subset of RT x R2. We say a
function f : Q — R is Hélder continuous with exponent o in Q0 with respect to the group L = (Rt xR? o)
(in short: Hélder continuous with exponent o, f € C%(Q)) if there exists a positive constant C > 0 such
that

|f(z,y,t) — f(&n,7)| < Cdp(z,¢)°, (2. 41)

for every (z,y,t),(§,n,7) € Q. Moreover, we say a function f is locally Holder continuous, and we write
f €T 1,.(), if f € CE(Y) for every compact subset Q' of Q.

As the definitions C#(Q)') and C%(Y') agree in every compact subset ' of R* x R2, the following
statement is an immediate consequence of Proposition 2.5. For this reason, we omit its proof, which is
immediate.

Proposition 2.16 Let Q' be a compact subset of RT x R2. If f € C%(Q) in the usual Euclidean sense,
then f € C3(Q) in the sense of Definition 2.15. Vice versa, if f € C(Q), then f € CP(Q) in the
Euclidean sense with = 5.
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Definition 2.17 A function u is a solution to the equation Lu = f in a domain Q of Rt x R? if the
derivatives x0yu, 120%u, and the Lie derivative Yu exist as continuous functions in €, and the equation

ou

0 oo,y ) s 22) + byt 2 4 2 2 (g tpu— 2
xr 8x a\r,y, xr 8x xz,Y, l'am X ay rr,y,t)u 8t

y = f(xv Y, t)
is satisfied at any point (z,y,t) € Q.
Moreover, we define the natural functional setting for Zu = f as follows

C’?fa(Q) = {u e CH(QY) | x@xu,f@iu, Yue C’f(Q)} ,
where C®(Q) is given in Definition 2.15. Clearly, the definition of Ciﬁg‘c(Q) follows straightforwardly
from the definition of C7' ,.(€2).
2.2.4 The fundamental solution I},
We now focus on the fundamental solution I}, for the operator .Z.
Definition 2.18 A function Iy, : (R+ X RQ) X (]R+ X R2) — R is a fundamental solution for £ if
1. for every (xo,v0,t0) € RT x R? the function x — I1(x,y,t; %0, Y0,t0):

(a) belongs to Li (RT x R?)NC>®(RT x R\ {(z0,%0,%0))};

loc

(b) is a classical solution of Lu =0 in RT x R*\ {(z0,v0,%0))} in the sense of Definition 2.17;

2. for every bounded function ¢ € C(R?), we have that

unt) = [ Tentséon0) e dedn, (2. 42

s a classical solution of the Cauchy problem

ZLu=0 t) e RT xR x Rt
{ U ) (.'If,y, )E X X (2 43)

u(x7y70) = @(x7y) (x,y) € R2,

3. The function I (x,y,t; xg, Yo, to) := IL(zo, Yo, to; , y, t) satisfies 1. and 2. with £ replaced by its
adjoint operator £L* as defined in (2. 29).

Under the following assumption (2. 44), which is stronger than (Hp), Cibelli, Polidoro and Rossi prove
the existence of the fundamental solution I}, for . and bounds analogous to (2. 38) by applying methods
coming from the stochastic theory (see Proposition 3.7 and Theorem 1.3 of [29], respectively). We
summarize here the main results of the paper [29], under the following assumption for the coefficients a
and b:

a,b € C°(R* x R?). Moreover, there exist two positive constants A, A such that
A<a@y,t) <A, |2 (@al@,y,t)], |2 (@alz,y,0)] <A, (2. 44)
for every (z,y,t) € Rt x R2.

Theorem 2.19 Let £ be an operator of the form (2. 28) under the assumption (2. 44). Then there
exists a fundamental solution Iy, in the sense of Definition 2.18. Moreover, the following properties hold:
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1. Support of Iy,: for every (z,y,t), (§,m,7) € RT x Rx]0,T] witht <7 andy > 1n

Ip(z,y,t:6,m,7) = 0;

2. Reproduction property: for every (x,y,t), (zo,vo0,t0), (£,1m,7) € RT x Rx]0,T] with T <t > 71 >
to >0

FL(xayat;any()atO) = / FL(xayat;Ean7T) FL(é.?naT;any()atO) dgdnv
R+ xR

3. Integral of Iy, : there exists a positive constant C depending on t — 7 and such that C — 1 ast — T
for which

Ip(z,y,t:&m,7)dédn = 1, / I (z,y,t:6,n,7)dedy = C;
R+ xR Rt xR

4. Bounds forIy: for everye €]0,1[, and T > 0 there exist two positive constants ¢z ,CF depending on
g, on T and on the operator £, and two positive constants C~,cT, only depending on the operator

£, such that

C
—5 5 XD (—C™(w,y + woe(t — to),t — e(t — to); zo, Yo, to)) < (2. 45)
.”L'O(t — to)

+

[ =+ .
T3/7 12 - —xpE,t+¢€ t
22(t — to)? exp (= (x,y — zoe, t + €520, Yo, to))

S FL(mv Y, t7 Zo, Yo, tO) S
for every (z,y,t) € RY x| —o00, yo — woe(t —to)[x|to, T], where 1 is the value function for the optimal
control problem (2. 39).

We remark that the bounds obtained in (2. 45) for the operator £ by [29] are analogous to the bounds
(2. 26) obtained for the fundamental solution of the Kolmogorov operator K. Let us consider the funda-
mental solutions FLi of the operators

fiu:)\imQag +x@+ Ou _ du

a—;; or T oy~ or WwDE RT xR x R™. (2. 46)

By applying the bounds (2. 45) to I, and to I ¥, we obtain the following corollary to the previous
Theorem 2.19 (see Proposition 1.5 of [29]).

Corollary 2.20 For every £ €]0,1], there exist the fundamental solutions T of the operators (2. 46),
and positive constants k¥ such that

EIL (x,y + woe(t —to+ 1), t —e(t —to + 1); 20, Yo, to) <
< IL(z,y,t; 20, Yo, to) <
€
1—¢

< k+FL+ (.’L’,y —xg (t —to+ 1),t—|— 15?@ —to+ 1);330,:1/07150)

for every (x,y,t), (xo, yo, to) € RT x RX]0,T], with y + xoe(t —to+ 1) <yo and t > to+¢/(1 —¢).
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2.3 Existence and uniqueness of the fundamental solution I}

This section is devoted to the proof of our main results on the existence of the fundamental solution for
the operator L. Our approach relies on the local regularity properties of the solutions and on the bounds
for the fundamental solution. Let us consider first the operator K. We build a sequence of operators
(KCn),,en satisfying the hypotheses of Theorem 2.9, then a fundamental solution Ix" exists for every n € N.
Moreover, the sequence (Ix'), oy is equibounded by (2. 26), and locally equicontinuous, thanks to the
Schauder estimates of Theorem 2.7. The existence of Ik then follows from the Ascoli-Arzela’s theorem
and a diagonal argument. The proof of the existence of a fundamental solution I}, for .# is analogous,
relies on Theorem 2.19, and it is presented in Section 2.4.

Existence of [

PROOF OF THEOREM 2.1 (Existence of the fundamental solution). We construct a sequence of operators
(Kn) ey satisfying the hypotheses of Theorem 2.9. In particular, we need the coefficients a,, by, r, to
be uniformly Hoélder continuous and satisfying the assumption (2. 24). For this reason, we introduce a
cut-off function y,, € C§°(R?) such that 0 < y,,(x,y,t) < 1, and

Xn(z,y,t) =1 for 2®+y><n®  xulz,y,t) =0 for 2°+y* > (n+1)%
For every n € N we set

an(z,y,t) = xn(z,y,t)a(z, y,t) + (1 = xn(x,y,1))\,
bn(z,y,t) = xn(z,y,t)b(z,y,1), (2,9, t) == xn(z,y, )r(z,y,1).

Then we apply Theorem 2.9 to the operator IC,, for every n € N. Thus, there exists a sequence of
equibounded fundamental solutions (Ik')nen, in the sense that each of them satisfies (2. 26).
We define a sequence of open subsets (€,),en of R® such that Q, CC Q,11 for every p € N and

Up2s @ = {(z, 0, t:&,m,7) € RO | (z,9,8) # (&,m,7) }:

N (z,y,6:&m,7) €R | 2% +y° + 12 <p2,£2+n22+72 <p?
’ (z— €2+ @—m>+(t-772> (1)

We note that the sequence (IK'),>2 is equicontinuous in €y thanks to Theorem 3. 41. Moreover, by
Theorem 2.9 and Theorem 3. 41, we also have that

Lz oLz 2’ a%;?) n ( * n)
< oz )nzz’ ( ¢ )nZQ’ ( oz? >nz2’ ( 9% ) >0 (VTR)nzp, and  (¥igynlK n>2

are bounded sequences in C*(€;). Here Y is the Lie derivative defined in (2. 23) and Y r I8 its

adjoint, computed with respect to the variable (¢,7, 7). Thus, there exists a subsequence (If"™),ex that
converges uniformly to some function I'; that satisfies (2. 26). Moreover, I'; € C?T(§);) and, for every
(70,%0,t0) € R® such that 22 + y2 + t3 < 1 the function u(z,y,t) := T'1(z,y,t; 0, Yo, to) is a classical
solution to Ku = 0 in the set {(z,y,t) € R? | (z,y,¢;20,y0,%0) € 1}, and the function v(§,n,7) =
'y (20, Yo, to; &, m, 7) is a classical solution to K*v =0 in the set {(&,1,7) € R? | (w0, y0,t0;&m,7) € Q1 .

We next apply the same argument to the sequence (If"™)nen on the set Q, and obtain a subsequence
(T#"™)men that converges in C2T* () to some function 'y, that belongs to C2+(Qy) and satisfies the
bounds (2. 26), and the following condition. For every (zo,yo,to) € R® such that x3 + v + 3 < 4
the function u(x,y,t) = I'a(z,y,t;x0,y0,t0) is a classical solution to Ku = 0 in the set {(x,y,t) €
R3 | (z,y,t;70,%0,t0) € Qg}, and the function v(&,n, 7) := Ia(zo, Yo, to; &, M, 7) is a classical solution to
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K*v = 0 in the set {(5,7},7) € R? | (z0,v0,t0;&,m,7) € Qg}. We remark that, since I's is the limit of a
subsequence of (Ig"™),en, it must coincide with Ty in Q.

We next proceed by induction. Let us assume that the sequence (Id~""™),,cn on the set 2, has been
defined for some ¢ € N. We extract from it a subsequence (Ix¥™),en converging in C?+%(§,) to some
function I'y, satisfying (2. 26). Moreover, (z,y,t) — I'y(z,y,t; 2o, yo, to) is a classical solution to Ku =0
and (&,7,7) — Ty(x0,y0,t0;&, 1, 7) is a classical solution to K*v = 0. Moreover, it agrees with I';_; on
the set ;1.

Next, we define a function Ik in the following way: for every (z,y,t),(£,1,7) € R® with (z,y,t) #
(&,m,7) we choose ¢ € N such that (z,y,t;&,n,7) € Qg and we set I (z,y,t:&,n,7) :=Tq(x,y,t; &, 1, 7).
This definition is well-posed, since if (x,y,t) € Q,, then I'y(x,y,t;&,n,7) =Ty(x, v, t;: €, 1, 7).

We next check that Iy has the properties listed in the statement of the Theorem 2.1. As every
X (z,y,t; 20, Y0, to) = 0 whenever ¢ < ¢, also Ix(z,y,t;zo,y0,t0) = 0 for every t < t5. For the
same reason, it satisfies (2. 26). Moreover, for every (zo,%0,t0) € R, (z,y,t) — Ix(x,y,t;70,v0,t0) €
LL (R3) N CEF(R3\ {(x0,v0,t0)}), and is a classical solution to Ku = 0 in R*\ {(z0,v0,%0)}. Analo-

loc loc

gously, (&,n,7) — Ik (2o, Y0, t0;&,m,7) € LL (R3)N CH(R3\ {(0, y0,t0)}) and is a classical solution to

loc

K*v =01in R3\ {(x0,y0,t0)}. This proves the point 1. of the Definition 2.8 and the point 1. of Theorem
2.1. We remark that points 3. and 4. of Theorem 2.1 follow immediately from the construction of the
fundamental solution Iy and the pointwise convergence.
As far as we are concerned with the reproduction property 2. of Theorem 2.1, we use the upper bound
in (2. 26), which yields
F}?(.T, Y, tv 57 , T)FKT'L(fa 1, T;%0, Y0, tO) < C+ FI?+ (JJ, Y, t7 Ev m, T)C+ FI%Jr (ga 1,750, Yo, tO)v

and the reproduction property
+ + +
\/2 ]-—‘Ié (x7 Y, t; ga m, T)I‘Ié (57 71,7520, Y0, tO)df dn dr = ]-—‘Ié (SL’, Y, t; Zo, Yo, tO) < +OO,
R

which allows us to use the Lebesgue convergence theorem. Thus the property 2. of Theorem 2.1 holds
true.
To proceed with the proof of Theorem 2.1 we have to verify that, for every ¢ € Cy(R?), the function

w(a,y,t) = / Tic (2,5, £€, 17, to) (€, ) dE dn (2. 47)
R2

is a classical solution to the Cauchy problem

Ku=0, (z,y,t) € R?x]tg, o0l;
{u(x,y,to) =p(z,y) (z,y) € R% (2. 48)

By the usual standard argument, we differentiate under the integral sign
Kuwpot) = [ Ko, 6 m.t0) ol ) dédy = 0.
R2

Thus, we are left with the proof that u(z,y,t) = ©(zo,y0) as (z,y,t) = (o, yo,to0). We first note that

u(w, Y, t) - (‘0(.'1;0) yO) = /FK(x7 Y, tv ga 7, tO) (@(57 77) - QO(J)(), ZUO)) dg d77 +
R2

A

+ 90(1’0,210)</FK($,y7t;§,Tl,to)dfdﬁ 1)-
RZ
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The term B plainly vanishes, as ¢ goes to tg, because of the bound (2. 25). The integral A can be handled

considering that (2. 26) holds true, and that the expression of 1"1?Jr is (2. 11). Specifically, we apply the
change of variable

T= 1 - 7= V3 — — 1) €
r = 2m (.’E 5) Yy )\+(t7t0)3 (y 77+(t tO) 2 )7
and we obtain the following bound

1 —2 2\ .,
|A] < ;/ei(w +y )“P(%y) — (w0, yo)| d dy, (2. 49)
]R?

where

FE) =g (:c—z M= t0)T, y— 2 g (1) V”f;”) :
Note that, for every fixed (Z,7), the above expression converges to ¢(xo,yo) as (z,y,t) — (xo,yo,to)-
Moreover ¢ — ¢(zp,yo) is bounded as a function of (Z,7), then the Lebesgue theorem implies that A
vanishes as (z,y,t) = (o, Yo,t0). Thus u(z,y,t) — ©(zo,y0) as (z,y,t) = (zo, Yo, to), and the proof of
the point 1. of Definition 2.8 accomplilshed.
The proof that T * (&, n, 752, y,t) = Ik (x,y,t;&,m,7) is the fundamental solution of the adjoint operator
KC* and satisfies the properties of Theorem 2.1 follows accordingly. O

Remark 2.21 The growth condition (2. 13) can be used instead of the boundedness assumption on the
initial data p. Indeed, it ensures, alongside with the upper bound (2. 26) for the fundamental solution Tk,
that the integral (2. 47) is convergent for every (z,y,t) € R?x]tg, +o0[, that it can be differentiated twice
with respect to x and once in the direction of the vector field x0y — 0, so that u a solution to Lu = 0.
Moreover, the condition (2. 13) and the inequality (2. 49) yield that the expression |A| vanishes, as

(!L‘7y,t) — (3007y07t0)-

Uniqueness and comparison principle for the operator

Now, we recall a technical result, an a priori estimate for the derivatives of the fundamental solution
Ik (z,y,t;€,m,7) necessary to conclude the proof of Proposition 2.23. In order to state our result, we
introduce for every R > 1 the set

Qr={R<VE+2<R+1} CR%: (2. 50)

Lemma 2.22 Let (Hg ) hold, and let T be the fundamental solution for the operator IC in the sense of
Definition 2.8. Let Qg be the cylinder defined in (5) , there exists a constant C such that

t
2 .
tOQR

2
Olk

7(96,3/, t;ga naT)

<
a¢ dédndr <

R

t
1
S C(3//~ FK(x,yat§§a77aT)2d§d77dT + iﬁ FK(mayat;€7n7t0)2d£d77'
R
to

where C3 is a positive constant only depending on A\, A, Cy and C1.

The proof of this a priori estimate, also known as Caccioppoli inequality, is presented at the end of this
section and is based on the representation formula for solutions to the equation Ku = 0. For further
applications of this technique see for instance [104], [33] and [7].

As a first step in the proof of our uniqueness result, we state and prove a comparison principle for the
operator K.



53 Existence of a Fundamental Solution of PDEs associated to Asian Options

Proposition 2.23 Let us consider the operator K under the assumption (Hy). Let u be a classical
solution to

{ICu >0, (z,y,t) € R*x]to, T]; (2. 51)

u(z,y,t0) <0 (z,y) € R
in the sense of Definition 2.6. If moreover
|u(z,y,t)] < Mec(”’%“yz),
for some positive consants M and C, then u < 0 in RZx|ty, T).

ProoF. We fix a positive constant ¢ such that ¢ < 1, and we prove that, if we choose ¢ small enough, we
have u = 0 in R%2x]tg,to + £]. We then iterate our argument on the strip R?x]tq + %, + 2¢], then on
R2x]tg + 2t,t9 + 3t]. As the choice of £ only depends on the operator K and on the constant C' in our
assumption |u(x,y,t)| < MeC@+9°) after a finite number of steps we cover the whole set R2 x]to, T).

Fix (z,y, s) € R®x]to, to+t] and, denote by |(z, y)| the Euclidean norm of (x, ). For every R > |(z,v)|,
we let hr be a C°°(R?) smooth function, such that 0 < hr < 1, hgr(£,1) = 1 whenever |(£,7)] < R, and
hr(€,m) = 0 for every (&,n) € R? with |(£,7)] > R+ 1. We also assume that its first and second order
derivatives are bounded uniformly with respect to R.

We next recall the Green identity

vKu — uk*v = 2 (va%% — uad? + buv) + xa% (wv) — 2 (uv).
We then choose a constant § €]0,s — to[ and we apply the divergence theorem with vg(§,n,7) =
hr(&,MIk(x,y,s;€,1,7), to the cylinder

QR,5 = {(577777—) € R2X]t07t0 +%] | |(§a77)‘ < R+ 237_ <s-— 5}

As vpg, 85’;, and 8(;’; vanish at the lateral part of the boundary of Qg s, we find

/ (vrKu — uk*vg) (§,m,7)d§ dndr = — /
QR,s

(uvr) (€., s — 8)dé d + / (uvr) (6,7, 0)dE dn. (2. 52)
R2 R2

Because of the properties of the fundamental solution we have
U(il?, Y, S) = lim FK(‘T7 Y, s, 67 n,8— 6)hR(f7 77)“(57 8 — 6)d§ d77
6—0 R2

Moreover, by our assumption, we have vgKu > 0 in R?x]to,t;[, and (uvg)(-,-,0) < 0. Hence (2. 52)
gives

) = [ wwon) €n0)ddn— [ (unku— kv (6. )i dndr

R2X]to,s[
< / Wy, 7K oR (€., 7)dE dn dr.
R x]to,s]

We are left with the proof that the right hand side of the above inequality vanishes as R — 4o0.
From now on, we only sketch the proof since it suffices to proceed as in the proof of Theorem 1.6 of [40].
Since K*Ik (x,y, s;€,n,7) = 0, we deduce

‘8113

a€ d¢ dn) dr+

(&n,7)

A Il
’U/((ﬁ,y78) §2A < . |U(£,’I77T)| ‘(xayas;é-?nv’r)
to/ /QR 9¢

+f ( [ tem Tty 6..7) K*hR(f,n,T)Idfdn>dﬂ
Qr

to
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where Qp is defined in (2. 50). We recall that first and second order derivatives of the function hp are
bounded because of its definition, more precisely we have that

’ ahR(xu Y, t)

IN

|Y(hR(x7y7t)| C’O-R Oz

|K*hgr(z,y,t)] < A2+ C1)+ CoR =: C5(1 + R),

’ < (Cy, and (2. 53)

where Cj, C; and Cs are positive constants. Thus, by applying the Holder inequality and the estimates
(2. 53), we get the following inequality

u(x,y,s><2Ac~1( / L U(S,n,T)IQdﬁdnde( / L 0

2 3
dgdnd7> +

Tk '
875(‘%7:%5’677777—)

5(1+ R) (// w(é,m,7)| dgdnd7>é(tj/% I‘K(x,y,s;§777,7')2d§dnd7>2

Then, Lemma 2.22 yields

N

w(@,y, s) < (2AC1Cs + Ca(1 4 R)) (// w(E,n, 7| d§d17dr>

( / / T (2, y, 5: €., 7)2dédndr + / FK(x,y,s;g,n,to>2d§dn>2

By our assumption |u(¢,n,7)| < Me®E+1") we have that
3
(// w(é,n,7) |2d§dnd7> < 2V/7ER MeC(B+D?

Moreover, the Corollary 5.8 gives

) R
( / / T (2., €., 7)2ddndr + / FK<x,y,s;§7n,to)2d5dn> < 2\/x(1 + HRCe= T
Qr Qr
to

provided that R — 1 is greater than the constant Ry appearing in its statement. Finally, recalling that
0 < t <1, we conclude that

2 C(R+1)? —CE=L?
u(z,y,s) <Cy(1+ R)%e e T,

where C} is a positive constant depending on the operator K. In order to conclude our proof, it sufficies

to choose t < g The concludion the follows by letting R — +o00. Hence u(z,y, s) < 0. The thesis follows

by repeating the previous argument finitely many times, as the choice of ¢ does not depend on (z,y, s).
O

PrOOF OF THEOREM 2.2. This uniqueness result plainly follows from Proposition 2.23 firstly applied to
u = U1 — ug, and then to u = us — uy. O
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PROOF OF THEOREM 2.1 (Uniqueness of the fundamental solution). Suppose that I'y and T's are two
fundamental solutions for the operator K. For every ¢ € C5°(R?) we define

m(r,%t):/Fl(w,y,t;é,n,to)<P(§,n)d£dn7 uQ(l’,y,t):/Fz(x,y,t;&mto)w(i,n)dﬁdn
R2 R2

and we note that are bounded classical solutions to the same Cauchy problem (2. 51). Then u; = ug by
Theorem 2.2. Since ¢ is arbitrarily chosen we have that I'y = I's. ([l

PRrROOF OF LEMMA 2.22. For every R > 0, let us consider the following cylinder

Qr = {(6.n.7) €R*x]to,t] | [(€.0)] < R+ 2,7 <t} (2. 54)

which is a slight modification of the cylinder Qg s previously introduced in the proof of Proposition 2.23.
Let us consider the fundamental solution I} associated with the operator K. By definition, Ik satisfies
the equation Ku = 0. Thus, by multiplying the equation by a certain test function p(x,y,t) € C§°(R?),
integrating on the cylinder Qg and then proceeding by parts, we get the following equality

Ok oL
o:_/ < 9 ZE (g, t:6,m,7), a£>d£d dr + QRba—g(fmy,t;&nﬁ)wdédndTJr

+ [ YIk(z,yt:€n,7)edldndr — / Ik (z,y, t:€n,7) p d§ dn dr.
Or Or

This equality is also known as weak formulation of the equation Ku = 0, and for the sake of clarity

from now on we set Iy = Ix(x,y,t;&,m, 7). In particular, as a test function we can consider p(&,n,7) :=

[hrs1(€,m) — hr_1(€,1)]* Iic, where hg is the same smooth function introduced in the proof of Proposition

2.23, we get

0 for [(&n)]<R-1,

(1 —hp_1)*Ix for R—1<|(n)| <R
0<p<l, o=<Ix for R<|(&n)|<R+1

hgq Ik for R+1<|(&n)|<R+2

0 for |(&,n)] > R+ 2.

Since O¢p = (hr+1 — hr) Ol + 2 (hrt1 — hr) Ik O¢ (hr+1 — hr), assumption (Hg) holds true and the
first and second order derivatives of the function hp are bounded as in (2. 53), we get the following
inequality

)\//’81}(

Ol 0

Qr

77 (hry1 —hp_1)| | + (2. 55)

Ix (hp+1 — hr-1)

1

tla /QR Y (Tic®) (hgs1(6m) — he-1(&m))”

+A/
Or

where the set @ r has previously been defined in (2. 50). Now, we can estimate terms A and C by Young’s
inequality. As far as we are concerned with term B, we begin considering the following identity:

(hrsr —hr)*Y(Ix®) = Y (FK (hp41 — hR)2> - IK*Y ((hR+1 - hR)2) :

B

o1,
¢ o (hpar — th)2’ + A/ Ix? (hgyr — hr-1)?,
8€ ~ Or
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Thus, we can rewrlte term B as the sum of two terms, and by applying the divergence theorem to By
(FK (hR+1 hR) is null on the lateral boundary of QR) we get

1

5 /QR Y (FKZ) (hR+1(£,77) - hR(gan))Q R <

IN
N =
o
=

Y (FK2 (hry1 — hR)2) + /Q I’Y ((hR+1 - hR)2)

B Ba

IA

t
1
1 / Tic (2, y, t; €, m, to)2dedn + 2Co / / T dédndr.
2/Gn O

By choosing € = m we get

L

where C3 = C35(\, A, Cy, C1) is a positive constant. O

1; 1
ot | dedndr < Cy / / L2dédndr + - / Tc2(2, y, t: €., to)ded,
Qr 2 Qr

2.4 Existence and uniqueness of the fundamental solution I7j,

This section is devoted to the proof of our main results concerning the existence of the fundamental
solution I}, for the operator .. The proof relies on Theorem 2.19, and is analogous to the proof of the
existence of the fundamental solution Ix for the operator IC presented in Section 2.3.

Existence of I},

PROOF OF THEOREM 2.12 (Existence of the fundamental solution). The proof of this theorem is analogous
to the proof of Theorem 2.1. In this case, we construct a sequence of operators (.£},), oy satisfying the
assumptions of Theorem 2.19. In particular, we need the coefficients a,, b, to be smooth and satisfying
a suitable version of the condition (2. 44). For this reason, we introduce a non-negative function p €
C§°(R?) such that

/]Rspzl, BO::supppC{(x,y,t)ER?’|x2+y2+t2<i},

and then proceed with a standard mollifying procedure. In order to take into consideration the fact that
the domain of the coefficients a and b is Rt x R?, for every (z,y,t) € Rt x R? and for every n € N we set

an(z,y,t) = /a(a:—w—g, -1t %) p(&,n,7)dEdndr,

Bo

bp(z,y,t) = /b(x—x—f -1 t—f) p(&,n,T)dédndr.

By

Note that (:1: - %5, y— L t— %) € B(x,y,t) for every (§,n,7) € By and for every n € N, where

Blw,y1) =[5 32] x [y = 3y+ 3] x [t= 3,0+ 3]
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Then for every n € N the coefficients a,, are smooth and satisfy the following version of (H,)

da

|an($vy7t)| < sup |a‘ < A,
B(z,y,t)

= %’ an(%%t) > inf a> A\

da
n , ,t ’ < <
or (T 1) < sup B(z,y,t)

B(w,y,t)
The same statement holds true for the coefficients b,,, with n € N. Then we apply Theorem 2.19 to
the operator %, for every n € N. Thus, there exists a sequence of equibounded fundamental solutions
(IT )nen, in the sense that each of them satisfies (2. 45).

Then we apply the same diagonal argument as in the proof of Theorem 2.1, but with a different choice
for the open sets (£2,)pen of (RT x R?)%. Indeed, we define

Q = (z,y,t:6,m,7) € (RT xR?)? |22 + 92 + 2 < p?, 2+ 7>+ 712 < p?
P ($_§)2+(y—77)2+(t_7)22ﬁ7 l‘>%, €>% ’

such that U;j‘; Q= {(z,y,t:&n,7) € (RTxR*)? | (z,y,t) # ({,n,7)} and Q, CC Q41 for every p € N.
Thus, we define a function Iy, in the following way: for every (z,y,t), (£,1,7) € RT x R? with (z,y,t) #
(&,m,7) we choose ¢ € N such that (z,y,¢&,n,7) € Q4 and we set I}, (z,y,6:€,n,7) :=Ty(x,y,t;: €, 1, 7).
This definition is well-posed, since if (x,y,t) € Q,, then T'y(z,y,t;&,n,7) =Ty(x,y,t: €, 1, 7).

We next check that I} has the properties listed in the statement of the Theorem 2.12. As every
I7'(x,y,t; 20, Yo, to) = 0 whenever ¢t < ty or y > yo, also I1(z,y,t;xo,y0,t0) = 0 whenever ¢t < ¢y or
y > yo. For the same reason, it satisfies (2. 45). Moreover, for every (x¢,vo,t0) € R x R?, (z,y,t) —
I% (2, y, t; 0, Yo, to) € L (RT x R2)NCEF*(RT x R?\ { (0, Yo, t0)}), and is a classical solution to Lu = 0
in R* x R2\ {(x0,y0,%0)}. Analogously, (£,1,7) + IL(w0,Y0,t0;&n,7) € Li (R x R?) N CELY(R3 \
{(x0,y0,t0)}) and is a classical solution to .Z*v = 0 in RT x R2\ {(x¢, yo, to)}. This proves the point 1. of
the Definition 2.18 and the point 1. of Theorem 2.12. We remark that points 3. and 4. of Theorem 2.12
follow immediately from the construction of the fundamental solution I}, and the pointwise convergence.
As far as we are concerned with the reproduction property 2. of Theorem 2.12, we proceed as in the
proof of Theorem 2.1 thanks to Corollary 2.20.

To proceed with the proof of Theorem 2.12 we have to verify that for every ¢ € Cy(R?) the function

u(w,y,t) = / T (., £ €, to) (€, m) d€ iy
RQ

is a classical solution to the Cauchy problem

gu(xayvt):()v (x,y7t)€R+XRXR+;
w(z,y,to) = o(z,y) (z,y) € RT X R.

By a very standard argument we differentiate under the integral sign and we find

Lu(z,y,t) = / LT, g, 1,1, t0) o(€,m) dE dyp = 0.
R+ xR

Thus, to conclude the proof we have to verify that for any (xg,y0) € R* x R we have

lim u(x,y,t) = (o, Yo)- 2. 56
(@1,6) = (0,50.0) (z,y,t) = ¢(z0, Y0) ( )

The proof of this fact is based on the use of “barriers”, and on Theorems 6.1 and 6.3 of [90]. The
following argument relies on the fact that the operator £ behaves as the operator K in every compact
set of RT x R x R. Let us consider the sequence of functions

wn(a, ) = / I (2, s : €1, t0) (6, ) dE dy
]RZ
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and note that u(z,y,t) = lim wuy,(z,y,t). Since I} is the fundamental solution of .%,,, we have that
n— oo

lim un(z,y,t) = p(xo,90) for everyn € N. (2. 57)
(z,y,t)—(20,%0,0)

Let us introduce the cylinder
Q= } %3507 %xo[ X Jyo — 1,40 + 1[ x]0, T'[

centered at (xo,40,0). As the sequence {uy}nen is uniformly bounded, it is possible to construct two
barrier functions v+ and u~, a super and a sub solution respectively, such that

u”(z,y,t) < un(z,y,t) <ut(z,y,t) for every (z,y,t) € Q

and for every n € N, and such that

lim u (x,y,t) = p(o,Yo), lim ut(z,y,t) = o(xo,90).
(@) (20.30,0) (@,y,t) = (0, Y0) (@) (20.50,0) (@,y,t) = (0, 90)
The claim (2. 56) directly follows. O

Remark 2.24 The linear growth of the initial condition in the Cauchy problem (2. 4) is allowed in the
formula (2. 42). Indeed, the Corollary 2.20 holds for the operator £ satisfying the assumption (Hp),
and it is known that the Geman-Yor process (2. 30) has finite first order moments.

Uniqueness and comparison principle for the operator ¥

Following the steps of the proof of Theorem 2.2 for the uniqueness of the solution for the Cauchy problem
associated to the operator I, we need to prove an intermediate result for the operator ., also known as
comparison principle. In particular, we can apply the general result due to Aronson and Besala proved
n [10], that in the case of the operator .2 reads as follows.

THEOREM B (Aronson - Besala). Let us consider for T > 0 the open set Q = RT x Rx]0,T] and let &
be the differential operator defined in (2. 28) under the assumption (Hp). If u is a classical solution of
Lu <0 in Q such that

u(x,y,0) >0, for(z,y) €RT xR and u(0,y,t) >0 for(y,t) € Rx]0,T]
and for some positive constant M and k
u(z,y,t) > —M exp {k log (:1:2 + 92+ 1) + 1}2

in Q, then u(z,y,t) > 0 in Q.

We remark that the above results would be enough to ensure the uniqueness of the solution for the
Cauchy problem associated to the operator £ in the form (2. 28). Nevertheless, when considering the
operator . with locally Holder continuous coefficients and satisfying the assumption (Hpy) as in our
case, we can improve the previous result by requiring the solution u to have a positive sign only on the
boundary related to the initial data

u(z,y,0) >0, for(z,y) € RT xR,

and getting rid of the sign assumption on the part of the boundary {0} x Rx]0,T].
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Theorem 2.25 Let us consider for T > 0 the open set Q = RT x Rx]0,T| and let £ be the differential
operator defined in (2. 28) under the assumption (Hy ). If u is a classical solution of Lu < 0 in Q such
that

u(z,y,0) >0, for(z,y) € RT xR, (2. 58)

and for some positive constant M and k
u(z,y,t) > —M exp (C(log(z* + y* + 1) — log(z)) + 1)2 , (2. 59)

for every (x,y,t) € RT x Rx]0,T]. Then u >0 in RT x R x [0,T].

PRrROOF Let us consider, for a given 8 > 0, the auxiliary function
v(z,y,t) = exp (2¢"" C(log(2® + y* + 1) — log(x)) + 1)2 .
It is easily verified that if ¢ €]0,1/8] we have
Lo(z,y,t) < v (Clog(x* + y* + 1) — log(x)) + 1)2 (E —2p),

where F is a positive constant only depending on the constants C' and A, A appearing in (Hy). Thus, if
we set 3 = F it follows that Zv < 0 in Rt x Rx]0,1/4].

In the following, we let 1(z,y) := log(z2 4+ y* + 1) — log(z) and we note that, for every K > log(2),
we have

{@y) eRT xR |(0,y) < K} = {(0,y) € B?| (2 = wx)? +9* <1k},

where xx = % and rg = /2% — 1. If B > 0 is as above, we consider, for arbitrary K > log(2) and
M > 0, the function

wa,y.1) = ulz,y,t) + Me™ D oy, 1),
It is clear that Zw < 0 in RT x Rx]0,1/8], and that w(z,y,0) > 0 for (x,y) € R x Rt, by (2. 58).
Moreover, because of (3.14), we have that
w(z,y,t) >0 for (z,y,t) € {R+ xR x [0,77] | &(m,y) = K}.

From the weak minimum principle it follows that w(z,y,t) > 0 for every (z,y,t) € RT x R x [0,1/8] such
that ¢(z,y) < K.

Now, if (z,y,t) is any point in R* x Rx]0,1/8], we choose K such that {/;(x,y) < K, and by the
above argument it follows that w(x,y,t) > 0. The case t > 1/§ straightly follows by repeating the above
argument. O

PrOOF OF THEOREM 2.13. This uniqueness result plainly follows from Proposition 2.25 firstly applied
to u = u; — ug, and then to u = us — u;. O

PROOF OF THEOREM 2.12 (Uniqueness of the fundamental solution). Suppose that 'y and I'y are two
fundamental solutions for the operator .£. For every ¢ € C°(R?) we define

wi (1) = / Ty (2, g, b5, t0) (€ m) dEd,  u(a, ) = / Lo, s £ €1, o) (6, 7) dE dy
R2 R2

and we note that are bounded classical solutions to the same Cauchy problem. Then u; = us by Theorem
2.13. Since ¢ is arbitrarily chosen we have that I'; = T's. O



Chapter 3

On a nonlinear kinetic
Kolmogorov-Fokker-Planck model:
well-posedness results in Holder
spaces and diffusion asymptotics

This chapter is devoted to the study of an application of the Kolmogorov equation to the kinetic theory.
The new results we present here are part of a joint project with Yuzhe Zhu from the ENS of Paris
(France), where the author has spent a research period under the supervision of Prof. Cyril Imbert
(CNR). In particular, we are interested in proving well-posedness results and diffusion asymptotics in
Holder spaces for positive solutions u = u(v,z,t) > 0 to the following Cauchy problem

{(& +v- Vo) ulv,z,t) = p(z,t) Vy - (Vy + ) ulv, z, ), (v,2,t) € R" x T"™ x (0,7 (3. 1)

u(v,z,0) = ¢(v, ) (v,2) € R™ x T,
where T is a positive constant, 5 € [0, 1] and the nonlinear term p,, is defined as follows
pulz,t) == /u(v,axt) dv, with  p,(z) = /cp(v,m) dv. (3. 2)
R R
From now on, we denote by .Z the stationary kinetic Kolmogorov-Fokker-Planck diffusive operator
Lu(v,xz,t) ==V, - (Vy +0)u(v,z,t) =V, - (Vyu(v, z,t) + vu(v, z,t)) (3. 3)

appearing on the right-hand side of equation (3. 1). This operator only acts on the velocity variable and
ceases to be dissipative on its unique steady state u, that is the following global Maxwellian

_n _ w2

p(v) == (2m)"2e” 2 veR™ (3. 4)

For this reason is natural to assume Gaussian bounds for the initial data ¢ of this type
pv,z) < Au(v) or Au(w) < p(v,z) < Au(v) for (v,xz) € R™ x T™.

The nonlinear drift-diffusion equation appearing in (3. 1) arises in various different research fields, such
as plasma physics and polymer dynamics, and it is a fundamental tool for the modeling of the collisional
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evolution of a system of a large number of particles. From the perspective of a stochastic process
{(Xe, Vi) -t > 0}
dX; = Vidt,

AV, =V, dt + \/205(X,, t) dW,

driven by a Brownian motion {W;};>0, the function p~'u is the evolving density of the law of the

process {(X¢, V4) : t > 0}, where w is a solution to the equation in (3. 1) and p is the global Maxwellian
introduced in (3. 4). For further information we refer to the following works [27] and [117], respectively
by Chado and Villani. Moreover, if we recall the definition of the stationary kinetic Kolmogorov-Fokker-
Planck diffusive operator . introduced in (3. 3), the nonlinear diffusive collision term p?.# models the
collision of particles in a certain surrounding bath, where the aggregation of particles induces friction
contribution. Specifically, on one hand the diffusion coefficient pg describes that the friction effect in the
collision interaction is positively correlated to the mass of particles occupying the position x at time t.
On the other hand, the drift-diffusion operator .Z, that only acts on the velocity variable and ceases to be
dissipative on its unique steady state pu, ensures that its null space is spanned by the global Maxwellian
1 and the local conservation law of mass is satisfied.

As far as we are concerned with well-posedness results for the Cauchy problem (3. 1), in the framework
of Sobolev spaces results of this type have been proved by Imbert and Mouhot in [68], where the authors
also prove higher order Schauder estimates for solutions to the equation (3. 1), and by Liao, Wang and
Yang in [87]. Our results improve that of [68] and [87] because we study the Cauchy problem (3. 1)
in Holder spaces C* (see Definition 3.7). Indeed, given that the initial data ¢ is bounded from above
¢ < Ap by the global Maxwellian introduced in (3. 4) and for every T > 0 there exists a unique positive
solution to (3. 1) that is smooth for every ¢ > 0.

Theorem 3.1 Let us consider the Cauchy problem (3. 1), with 8 € [0,1]. Let ¢ € C (R™ x T™) and let
0 < A < A be two positive constants such that the following bounds for the initial data @ and the nonlinear
term p, defined in (3. 2) hold true:

0 <p(v,z) < Au(v) in R" xT" and  py(x) > X in T". (3. 5)

If ¢ is continuous in R™ x T™, for every T > 0 there exists a unique positive solution u to (3. 1) in
R™ x T™ x [0,T] such that for any k € N and 7 € (0,T), we have

HU||Wk=oo(Rnx1rnx[T,T)) < Ckr, (3. 6)
for some constant Cy » > 0 only depending on o, 5, A, A, n, 7, T and k.

On one hand, the proof of the well-posedness result is presented in Section 3.3, see Proposition 3.19 and
Proposition 3.20. In particular, the proof of Proposition 3.19 relies on the Schauder-Fixed point theorem,
as well as a mass-spreading result based on the Harnack inequality (3. 17) and a barrier function method
inspired by the works [62] and [63] for the Landau equation and the Boltzmann equation (see Proposition
3.14, Lemma 3.15 and Lemma 3.16).

On the other hand, the C'* a priori estimates (3. 6) are obtained through an iterative procedure that
was firstly introduced by Imbert and Silvestre in [69] for the Boltzmann equation that we adapt here to
the Cauchy problem (3. 1) in Section 3.4.

Lastly, since the spatial inhomogeneous nonlinear equation (3. 1) locally behaves as the classical
Kolmogorov equation u = f, where the linear operator X is defined as

(O +v - Vy)u(v,z,t) = Tr (AD2u(v,z,t)) + b~ Vyu(v, z,t) + cu(v, z,t), (3. 7)

in Section 3.1 we recall some basic facts regarding this equation and the associated Cauchy problem in the
more general domain R™ x R™ x [0, T']. Moreover, we recall the statement of the Harnack inequality proved
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by Golse, Imbert, Mouhot and Vasseur in [58] for the linear equation (3. 7), that is the fundamental tool
for the construction of the Harnack chain argument. Finally, in Theorem 3.12 we prove Global Schauder
estimates for solutions to (3. 18). We remark that all of these results can be restricted to the domain
T™ x R™ x [0, T] when required.

In the future, our aim is to study, with the help of the estimate (3. 6), the exponential stability of
the global equilibria for the equation (3. 1) following the entropic hypocoercivity method developed by
Villani in [118] to study the spacial inhomogeneous kinetic equation in a H'-framework and through a
macro-micro scheme decomposition (see [46], [43] and [66]). Moreover, we plan to study the asymptotic
stability as e — 0 of the following scaled equations

{ (e0y + v+ Vi) ue(v,2,8) = Lol (2,1) Luc(v,2,1),

ue(v,2,0) = @ (v, x), (3. 8)

obtained by applying the parabolic scaling t +— £%t,  — ex to (3. 1) and where € € (0,1) denotes the
ratio of the mean free path (microscopic scale) to the typical macroscopic length. In particular, our aim is
to prove that the scaled equations (3. 8) lead to the fast porous medium flow equation under the diffusive
limit.

3.1 The classical Kolmogorov equation

This section contains a survey of results regarding the Kolmogorov equation (3. 7), that is the linear
counterpart of the nonlinear spacial inhomogeneous equation (3. 1), and the associated Cauchy problem
in the more general domain R™ x R™ x (0,7T"). Moreover, we recall the statement of the Harnack inequality
proved by Golse, Imbert, Mouhot and Vasseur in [58] for the linear equation (3. 7), that is the fundamental
tool for the construction of the Harnack chain argument appearing in the proof of Theorem 3.1. Finally,
in Theorem 3.12 we prove Global Schauder estimates for solutions to (3. 18). We remark that all of
these results can be restricted to the domain T™ x R™ x (0,T) when required. Let us consider the partial
differential operator associated to the Kolmogorov equation (3. 7):

Ku(v,z,t) := pu(v, z,t) + v - Vyu(v, x,t) — Tr (ZD?)U(U, x, t)) —b-Vyu(v,x,t) —cu(v,z,t). (3. 9)

Indeed, it is a classical Kolmogorov operator of the type (1. 33) in R?"*! and can be recovered from
(1. 33) by choosing b =0, ¢ =0,
—A @n ©n @n
A= (@n @71)7 and B = (]In @n).

Since the Kolmogorov operator K is the linear counterpart of the nonlinear operator introduced in (3. 1)
and the two of them locally agree in every compact subset of R?"*!, we then borrow the geometrical
setting and the regularity theory developed for the Kolmogorov operator (3. 7) to study the nonlinear
spacial inhomogeneous operator introduced in (3. 1). Thus, in this section we recall some notation and
known results concerning the geometrical structure underlying the operator (3. 7). For a comprehensive
treatment of this subject we refer to Chapter 1. First of all, equations of the form (3. 7) are left translation
invariant with respect to the Lie product “o” introduced in (1. 12), that in dimension R?*"*! reads as

follows
(v1,21,1) © (V2, 2, t2) = (V1 + V2, T1 + T2 + tovy, t1 + t2), (3. 10)

where (v1, 1,11), (v2, 2, t2) € R™ x R™ x R. Since the couple (v, z) denotes the position and the velocity
of a particle, the above group operation is also known as Galilean transformation. One can also define
the inverse element 2! for a certain z = (v, z,t) € R*"! as follows

27l = (v, —x + to, —t).
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Since the matrix B is of the form (1. 18), by Proposition 1.4 we have that equation (3. 7) is left translation
invariant with respect to the following family of dilations

5 (v, 2, ) == (rv, r3x, rt), for every r > 0. (3. 11)

As already noticed in Chapter 1, the scaling {6, },~¢ and the Galilean traslation “o” naturally require a
new definition for cylinders. Given zg € R™ x R™ x R and r > 0, we respectively define the unit cylinder
and the scaled unit cylinder as follows

Qri=0Q1(0) =[-1,1]" x [-1,1]" x (=1,0]  and Q. := Q,(0) = 6,(Q1). (3. 12)

Finally, we define the cylinder Q.,.(z0) := {2002 : z € Q,} with radius » and center at zp. In particular,
we have that

Qr(20) = {(v,2,t) ER" x R" xR : [v —vg| <, [z —z0— (t—to)vo| <73, to — 1> <t <to}.

Therefore, it may also be convenient to work with a notion of distance, Holder norm, kinetic degree
and kinetic differential homogeneous operator with respect to the scaling {4, },~o and left-invariant with
respect to the translation “o”.

Definition 3.2 Given z; = (vi,21,t1), 20 = (v, T2, t2) in R2" T we introduce the following distance
. 1 1
di(z1,22) = Jnin | max lv1 — wl, |va —wl, |v1 — 22 — (t1 —t2)w|3, [t1 — 2|2 ) ¢

It may also be convenient to introduce the notion of length of a vector z = (v, z,t) € R?"*! as

11
Iz|| ;== min < max [ |[v — w|,|w]|, |z —tw|3,]t|2 | ;.
weR™

Remark 3.3 The distance d; is left invariant with respect to the Lie group action in the sense that
di(z 0 21,2 0 z9) = di(21,22) for any z,21,22 € R2"*1. Moreover, it is homogeneous of degree 1 with
respect to {6r}r>0~ Indeed, dl((sr(zl)var(zf?)) = le(Zl, Zg)-

Remark 3.4 As it is pointed out in Proposition 2.2 in [70] (we consider here s = 1), d; is indeed a
distance in the sense that it satisfies the triangle inequality. Nevertheless, there are other equivalent
formulations for the distance dj, such as the one considered in Definition 1.10 of Chapter 1. We remark
that this latter formulation is not a proper distance, in the sense that the triangle inequality fails, but
instead holds true the quasi-trangle inequality (1. 26). Nevertheless Definition 1.10, and other alternative
formulations such as the one of Remark 1.8, give us a good estimate of the distance d;. For this reason,
they are used whenever it is convenient.

Remark 3.5 Technically, || - || is a homogeneous semi-norm of degree 1 with respect to the family of
dilations {6, }r>o defined in (3. 11) and, as we point out in Definition 1.7 and Remark 1.8, there are
several convenient equivalent expressions for it. Moreover, it does satisfy the traingle inequality with

respect to the group action “o”:

21 0 22|l < [[z1]] + [[22]l- (3. 13)

It may be convenient to define a modified notion of degree for a polynomial p in Rlv, z,¢] that matches
the scaling of the equation. For this reason, it is called kinetic degree.
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Definition 3.6 Given a monomial m of the form

Qn41

m(v, z,t) = cv) et et with ¢ # 0,

we define its kinetic degree as

n 2n
degkm:2a0+32aj+ Z Q;.
Jj=1 j=n+1

A polynomial p in Rlv, z,t] is always a finite sum of monomials. In general, we define the kinetic degree
of p=>_.m;, and we write deg,p, as the mazimum of deg,m; for all its monomial terms m;.

This definition of kinetic degree is justified by the fact that our notion of degree needs to be consistent
with the family of dilations {d,},~¢. Let us consider a monomial m. Its degree is computed counting 2
times the exponent for the variable ¢, 3 times the exponent for the variables x; and 1 time the exponent
for the variables v;. With this definition in mind, one can easily check that

m(rv, 3z, r’t) = r98Mm (v, 2, t).

We remark that the kinetic degree of the zero polynomial is not properly defined in the definition above.
It is appropriate to make it equal to —oo, or —1. The fact that the kinetic degree of the zero polynomial
is negative is relevant for the definition of the C} norm given in (3. 14).

In the same spirit, we need to introduce a properly scaled version of Holder spaces. There are various
proper definitions of Holder spaces that may be feasible for our case. The one we consider here is due to
Imbert and Silvestre and it was firstly introduced in [70]. We remark that when « € (0, 1) the folllwing
definition is equivalent to the one considered by Manfredini in [90] and in Definition 1.11.

Definition 3.7 Let 2 be an open subset of R*"*1. For any o € (0,+00), a function u : & — R is
a-Hélder continuous at a point zg € R?"*L if there exists a polynomial p € R[v, x,t] such that deg,p < o
and for any z € §)

lu(z) —p(2)] < Cdi(z,20)° forevery z,¢ € Q.

When this property holds at every point zy in the domain Q, with a uniform constant C, we say u € Cf(Q).
The semi-norm [U]Cla(g) is the smallest value of the constant C such that the above inequality holds for
every z,zg € Q). With this definition in mind, we have

[Wloo) = llulleo) = llullp=(9)- (3. 14)
Thus, we can define the Ci*-norm of a function u to be
[ulloe @) = llullL= () + [ulce@)- (3. 15)

Remark 3.8 When a € (0,1) this definition coincides with Definition 1.11. Moreover, in Section 2./
of [68] the authors prove that when 8 = (24 «) € (2,3) the polynomial p realizing the infimum in the
C) —seminorm is the Taylor expansion of kinetic degree 2 defined as:

Ty [ul(v,z,t) := u(zp) + (t —t0)[0r + vo - V]u(zo) (3. 16)
+ (v —0) - Vou(zo) + 2(v —vo)" - D2u(20) - (v — vp),

where the linear part in x does mot appear since it is of kinetic degree 3. We also recall the work
by Pagliarani, Pascucci and Pignotti [101], where the authors prove the Taylor expansion for C*<(Q)
functions. It is worth noticing that the authors require in [101] a weaker regularity assumption for the
definition of the space C**® than the one considered in [70], [68] and [90].
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The usual interpolation estimates for Holder spaces hold (see Proposition 2.10, [70]).

Proposition 3.9 Given 0 < a1 < ay < ag so that ay = oy + (1 — 0)as, we have for all function
u € C7*(Qr(20))

[ 1-6 ap—a
e @z =€ ([“]cfl(Qr(z()))[“}cﬁ(@(zo)) +r 2[u}071(Qr(z0))) :

for some constant C depending on ay,as and on dimension only.

Lastly, it may be convenient to define the kinetic degree of a differential operator. We say that the
kinetic degree of 0 +v-V, is 2, the kinetic degree of 0,, is 3 and the kinetic degree of 0,, is 1. Eventually,
we recall the following lemma proved by Imbert and Silvestre in [70] (see Lemma 2.7), that relates the
definition of Holder spaces C}* with the operators lastly introduced.

Proposition 3.10 Let D = 0; +v -V, D = 0y, or D = 0,,. Let u be a C}* function in a cilinder Q
and let deg, D = k, with kK < «. Then Df € C;'™" and

[DU]C{*’”(Q) < Clulepq)-

3.1.1 Harnack inequality and Global Schauder estimates

Let us consider the Kolmogorov-Fokker-Planck equation (3. 7) under the following structural assumption
for the matrix A and the vector b.

(H) b= (bi(v,2,t))", is a vector and A = (a;;(v,2,t)); j=1,..n is a positive definite symmetric matrix
in R™ and there exist two positive constants A, A such that

n

MY IaP <> ai(2)gg; <A e
1=1 =1

ij=1
for every ¢ € R” and z € R+,

The study of the regularity theory for this linear equation has widely been developed during the last
decade and in particular, Golse, Imbert, Mouhot and Vasseur proved the following Harnack inequality
for weak solutions (in the sense introduced in (4. 4) of Section 4) to the equation (3. 7).

HARNACK INEQUALITY (THEOREM 2 [58]). There exist three constants M > 1,R > 0,A > 0, with
0< R?<A<A+R?<1, such that

supu < M (infu + o
QP (Q+ £l (Ql)))
for every mon-negative weak solution w to the equation (3. 7) on Q1, with f € L*(Q1) and Q1 is the

unit box introduced in (3. 12). The constants M, R and A only depend on the dimension n and on the
ellipticity constants A and A. Moreover Q*,Q~ are defined as follows

QY =Qr with 0< R><A<A+R*<1, Q™ = Qr(0,0,—A).

As Golse, Imbert, Mouhot and Vasseur notice in Remark 4 in [58], “using the transformation (3. 10),
we get a Harnack inequality for cylinders centered at an arbitrary point (vg,zg,tg)”. We hereby recall
the precise meaning of this assertion and we improve it by also using the dilation (3. 11). We refer to
Theorem 4.6 of Chapter 4 for the proof of this statement.
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INVARIANT HARNACK INEQUALITY. Let (vg, xo,t0) be any point of R*"*+1 and let r be a positive number.
There exist three constants M > 1,R > 0,A >0, with 0 < R2 < A < A+ R? < 1, such that

sup U S M( inf U+ Hf“LOO(QT(UU,xO,tO)) (3 17)

Qr (vo,zo,to) Q7 (vo,o,t0)

for every non-negative weak solution u to the equation (3. 7) on Q. (vo, o, to), with f € L>=(Q,(vo, Zo, to))-
The constants M, R and A only depend on the dimension n and on the ellipticity constant A. Moreover
Q7 (vo, zo, to),~ Qr(vo, To,to) are defined as follows

Qi (vo, o, o) = (vo,z0,t0) 0 drQT, @, (vo, o, t0) = (vo,To,t0) 0 dr Q™.

Let us consider the Cauchy problem associated to the linear Kolmogorov-Fokker-Planck equation
(3. 7) under the structural assumption (H):

(O +v-Va)u=Tr (AD>u) +b-Vou+cu+ f in R” x R" x (0,7,
u(v,z,0) = ¢(v, ) in R" x R", (3. 18)
lim  w(v,z,t) =0.

[(v,2,t)| =00
There exists a vast literature on the existence and uniqueness of the solution to (3. 18) related to the
more general class of ultraparabolic equations (1. 33), for which the kinetic Fokker-Planck operator K
introduced in (3. 9) is a particular case. In particular, Theorem 1.15, Theorem 1.16 and Theorem 1.17 of
Chapter 1 are the most complete results we have at our disposal in this field. For the sake of completeness,
we hereby recall the following well-posedness result for the Cauchy problem (3. 18), that can be seen as
a particular case of the more general Theorem 1.15. Moreover, for the proof of an analogous statement
we refer to Chapter 2, Theorem 2.1 and Theorem 2.2.

Proposition 3.11 Let T > 0, a € (0,1) and a;;,b;,c € C* (R?" x [0,T)) with 1 < 4,j < n. Then for
any f € C* (R?" x [0,T)) and ¢ € C (R*) such that

|[f(v,z,t)| < C Ol lp(v,2)] < C Ll for every (v,2) ER*™ and 0 < t < T,

there exists a unique solutionu to (3. 18). In particular, if ¢ € C’l2+°‘ (RQ”), thenu € C'l2+a (RQ" x [0, T))

As far as we are concerned with Schauder estimates for the Cauchy problem (3. 18), optimal results
have been obtained by many authors in the framework of semigroup theory. In Theorem 1.2 and Theorem
8.2 of [89], Lunardi proves an optimal Holder regularity result for the solution u for the Cauchy problem
(3. 18), under the assumption that the initial data ¢ has Holder continuous derivatives 0., and Oz, ¢,
1,7 = 1,...,mg. It is also assumed that the matrix {aij}iyj is elliptic and that the coeflicients a;; are
Holder continuous function of the space variable = that converges as |z| goes to +00. Lorenzi improves
in [88] the results by Lunardi in that the coefficients a;; are not assumed to be bounded functions. In
the other hand, in [88] the coefficients a;; have Holder continuous derivatives up to third order and the
Lie algebra related to the constant coefficient operator has step 2. Priola in [111] considers operators
with unbounded coefficients a;, i = 1,...,mg. We also recall the work [100] by Nystrom, Pascucci
and Polidoro, where the authors prove Schauder estimates for the obstacle problem associated to (3. 7).
Moreover, Manfredini proves in [90] global Schauder estimates for the Dirichlet problem associated to
(3. 7) in the dilation invariant case. Later on, Di Francesco and Polidoro [40] extend these results to
the non dilation invariant case. For further information see Chapter 1, Theorem 3. 41. However in all
of these works, either the choice of the Holder spaces was different from the ones introduced here in
Definition 3.7, or the assumptions on the coefficients were stronger. For this reason, for interior Schauder
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estimates we refer to the paper [68] by Imbert and Mouhot, where the authors prove Schauder estimates
and localized Schauder estimates for classical solutions to Ku = f.

SCAHUDER ESTIMATES (THEOREM 1.1 [68]) Let us consider Ku = f under the structural assumption
(H). Given o € (0,1), a;,b;,c € Cf (R2" X ]R) with 1 <4, <n and a function f € CY (RQ” X R), any
classical solution u in the sense of Definition 2.6 to Ku = f satisfies

ull c2ta@nxrrxr) < C ([floe®n xrr xr) + U]l Lo (&7 xR7 xR)) (3. 19)

where the constant C depends on the dimension n, the ellipticity constants X\, A, the exponent c«, the
|| - lce norm of the coefficients a;j,b; fori=1,...,n and c.

LOCAL SCAHUDER ESTIMATES (THEOREM 3.9 [68]) Let us consider Ku = f under the structural
assumption (H). Given a € (0,1), a;j,bi,c € C/ (RQ" X ]R) with 1 < 4,7 < n and a function f €
cr (R2" X R), any classical solution u € Cl%o‘ (R2" X R) in the sense of Definition 2.6 to Ku = f
satisfies for every zy € R®" x R

ullczte (@1 (20)) < C ([floa(@az0)) T ull Lo (@ (20))) (3. 20)

where the constant C' depends on the dimension n, the ellipticity constants \, A, the exponent «, the
| - lce morm of the coefficients a;j,b; fori=1,...,n and c.

Our aim is to prove global Schauder estimates for the Cauchy problem (3. 18) starting from these
interior results and taking into account the estimate of the C}* norm of the solution around the initial
time. For this reason, for 0 < k£ < 2 and « € (0,1) we introduce the following weighted norms

lull ¢y = > ) + [DFu) ) (3. 21)
0<5<k

for a certain weight w € R, where the semi-norms appearing on the right-hand side are defined as follows:

[u]gw) = sup gt |Dju(v,x,t)| , (3. 22)
(v,z,t)ER2" % (0,T)

o | DI f(ty, 21,v1) — DI f(ta, 20,0
[u]gi)a - sup t%+‘“| [, z1,01) f(t2 2, 2)|,
(01,21 ,61)5(v2 w2 t2) dy ((t1,z1,v1), (t2, 22, v2))
ER2M % (0,T)

where D = 1, D! = 9, and D? is taken over 9; + v - 9, and V2. We are now in position to state our
result regarding global Schauder estimates for classical solution to the Cauchy problem (3. 18).

Theorem 3.12 Let T € (0,00, a,w € (0,1) and a;j, b;, f € C* (RQ” X [O,T)) with 1 <i,5 <n. Ifu
is a positive classical solution of the Cauchy problem (3. 18) (in the sense of Definition 2.6) with initial
data p = 0, then

[l < CLALT. (3. 23)

Moreover, provided that ¢ € Cl2+" (R2") the following estimate holds true
lullgzto sy < € (e onsiomy + Nellozn ey + [ fllemenxiory) - (3. 24)

In both cases, the constant C depends on the dimension n, the ellipticity constants X\, A, the exponent «,
the || - ||ce norm of the coefficients a;;,b; for i =1,...,n and c.
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Before going through the proof of Theorem 3.12 we need to introduce an intermediate result, that is a
maximum principle on R?" x [0, T for subsolutions to Ku = 0. The proof of this result is inspired by
the proof Lemma A.2 of [25]. We remark that the classical case of a bounded domain can be found in
Theorem 1.29 and Theorem 4.2 of this work.

Lemma 3.13 Let us consider the Kolmogorov equation Ku = 0 under the structural assumption (H)
on the parabolic cylinder Qr := Q x (0,T], where Q0 is a general unbounded domain of R*™. Let a;j,
bi,c € C°(Qr) with 1 <i,j <n and

‘ > big
i—1

where A is the ellipticity constant appearing in (H). Let u be a bounded positive subsolution, that is
Ku <0 in Qr, then

<A1+ |v|2)% €]  for every € € R", (v,x,t) € Qpr and |c| <A,

supu < sup u
Qrp Okt

where the hypoelliptic boundary is defined as OxQr := ([0,T] x Q) \ ((0,T] x Q).

PROOF. As we have already pointed out, when the domain €2 is bounded the proof of this result can
be found in Theorem 1.29 and Theorem 4.2 and also in Proposition A.1 of [25] since we are considering
the particular case of the kinetic Kolmogorov-Fokker-Planck equation. For this reason, let us consider
a general unbounded domain ). Given two positive constant C; and C5 we introduce two auxiliary
functions

V1 (v, t) == eC1t (14 v]*) and oot z):= eC2t (14 |z?).

Since u is bounded, for every €1,e9 > 0 there exist R(e1), R(e2) > 0 independent of C7 and Cs such that

u(v,x,t) — e1P1 (v, t) — eatha(a,t) < sup u(v,z,t) in Qr N{|v] > R(e1) or |z| > R(e2)}.
(v,2,t)EOK Q1

By applying the operator K defined in (3. 9) to the function ¢ and by choosing C; = 4A we obtain:

Kip1(v,t) = e ((C1 — e)(1 + |v]?) — Tr (AD2(1 + [v]?)) — 2b-v) > (C1 —4A) (1 + [v|*) =0 in Q7.
Moreover, for any Ry > R(e1) we can choose the constant Cy in such a way that

Kipo(z,t) = e ((Co — c) (L + [z[*) +2v-2) > (Co — A = 1)(1+ |2[*) = o> > 0 in QrN{|v] < Ry}
Therefore, for any R > R(e2) the function

w(v,x,t) — e1p1 (v, t) — eatha(x, t)
is a subsolution to the general Kolmogorov equation Ku = f in the bounded domain
(0,T] x (2N (Br, X Br,)),

with data f smaller than supy, o, v on the boundary portion contained in the set {|v| = Ry, or |z| = Ra}.
Then, the maximum principle for bounded domains yields

u—erpr —eapa < sup u in (0,7] x (N (Bg, X Br,)).
oK Qr

Sending Ry — oo and €5 — 0, then taking Ry — oo, €1 — 0 we get the conclusion. [l
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PROOF OF THEOREM 3.12. In view of the interior Schauder estimate (3. 19), it suffices to deal with the
estimates around the initial time. Without loss of generality, we assume T' < 1. Let zg = (to, o, Vo) €

R?" x (0,T). We define the radius r as

11
= —t;.

By applying the local interior Schauder estimates (3. 20), we get by rescaling the following inequality on
the cylinder Q,(zo):

24a

2+a
ty? [u]cf“(QT(zo)) <C (”UHLN(er(zo)) +1° [f]C{*(sz(%))) :

Since zj is arbitrary and taking into consideration the definition of weighted norm introduced in (3. 22),

for any w € (0,1) such that [u]((fw) < oo the previous inequality leads to the following one:

[l < € (6™ + 1718)) (3. 25)
where C' is the constant appearing in (3. 20). Now, let us consider the function

1 1-w),w
= — tv —
Uy w[f]o u

For every w € (0,1), let us consider the operator K applied to u:
1 —w —w
Kuy = K (w[f]gl )t“) —Ku=t" ) = >0

by definition of weighted norm (3. 22). Moreover, we have that

1 —w
ulza[f]gl 't —u=0 on {t = 0}.

Thus, we can apply Lemma 3.13 to u. The same reasoning applies when considering

1w, —w
= — t .
U2 w[f]o +u

Combining the results we obtain for both u; and us we obtain the following estimate
g™ < 116,

where C' is a universal constant. By combining this last inequality with (3. 25) we conclude the proof of
(3. 23). As far as we are concerned with the proof of (3. 24), it is obtained through a direct application
of Lemma 3.13. 0

We remark that all of these statements can be restricted to the domain R™ x T™ x R, where the periodicity
assumption on the x variable is introduced.

3.2 Self-generating lower mass bound

For convenience, let us rewrite the nonlinear equation appearing in the Cauchy problem (3. 1) in terms
of the function h := p~'u so that

(@ +v-Vo)h=ph (Vo —v) Voh  inR™ x T" x [0, 7). (3. 26)
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Without any loss of generality (see Lemma 3.17), throughout this subsection we assume that the solution
h is valued in [0, A], and thus it is a bounded positive solution. We remark that under our assumptions
the nonlinear term on the righthand side of (3. 26) is bounded:

pun(x,t) = /u(v)h(v,x,t)dv < A/u(v)dv < CA.

R R

Now, our aim is to prove the following lower mass bound spreading result for solutions h to the nonlinear
equation (3. 26).

Proposition 3.14 Let h be a classical solution of (3. 26) in R™ x T™ x [0,T] valued in [0, A] such that
for some (vg,xz0) € R" x T", > 0 and r > 0 we have

h(v,z,0) >0 when [v —vo| <7 and |x — x| < 7.

Then for every fized T € (0,T) there exists a (large) constant C, > 0 depending on T, T, 0, v and v

such that for any (v,z,t) € R™ x T" x [T, T],

h(v,z,t) > Cle G0, (3. 27)
The proof of this proposition is made of two lemmas and relies on the mixing structure of the maximum
principle and the transport operator, but not on the structure of the local mass conservation. In particular,
Lemma 3.15 allows us to extend the lower bound from a neighborhood of a given point in R™ x T"™ further
on in time and to prove it we use a barrier function argument in the same spirit as [63]. Lemma 3.16
allows us to spread the lower bound to all velocities. Essentially, it can be seen as the lower bound
estimate of the fundamental solution and its proof is based on the ideas of [62]. The spreading of the
lower bound in space is given by selecting a proper velocity to transport the mass, which is guaranteed
by Lemma 3.15. By applying these two lemmas repeatedly, we are able to spread the lower mass bound
of the solution at any finite time.

We are now in position to state Lemma 3.15, that is responsible for the propagation of the lower
bounds forward in time. Indeed, it is used both to preserve a mass core near (vg,xo) for short times
(which corresponds to the choice of 7 =1 in the statement of the lemma), and to push lower bounds to
different locations in z via free transport.

Lemma 3.15 Let h be a classical solution of (3. 26) in R™ x T™ x [0,T] valued in [0, A] such that for
some (v, zg) € R™ x T™ and 7,0,r > 0

h(v,x,0) >0 when |v—v0|<i and |x — xg| < 1.
T
Then there exist a constant Cy > 0 depending on n, A and B such that

h(IU,:Z:, t) Z

ol >

when |[v — v < %, |z —zo — tv] < g and (3. 28)

T

2\ 1 1
; ) (1+ lool?) } (3. 29)

t < min {T,T,CO (1 +

PROOF. For a constants C' > 0 to be determined, let us consider the following barrier function

0 _ — tvl? 20, 2
ﬁ(’l},ft,t) = *Qtﬁ* 7 (1 o “T ZC:Q U| . T ‘UTQ UO| ) )

2
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For any t € [0, min{7, 7}] such that 72|v — vg|? + |z — 29 — tv|? < é a direct computation yields
2
10, (Vo —v) - Voh| < CAP (JAR| + |v- V,h) < CAP6 (1 + || ) (1+ [vol?),

where C' is a universal constant depending on n. We want to show that h is a subsolution to (3. 26), at
least in the set where it is positive, that is:

Qp ={(v,2,t) e R" x T" x [0, min{T, 7}] : h(v,z,t) > 0}.
Indeed, given the construction of the function h we have that
Thus, we obtain that h is indeed subsolution to (3. 26):
2
Oeh+v-Voh — p2, (Vo —0)- V,h < —C+ CAPH (1 + H > (1+ wol?) < 0 (3. 30)

where the rightmost inequality is ensured by a proper choice of the constant C, that needs to be

712

C > CA% (1 + H ) (L+ |wol?) .

T
Now it suffices to establish that h > h in the set ;. We remark that for ¢ = 0 we have
0 (1 e s G

h{v, ,0) = 2 72 r2

) < g <0 < h(v,z,0)

where the rightmost inequality holds true given the definition of the function h and the assumption of
the lemma. In particular, there exists a (small) universal constant Cy, that incorporates CA? and thus
depends on n, A and 3, such that

and h(v,z,t) > g in the set

T2\ 2y~1 2, 2 2_ 1"
t<Cy 1—|—‘;‘ (1+1wl?) ", |z —=z0—tw]* + 770 — v <5

We conclude the proof by applying Lemma 3.13 to the function g = h — h in the region €y,. O

The spreading of the lower bound to all velocities relies on the construction of a Harnack chain through
the iterative application of (3. 17) at the cost of shrinking the z-domain where the lower bound hols.
This is possible because locally the nonlinear equation appearing in (3. 1) coincides with the linear kinetic
Kolmogorov-Fokker-Planck equation appearing in (3. 18) for which the Harnack inequality (3. 17) was
proved by Golse, Imbert, Mouhot and Vasseur in [58].

Lemma 3.16 Let h be a classical solution of (3. 26) in R™ x T" x [0,T] valued in [0,A]. Let 6 > 0,
R € (0,1] and Ty € (0, min{1,T}] such that for every t € [0, To]

h(t,z,v) >0 when |z — xo — tvg| < R and |v — vo| < R. (3. 31)

for some (vo,z9) € T™ x R™. Then for every fized t € (0,Ty) there exist a constant Cy > 0 depending on

To, 0, R and vy such that

h(v,x,t) > 01—16—C1|v\4 when |z — xo — tvg| < g, and t € [t,To). (3. 32)
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PROOF. Let us consider a point (vg, zg) € R™ x T™ such that (3. 31) holds true for every ¢ € [0, Tp]. Let
us fix a certain ¢ € (0,7p). Our aim is to construct a sequence {z; := (¢;, x;,v;) }; of N +1 points to reach
a certain point (7,7, ) in the set

{(v,z,t) ER" x T" x [0,Tp] : v €R", |z —zo — tvg| < &, t € [t,T0]}

starting from a certain point z; = (v, x1, t1) belonging to the region where h is positive by the assumption
(3. 31), that is

Qp :={(v,2,t) e R" x T" x [0,Tp] : |v —wo| < R, |& —xo — tvg] < R, t < t},

where (vg, o) € T™ x R™ and given that v; = vg. In particular, z does not exit this region and we remark
that the nonlocal nature of the nonlinear term ps = p,p, alongside with the assumption (3. 31) implies
the non degeneracy of the diffusion in velocity, so that the positivity of the solution h is propagated over
v € R™ in a localized space region. To be more specific, we define a sequence of points z; := (v, x4, t;)
forie{1,2,..., N + 1}, with N € N, such that

zy+1 = (0,7,t), and z; = z;41 06, (— LUOVO, —T1> . (3. 33)

i |@— Vo

Thus, our aim is now to determine the coordinates of the starting point z; = (v1,x1,%1) € Q4 given that
v = vy, alongside with the constants N,r, 7,75 > 0 in such a way that zy1 = (T, T, ).

Let us consider a certain point Z := (9, Z,t) € @1, where Q; is the unit box defined in (3. 12) and let
us consider the point:

zi4100.(2) = (’UiJr] + 70, Tip1 + 0% + r¥ v, tipr + r2t) fori=1,...,N.
If for every Z € Q1 the point z;11 0 d,(Z) satisfies the following estimates
Nrry < [v—wol, |wip1 + 3% + 1t — 2o — (tig1 +178) vo| < R, tip1+ 2t € [0, Tp), (3. 34)
then for every 1 < i < N the function
hiv1(Z) == h (zi41 060(2))
verifies the equation
(O + - Vi) hi1 = ply Vi (Vo= r(vigr +79) - Vo) hipr  in Qy,
where the coefficients satisfy the following bounds
R < phy, < CA and |r(vi +79)| < (1 + |vo| + [T —vol) <1,
where ¢ and C' are universal constant and provided that
r < (1+ |vo| + [v—wo|) "

Applying the Harnack inequality (3. 17) to the function h; 1 we get that there exist constants co, 71,7 €
(0,1), depending only on the constants § and R stated in the assumptions of the lemma, such that for
any 7 € [0,7] and 1 < ¢ < N we have:
U — Vg
h(vi+1; Lit1, ti+1) = hi+1(07 0, 0) 2 COhi+1 77’2W7 O, —T1 = Coh(’l}i7 i, tl) (3 35)
— Vo
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Now we have to determine the coordinates of the starting point z; := (v1,21,¢1) of the Harnack chain
and the constants N, r, 7o, since 7, is determined by the application of the Harnack inequality to obtain
(3. 35). For a certain constant M > 0, we set

t - R R
t == maX{Q, t— §(1 + |vo| + |7 — uo)—l} and r:= ﬂ(1 + |vo| + |7 — wo|) 2.
Recalling that T, R € (0, 1], by choosing M > % + (8 + %), we have
2 i T'T1|@—'U0| _
r <= and m:=—= <
2 t—1

This also ensures the first condition of (3. 34). To determine the parameter M > 0, we point out that
there exists some constant C' depending only on universal constants, ¢, #, R and vy, such that M < C.
Moreover, since v; = v by assumption we have that in order to satisfy the third condition of (3. 34) we
choose:

t—t;

27

N : e NT.

From the iterative definition of a certain point z;, with 1 <i¢ < N + 1, it follows that

|v — v

N
ti =ty + (i — 1)r’r, v; =vg + (i — 1)rm v % , z; =2 —1r’n ZU]‘+1~ (3. 36)
=i

Therefore, given our definition of the parameters » and N, 75 we have that

a1
it )rrg < N%p3rmy = (t—t1)|lv—wo| <

|Tip1 — 21 — (tig1 — t1)vo| =

®| =

Thus, for any T € Bg(wo + tvg) there exists some x; € B% (xog + t1vg) such that 41 = Z. In this
setting, for any 1 <1 < N, we also have
Tit1 + 3+ 7"2t~vi+1 —x0 — (ti+1 + 7“2{) vo‘
< |wigr — 21 — (tigr — t1)vo| + |1 — 2o — trvo| + r?|rZ + Tvipy — vy
R bBR 3R R?

2

Thus, the condition (3. 34) ensuring inequality (3. 35) is satisfied for 1 < ¢ < N, which yields
h(t, 2z, v) > N h(vo, z1,t1) > e V18 .

Recalling that ¢o € (0,1) appears in (3. 35) and

TC (1 + Jvo| + v — vo|)*
N < ,
- 1 R?

for a positive universal constant C' we obtain the desired result. ]
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Proof of Proposition 3.14 The proof is split into four steps, and it is inspired by the proof of Theorem
1.2 of the paper [63] by Henderson, Snelson and Tarfulea for the Boltzmann equation.

Step 1: sustaining mass for a small time.
By assumption we have that for a given (vg,z¢) € R™ x T", 0,7 > 0 we have

h(’U7 Zz, 0) > 9]]-{\v7vo|<r, lz—zo|<r}-

Thus, it is always possible to apply Lemma 3.15 with 7 = 1 on the smaller neighborhood of radius r/2.
Then there exists a universal constant Cy > 0 such that, for every

* . 1 2 -1 2\ —1
0<t<t":=min i,T,C()(l—l-’ﬂ) (1—|—|UO\)

we have that

0
h(U, J},t) > gl{\v7v0|<£, |$*10*tv‘<£}.

We remark that for the choice of ¢* we have deliberately chosen to restrict ourselves at ¢ < %, even if
Lemma 3.15 would have allowed us to consider values up to 7 = 1. In particular,
r

t< 1 implies |z —zo—tv] <Zr if|z—zo—tvo| < T

Step 2: spreading mass to all v (localized in z) for small times.
Let us apply Lemma 3.16 by considering Ty = t*, § = 6/8 and R = r/4. Thus,

—1_—Ci|v]* * n
h(v,z,t) > Cy{ e ]l{\ac—a:o—tvokg} for0<t<t, velR (3. 37)
where C depends on the choice of the radius r, § and |vg|. We remark that, in order to spread the mass

to all v we shrink the domain in the z direction.

Step 3: spreading mass in z for small times.
Let us fix 1 € T™ and a time ¢; such that

,
0<t; <min{t*,—— 5.
s min{e i)

We observe that the triangle inequality implies that at time ¢1/2 the estimate (3. 37) holds for |z — z¢| <
r/32, and thus there exist a certain parameter 6y > 0 (it always exists given our construction) and a
certain point
W —
v = ($1 .’Eo)

t
such that, if rqg = /32,

t1
— >
h (W’ 2) 200141,y 1<20 omsol<ro )

Our aim is now to apply Lemma 3.15 with vy = v, R = rg and 7 = t1/2 applied to h(v,z,t1/2 4+ t) to
propagate this lower bound along trajectories of the type & ~ xo -+ tv; up to t = t1 /2. For this reason we
also require ¢; to satisfy the assumption (3. 28) on the time, that is

-1
t (1 + |;TIO|2) < Cor (14 uol?) ™. (3. 38)
If ¢, satisfies this inequality, then Lemma 3.15 implies

6 t
h(v,z,t) > for 51<t<t1.

0
g]l{\val\<T70,\$7x07t'u1\<%)}



75 On a nonlinear kinetic Kolmogorov-Fokker-Planck model

Now, we are in position to apply Lemma 3.16 with Ty = ¢1, T =t1/2, R =r¢/2 and vg = v1
—1_—Cq1|vl*
h(vvxlatl) > Cll € nlel 1{\w710,t1v1|<%}7 (3 39)
where C17 > 0 depends on constants 6, 7, |vg| and |z — xo.

Step 4: extending the lower bound for moderate times.

We observe that Step 3 holds true if and only if the time t; satisfies assumption (3. 38). If this is not the
case, we chose t; sufficiently small depending on 7 and |z, — | in such a way that the inequality (3. 38)
is satisfied. Proceeding as above, with #; replacing ¢;, through Lemma 3.16 we obtain a lower bound at
t = t1, = near x; and v close to zero

h’(vairlvgl) Z 91]1{‘$_x1‘<m

1 ,|'U\<TTO ’
for some constant 6; > 0 with the same dependence as C;. Next, we propagate this estimate forward in
time by applying Lemma 3.15 with vg = 0, r = rg/4 and 7 = 1 to h(,-, to + -) (with 7 = 1, vg = 0), we

see that, for any ¢ € [fo, min {Tp, %o + T3 }]| with T} = co(ﬁ)Q,

h(v,z,t) > %1{|v|<%0,\z—f|<%°} t1 <t <min{t; + T*,T}
where T™* is given by the time condition (3. 28) appearing in Lemma 3.15, that is
o
16
As long as t; < min{¢; + T, T'} this lower bound extends up to the time ¢; and by applying Lemma 3.16
to h(v,z,t; + t) we obtain the following lower bound

T = C()Q

h(v,z1,t1) > Cﬁlefclzlv‘él,
with C; depending on 0, r,vg,t; and |z — xg|. Since Ty and T depend only on universal constants, r and
vg, by applying the above arguments finitely many times we obtain the desired result.
Step 4: improving the exponential tail.
Up to now we have proved there exists a constant ¢ > 0 depending only on universal constants Ty, T', 6,
r and |vg| such that
h(v,z,t) > ¢c= C’l_gle_cw‘”l4 for (v,z,t) € R" x T" x [T, T},
where T € (0,T]. Let us now consider the following barrier function
h(v,z,t) = ce CO"D P iy B1(0)° x T" x [T, T,
where the constant C' > 1 is to be determined. A direct computation yields
(Or+v-Vy)h— pﬁh (Vy —v)-Vyh < (15__67((3)2 (4C —1—=4nC(t —=T))h in B1(0)° x T x (T, T].

In particular, we have that

(O +v- Vo) h—p) (Vo —v) - Vuh <0 in By(0)° x T" x (T, T1,
given C sufficiently large (depending only on n and T'). Besides, by definition we have that

h>h in .

on the boundary of the set B;(0)¢ x T" x [T, T], that is wherever ¢t = T or |v| = 1 Thus, Lemma 3.13
implies that

h>h in By(0)¢ x T™ x [;T7.
This allows us to obtain the Gaussian lower bound (3. 27) for any (v,z,t) € R" x T" x [T, T). O
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3.3 Existence and uniqueness of the solution

This section is devoted to the proof of the existence and uniqueness of the solution for the Cauchy problem

1 1
(3. 1). In order to do this, let us rewrite it in terms of the unknown function ¢ := g~ 2w with g, :== p~2¢
as follows,

{ (0 +v- V) g =R[gU[g], (3. 40)

g(v, ‘T7O) = gin(v,x),

where the terms on the righthand side are defined as follows:

Rlgl == (/Rd gu* dv)ﬁ and  Ulg] == p "2V, (,U'vv (u*%g)) =A,g+ (;i - T) g

By such substitution, in contrast with the original equation, we get rid of the first-order term in v and the
operator U becomes self-adjoint in Li’v. Although the coeflicient of zero order term is still unbounded,
as firstly proposed by Imbert and Mouhot in [68] we can overcome this difficulty by considering it as a
bounded source term, since the Gaussian bounds for the function g propagate in times as it is stated by
the following lemma proved by Imbert and Mouhot in [68].

Lemma 3.17 Let us consider a classical solution g to the Cauchy problem (3. 40) in L°°([0,T], H*(R™ x
T")) such that

CiVE < g(v,2,0)< Coyi inR" x T",
then for almost every t € [0,T] we have
Ci/ p(v) < g(v,z,t) < Cor/1(v) for every (v,x) € R" x T",

We remark that the starting points of this kind of spatially inhomogeneous kinetic equations with a
quasilinear diffusive structure in velocity are the works [58] and [4], where the authors develop the
kinetic counterpart of the De Giorgi-Nash-Moser theory for classical elliptic equations, and [68], where
the Schauder theory is analyzed. We summarize here some basic apriori estimates for the solution g to
the Cauchy problem (3. 40) that firstly appeared in Proposition 4.4 of [68] and Corollary 4.6 of [126]
respectively. Moreover, we remark that throughout this subsection we set

Q:=R"xT" x (0,T] with T € R;.
Lemma 3.18 Let g be a solution to (3. 40) in Q satisfying
0<g<Ap: inQ and R[g]>X in[0,7]x T%

Then, the following two statements hold.

(i) LetT € (0,T) and 0 € (O, %) There exists some universal constant o € (0,1) and a positive constant

C =C(T,0,n,a,\ A) such that for any Qa,(20) C R™ x T" x [T, T] and for
Hchf*'“(Qr(zO)) < CMQ(U())~ (3. 41)

(ii) Let 6 € (0,3) and gim € C[° (R™ x T™) with (universal) g € (0,1). There exists a universal constant
a € (0,1) and a positive constant C = C(0,n,a, A\, A) such that for any vy € R™, we have

||g||Cla(Bl(v0)><’]1‘"><[(),T]) <C(1+ ”ginHCaO(R"x’En) NG(U0>-
l
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We remark that the boundedness assumption )\/ﬁ < Yin < Au% for the initial data 1 of the Cauchy
problem (3. 40) reflects on the assumptions of Theorem 3.1 for the initial data ¢, in the sense that, given
the definition of g;, = go;f%, it becomes

Po>AinT" and ¢ < Apin R™ x T,

where p = (2#)_%6"”2/ 2 is the global Maxwellian introduced in (3. 4). Moreover, we also remark that
Proposition 3.14 holds true (up to a universal constant) also for solutions g to the Cauchy problem (3. 40),
since h = ,u%g. We are now in position to proceed with the proof of Theorem 3.1. In fact, the proof of
the existence of the solution for the Cauchy problem (3. 1) is given by Proposition 3.19 for the Cauchy
problem (3. 40) and in the same way the proof of the uniqueness of the solution is given by Proposition
3.20.

Proposition 3.19 Let 0 < gi, < A,u% in R™ x T™. Then, there exists a positive weak solution g € C? ()
to (3. 40) in the sense that, for any ¥ € C* (R™ x T" x [0,T)),

n_ P

/ ginw|t:0dvda@:/ =90 +v Vo) +R[gIVg - Voo —Rlg] | = — — ) g ¢ dvdzdt.
Rn xT™ Q 2 4

(3. 42)
Furthermore, if gi, is continuous in R™ x T™, then g is a classical solution to (3. 40).

PROOF. We may assume that g;, is not identically zero, i.e. for some point (vg, zg) € R™ x T™ and some
constants 6, r > 0 we have

Jin = 0]1{|U—U0|<T, |z—z0|<r}-

By Proposition 3.14, for any solution g to (3. 40) and for any T € (0,T), there exists a C, > 0 depending
only on universal constants, T, T, 6, r and vy such that

Rlg|(z,t) > C, inT" x [T,T]. (3. 43)

Step 1. We first approximate the initial data g, by

N

O = Jin * 0c + €12,

where g1 € C° (By x Bj) is a nonnegative bump function such that for ¢ € (0, 1]

1
/ or=1 and o.(v,z):= -0 (g, E) with (v,2) € R" x T"™.
R2n g“n € €
Then, we have ) )
ep? <gi, <(1+A)p? in R"xT" (3. 44)

Let us fix € € (0, 1]. In order to establish the existence of classical solution to (3. 40) associated with
the initial data g , we are going to find a fixed point of the mapping F' : w +— g defined by solving the
following Cauchy problem

{(at +v-V,)g=RwUlg] in €, (3. 45)

g(0,-,) = g5, in R™ x T™,
on the closed convex subset K of the Banach space C7(Q),

K={wel@: |wloy@ <N, eud <w<@+a)ud mal,
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where the constants v € (0,1) and N/ > 0 are to be determined. We remark that since R [w] > ¢ and
(3. 44) hold true, by Lemma 3.17 we have that

en? <g<(1+A)p? in Q (3. 46)

In particular, the following estimate for the lower order term holds true

2
),

g 1 <C foranywe K (3. 47)

‘R[w}(

where C' is a universal constant depending on n, «a, A\, A. Thus, the global Hoélder estimate Lemma 3.12

(1) implies that there exist some constants v € (0,1) and A/ > 0 depending only on universal constants

and € such that [|g]|c2v ) < N. It then follows from Proposition 3.11 and interior Schauder estimates
L

(3. 41) that the mapping

F:K—=KnCT@Q) N (Q)

is well-defined. Besides, by Arzela—Ascoli theorem we know that F(K) is precompact in C} (Q).

As far as the continuity of F' is concerned, we take a sequence {w,} converging to we in C} ().
Since {F(w,)} is precompact in C} (£2), there exists a converging subsequence whose limit is g € C}(2)
which satisfies

goo(v,2,0) = gi, (v, z) (v,z) € R" x T™.

In view of the interior Schauder estimate (3. 41), {F(w,)} is precompact in C?(K) for any compact
subset K C Q and go € C?(2) N C°(Q). Let us consider again the Cauchy problem (3. 45) with the
couple (w, g) substituted from (w,, F(w,)). Thus, sending n — oo we see that the equation (3. 45)
also holds for the couple of limits (w,g) = (Wso,goo). Then, by applying Lemma 3.13 (the maximum
principle) to

1

@ +v-Va) (157 (g0 = F(wc))) = Rlwac] (T = 0) - Vo (7% (o0 = Flwe))) i 2,
(9doo — F(ws))(0,+,-) =0 in R" x T™,

we obtain go, = F(ws). Then for every ¢ € (0,1] we are allowed to apply the Schauder fixed point
theorem (see for instance Corollary 11.2 of [57]) to get g5 € C%(Q) N C°(Q) such that F(¢°) = ¢°, which
is a classical solution to (3. 40) associated to the initial data gg,.

Step 2. Passage to the limit.

Recalling the lower bound (3. 43) on the coefficient and the interior Schauder estimate (3. 41), we point
out that for any T € (0,T), {g°} is uniformly bounded in C?** (R™ x T" x [T, T]), for some constant
ax € (0,1) with the same dependence as C,. Hence, ¢g° converges uniformly to g in C7 (R™ x T" x [T, T)),
up to a subsequence. Let us consider the equation satisfied by ¢g° in the weak formulation, that is for

every ¢ € C°(Q)

/[gg(uva)w(vvva) - gian(’l},:L‘)’L/J(U,SC,O)] dvdx

Rn Tn
3. 48
n o |v? ( )

= / {95 (O +v-Vo) = R[g°IVug® - Vb + Rg7] <2 - 4) ggw} dv dz dt.
Q

Now, we derive from (3. 48) a Caccioppoli type inequality, also known as energy estimate, by choosing
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as a test function ¥ = ¢¢ and applying Young’s inequality we get:

/R [6°] | V0g®|? dv dz dt
Q

2
< [Rig) (” _ ) o Pavard + [ [l P dvde— [ [ 1o dvas
Q

2 4
Rn Tn Rn Tn
13 E o ﬁ €12 £ 2 €12
< R [¢°] 5 1 lg°|° dvdaxdt| + lg5, (v, 2)|* dv dx + |g°|* dv dx
Q , [EeT R~ Tn 5

As far as we are concerned with term A, the estimate directly follows from the estimate (3. 47) alongside
with the Gaussian bounds (3. 46):

2 1
/R[gg] (Z@) |g€|2dvdxdt§C’/\gﬂd’udzdtﬁC/u5(1+A)dvdazdt§C’(1+A),
Q Q Q

where C' is a universal constant depending on n, A, A. Finally, term B is made of two integrals, each
of which is bounded from above by the Gaussian upper bound (3. 46). For instance, let us consider the
first term

// lg5, (v, z)|? dv da < //(1 + A pdvde < C(14A)?,
R» T R» Tn

where C is a positive constant only depending on n. The estimate of the other two terms follow analo-
gously. Thus, the following estimate holds true:

/R[gﬂ Vo512 < C(1 + A2,
Q

where C' is a universal constants depending on n, a, A\, A. Therefore, R[g°]V,g° converges weakly in L?(Q)
to R[g]V.wg (up to a subsequence). Besides, since {2 ¢°} is uniformly bounded thanks to (3. 46), we
have that the sequences
9" and R[g°] (n - W) 9
2 4

weakly converge in L?(€2) to the functions

n_ |v?

g and R[g] (2 - 4> g,

respectively (up to a subsequence). Then, for any ¢ € C° (R™ x T™ x [0,T)), sending € — 0 in (3. 48)
gives (3. 42). This completes the proof. O

Proposition 3.20 Let the constants a, \, A, T > 0 and g1, go be two distinct positive solutions to (3. 40)
in R™ x T™ x [0, T] with the same initial data gy, € C* (T"™ x R™) such that

S

Rlgim] > XA inT" inT" xR"® and 0 < g < Apz.

Then, the uniqueness holds: g1 = go.
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PROOF. Let g; and g be two different solutions to the Cauchy problem (3. 40). The difference of g1 — g2
satisfies the following Cauchy problem:
(0r +v-Va) (91 — 92) = (Rlg1] = Rlg2]) Ulgn] + Rlg2]U[g1 — g2] in [0,T) x R™ x T"
g1(v,2,0) — g2(v,2,0) =0 in R™ x T™.

By integrating the above equation against (g1 — g2) in R™ x T", and applying integration by parts we
obtain

1d

5 gl — 92l 2 sy

= [ ]~ Bl Ul - )z o [ mw(m(”@?)YMde

R7 xT™ R® xT™

Applying Lemma 3.18 (ii), the elementary inequality |a® — 1| < |a — 1| (a € R*) and Holder’s inequality
we obtain the following estimate

d _
%Hgl - gz\\%Z(RnxTn) S e OU[gl]HLm(T"an)Hgl - 92“%2(R"><T")
S U+ 72091l Lo @r xrm)) 191 = G217 2 (Rn sern) (3. 49)

where 6 € (0, %] is arbitrarily chosen. We point out that, from now on a < b is the shorthand notation
for a < Cb, where C is a certain positive constant only depending on n, A, A and «.

1
Fix zg = (vg,Zo,%0) € R® x T" x (0,1) and 2r = ¢tZ. Then we apply interior Schauder estimates
(3. 41) in Q2 and then rescale back to Qa,(29). Moreover, by observing that

(0 +v- V) (g1 — 91(20)) = R[g1]Av (91 — 91(20)) + Rlg1] (n - ﬁ

9 4 > g1 in QQT(ZO)v

since 7 € (0,1) and ¢ > 2 we have

] ot (7 P
193000, teon S 721 = o)l + 77 | Rlond (5 = 2 )
C(Q2r(20))

= g1) e (Qar(20))

<
1487, 13 3
S 2 [gl]ca(QQT(zo))||91||Loo(Q2T(ZO))-

By pointing out that (vg,zo) € R™ x T" is arbitrarily chosen and applying point (i) of Lemma 3.18, it
follows that for any t € (0, 1),

170V 2g1 ()| oo sy S 1EITHF2,
with any fixed 6 € (0, %] By applying this estimate and Gronwall’s inequality to (3. 49), we get

t
191 = g2) 22 sy S (91 = 92)(0) |22 (g sy €D (/0 (1+1s]71F%) d8> =0

for any t € (0,1). As for ¢ > 1, the uniqueness follows directly from (3. 49), point (ii) of Lemma 3.18
and Gronwall’s inequality. O
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3.4 (™ a priori estimates

This section is devoted to the proof C*° a priori estimates of Theorem 3.1. Since we want to bootstrap
the regularity estimates starting from Lemma 3.18 (ii), we are going to apply Schauder estimates (3. 41)
to derivatives and increments of the solution g for the equation (3. 40) iteratively. Before proceeding
with the proof, we need to adapt some technical lemmas about increments and Holder norms presented
for the first time by Imbert and Silvestre in [69] for the Boltzmann equation. First of all let us write, for
some small increment y € R™
A,9(2) = g(z 0 (0,1,0)) — g(2).

Roughly speaking, we can say that the Schauder estimate presented in Lemma 3.18 (i¢) allows us to get
only % derivatives in x at the first application. In order to get a full derivative, we apply this estimate to
increments A, g as defined above. The following two lemmas allow us to transfer a regularity estimate for
an incremental quotient into a higher order differentiation and it is inspired by Lemma 8.1 and Lemma
8.4 proved in [69] by Imbert and Silvestre. In spite of the apparent simplicity of its statement, its proof is
rather involved and the first step of the proof is inspired by Lemma 5.6 in [24]. From now on we employ
the short hand notation @ = Qr(zo) with R € (0,1) and Qint = Qz (20)-

Lemma 3.21 Leta > 0. Given a cylinder Q = Qr(z0) with R € (0,1) and a bounded continuous function
g defined in Q, we consider for any y € Bgs/y the following function defined in Qins = Qry/2(20):

Ayg(z) = g(z0(0,4,0) — g(2).
We assume there exists a N > 0 such that for every y € Bgs o
1Aygllco@ing SN, [Ayglozta@iny < NII0,,0)]% (3. 50)
Then for some n = n(a) > 0 we have
1Ay

PROOF. Let p, denote the polynomial expansion of g at z of kinetic degree strictly smaller than 2 4 «.
The assumptions stated in (3. 50) translate into the following: for every z € @ and £ such that (z0¢) € Q

[Ayg(z 0 €) = 8,p=()] < NIIO, y,0)I*ll€]1>*, (3. 52)

where d,p. is the polynomial expansion of A,g at the point z and d,p. = d(g,y,0)p-. Since a € (0,1), we
aim at proving that for every z € Qins, 2 € Qry2 and § such that (z0&) € Qine

1Ayg(z 0 €) = 8,p=(E)] £ NII(0,y,0)IP[|€]|",  for some n = n(a). (3. 53)

STEP 1. We claim that for every z € Qi and for every k € N such that (z o (2¥(0,y,0))) € Q, we have

Qi) < NII(0,,0)[°. (3. 51)

)

_ ank
18,9(2) — 2% Agi0.009(2)] S NJ|(0.5,0) 2 (75 (3. 54)

29,0

In order to get such an estimate, let us recall that

Agyg(z) = g(z0(0,2y,0)) — g(z) = Ayg(z) + Ayg(z 0 (0,y,0)).
and by applying estimate (3. 52), we get
|A2yg(2) — 2A9(2)| = [Ayg(2) + Ayg(z 0 (0,y,0)) — 2A,9(2)| (3. 55)

= |Ayg(z0(0,4,0)) — 0,p-(0,9,0) + 6,p-(0,4,0) — Ayg(2)|
S N[0, 4,0)[[*F% + [6,p2(0,,0) — Ayg(2)]
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Since the polynomial p, is of degree strictly less than 2 + a, we have for £ = (&,,&,, &) € R2"T! that
5ypz(§) = Aug(z) + (at +v- vm)Aug(z)gt + DvAyg(z) ) gv + %DiAyg(Z)gv : gv- (3 56)

In particular, we remark that when evaluating the previous expression at the point & = (0,y,0) we get
the following

6yp=(§) = Ayg(2).

Thus, we can conclude from (3. 55)
|A2yg(2) = 28,9(2)| < NJ(0,,0) [ +1d,p:(0,4,0) — Ayg(2)],
or equivalently
[Ayg(2) = 27 Agyg(2)] £ 27 N||(0,,0)[*F. (3. 57)

Then we proceed by induction on k. The initial step k = 0 is given by (3. 57). Let us suppose (3. 54)
holds true for £ — 1 and we prove it’s true for k:

k
18y9(2) =27 Doryg(2)| S N Y 279127710, y,0)[*+°

j=1

hra Ny G niEe
S NI, 0)[[ Y 27700
j=1

44+« _

SN0,y 0)] 2"

This achieves the proof of the claim (3. 54).
STEP 2. We claim that for every z € Q;,: and for every (0,y,0) € Qr/2, we have

1Ay9(2) < NII(0,5,0)]1°. (3. 58)

Indeed, taking into consideration (3. 54) we can write
B ok 1ta
189(2)] S 27 Bst0,50)9(2)| + N0,y 0) 02" (57
< 3 39k (15%)
S Aok (0,4,0)9llco (0, 3, 0)[1 + NI(0, 5, 0)[*2 :
(I

Lemma 3.22 Given y € Bgsjy with R < 1 and o €]0,1] and some cylinder Q = Qr(z0), let g €
C?*t(Q). Then Ayg lies in C{(Qint) with Qine = Qry2(20) and

1A8ygllep @i < Clalzta gyl (0,3, 0)]?

for some constant C' only depending on the dimension.

PrOOF. We remark that the assumption of this lemma implies that the assumptions of Lemma 3.22 hold
true with N = 2|g[|ce(g). Applying Lemma 3.22 yields the desired result. O
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Proof of Theorem 3.1 (C° a priori estimates). This argument was firstly introduced by Imbert and
Silvestre in [69] for the inhomogeneous Boltzmann equation without cut-off and we adapt it here to our
nonlinear case (3. 40). From now on, a differential operator D = dF» k= 9k with k = (ky, ke, k¢) € N27F1
is intended in the the classical way

Kl k" oKL k" ok
D=0y ...000 027 ...0:%0;"

if k, = (kl,..., k") and k, = (kl,..., k™). Moreover, we recall that the order of the multi- index
keN"tlis |kl =kl +.. .+ k7 +kL+...+ k" + k. In this section, when we refer to the order of D, we
literally refer to the classical order of differentiation.

By an iterative process, we will establish the following family of inequalities. For every differential
operator D = aft Ok« oFv with k = (k,, ke, k;) € N?"*+1 there exists some constant ay € (0,1) so that for
every 7 > 0 depending on |k| such that for any Q = Qgr(z0) C R™ x T" X [, 00)

HDfHCl2+°‘k(Qi”t) < Ck,L"V(UO)' (3 59)
where 7 > 0, 29 = (tg,v0,x0) and the constant Cy depends on k,, ks, k¢, 7. The value of ay we obtain
in the iteration depends also on k and tends to be smaller as the order of differentiation increases. A
posteriori, we obtain a C°° estimate for g, so the particular values of « after each iteration doesn’t matter.
For simplicity, we will omit the domain in estimates below, since the estimates can be always localized
around the center zg.

Step 0. This is a preliminary step where we consider the case where Dg = g, corresponding to the choice
of parameters k; = 0, |k;| = 0 and |k,| = 0. With this choice of parameters, inequality (3. 59) follows
straightforwardly from the application of Lemma 3.18.

Step 1. In this step, we prove inequality (3. 59) for differential operators of the type D¥ = Dk« which
corresponds to the choice of parameters k = (0, k,,0). We proceed by induction on d = |k,|. First of
all, we remark that it is not possible to apply directly Proposition 3.10 in order to get inequality (3. 59)
for this case, because the kinetic degree of 0,, is equal to 3. For this reason, it is convenient to make
the inductive statement in terms of increments. We are going to prove by induction on d € N, d > 1
that there exists ag € (0,1) such that for any 7 > 0 there exists a constant Cy > 0 such that for every
ky € N" with |k,| =d, v € (0,3) and y € By,

18857 gl ga+oa < Calylp” (vo). (3. 60)

Passing to the limit as y — 0 completes the step.

The case d = 0 is provided by STEP 0. Moreover, note that inequality (3. 60) holds trivially for d = 0,
since there is no |k;| < —1. In order to proceed by induction, we suppose that (3. 60) holds for any
k. € N" with |k,| <d—1. Let |k;| = d and h = A,DF=g. By the inductive hypothesis (3. 60) combined
with Lemma 3.22, we have that

2
1Al gra—r < C[fo'g]cfwdfl 10,5, 0)I* = Calyl3 u” (vo). (3. 61)

Our aim is to enhance the exponent % on the right hand side all the way to one. In order to get this
result, we adapt Lemma 9.1 proved in [69] to our nonlinear case (for the proof see the end of this section).

Lemma 3.23 Let h = A,DFeg (as above), and assume that (3. 60) holds true with |k,| < d—1. If there
exists @ €]0, min(ao, ag—1)] such that

2 v
18,08l < CIDE=g) v ) 10,3, 0)I = Caly3 i (vo).
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when |ky| = d, then with & = 2@ we have

’7 2 V/
17l 245 gy < Call (0,5, 0] (v0) = Calyl3 " (vo)-
where Q' C QN (R” x T" x [27,00)).
Thus, by recalling (3. 61) and applying Lemma 3.23 to the function h = A, DF¥« g with |k,| = d we get

||h||cl2+”d(Q/) < Cd“(ovy?O)HQ//‘V (’1)0)7 (3 62)
where ag = %ad,l. Note that the time shift 7 was updated to 27. This is because the application
of Lemma 3.18 in the proof of Lemma 3.23 requires a gap in time. Because we obtain estimates for
every value of 7 > 0 (with a constant depending on 7), the difference between 7 and 27 is not relevant
for the final estimates. In view of this observation, we will omit from now on the domain dependence
in the estimates below as a way of decluttering the expressions and focusing on the Holder exponents.
Combining (3. 62) with Lemma 3.21 we finish the proof of (3. 60) for |k;| = d.

Step 2. In this step, we prove inequality (3. 59) for differential operators of the type D* = 8ftD’§m,
which correspond to the choice of parameters k = (0, ks, k). Thus, our aim is to control the norm
||(’9f‘D’;””chl2+a for some small @ > 0. We proceed through a bi-dimensional induction on (m,d) =

(kt, |kz|) such that for any 7 > 0 and for any v € (0, ) there exists a constant Cy, 4 such that
10 DE= gl 2+ a < Comsa 1 (v0) (3. 63)
l

Equivalently it can be thought as induction in m and d, where k; = m and |k,| = d, where the inductive
step in m is proved by induction in d. The case m = 0 is treated in STEP 1. Let m,d € N, m > 0 and let
us assume (3. 63) holds true whenever k; < m — 1 and |k;| < d+ 1, and also for k; = m and |k;| < d.
Our aim is to prove by induction that (3. 63) also holds for k; = m and |k,| = d.
Let k, € N™ be any multi-index with |k,| = d. Using the inductive hypothesis (3. 63) with with
ki =m — 1 we get
07 D= gl o0 S Ot w0). (3. 64)

Since the kinetic degree of the operator d; + v - V, is 2, by combining (3. 64) with Lemma 3.10 we get
the following bound
10 + v Va)o" T D gl om-r.a, < Coma p (o). (3. 65)

Applying again the inductive assumption (3. 63) with k; =m — 1 and ky=d+1 we get the following
[ (v vx)a;”—lD’;ngCMdeH < C\lal"_IVmD'Q”QHC2+am-1,d+1 < Cm—1,d41 My/(UO) (3. 66)
l L
1

where ' € (0,3
@ > 0 and some constant C' depending both on m and d

). Therefore, combining (3. 65) and (3. 66) we get the following inequality for some

107 D} gll ez < C i (wvo), (3. 67)
where v = min{v, v'}. Our next objective is to turn estimate (3. 67) into

||3FD'§”gllclz+am,,d < Cp”(vo). (3. 68)
In order to do that, we differentiate equation (3. 40) and compute the following equation for h := 9" D¥= g

(0 +v-Va)h = RAU[g] + RgUM + Y R[Dig|U[Dyg],

i<(m,kg,0)
i#(m, ke ,0)
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where 87 D5+ = D;oD; and i € N1 is a multi-index as in the proof of Lemma 3.23 below. The first two
terms R[g|U[h] and R[h]U[g] are bounded by the definition of the function g, the intermediate estimate
(3. 67) and Lemma 3.18. By induction assumption (3. 63) and Lemma 3.18 each term in the reminder
(the summation on the right hand side) can be controlled in C*.

Step 3. In the third and last step, we establish inequality (3. 59) for every differential operator D* =
8ftD’;x D¥v which correspond to the choice of parameters k = (ky, kz, k¢) with & € N2"*1 and for every
7 > 0. More explicitly we will prove, via a bidimensional induction argument similar to the one in STEP
2 where k, = m and k; + |k;| = d, that for any 7 > 0 there exists a C,, 4 such that for any v € (0, %)

||3ftD§sz”9||Cl2+am,d < Chya pt(vg)”. (3. 69)

The case m = 0 is treated in STEP 2. Let m,d € N, m > 0 and let us assume (3. 69) holds true whenever
ky <m—1and k; + |ks| < d. Let m > 1 and k € N?"! be any multi-index with |k,| = m — 1 and
k: + |k.| = d. Applying the inductive hypothesis (3. 69) with these parameters we get

||atktD]:;);zD:)l_lg||CQ+"mfl,d < Cp—1,a p(vo)"”. (3. 70)
1
Since the kinetic degree of V,, is 1, we can apply Lemma 3.10 and get the following bound
IV.0; Dy Dy gllcp < Cona plwo)", (3. 71)

where @ = 1 4 a,;,—1,4. Thus, we can compute an equation for h = Vvaft DF=Dr=1g and proceed like in
STEP2. This concludes the proof. U

Proof of Lemma 3.23. The key element to the proof of this lemma is to differentiate (3. 40) with
respect to AyD_’;I. Then we apply Lemma 3.18 together with the estimates we have for each incremental
quotient given by the inductive assumption (3. 60). Indeed, by a direct computation we can show
h = AyD’;fg verifies the following equation

(00 +v- V)b =RlglU[] + RIAUTg] + RIA, U DS g] + RIDS-gU A g1+ (3. 72)
+ 3 {RIA,DigU(Dig) + RIDiglU[A, Dig] }
552

where 7 € N" is a multi-index such that i < k, (i.e. every component of i is lower or equal than the
correspondent component of k,) and D¥ = D; o D;. The first two terms R[g)U[h] and R[h]U|g] are
bounded by the definition of the function g and Lemma 3 18. Since the index ¢ runs over |i| < d, the
inductive hypothesis (3. 60) tells us that A, g, D¥=g, D;g, D;g, A,D;g and Ayﬁig are bounded in C’f‘md
by Cqaly|p” (vo) except for the two extremal cases:

A,D'qg fori=Fk, and Ayﬁig for i = (0,0,0).

These cases covered by the assumptions of this lemma and Lemma 3.18 (4). g



Chapter 4

The weak regularity theory

The second part of my thesis is devoted to the regularity theory for weak solutions to the Kolmogorov
equation with measurable coefficients, which is nowadays the main focus of the research community. The
weak regularity theory has been developed during the last decade, and it is still evolving. Here, we briefly
recall some of the main results on this subject for different kinds of Kolmogorov operators:

 Kolmogorov operator with measurable coefficients in divergence form: the Moser’s iter-
ative scheme was firstly proved by Polidoro and Pascucci for the dilation invariant case [104], then
later on extended by Cinti, Pascucci and Polidoro [33], and Wand and Zang [119]. As far as we are
concerned with Holder regularity for weak solutions, Wang and Zang prove it alongside with a weak
Poincaré inequality in [120] and [119], respectively for the dilation invariant and the non-dilation
invariant case. We remark that all of this results consider the definition of weak solution introduce
by Pascucci and Polidoro in [104], that we report here in Definition 5.1.

« Kolmogorov operator with measurable coefficients in non-divergence form: the only
result available is due to Abedin and Tralli [1], who proved a Harnack inequality for this type of
operators with additional Cordes-Landis assumption on the coefficients a;;.

« Kolmogorov operator with VMO coefficients a;;: these operators have been studied in [22] by
Bramanti, Cerutti and Manfredini, [91] by Manfredini and Polidoro, and in [109], [110] by Polidoro
and Ragusa.

o Nonlocal Kolmogorov type operators (K)®: this kind of nonlocal operators and their station-
ary counterparts have been introduced in the recent paper [52] by Garofalo and Tralli. In particular,
Hardy-Littlewood- Sobolev inequalities, Poincaré-type inequalities, and nonlocal isoperimetric in-
equalities are proved in [54], [53], and [55] respectively.

The aim of this work is to contribute to the study of weak regularity theory for Kolmogorov equations
with measurable coefficients in divergence form. The most recent developments in this framework have
been established in the particular case of the kinetic Kolmogorov-Fokker-Planck equation:

(v, z,t) + v - Vyu(v, z,t) = div, (A(v, z,t) Vyu(v, x,t)) + b(v, z,t) - Vyulv, z,t) + f(v,z,t), (4. 1)

where (v,z,t) € R?"*1 This equation belongs to a class of evolution equations arising in the kinetic
theory of gases and u = w(v,z,t) represents in this case the density of particles with velocity v =
(v1,...,vy,) and position x = (x1,...,2,) at time ¢. Indeed, this latter equation is the one considered by
Golse, Imbert, Mouhot and Vasseur in [58], where the authors prove the Hélder continuity and a Harnack
inequality for weak solutions to the equation (4. 1) with measurable coefficients in divergence form. The

86
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Harnack inequality proved in [58] is the only one available in the framework of weak regularity theory
for Kolmogorov equations in divergence form, and it is based on the De Giorgi method. This chapter
is devoted to the proof of a geometric statement for this Harnack inequality, based on the concepts of
Harnack chains and attainable set.

As far as we are concerned with the more general Kolmogorov equation in divergence form

mo N
Ku(z,t) := Z Ou, (aij(z, )0z, u(x,t)) + Z bijx;j0p,u(x,t) — Ou(z, t)+ (4. 2)
ij=1 ij=1
mo mo
+ Z bi(z,t)Ou(x,t) — Z Oq; (ai(z, t)u(z,t)) + c(z, t)u(z,t) = 0
i=1 i=1

where (z,t) € R¥*! and 1 < my < N, Chapter 5 is devoted to the extension of the Moser’s iterative
procedure for weak solutions to the equation Ku = 0 under minimal assumptions on the integrability of
the lower order coefficients aq, ..., amg, b1, ..., bm,,c, where we consider the definition of weak solution
proposed by Pascucci and Polidoro in [104] (see Definition 5.1). As we shall see in the forthcoming section,
the main advantage of this definition is that it allows us to directly handle the computations involving
the drift term. The first result we have at our disposal in this setting is the proof of the Moser’s iterative
scheme for the dilation invariant Kolmogorov equation in divergence form with measurable coefficients
and bounded lower order terms (see [104]). This results was firstly extended to the non dilation invariant
case by Cinti, Pascucci and Polidoro in [33]. Then later on, Wang and Zang consider in [119] non dilation
invariant Kolmogorov operators with lower order coefficients belonging to some L4 space, with ¢ > Q + 2
(where @ is the homogeneous dimension defined in (5. 19)). The results we present here improve these
previously known results extending them to the non-dilation invariant case with lower order measurable
coefficients with positive divergence, a result that was firstly presented in the paper [7] in 2019 and that
has been inspired by the article of Nazarov and Uralt’seva [99], who prove L{° estimates and Harnack

loc
inequalities for uniformly elliptic and parabolic operators in divergence form.

4.1 A geometric statement of the Harnack inequality

In this chapter we prove a geometric version of the Harnack inequality proved in [58] for weak solutions
to the equation (4. 1), whose statement is recalled in Theorem 4.5 below. As a corollary, we obtain
a strong maximum principle. More precisely, we consider second order partial differential equations of
Kolmogorov-Fokker-Planck type of the form

Opu(v, x,t) + Zvjawju(v,x,t) = Z O, (ajk (v, 2,1)0p, u(v, z,t))
= g (4. 3)
+ ij(v,x,t)avju(v,x,t) + f(v,z,t), (v,z,t) € Q,

j=1

where 0 is an open subset of R*"*1 f € L>(Q), b = (b1,...,b,) is a vector of R™ with bounded
measurable coeflicients and A = (ajk)j k_1 .. n is a symmetric matrix with real measurable entries.
Moreover, there exist two positive constants A, A such that

MNEP? < (A(v, z, 1€, €) < AJ¢J?, Y(v,z,t) €Q, VE&eR"™

As the coefficients of the matrix A and of the vector b are measurable, we need to consider weak solutions
to the equation (4. 3) in the following sense.
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WEAK SOLUTION. Consider any open subset Q of R?"*t1. A weak solution to (4. 3) is a function
w € L? () such that Oy, u, . ..,0,,u and the directional derivative Oyu+ (v, Vu) belong to L? (Q), and

loc
moreover

/(8tu + (v, Vyu) — (b, Vyu))pdv de dt + / (AV u, Vyo)dv dx dt = / fedv dx dt, (4. 4)
Q Q Q
for every test function ¢ € C3°(£2).

From now on, equation (4. 3) will be understood in the weak sense and will be written in the short form
Ku = f, where K is the operator associated to (4. 3) and defined as follows

Ku =: dyu + (v, Vyu) — div, (AV,u) — (b, Vyu), (v,z,t) € Q. (4. 5)
Let us consider the unit box of R2n+1;
Q :]_171[nx]_171[nx]_170[7 (4 6)

there the Harnack inequality proved in [58] reads as the usual parabolic Harnack inequality: there exist
two small boxes QT and Q™ contained in @ (see Fig. 1), with Q% located above Q= with respect to the
time variable, and a positive constant M, such that

supu < M | infu + o )
wp <1 (infu+ 1l

for every non-negative weak solution u of Ku = f in Q, with f € L>®(Q).

F1G. 1 - HARNACK INEQUALITY.

We recall that, in the classical statement of the Harnack inequality for uniformly parabolic operators
with measurable coefficients, the size of the boxes Q1 and Q~, and the gap between the lower basis of
Q@™ and upper basis of Q™ can be arbitrarily chosen (see Theorem 1, p. 102 of [97]). On the contrary, in
the statement of the Harnack inequality for the operator K given in [58], neither the size of the boxes Q™
and 7, nor their position in @ is characterized. Actually, as we shall see in the sequel, it is known that
the Harnack inequality does not hold for any choice of the boxes QT and @Q~. This fact was previously
noticed by Cinti, Nystrom and Polidoro in [30], where classical solutions of

Kou = 0pu + (v, Vyu) — %divv (Vyu) =0 (4. 7)
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are considered, and by Kogoj and Polidoro in [77]. We give here a sufficient condition for the validity of
the Harnack inequality. For its precise statement we refer to the notion of attainable set oy, +,.1,) given
in Definition 4.4 below. In the sequel int (;zi(vo,xmto)) denotes the interior of &y, 2, .t0)-

Theorem 4.1 Let Q be an open subset of R*"*L and let f € L>(Q). For every (vo,zo,to) € 2, and
for any compact set K C int(ﬂf(vom,to)), there exists a positive constant Ck, only dependent on 2,
(vo, o, t0), K and on the operator K, such that

SE{PU < Ck (u(vo, o, to) + || fll () »
for every non-negative weak solution to Ku = f.
We note that any weak solution u of Ku = f is Holder continuous (see [120, 119] for the equation
Ku = 0, and Theorem 2 in [58] for Ku = f with f € L*), then u(vo, zo,to) is well defined. As we shall

see in Definition 4.4, the attainable set o7, 4,.,) depends on the geometry of Q and it can be easily
described. For instance, when it agrees with the unit box @ in (4. 6) we have that

oo = {2 €Q e <l j=1,...,n}. (4. 8)

The proof of this fact can be seen in [30], Proposition 4.5, p.353 (see Fig. 2).

0 t

4%

A

Fia. 2 - W(O,O,O) (Q)

A direct consequence of our main result inequality is the following strong maximum principle.

Theorem 4.2 Let Q be an open subset of R2"T1, and let u be a non-negative solution to Ku = 0. If
u(vo, zo,to) = 0 for some (vo, o, t0) € Q, then u(v,z,t) = 0 for every (v,z,t) € Hyy,20,t0)-

Concerning &y, z,.t,), We remark that the closure has to be intended with respect to the topology of €2.
Note that the Theorem 4.2 extends to weak solution to Ku = 0 the well known Bony’s strong maximum
principle [20] for classical solutions of degenerate hypoelliptic PDEs with smooth coefficients. We also
recall the work of Amano [3], where differential operators with continuous coefficients are considered.
Moreover, Theorem 4.2 is somehow optimal. Indeed, in Proposition 4.5 of [30] it is shown that there
exists a non-negative solution u to Kou = 0 in @ such that u(v,z,t) = 0 for every (v,z,t) € 0,0y, and
u(v,z,t) > 0 for every (v,z,t) € Q\F(0,0,0)-
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We remark that our method also applies to the operators considered in the paper [1] “Harnack in-
equality for a class of Kolmogorov—Fokker—Planck equations in non-divergence form”. Thus our Theorems
4.1 and 4.2 hold true also for Kolmogorov operators in non-divergence form with continuous coefficients.

This chapter is organized as follows. Section 4.2 contains some preliminary results and known facts
about the regularity properties of the operator Ky, a short discussion on the controllability problem
related to Ky and the definition of Attainable set. In Section 4.3 we recall the Harnack inequality given
in [58] and we prove a dilation-invariant version of it. In Section 4.4 we prove our main results.

4.2 Controllability problem for y. Definition of attainable set.

In this section, we recall some known facts on the equation (4. 5) and on its prototype (4. 7), that will
play an important role in our study. First of all, we recall that the operator K introduced in (4. 7) belongs
to the more general class of constant coefficient operators (1. 1) considered in Chapter 1. In particular,
according to the notation of Chapter 1, the operator Ky can be written as follows:

2n 2n
IC()’LL = Z Eii’ja;yju + Z bi,j yjﬁyiu + 8tu, (yﬂf) € R2n+1, (4 9)
,j=1 ,j=1

wherey = (v, ), A = (@, ;(y,t))i j=1,..~ is a symmetric non-negative matrix with real measurable entries
and B = (b; j)i j=1,..~ is a constant matrix. We can choose, as it is not restrictive, a basis of R2” such

that A and B take the following form (see Proposition 1.1):

T Hn @n o (O)n @n

A<©n 0, ) and B= I, 0,.)
Clearly, as mg = n < 2n the operator Ky is strongly degenerate, and thus by Proposition 1.1 its regularity
properties depend on its first order part

.....

Y = (By,D)+ 0, ~ (0,...,0,v1,...,v0,,1)" (4. 10)

where D = (9y,,...0,,,) denotes the full gradient of R?". Moreover, it is known that every opera-
tor Ky is invariant with respect to the non-Euclidean translation introduced in (1. 12), that for every
(vo, w0, t0), (v, ,t) € R2"T! reads as follows:

(vo, zo,to) o (v, x,t) := (vo + v, ko + T + tvg, to + t). (4. 11)

If u is a solution of the equation Kou = f in some open set Q C R?"*! then the function w(v,,t) :=
u ((vo, o, to) © (v,x,t)) is solution to Kow = g, where g(v,z,t) = f ((vo,z0,%0) o (v,z,t)) in the set
{(v,z,t) € R*™* | (vg,z0,t0) © (v,z,t) € Q}. It is known that R*"*! with the operation “o” is a non
commutative group, with identity (0,0,0). The inverse of the element (v, z,t) is

(v,2,t) " = (—v, —x + tv, —t). (4. 12)

Moreover, by Proposition 1.4 the operator Ky is homogeneous of degree two with respect to the family
of the following dilatations:

5 (v, 2, t) := (rv, riz, r?t), for every r > 0. (4. 13)
In this case the following distributive property of the dilation holds

(dr(vo,xo,to)) o (dr(v,xﬂﬁ)) = dr((vo,xo,to) o (’U,{Lt)),
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for every (vo, zo,to), (v, z,t) € R?"*1 and for every r > 0. We refer to Chapter 1 and the reference therein
for further information on the subject.

‘We now introduce some basic notions of Control Theory in order to describe the set where the Harnack
inequality holds for non-negative solutions of u = f . As noticed above, the link between the Regularity
Theory for linear PDEs and the Control Theory is not surprising, as the hypoellipticity of K is equivalent
to the Kalman’s controllability condition by Proposition 1.1. The first concept we need to introduce is
the notion of -ADMISSIBLE CURVE, the second one is that of ATTAINABLE SET. For the precise statement
of these definitions, we first consider the operator Ky introduced in (4. 7) and we recall that it can be
written in the following sum of squares form:

mo
Ko=D Xj+Y.
j=1

where Y is defined in (4. 10) and

X; =0y, ~¢;=(0,...,0,1,0,...,0)"  forj=1,...,n. (4. 14)

Ko-ADMISSIBLE CURVE AND ATTAINABLE SET. We say that a curve v : [0,T] — R?" is K-admissible if:

o it is absolutely continuous;
e F(s) = wi(8)X;(v(s)) + Y (v(s)) a.e. in [0,T], with wy,...,w, € L'0,T].
j=1

Moreover we say that « steers (vo, zo, to) to (v, x,t), forty > t, if v(0) = (vo,xo,to) and y(T) = (v, z,t).
Note that t(s) = tg — s, then T' =ty — t and tg > t. We denote by (v, z4,1)(2) the following set:

o @) = (y,t) € Q| there exists a Ky — admissible curve v : [0,T] — Q
(vo,@0,80) 2%/ = such that v(0) = (v, zg, to) and y(T) = (v, z,t). [

We will refer to oy, 2.40)(2) as attainable set.

In particular, if we recall the definitions (4. 10) and (4. 14) for the vector fields Y and X, respectively,
and denote the curve

V(s) = (v(s),2(s),t(s)), s €[0,T],

the Ky-admissible curves can be easily described. Indeed, the controllability problem
A(s) =D wi(9)X;(1() + Y (1(5), 7(0) = (v,2,1), 1(T) = (1,€,7),
j=1

becomes
0(s) = w(s), a(s)=w(s), i(s)=—1, (4. 15)

and its solution is
v(s) = vo +/ w(r)dr, x(s) =g +/ v(r)dT, t(s)=ty—s.
0 0

We remark that by Proposition 1.1 our assumption on the matrix B is equivalent to the Kalman’s
controllability condition C4. Thus, it is guaranteed that for every (v,z,t) € R?"*! with ¢ < to,
there is at least a control w = (w1, wa,...,w,) € (L0, T])"™ such that the solution to (4. 15) satisfies
((T),z(T),t(T)) = (v, ,1).
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1T) = (v,2,1)

i /
Fi1G. 3 - A K—ADMISSIBLE CURVE STEERING (vg, Z0, to) TO (v, x, t).

In the sequel we will use the following notation.

Definition 4.3 A curve v = (v,z,t) : [0,7] — R?*" ™! js said to be K-ADMISSIBLE if it is absolutely
continuous, and solves the equation (4. 15) for almost every s € [0,T), with wy,ws,...,w, € L'[0,T].
Moreover we say that v steers (vo, zo, to) to (v,x,t), with to > t, if v(0) = (v, xo, to) and y(T) = (v, z,t).

Definition 4.4 Let Q2 be any open subset of R*" 1 and let (vo, zo,t9) € Q2. We denote by D 9,30,t0) ()
the following set:

o Q) = (v,z,t) € Q| there exists a K — admissible curve v : [0,7] — Q
(vo,20,20) 2%/ = such that v(0) = (vo, zo, to) and y(T) = (v, z, t).

We will refer to @y, 24.0)(2) as attainable set. We shall use the notation oy, zo.t0) = D vg,wo.to) (K1)
whenever there is no ambiguity on the choice of the set €1 .

4.3 Harnack inequalities

This Section is devoted to Harnack inequalities for the equation Ku = f introduced in (4. 3). In partic-
ular, we recall the Harnack inequality proved by Golse, Imbert, Mouhot and Vasseur (see Theorem 4 in
[58]) and then we prove some preliminary results useful for the proof of our Theorem 4.1. In particular,
let us introduce some preliminary notation. Let @ =] — 1,1[*"x] — 1,0[ be the unit bor introduced in
(4. 6). Based on the dilation (4. 11) and on the Galilean translation (4. 13), for every positive r and for
every (v, Zo, to) we define the sets

Qr=d,Q= {dr(v,x,t) | (U,Q?,t) € Q}7
Q- (vo, g, to) := (vo,Zo, tg) 0 d,Q = {(Uo,xo,to) od(v,x,t) | (v,z,t) € Q}.
A direct computation shows that
Q, =] —r,r["x] =73 r*"x] —1r20]

QT(UvaOvtO) :{(U’xvt) € R+ | |(U _vo)j| <,
|($—$o—(t—t0)1}0)j‘<’I“3,j:1,...,n,t0—’/‘2<t<t0}.

With the above notation, the following result holds.
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Theorem 4.5 (Theorem 4 in [58]) There exist three constants M > 1,R > 0,A > 0, with0 < R? < A <
A + R? < 1, such that

supuﬁM(infqu 7 oo >
i infu+ 1/l o)
for every non-negative weak solution u to the equation Ku = f on Q, with f € L>(Q). The constants

M, R and A only depend on the dimension n and on the ellipticity constants X and A. Moreover QT, Q™
are defined as follows

QT =Qr with 0< RP<A<A+R* <1, Q™ = Qr(0,0,—A).

As the authors notice in Remark 4 of [58], “using the transformation (4. 11), we get a Harnack inequality
for cylinders centered at an arbitrary point (vg, zo, tg)”. We next give a precise meaning to this assertion
and we improve it by also considering the dilation (4. 13).

Theorem 4.6 Let (vg,zo,t0) be any point of R*"*1 and let r be a positive number. There exist three
constants M >1,R>0,A >0, with 0 < R? < A < A+ R? < 1, such that

Qr (vo,zo0,to Q:f (vo,z0,to)

Sup u S M < lnf u+ ||f|L°°(QT(’U0,:E(),tQ)>
)

for every non-negative weak solution u to the equation Ku = f on Q..(vo, o, to), with f € L>=(Q,(vo, Zo, to))-
The constants M, R and A only depend on the dimension n and on the ellipticity constants A and A.
Moreover Qf (vo, w0, to), @, (vo, zo, to) are defined as follows

Qi (vo, o, o) = (vo,z0,t0) 0 drQT, Q; (vo, zo,t0) = (vo, xo,t0) 0 dr Q.

PrROOF. We rely on the invariance of the operator Ky with respect to the group (4. 13). If u is a
non-negative solution to Ku = f in @Q,(vg, xo,to), then the function

u(v,x,t) == u (dl/r((vo,xo,to)_l o (um,t)))
is a solution in the unit box @ to the following equation
Kt =: 8,1 + (v, Vi) — divy,(AV,a) — (b, Vi) = f,
where the inverse (vo, xg,to) ! is defined in (4. 12) and

g(vm,t) =A (dl/r((vo,xmto)_l ) (v,x,t))), g(v, x,t):=b (dl/r((vo,xo,to)_l o (ux,t)))
f(va Z, t) ::f (dl/r((U07 Zo, to)_l © (U’ Zz, t))) .
Even though K does not agree with IC, it satisfies the assumptions of Theorem 4.5 with the same structural

constants n, A and A. We then apply Theorem 4.5 to the function @ and we plainly obtain our claim for
the function u. O

A useful tool in the proof of our main theorem is the following lemma (Lemma 2.2 in [21]). To give
here its statement we introduce a further notation. We choose any S €]0, R[ and we set

K~ =[-8,8]" x [-8°%,83]" x { <A+ ]zz)}

Moreover, for every (v, z,t) € R?"*1 and r > 0 we let

K (v,x,t) = (v,z,t) od.(K7).

r
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Lemma 4.7 Let v : [0,T] — R*"*1 be an K—admissible path and let a,b be two constants s.t. 0 < a <
b <T. Then there exists a positive constant h, only depending on IC, such that

b B . b—a
/a w(r)Por <h = ~(b) € K, (v(a)), with r= \/E-

Remark 4.8 Note that K (v,x,t) is a compact subset of Q. (v,x,t) for every (v,z,t) € R*"*1 and for
any r > 0. As a consequence of Lemma 4.7, K, (v(a)) is an open neighborhood of v(b).

4.4 Proof of the main results

A useful notion in the proof of our main result is that of HARNACK CHAIN.

Definition 4.9 We say that {zo,...,2z} C Q is a Harnack chain connecting zo to zy, if there exist k
positive constants Cq,...,Cy such that

U(Zj) < Cju(ijl)) j = 1,...,]{5
for every non-negative solution u of Ku = f in 2.
Our first result of this section is a local version of Theorem 4.1.

Proposition 4.10 For every (v,z,t) € int(xzf(vo’wo,to)), there exist an open neighborhood U, .1 of
(v,2,t) and a positive constant C, ;) such that

S ws Cry (w0, 70,10) + )
(v,,t)

for every non-negative solution to Ku = f, with f € L>(Q).

PROOF. Let (v,z,t) be any point of int ("Qf(vo,wo,to))' We plan to prove our claim by constructing a finite
Harnack chain connecting (v, x,t) to (vo, zo,to). Because of the very definition of o7, ,,1,), there exists
a K—admissible curve v : [0,7] —  steering (vg, zg, o) to (v,x,t). Our Harnack chain will be a finite
subset of ([0, T7).

In order to construct our Harnack chain, we introduce a further notation. Let Q =] — 1,1[*"*! and
note that it is an open neighborhood of the origin of R?"*!. Because of the continuity of the Galilean

change of variable “o” and of the dilation (d,.),, for every (v/,2',t') € R*"*!, the family

(@rwa't)) o Qi t) = () 0 d,Q,

r>0

is a neighborhood basis of the point (v’,2’,t). Then, again because of the continuity of “o” and (d,.)..
g 1% ) ) , ag y >0

for every s € [0, T] there exists a positive  such that Q,(v(s)) C Q. Thus we can define
r(s) = sup {r >0 : @T(fy(s)) - Q}
Note that the function 7(s) is continuous, then it is well defined the positive number

ro = min r(s).
0 s€[0,T] ( )

As Q- (v(s)) € Qr(y(s)), we conclude that

Qr(y(s)) CQ for every s € [0,7] and r €]0,70]. (4. 16)
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On the other hand, we notice that the function

I(s) = /0 ()2,

is (uniformly) continuous in [0, 7], then there exists a positive dp such that §y < (A + R2?/2)ry and that

b
/ lw(T)?dt <h  for every a,b € [0,T], such that 0 <a—b < do, (4. 17)

where h is constant appearing in Lemma 4.7.

We are now ready to construct our Harnack chain. Let k be the unique positive integer such that
(k—1)6g < T, and kdg > T. We define {s;};c0,1,...ky € [0,T] as follows: s; = jdp for j =0,1,...,k—1,
and s = T. As noticed before, the equation (4. 17) allows us to apply Lemma 4.7. We then obtain

7(8j+1) € Q;o (V(S])) Jj= 0,..., k — 2, fY(Sk) € Q:l (V(Sk—l))a (4 18)

for some 1 €]0,r0]. We next show that (7(sj)) 0.1, 18 a Harnack chain and we conclude the proof.

We proceed by induction. For every j = 1,...,k — 2 we have that v(s;41) € Q. (v(s;)). From (4. 16)
we know that Q,,(v(s;)) C Q, then we apply Theorem 4.5 and we find

Wi(sip) € s w< M it uk Il oy ) < M(ur(s9) + 1oy )-
Qro (7(55)) Q7o (v(s5)) '
Here we rely on the fact that u is a continuous function. As a consequence we obtain

u(y(sk-1)) < M(u(y(sk—2)) + [fll L))
< M(M(u(y(sk-3)) + [l oo () + [1f1 e ()

k—1
< M Lu(3(0)) + 1| o D_ M-
i=1
We eventually apply Theorem 4.5 to the set @, (v(sx—1)) € © and we obtain

s u S Oy (w020, 10) + ey )
(v,z,t)

where Cy 1) = Zf:l M and Uy ) = Qr, (¥(sk—1)). As we noticed in Remark 4.8, Q;- (v(sx—1)) is an
open neighborhood of «(T). This concludes the Proof of Proposition 4.10. O

PROOF OF THEOREM 4.1. Let K be any compact subset of int (fgf(vo,zmto)>- For every (v, z,t) € K we
consider the open set Uy, , ;). Clearly we have

K C U U(v,z,t)-
(v,z,t)EK

Because of its compactness, there exists a finite covering of K

K C U Utw;,a;.t5)0
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and Proposition 4.10 yields we

sup  u < C(vj,rj,tj) (u(UO»antO) + ||fHLOO(Q)> J =1,...,mk.

Uwj.aj.t))

This concludes the proof of Theorem 4.1, if we choose

Cx = j:{na}an Cloy.t5)-

O

PROOF OF THEOREM 4.2. If u is a non-negative solution to u = 0 in 2 and K is a compact subset of o7,
then sup u < Cru(vo, o, to). If moreover u(vg, xg,tg) = 0, we have u(v,x,t) = 0 for every (v, z,t) € K
and, thus, u(v, z,t) = 0 for every (v, z,t) € H(y,z0,t,)- The conclusion of the proof then follows from the
continuity of u. O



Chapter 5

The Moser’s iterative method for
weak solutions

This chapter is devoted to the extension of the Moser’s iterative scheme to positive weak solutions to the
degenerate second order partial differential equation of Kolmogorov type

mo N
Ku(w,t) = > O, (aij (@, )00, ulx, b)) + Y bijz;0zulz, t) — pulx, t)+ (5. 1)
i,j=1 i,j=1
+ Z bz(x7 t)azu(xv t) - Z 87Jj (Cli(.lf, t)u(ﬂ]‘, t)) + C(x7 t)u(:];a t) =0
i=1 =1

where (z,t) € RVt and 1 < mg < N, with measurable coefficients under minimal assumptions on the
integrability of the lower order coefficients a, ..., amy,01,--.,bm,,c. First of all, we need to introduce
some further notation in order to state our main assumptions throughout this chapter. Here and in the
sequel we denote by

D= (0p,-+,0un)s (; ), div (5. 2)
the gradient, the inner product, and and the divergence in R, respectively. As the operator K introduced
in (5. 1) is non degenerate with respect to the first my components of z, we also introduce the notation

Dimg = (9zy5 -+, 0n,y)s (5. 3)
to denote the gradient in R™°. In particular, we introduce the N x N matrix
At = (@i rzsen = (3 0) . 4)
where a;; is the coefficient appearing in (5. 1) for ¢,j = 1,...,mq, while a;; = 0 whenever i > mq, or
j > myg. Eventually, we define
a(z,t) = (a1(z, 1), ..., am(x,1),0,...,0), b(x,t) = (b1 (x,t),...,bmy(2,1),0,...,0) (5. 5)

N
Y = z b13$J8T7 - &g

i,j=1
Then the operator K of (5. 1) takes the following compact form
Ku = div(ADu) + Yu + (b, Du) — div(au) + cu. (5. 6)

We assume the following structural condition on K.

97
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(H1) The matrix (ai;(z,t)), .4 is symmetric with real measurable entries. Moreover, a;;(x,t) =
»J=1,..,M0
aji(z,t), 1 <14,5 < mg, and there exists a positive constant A such that

mo
ATHeP? < Z aij(z,1)6€; < M,
ij=1

for every (x,t) € RVN! and ¢ € R™. The matrix B = (b;;) _y is constant.

i,j=1,..

Note that the operator K is uniformly parabolic when my = N. Here, we are mainly interested in the case
mg < N, that is the strongly degenerate one. It is known that the first order part of XL may provide it
with strong regularity properties. To be more specific, let us consider the operator Ky defined as follows:

mo

N
Kou(z,t) = > 02 u(a,t) + Y bijz;Op,u(z,t) — dyulx,t) (5. 7)

4,j=1 4,j=1

It is known that if the matrix B satisfies a suitable assumption, then Iy is hypoelliptic (as it is recalled
by Proposition 1.1). This means that if u is a distributional solution to Kou = f in some open set {2 of
RN and f € C>(Q), then u € C*(f) and it is a classic solution to the equation. The hypoellipticity
of Ko can be tested via the rank condition (9) (recall in the Introduction of this work) introduced by
Hormander in [64]:

rank Lie(0y,, ..., 0 Y)(x,t) = N+1, forevery (z,t) € RN*L,

» YZTmg

where Lie(9y,, . .., 0z, ,Y)(z,t) denotes the Lie algebra generated by the first order differential operators
(vector fields) (Og,, ..., 0. Y), computed at (z,t). We refer to Chapter 1, and the references therein,

Y lemo b

for a characterization of the hypoellipticity of Ky in terms of the matrix B.
(H2) The principal part Ky of K is hypoelliptic.

We remark that if K is an uniformly parabolic operator (i.e. myo = N and B = 0), then (H2) is
clearly satisfied. Indeed, the principal part of K simply is the heat operator, which is hypoelliptic and
homogeneous with respect to the parabolic dilations &y (z,t) = (Ax, A?t). In the degenerate setting, Ko
plays the same role that the heat operator plays in the family of parabolic operators. For this reason, &y
will be referred to as principal part of K.

This chapter is devoted to the proof of L{S, estimates for positive weak solutions to the degenerate
second order partial differential equation of Kolmogorov type (5. 1) with measurable coefficients under
minimal assumptions on the integrability of the lower order coefficients ai,...,amg,b1,--.,bmy,c. Our
study has been inspired by the article of Nazarov and Uralt’seva [99], who prove L{?. estimates and
Harnack inequalities for uniformly elliptic and parabolic operators in divergence form that are those with

mo = N according to our notation. The authors consider uniformly parabolic equations in RY+1
Zu = div(ADu) + (b, Du) — dyu = 0,

with by,...,by € LY(RN*1). They prove that the Moser’s iteration can be accomplished provided that
# < q¢ < N + 2 relying on the condition divb > 0 to relax the integrability assumption on by, ..., by,

Here and in the sequel, the quantity divb will be understood in the distributional sense
/ o(x,t) divb(x, t)de dt = — / (b(z,t), Vo(z,t))dz dt,
Q Q

for every ¢ € C§°(€2). Of course, also the quantity diva will be understood in the distributional sense.
When considering degenerate operators, a suitable dilation group (6,),-, in RN*1 replaces the usual
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parabolic dilation §,(x,t) = (rx,72t), and the parabolic dimension N + 2 of RN+ is replaced by a bigger
integer Q +2, which is called homogeneous dimension of RN+ with respect to (0r),50 and it is defined in
(5. 19). Our main result will be declared in terms of this quantity, that will be introduced in Section 5.1.
As far as it concerns degenerate operators, Wang and Zhang obtain in [119] the local boundedness and the
Holder continuity for weak solutions to Ku = 0 by assuming the condition by, ..., b,,, € LY(RN*1), with
q = @+ 2. Our assumption on the integrability of the lower order coefficients a;, b;, with ¢ = 1,...,mg
and c is stated as follows:

(H3) a;,b;,c e Li _(Q), withi=1,...,mq, for some q > %(Q + 2). Moreover,

loc

diva,divb > 0 in Q.

In general, solutions to Ku = 0 will be understood in the following weak sense.

Definition 5.1 Let Q2 be an open subset of RN, A weak solution to Ku = 0 is a function u such that
U, Dypou, Yu € LE () and

/—(ADu, Dy) + Y u + (b, Du)p + {(a, Dp)u + cup =0, Yy € C5°(Q).

Q

In the sequel, we will also consider weak sub-solutions to Ku = 0, namely functions u such that
U, Dypou, Yu € LE () and

/ —(ADu, D) + ¢Yu + (b, Duyp + (a, Dp)u + cup > 0, Vo € C5°(Q),p > 0.
Q

A function u is a super-solution of Ku = 0 if —u is a sub-solution.

We note that if u is both a sub-solution and a super-solution of u = 0 then it is a solution, i.e. Ku =0
holds. Indeed, for every given ¢ € C5°(2), we may consider ¢ € C§°(€2) such that ¢ > 0 and ¢p —¢ >0
in Q. Therefore Ku = 0 follows by applying (5.1) to +u.

A comparison of our result with that of Nazarov and Uralt’seva is in order. It would be natural to
expect that the optimal lower bound for the exponent ¢ is % Indeed, the difficulty in considering
degenerate equations lies in the fact that a Caccioppoli inequality gives an a priori L? estimate for the
derivatives 0y, u, ..., 0y, u of the solution u, that are the derivative with respect to the non-degeneracy
directions of K. Moreover, the standard Sobolev inequality cannot be used to obtain an improvement of
the integrability of the solution as in the non-degenerate case. For this reason we rely on a representation
formula for the solution u first used in [104]. Specifically, we represent a solution u to Ku = 0 in terms

of the fundamental solution of Ky. Indeed, if u is a solution to u = 0 in 2, then we have

u(e.t) = [ To(e,t.& MKou(é, 1) . %)
Q
where I'y is the fundamental solution to /Cy (see (1. 5) and (1. 6) in Chapter 1), and
Kou = (Ko — K)u = div ((Ag — A)Du) — (b, Du) + div(au) — cu, (5. 9)
where we denote o
L
= 9). o

where [,,,, is the identity matrix in R™°, and O are zero matrices. This representation formula provides
us with a Sobolev type inequality only for weak solutions to the equation Cu = 0. Specifically, we find
that, for every Q1 CC Q3 CC Q3 CC €, there exist a positive constant ¢1 (|| b || La(q), 21,Q2) such that

| ullz2e@n< e (I allza@), | 0 lla@), || € lra)s Qs Q22) || Dot [ £2(0),
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and, by considering u as a test function, we obtain the following Caccioppoli inequality

| Dot lL2¢(22)< €2 (Il @ Loy, | 0 Loy, || € Loy, 2, Q23) | w226 0

where D,,, is the gradient defined in (5. 3), and

a(Q+2) Bi=—1_ (5. 11)

T Q-2 +2Q+2) g—1

As far as it concerns the Moser’s iteration, the above inequalities are applied to a sequence of functions
ug := uP* with pr — +00, in order to obtain an LS bound for the solution u. We note that, the Sobolev

loc
inequality is useful to the iteration whenever a > 1, and this is true if, and only if ¢ > %

. Moreover,
the condition ¢ > % is required by Nazarov and Uralt’seva in the proof of the Caccioppoli inequality
for non-degenerate operators. Since in our work both Sobolev and Caccioppoli inequalities depend on
the L? norm of a1,...,amy,b1,...,bm,,c, We require a more restrictive condition on ¢ to improve the
integrability of u. Specifically, if we combine the Sobolev and the Caccioppoli inequalities, we need to

have o > (3, and this is true if, and only if ¢ > %(Q + 2), as we require in assumption (H3).

We next state our main result. As we have already pointed out in Chapter 1, the natural geometry
underlying the operator K is determined by a suitable homogeneous Lie group structure on R¥N 1. Our
main results reflect this non-Euclidean background. Let “o” denote the Lie product on RN+ defined in
(1. 12) and {4, }r>0 the family of dilations defined in (1. 19). Let us consider the cylinder:

Q1 :={(z,t) eRV xR : |2| <1, [t|<1}.
For every zo € RN*! and r > 0, we set
Qr(20) =200 (6:(Q1)) = {z e RV : 2 =206,(¢),( € Qi}.

Theorem 5.2 Let u be a non-negative weak solution to Ku =0 in Q. Let zg € Q and r, p, % <p<r<l,

be such that Q,(z0) C . Then there exist positive constants C = C(p,A) and v = v(p,q) such that for
every p # 0, it holds

Y
C (1+ lal7aia,zy T 11011 a0,y + 1l € ||L‘1(Qr(zo))) / - 5. 12)
Q. (20) 7 '

(r _ p)Q(Q+2)

where v = 2025 with o and B defined as in (5. 11).

a—1"
Remark 5.3 Estimate (5. 12) is meaningful whenever the integral appearing in its right-hand side is
finite. Note that (5. 12) is an estimate of the infimum of u when p < 0. More precisely, we have that

~

1 p l
o (1+ ” a H%q(gr(zo)) + || b H%LI(QT(ZO)) + || c HLQ(QT(zU))> (/ up> P
9 (20)

sup u < , Vp > 0,
Q,(20) (r—p) A (
5. 13)
1 » 1
, C% (1411 @ 12, ey + 10 200, oy + I € lnate, o) L\
inf wu 2 9(Q+2) m ) vp < 07
Qp(20) (’r‘ — p) P 9, (20) u

(5. 14)
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Corollary 5.4 Let u be a weak solution to Lu =0 in Q. Then for every p > 1 we have

sup |ulP <

Y
C (1+ ” a ||%Q(QT(20)) + ” b ||%Q(Q7‘(20)) + ” c ”L‘I(Qr(zo))) / |u‘p (5 15)
Q,(20) Qr(20)

(r — p)g(Q+2)

Proposition 5.5 Sub and super-solutions also verify estimate (5. 12) for suitable values of p. More
precisely, (5. 12) holds for

1. p> % or p <0, if u is a non-negative weak sub-solution of (5. 1);

2. p €0, %[, if u is a non-negative weak super-solution of (5. 1).

This chapter is organized as follows. Section 5.1 is devoted to a survey of results on potential estimates
for the fundamental solution of the principal part operator ICy. In Section 5.2 we prove Theorem 5.10
and Proposition 5.11 for weak solutions to Ku = 0, which is an intermediate result (Caccioppoli type
inequality for weak solutions to Ku = 0) needed for the bootstrap argument. Finally, in Section 5.3 we
deal with the Moser’s iterative method. The results we present here appeared for the first time in the
paper [7] by the author, Polidoro and Ragusa.

5.1 Potential estimates for the fundamental solution I

In this section we briefly recall some notation and preliminary results regarding the non-Euclidean ge-
ometry underlying the operators K and Ky. We refer to Chapter 1 and the references therein for a
comprehensive treatment of this subject. By its definition in (5. 7), the operator Ky is a constant coef-
ficients Kolmogorov operator invariant with respect to the Lie product “o” defined in (1. 12) on RV*1L,
Thus, if we denote by £¢, ¢ € RN*1 the left translation £(z) = ¢ o 2 in the group law we have

IC()O£C :QOICO.
This means that, if v(z,t) = u((§,7) o (z,1)) and g(x,t) = f((£,7) o (z,1)), we have
Kou=f <<= Kov=yg.

Moreover, by Proposition 1.1 assumption (H2) is equivalent to assume that for some basis on RY the
matrix B has the canonical form

* * *
Bl * *
p=|0 B * (5. 16)
O O ... B, =x
where every By, is a my x mp—; matrix of rank my, j =1,2,...,k with

K
mg>mqy>...>m,>1 and ij:N,
7=0

and the blocks denoted by “*” are arbitrary. In the sequel, we assume B has the canonical form (5. 16).
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As we have already pointed out in Section 1.2, among the operators Ky where the matrix B is of the
form (5. 16) the ones for which the *—blocks are equal to zero play a central role (see (1. 27)). Indeed,
let us consider the principal part operator g associated to KCg

Ko = A, + Yo, (5. 17)

obtained from(5. 7) by substituting ¥ with the drift term Yy = (Box, D) — 8, where the matrix By is
obtained from (5. 16) by choosing the *-blocks equal to zero:

0O o0 ... 0 0O
B, O ... 0O O

EO: 0O By ... 0O 0 (5 18)
0O O ... B, O

By Proposition 1.4, the operator Ky is invariant with respect to the family of dilations
8y = diag(rLyg, Ty, - - ., 725, 72), r >0,

that we have already introduced in (1. 19). In order to explain the importance of this invariance property
we introduce for every positive r the scaled operator

K, =12 ((LOKOOQ).

In order to explicitly write IC,, we note that, if

Boo Boi ... Bok-1 DBoxk
By Bii ... Be1i1 Bgn

B=| O By ... Bii12 B2 7
©) o ... B, B «

where B; ; are the m; x m; blocks denoted by “+” in (5. 16), then we can rewrite IC, as follows
K’!‘ = Amo + ?Ta

where Y, := (B, x,D) — 0; and B, :== 12D, B D, i..

7"23070 7‘4B0,1 . TQKB07R_1 ’r‘2ﬁ+2B0,,.i
B4 T2B171 C 7’2'€72B,{_171 TQHBK,J

B. = O By e 7‘25743,{,1 2 7"2%723,{ 2
= ) )
0) O e B, B,

)

Note that o
B,.=B for everyr > 0

if, and only if B; = O with j < k. In this case, if v(z,t) = u(d,(z,t)) and g(z,t) = f(6,(z,t)), then

Kou=f <<= Kov=r?g.
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Since K is the blow-up limit of K., the dilation group {4, },~0 plays a central role also for non-dilation
invariant operators, as the case of the operator I defined in (5. 1). For further discussions on the rela-
tionship between dilation invariant and non-dilation invariant Kolmogorov operators we refer to Chapter
1, Section 1.2.

In the following, we consider the homogeneous norm || - || of degree 1 with respect to the family
of dilations {0,},>0 defined in Definition 1.7, and the corresponding invariant quasi-distance d(z, ()
introduced in Definition 1.10 for the case of x—blocks equal to zero. As it is pointed out in Remark
1.8, every norm is equivalent to any other in RV*1. For this reason, in this chapter we consider the
equivalent definition of norm (1. 25), that we report here for the sake of completeness. For every z =

(z1,...,zN,t) € RN\ {0} the norm of 2z is the unique positive solution r to the following equation
I 12 N t2
> 24+ =1
r<4qi 44z r24N r

The main advantage of this definition lies in the fact that the set {z € RVT! : ||z|| = r} is a smooth

manifold for every positive r, which is not the case for (1. 24).

Remark 5.6 The Lebesgue measure is invariant with respect to the translation group associated to K,
since detE(t) = e! 2B = 1 where E(t) is the exponential matriz of equation (1. 4). Moreover, since
det 6, = r9*2, we also have

meas (Q,(20)) = r9meas (Q1(20)), Vo >0,z € RVTL
where
Q=mo+3m+...+ 26+ 1)m,. (5. 19)

The natural number Q + 2 is usually called the homogeneous dimension of RN with respect to {6, }r0-

Let us consider again the principal part operator Ky associated to the operator . Indeed, it is
a constant coefficient operator by definition, and thus it admits a fundamental solution T'g(-,{) whose
explicit expression is given in (1. 6). We remark that

['(z,¢) =T(¢"'o20), for every z, ¢ € RN 2 £ ¢,

Now, let us consider the principal part operator Ky associated to Ky and defined in (5. 17). Indeed it
is a constant coefficient Kolmogorov operator that, by (5. 18) and Proposition 1.4, is dilation invariant
with respect to the family of dilations {d,},~¢. It is clear that it admits a fundamental solution I'y of
the form (1. 6) and also that I'y is a homogeneous function of degree —Q (see Remark 1.5 and Section
1.2), namely

To (D(r)(2),0) = r~9Tq(2,0), for every z € RN\ {0}, > 0.

This property implies an L? estimate for Newtonian potential (c. f. for instance [47]).
Proposition 5.7 Let a €]0,Q +2[ and let G € C(RN 1\ {0}) be a dx—homogeneous function of degree
a—Q—2. If f € LP(RN*TL) for some p €]1,400|, then the function

Grle)i= [ G oaf)de,
RN+1
is defined almost everywhere and there exists a constant ¢ = ¢(Q,p) such that

| Gy lLa@n+1< CHI?Hfgil |G| | f llze@n+1y,s

where q is defined by
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As we have already pointed out at the beginning of this section, homogeneous operators provide a
good approximation of the non-homogeneous ones. Let us consider the homogeneous operator Ko defined
in (5. 17) and the non-homogeneous operator Ky defined in (5. 7), alongside with their fundamental
solutions I'y and T, respectively. Then, for every M > 0, there exists a positive constant ¢ such that

A%rz < Ty(2) < eTo(2) (5. 20)

for every z € RNV*! such that Tg(2) > M (see [84], Theorem 3.1). We define the I'g—potential of the
function f € L1(RNT1) as follows

PG = [ o QSO 2 em (5. 21)

We also remark that the potential ['g(Dy, f) : RV — R™0 is well-defined for any f € LP(RV*1)) at
least in the distributional sense, that is

Lo(Dono f)(2) = / DETo(=,€) F(€) de, (5. 22)

RN+1

where Dy(sgfo(x,t,ﬁﬂ') is the gradient with respect to &1,...,&m,. Based on (5. 20), in [33] are proved
potential estimates for non-dilation invariant operators.

Theorem 5.8 Let f € LP(Q,). There exists a positive constant ¢ = ¢(T, B) such that

I To(f) llzeca,y < el f llLrian, (5. 23)
| Co(Dimy f) Lo,y < e L f e, (5. 24)
1 1 1 1 1 2
wher@pf*zzfm andngfm

We can use the fundamental solution I'y as a test function in the definition of sub and super-solution.
The following result extends Lemma 2.5 in [104] and Lemma 3 in [33].

Lemma 5.9 Let v be a non-negative weak sub-solution to Ku = 0 in Q. For every ¢ € C§°(Q), ¢ >0,
and for almost every z € RN*1, we have

| ~(4Du, Doz, )¢ + Tolz. ey o
Q

— (a, D(T'o(z,-)@))v = (b, D(T'o (2, -)))v + cul'o(z, ) = 0.
An analogous result holds for weak super-solutions to Ku = 0.

PrROOF. We define the cut-off function x,, € C*°(R")

() 0 it s>, | <
S) =
Xoor 1 if 0<s<p, Xrpl =

o (5. 25)

with % < p <r < 1. Moreover, for every € < 0 we define

1#5(957’5) =1- XE,ZE(H (xvt) H)

Because v is a weak sub-solution, then by (5.1) for every ¢ > 0 and z € R¥*! we have

0< /Q - [< AD'U? D(FO(Za )(p(C)’(/J€<Z, )) > + I10(2’ )Lp(C)Q/}E(Z, ) YU] dC

+ /Q[(b,Dv> Lo(z,)p(O)¢e(z, ) + (a, D(Lo(2,)p(O)e(z,-)))v + culo(z, ) ()= (2, )] dC
= -1 (2) + Le(2) — I3e(2) + L1c(2) + I5.(2)
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where
Be() = [ (ADo, DTu(e.) bol€)w(2.) ¢
Be() = [ Tolz)p(0(2:0) (~{AD.D(Q) ) + (0 v) dC
e = [ (AD. D) Jo(OTo(z:) &G
) = [ D) Tole. )e(Qwe(er ) dé + [ (0, DITo(e. dew de

Ie(2) = [ culaz,)pQ)e(z,) ¢
Q
Keeping in mind Theorem 5.8, it is clear that the integral which defines I; .(z), ¢ =1,2,3 is a potential

and it is convergent for almost every z € RV*!. Thus, by a similar argument to the one used in [104] to
prove Lemma 2.5 (pg. 403 — 404), we get that for almost every z € RN *+1

lim I .(2) :/Q<ADv,D(Fo(z,~))>s0(C) dg¢

e—0t

lim Iy .(2) = / To(2,-) (= (ADv, Dp(C)) + ¢({)Yv) d¢
e— Q

lim I3.(2) =0.

Let us consider the term I .. We integrate by parts and we consider assumption (H3):
Ije =~ /Qdivbfo(z, Je(Q)xe(z, - )vd¢ — /Q< b, D (To(2,-)p(C)xe(2,-)) ) vdC

= QdivaFo(zy-)@(C)XE(Zw)de— Q(CL,D(Fo(z,-)@(C)xe(zf))wdé“

S—/<b,D(Fo(z7')@(C)Xe(zv'))WdC _/<a7D(FO(Zv')(P(g)XE(ZF))>Ud<
Q Q

We are left with the estimate of a potential and in order to do so we would like to use Theorem 5.8.
Because a;,b; € LL (Q), with i =1,...,mg and v € L (2), we have that

lal [To(z, )¢l [ Dmgvl, 18] [To(z, )| || [ Dmyvl € Lige(€2)
where « is defined as in (5. 11). This yields, for every € > 0

[{a, D (To(z,)e(¢)xe(2)) ) v < [{a, D (To(2,)9(C)) ) v] € Lige(€),
{6, D (To(z, )e(O)xe(2,)) ) vl < (b, D (To(z,)9(C)) ) vl € Lie(€)-

Thus, by the Lebesgue convergence theorem, we get for a.e. z € RV+!
dim | [ (0.0 ol )06 vds = [ (0D (Faler holxelev) o d =
=~ [(bD Tz )0(0)) v [ (0D Talz )p(O)) v

Q Q

Now, we are left with an estimate of the term I5 ., which is a I'y—potential such that

el ITo (2, )l el [v] € Lige(9).
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Thus, we have that
leuTo(z, )p(Q)e(2, )| < leuTo(z,)p(Q)] € Line ().

Then we can apply the Lebesgue convergence theorem and we get for a. e. z € RN*t!

lim [ eolo(z, )p(C)xe (2 C) d¢ = / Tz, )p(C) dC.

e=0t Jq Q

5.2 Sobolev and Caccioppoli Inequalities

In this section we give proof of a Sobolev inequality and a Caccioppoli inequality for weak solutions to
Ku = 0. We start considering the Sobolev inequality and we remark that it holds true for every q > %

Theorem 5.10 (Sobolev Type Inequality for sub-solutions) Let assumptions (H1) and (H2) hold.
Let ay, ..., Qmgs b1y bmg,c € LL (), for some ¢ > (Q +2)/2, and diva,divb > 0 in Q. Let v be a

loc
non-negative weak sub-solution of Ku = 0 in Q1. Then there exists a constant C = C(Q,\) > 0 such

that v € L3 (Q1), and the following statement holds

loc

1
| v llz2e(Q,(20)<C - (II allzae,(z0)) + 10 llLa(o,(z0)) +1+ 7“—0) | Do [l2(,(z0)) +

p+1
C. pre
+ (II ¢ lzace (o)) o p)> v llL2(g,(20))

for every p,r with 3 < p <r <1 and for every zy € Q, where a = a(q) is defined in (5. 11).

PROOF. Let v be a non-negative weak sub-solution to Ku = 0. We represent v in terms of the fundamental
solution I'g. To this end, we consider the cut-off function x, , defined in (5. 25) for % <p<r<1 Then
we consider the following test function

P, 1) = Xpr (|l (2,1) []) (5. 26)

and the following estimates hold true

Co

Y N
Yol < S

10, 9] < rc_—lp for j=1,...,mo (5. 27)

where ¢, ¢; are dimensional constants. For every z € Q,, we have
v(z) = vi(z) (5. 28)
= /Q [(AgD(ve)), DLo(2,-)) — Lo(z, )Y (vih)] ()d(¢)

= Io(2) + LIi(2) + I2(2) + I5(2)
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where

Io(z) = - / [, DWTo(z )] (Q)d¢ / [(b, DWTo(z, )] (¢ + / [evTo(z, Y] (Q)dC

- Qr -

Ii(2) = / [(AgD, DTg(2,)yv] (¢)d¢ — / [Lo(z, Y] (Q)d¢ = I, + I,

Q.

I(z) = / (Ao — A)Dv, DTy (2, )] ()¢ — / [To(z, )(ADv, DY) (C)dc

r r

I(z) = / (ADv, D(To(z, )] ()¢ — / [(To(z ) Yo (O)dC +

. Q,

+ / [(a, D(To(z, )] ()¢ + / (b, D(To (= Yol (Qde — [ [evTolz, )] (C)de

” - Qr

Since v is a non-negative weak sub-solution to Ku = 0, it follows from Lemma 5.9 that I3 < 0, then
0 <w(z) <Ig(z) + L1 (2) + I(2) forae z€Q,.

To prove our claim is sufficient to estimate v by a sum of I'g—potentials. We start by estimating Iy. In
order to do so, we recall that

(a, Dv), (b, Dv), cv € L*72  forbe LY, ¢q> and D,,,v € L?.

Q+2
2
Thus by Theorem 5.8 we get

Lo * (a, Dv),To * (b, Dv),T'g * (cv) € L,

where o = «(q) is defined in (5. 11). When ¢ < (Q + 2) we have that o < 2**. Moreover, thanks to
estimate (5. 23), we have

1 10(¢) l2a(0,) < meas(Qp)*@ | Lo(<) N2+ (o,
= meas(Qp)Q/Q | To * ({a, Dv)ip) + Lo * ((b, Dv)pp) + To * (cv) || 2=+ (o,
<C-(]a lzacg,) + 1l b ||L<J(Qp)) | Dinov lz2¢0,) +C- | € llzagall v lz2(a,) -

We prove an estimate for the term I;. I] can be estimated by (5. 24) of Theorem 5.8 as follows
/ / C
1 2@ s Ol e (0 S €l vDmot llzz@vens =l v ez,

where the last inequality follows from (5. 27). To estimate I}’ we use (5. 23)
I 2o,y < C I e g, < meas(Qp)* 2 || I |2+ (g,

< C || UY¢ HLz(]RN+1)S

v || L2 .
o —p 10l

We can use the same technique to prove that

1
2 w09 € (14 -2 ) I Doyt Lo,

for some constant C = C(Q, A).
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A similar argument proves the thesis when v is a super-solution to u = 0. In this case we introduce
the following auxiliary operator

K =div(4g D) + Y, Y = —(z,BD) - 9,. (5. 29)
Then we proceed analogously as in [104], Section 3, proof of Theorem 3.3. (]

Finally, we give proof of a Caccioppoli inequality for weak solutions to Ku = 0.

Proposition 5.11 Let (H1)-(H3) hold. Let u be a non-negative weak solution of Ku = 0 in Qy. Let
peER, p#£0, p#1/2 and let r,p be such that % < p<r<1. Then there exists a constant C such that

1
Y | Dinov 1720,y <
Cp 1 C p 2
< [2/\ e + — (1+ llallzae,y + I0llzace,) + 3 I ellzacony | v 7260,

where = B(q) is defined in (5. 11).

PrOOF. We consider the case p < 1, p # 0, p # 1/2. First of all, we consider an uniformly positive weak
solution u to Ku = 0, that is u > g for some constant ug > 0. For every ¢ € C5°(Q,) we consider the
function ¢ = u?~192. Note that ¢, D, € L*(Q,.), then we can use ¢ as a test function in (5.1):

0= / (—=(ADu, D(u®~19?)) + u? " 2V u + (a, D(u* " %) u + (b, Du)yu® =192 + cu® p?)
Let v = u”. Since u is a weak solution to Ku = 0 and u > ug, then v, D), v, Yv € L?(Q,):

0 _/,. <1 - ;) (ADv, Dvo)p? — / (ADw, Dypyvip + i/ Y (0%)y?

P T »
- / diva v2p? — i/gr<a,D(v2)>¢2 + i/QT<b,D(v2)>¢2 + g/ w22

Because of assumption (H1) and by definition (5. 26) of the cut-off function 1, we get the following

inequality
1 /2p—1
l < L +5>/ |Dygv]? < (5. 30)
A 2p Q,
1 C 1
c v 2| : 2,2 1+ 2\\ /2
=4 (r—p)2 /Qrv| /levav (0 4/7‘<a,D(U N A+
1 23\, /.2 p 2 /2 1 2y,/2
+ 1 (b, D(v?))y + 5 cv + 1 Y (v
" 5 - -~ . b

where € is a positive constant coming from the application of the Young’s inequality. In the following we
are going to consider exponents o = a(q) and S = ((q) defined in (5. 11). Now we need to estimate the
boxed terms. Let us consider the term A. By Assumption (H3) and a classic Holder estimate we have
that

IN

. 1 3 . 1
- [ awaver - [ apeiet| << [ dvatet 4 g [ jw ool
Qr r A » Q.
c
el v s, -

IN
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Let us consider the term B. Thus, by Assumption (H3) and a classic Holder estimate we have that

1 1 1
1] owenwn| < -1 [ a5 [ e 0ewe?
4 /o, 4 /o, 2 /o
B
C
< m H b ”L‘Z(QT) ” v HQL”(QT) .

Let us consider the linear term C. We estimate it via a classical Holder estimate:

p p
[ et <E el

9 | v H%Zﬁ(gr) .
- C

As far as it concerns the term D, we begin considering the following equality:
Y (v?) = Y (4?0?) — 202pY ).

Since by the divergence theorem D; = 0 (v2¢? is null on the boundary of Q,.), we get

1 1 2 C
Y vwre?| = b+ Dy = 4@%%+/g—m44——wa .
4 o. R o 4 i 2 p(,r _ p) Lz(Qr)

Thus we have

1/2p—-1 9 c 1 C 9

c P
+ m (H allpag,y + 110 ”L'I(QT)) | v ||2LQB(QT) + 2 Il cllzacanll v H%w(gr) -
By choosing € = 2—1p and considering that S > 2 we have that
1 2
3 | Dinov I72(,) < (5. 31)
Cp 1 C p 2
< St 2 lalluey + 10 lzn@0) + Bl el 10 Boncary

The previous argument can be adapted to the case of a non-negative weak solution to u = 0. Indeed,
we may consider the estimate (5. 31) for the solution u + %, neN,
1

1 p
b2
A Q, n

1
Cp 1 C p 1\*\”
3[2A“_pp-%r_pu+nanﬁg)+nbLWQ»+2|cuNQJ<A;(u+n) -

We let n go to infinity. The passage to the limit in the first integral is allowed because

1 p
e (v+3)
n

For the second integral we rely on the assumptions u? € L?(Q,.) and u? € L7 (9,).

2
<

1\
:p<u+n> |Dpoul 7 |DmouP|, Vp <1, n— oo.
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Next, we consider the case p > 1. For any n € N, we define the function g, , on ]0, +oo[ as follows

() sP, if 0<s<n,
S) =
In.p nP + pnP~1(s — n), if s> n,

then we let
Vn,p = Gn,p(W0)-

Note that
gnp € CHRY), g, € L®(RT).

Thus since u is a weak solution to Ku = 0, we have
el . D el .Y €L}
Un,p locs Un,p locs Un,p loc*

We also note that the function

" p(p —1)sP~2 if0<s<n
Inp(s) = .
0, if s>n,

is the weak derivative of g;w, then Dg;%p(u) = g;;p(u)D(u) (for the detailed proof of this assertion, we
refer to [57], Theorem 7.8). Hence, by considering

0 = gnp(u) g,,() V*, e CF(Q)
as a test function in Definition 5.1, we find

0= / —(ADu, Dy) + pYu — divaup — (a, Du)p + (b, Du)p + cup
Q1

’ 2 " ’
- / ~ (9r.p() 03 (ADU, D) — g (1) g () (ADu, Du) = 2( ADw, D)gn () g (1) +
+ [ 9np () 9y (V7 Yt = divatu g p (1) g ()87 = (@, D) G0 (1) G, () +

+ [ (b Dup? g p (1) gy, (W) + Ctgn,p(u) gy ().

Q1
Q1
Q1

Since v = gy, p(u) we have that the following equality holds:

0= [ ~0*(ADtn D) =610 90 (ADu. D) | = 26({ADvp, D}y

Q,
1 . 1 / .
+ / 51/)2 Y(U,QW) + | diva <2037p¢2 — U gn,p(u) gn,p(u)zf) — divd 1)72L7p1/)2
Q'V‘

+ [ 5@ D@2, — 0D, + cugplu) g, 002
Qr
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Since g;,p(u) > 0 we have that the boxed term A is non-negative. Moreover, by Assumption (H3) the

boxed term B is non-positive. Thus, by considering Assumption (H1) and by choosing ¢ = % we have

that

/ | Dingvnpl* < QA T / [on,|* + Q(G,D(w2)>vim—(b,D(w2)>v,2L’p+cugn7p(u) G p(W)?

r

Since 0 < vy, < uP and
| DingVnpl T | Do t?|, asm — 0o,

we get from the above inequality

/ Dot < G ez [ 00+ 50 DA = (b, D)+ calrs?

r

and we conclude the proof as in the previous case. (Il

5.3 The Moser’s Iteration

In this section we use the classical Moser’s iteration scheme to prove Theorem 5.2. We begin with some
preliminary remarks. First of all, we recall the following lemma, whose proof can be found in [33], Lemma
6.

Lemma 5.12 There exists a positive constant ¢ €]0, 1] such that

20 Qar(r—p) € Qr, (5. 32)
for every0 <p<r<1andzecQ,.
We are now in position to prove Theorem 5.2.

PROOF OF THEOREM 5.2. It suffices to give proof in the case zg = 0, r €]0,1] and 0 < p < r. Combining
Theorems 5.10 and Proposition 5.11, we obtain the following estimate: if s, > 0 verify the condition

[s —1/2| >4,

then, for every p,r such that % < p < r <1, there exists a positive constant C such that

| u® [[L2e(0,) < C (s, A [l @ llzaga,y, 1 llLace,): | ¢ lzace,y) | v 250, (5. 33)
where
~ 1
C(s; Ml allpaeny: b lzaansll € llza,y) = Cls.A) (1 L allpao,) + 10 lzae) e lFag,) +
3
CN) (41l allpae,) + 1 bllLee,))? C 1
4 G o) @)® | 7 (14 [ @ llsocen) + b llLegen)® +
(r—p)2 (r—p)2

C(s)

C(S) 1 %
(1 el + 10 ey +3F e liua,) + 5=

+
r—

We remark that the previous constant C can be estimated as follows
Cls; Ml allpaceny, 10 lLacony: Il ¢ llLae,) < (5. 34)
KO8) (14 alBao,) + 16 Bao,) + I € llzecen )

2
(pn - Pn+1)
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Fixed a suitable § > 0, we shall specify later on, and p > 0 we iterate inequality (5. 33) by choosing

1 n D
po=pt o (r=p), p=a 25 n € NU{0}.

Then we set v = u?7. If p > 0 is such that
lpa™ — B > 280, Vn € NU {0}, (5. 35)

by (5. 33) and estimate (5. 34) we obtain the following inequality for every n € NU {0}

KOp) (14 10 gy + 16 Baa,y + 1l ¢ lzae,))

2
(pn - Pn+1)

v [lz260,,) - (5. 36)

n
0% llr2ee,, ., <

Since

n

10" lz2a= (Il v | 2ans1)” and || 0" || p2e= (|| v [|2an )
we can rewrite equation (5. 36) in the following form for every n € NU {0}

1
o7t

- K(\p) <1+ | a H%q(g,,) +1 b H%q(gr) + e HL‘Z(Qv-))

1) (pn - pn+1)2

|| v |‘L2cx7l+1(g H v ||L2/3an(gpn) .

Iterating this inequality, we obtain

1
W e A
22(j+1) \ @i
10 lpnra, <1 () |

o \(r=p)
1
al

(KO (1 L a g, + 18 aa,y + Il ¢ lraen ) )

and letting n go to infinity, we get

| v [lz28(0,)s

supv < ———— || v [|z2800,),
2, (r—p)* (@)

where p© = % and

1

B =TT (500 (14 1 a o + 10 Bagon) + e linen)) ™
3=0

is a finite constant dependent on §. Thus, we have proved that

~ 28

)
supuf < [ ——— uP, 5. 37
g = <<r—p>u> 7, (537

for every p which verifies condition (5. 35). Because

(Q+2) < 28u <9(Q+2)

we get estimate (5. 12). We now make a suitable choice of § > 0, only dependent on the homogeneous
dimension @, in order to show that (5. 35) holds for every positive p. We remark that, if p is a number
of the form

a™(a+1)

Z
26 i me Y

Pm =
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then (5. 35) is satisfied with

g — {952

T Qr22

Therefore (5. 37) holds for such a choice of p, with K only dependent on Q, A and || a lzac2,)> 16 lzaca,);
|l ¢llza(g,)- On the other hand, if p is an arbitrary positive number, we consider m € Z such that

Vm € Z.

Pm S p< Pm+1- (5 38)

Hence, by (5. 37) we have

s () () = () (L)

so that, by (5. 38), we obtain
~ 2a8
K
supuf < [ ——— uP
Q, (r—p) .

This concludes the proof of (5. 12) for p > 0. We next consider p < 0. In this case, assuming that u > ug
for some positive constant ug, estimate (5. 12) can be proved as in the case p > 0 or even more easealy
since condition (5. 35) is satisfied for every p < 0. On the other hand, if u is a non-negative solution, it
suffices to apply (5. 12) to u + %, n € N, and let n go to infinity, by the monotone convergence theorem.
O

As far as we are concerned with the proof of Corollary 5.4, it can be straightforwardly accomplished
proceeding as in [104, Corollary 1.4]. Moreover, Proposition 5.5 can be obtained by the same argument
used in the proof of Theorem 5.2. For this reason, we do not give here the proof of these two results.

We close this Section recalling that Theorem 5.2 also holds true in the sets

Q:((Io,to)) = QT((l'o,to)) N {t < tO}; (5 39)

in the case of non-negative exponents p. This result is analogous to [97], Theorem 3 (see also inequality

(67) of Lemma 1 in [98]) and states that, in some sense, every point of Q, (o) can be considered as an

interior point of Qy (zp), when p < r, even though it belongs to its topological boundary.

Proposition 5.13 Let u be a non-negative weak sub-solution to Ku = 0 in Q. Let zg € Q and r, p, % <

p <1 <1, such that Qp (29) € Q and p < 0. Then there exist positive constants C = C(p,\) and
v =~(p,q) such that

N
C (1+ lall7a(a,czy T 1101 Fa0, 20y + Il € HLQ(QT(ZU))) / "
Qr (20) ,

sup uf < (5. 40)
Q5 (20) (r—p)?@+2)
where v = %, with a and 8 defined in (5. 11), provided that the integral is convergent.

The proof of the above Proposition can be straightforwardly accomplished proceeding as in Proposition
5.1 in [104], and therefore is omitted.
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