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Optimal regularity for degenerate Kolmogorov equations
in non-divergence form with rough-in-time coefficients

STEFANO PAGLIARANI({, GIACOMO LUCERTINI AND ANDREA PASCUCCI

Abstract. We consider a class of degenerate equations in non-divergence form satisfying a parabolic Hor-
mander condition, with coefficients that are measurable in time and Holder continuous in the space variables.
By utilizing a generalized notion of strong solution, we establish the existence of a fundamental solution
and its optimal Holder regularity, as well as Gaussian estimates. These results are key to study the backward
Kolmogorov equations associated to a class of Langevin diffusions.

1. Introduction

We study existence and optimal regularity properties of the fundamental solution to a
Kolmogorov operator that satisfies a parabolic Héormander condition. The coefficients
of the operator are Holder continuous in the space variables, but only measurable in
time.

Precisely, for fixed d < N and Tp > 0, we consider the second order operator in
non-divergence form </ + Y with

d d
1
A ==Y aii(t, ) + Y ai(t, )y +alt,x),  (t,x) € .57 =10, To[xR",

2
(1.1)

ij=1 i=1
N
Y =0+ (Bx,V) =0+ Y bix;d,, xeR,
ij=1

where B is a constant matrix of dimension N x N. Here, < is an elliptic operator
on R? and Y is a first order differential operator on R x R also called transport or
drift term. The focus of this paper is mainly on the case d < N, that is when </ 4+ Y
is fully degenerate, namely no coercivity condition on R¥ is satisfied.

Throughout the paper, o7 4 Y verifies the following two structural

Assumption 1.1. (Coercivity on R9) For 1 < i, J < d, the coefficients a;;, a;, a are
in L>([0, To]; Cp(RY)), where C,(RY) denotes the space of bounded continuous
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functions on RY . The diffusion matrix (ai j)
positive constant p such that

o is symmetric and there exists a
i,j=1,....d

d
wEP < ) @t nEE < uplgl’, xeRN & eRY
i,j=l

for almost every ¢ € [0, To].

Assumption 1.2. (Hormander condition) The vector fields dy,, ..., dy, and Y satisfy
rank Lie(dy,, ..., 0y,, ¥) = N + 1. (1.2)

We refer to (1.2) as a parabolic Hormander condition since the drift term Y plays
a key role in the generation of the Lie algebra. Under Assumption 1.2, the prototype
Kolmogorov operator

d
D Oy Y (1.3)
i=1

NSRS

is hypoelliptic for any § > 0. Kolmogorov [19] (see also [15]) constructed the explicit
Gaussian fundamental solution for (1.3), which is the transition density of a linear
stochastic differential equation.

Motivations for the study of ¥ + Y come from physics and finance. In its most
basic form, with N =2 andd =1,

1
zaxlxl +x18x2 + 8t (14)

is the backward Kolmogorov operator of the system of stochastic equations

{dV, —dw, 05

dX[ == thf

where W is areal Brownian motion. In the classical Langevin model, (V, X) describes
the velocity and position of a particle in the phase space and it is the prototype of more
general kinetic models (cf. [17,18,22]). In mathematical finance, (V, X) represents the
log-price and average processes used in modeling path-dependent financial derivatives,
such as Asian options (cf. [2,31]).

1.1. Overview of the results: motivations and comparison with the literature

The study of the fundamental solution and its regularity properties is a relevant
task in the theory of partial differential equations. In this regard, we point out that
the global Schauder estimates recently proved in [25] strongly rely on the results of
this paper (see Sect.4 for a brief anticipation of the results in [25]). The study of
the fundamental solution is also crucial in tackling the martingale problem for the



J. Evol. Equ.  Optimal regularity for degenerate Kolmogorov equations Page 3 of 37 69

corresponding stochastic differential equations (SDEs) (see [29]). For instance, it is
known that uniform bounds on the first and second order derivatives of the solutions to
the Cauchy problem can be utilized to prove weak and pathwise well-posedness of the
SDE, respectively. We point out that the matter of pathwise uniqueness for the SDE
is still partially open in the Holder setting (see [5]). These issues will be addressed in
a future work.

The innovative aspects of our contribution revolve around the regularity assumptions
on the coefficients and the regularity properties that we prove for the solutions. For
Kolmogorov operators with coefficients that are Holder continuous (in both space and
time) in a classical sense, the study of the existence of a fundamental solution goes
back to the early papers [16,28,38,39]. More modern and natural approaches make
use of different Holder spaces, which better adapt to the geometric properties of the
operator and of the underlying diffusion processes. Deferring the precise definitions
until Sect. 1.2, we may identify two main notions of Holder space:

— Anisotropic these are the Holder spaces utilized in [26] and later adopted by sev-
eral authors (see [24,37] among others). They comprise functions g : RY — R
that are Holder continuous with respect to an anisotropic norm | - | g related to
the scaling properties of the underlying diffusion process (cf. [6,21]). For exam-
ple, the anisotropic norm for the Langevin operator (1.4) reads as |(v, x)|p =
v+ |x |% for (v, x) € R? and reflects the time-scaling behavior of the stochastic
system (1.5), i.e. (AV)? ~ Ar and (AX)? ~ (Ar)3.

— Intrinsic these are the Holder spaces introduced in [36] and then studied by
several authors (see [30] among others). They are defined for functions f :
R x RN — R, by specifying the regularity along the Hormander vector fields
dx;» - - . » Oy, and Y. The Hormander condition then allows to recover joint Holder
regularity in both time and space with respect to an intrinsic distance on R x RY,
which reduces to the anisotropic distance when restricted to RV, i.e. |t — s 172 4
|x —e@=9By|p for (¢, x), (s, y) € R x RN (cf. Remarks 1.1 and 1.2).

In regards to these Holder spaces, we recognize two main streams of literature that
consider anisotropic or intrinsic regularity for both the data and the solutions:

— Anisotropic-to-anisotropic in this approach, initiated in [26], the coefficients of
the operator are assumed anisotropically Holder continuous in space and only
measurable in time, and the same type of regularity is proved for the solutions.
These are typically defined in the distributional sense and do not benefit from the
time-smoothing effect that is typical of parabolic equations (see, for instance,
Theorem 4.3 in [37]). In particular, no regularity along Y, and thus in the time-
variable, is provided.

— Intrinsic-to-intrinsic in this approach, initiated by [36] and then developed by
several authors (e.g. [1,7,13,32] among others), the data are typically assumed
to be intrinsically Holder continuous in time-space. Solutions are defined in the
Lie sense, regarding Y as a directional derivative. In this approach, regularity
properties in space and time are strictly intertwined: this allows to fully exploit
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the smoothing effect of the equation. However, the regularity assumptions on
the data makes the analysis less suitable for applications to stochastic equations.

Only recently (see [3, 10]), the last two approaches have been combined into a third
one, which we refer to as anisotropic-to-intrinsic and provides intrinsic regularity
of the solutions under anisotropic regularity of the coefficients. Our contributions go
exactly in this direction. In particular:

— Theorem 1.1 establishes the existence of the fundamental solution, together with
Gaussian estimates for the solution and its derivatives. It generalizes the results
in [7] by relaxing the regularity hypotheses on the coefficients: as pointed out
in [10], intrinsic Holder continuity is a rather restrictive assumption and simple
smooth bounded functions like f (¢, x1, x2) = sin x» fail to satisfy this condition.
Theorem 1.1 is also comparable with the results in [6]: however, in the latter
reference, it is not proved that the kernel constructed with the parametrix method
is a fundamental solution, which would require careful potential estimates; on
the other hand, the framework considered in [6] is more general because the drift
Y is not necessarily linear in x.

— Theorem 1.2 contains global intrinsic Holder estimates on the fundamental so-
lution. At the level of the fundamental solution, this result extends some partial
results in [8, Theorem 3.2] obtained for Holder continuous coefficients in the
intrinsic sense. Most importantly, the estimates of Theorem 1.2, together with
the intermediate estimates their proof rely on, are key to obtain the optimal
global Schauder estimates in [25] (cf. Sect. 4 below). The latter are stronger than
previous results obtained in the anisotropic-to-anisotropic and the intrinsic-to-
intrinsic settings (e.g. [9,14,17,24,26,37] among others) and also refine the
estimates of intrinsic-to-intrinsic type recently obtained in [3,10]. We refer to
[25, Section 1] for a detailed comparison for the literature on Schauder estimates
for degenerate Kolmogorov equations.

Finally, the anisotropic Holder regularity of solutions to ./ + Y unveils the full
smoothing effect of the the differential operator in both the space and time variables.
A notable implication is the possibility to prove intrinsic Taylor formulas like those
proved in [30] (cf. Remark 1.2), on which stochastic tools like the Itd formula rely (see
[21]). Furthermore, the setting of coefficients that are rough in the time variable nat-
urally arises in the study of stochastic partial differential equations (see, for example,
[20,35]).

1.2. Anisotropic and intrinsic Holder spaces

We start by noticing that condition (1.2) is equivalent to the well-known Kalman
rank condition for controllability in linear systems theory (cf., for instance, [33]). Also,
it was shown in [23] that (1.2) is equivalent to B having the block-form
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By % -+ x %
B=]|0 By --- % % (1.6)
0 0 ---Byx*

where the *-blocks are arbitrary and B; is a (d; | x d;)-matrix of rank d; with
d=dy>d >--->d;>1, Zdi:N.

This allows to introduce natural definitions of anisotropic norm and Holder continuity
on RV,

Definition 1.1. (Anisotropic norm and anisotropic Holder spaces) For any x € RV
let

g 4 1 ) j
Xlp=Y_ > T, dj=) dr. (1.7)

J=0i=d;_|+1 k=0

For o €0, 1] we denote by C%(R") the set of functions g € C;(R") such that

lg(x) — g(y)l
lgllcugem) = sup lg)| + sup S0
xeRN x,yeRN lx — y|B

andby L ([0, Tp]; C% (R™M)) the set of measurable functions f : [0, Ty] —> C% (RM)
such that

I Lo o, 1or:ca@yy) = sup [Lf (Dllce wwy < 00
1€[0.Tp]

To give the precise definition of the Holder space Cé’“ we first introduce the intrinsic
Holder regularity along the vector fields appearing in the Hérmander condition (1.2).
As it is standard in the framework of functional analysis on homogeneous groups (cf.
[11]), the idea is to weight the Holder exponent in terms of the formal degree of the
vector fields, which is equal to 1 for 9y, ..., 0y, and equal to 2 for Y.

Definition 1.2. Let « €]0,1], 8 €]0,2] and T > 0. We denote respectively by
C7(Sr) and Cg (T) the set of the functions f : .7 — R such that the following
semi-norms are finite

d
|f(t,x + he;) — f(t,x)]
I flcaqsry =D sup = :
k — (eI T A
i=1 """

(s—1)B _
||f||cg(yT) ‘= sup }f(s,e x) f(t,x)’.

B
t,5€[0,7] _ 7
xeRN |t S|
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Here e; denotes the i-th element of the canonical basis of RV .
Moreover, we say that f is a.e. Lie differentiable along Y on 7 if there exists
F e Ll (10, T[; C»(RM)) such that

loc

f(s,eCDBx) = f(t,x)+fs F(r,e" Bx)dr, (t,x) e S, s €]0, T
t
(1.8)

In that case, we set Yf = F and call it an a.e. Lie derivative of f on ST.
Next we recall the intrinsic Holder spaces of order 0 and 1 introduced in [30,31].

Definition 1.3. (Intrinsic Holder spaces: orders 0 and I) For « €10, 1], C g’a(yr)

and C }g’a (ST) denote, respectively, the set of the functions f : .7 — R such that
the following semi-norms are finite

1/ ey = I legerm + 1 f s
d

1l cteqsryy = 1 ey + D 195 fllcoa g,
i=1

d
= flleteqsyy + 2 (18s flicgeom + 195 flcgem)-

i=1

Remark 1.1. Ttis standard to show (see [30]) that,if f € C g,a (1), then f isa-Holder
continuous w.r.t. the intrinsic distance, namely

1f(t,x) = fa, < C(lt =512 +1x —e"™9By|%), (1, x)(s,1) € 77,

where C is a positive constant that depends only on the matrix B and T'. In particular,
f enjoys anisotropic Holder regularity, and thus also regularity in the degenerate
variables x; for i > d, namely

|f (@t x) — f@ y)l

sup S C”f” 0.0 o \s re [07 T[
b S P ey

Remark 1.2. In [30] it was also shown that if f € C }g’a(yf) then the following
intrinsic Taylor formula holds:

d
‘f(s, y)— f(t,x)— Z Ay, f (1, x)(y — e(s—t)Bx)i
i=1

1
< C(Is =112 + 1y = e Pxpp) ™ (1,0, (5,3 € .
where C is a positive constant that depends only on the matrix B. We stress that the
Taylor “polynomial” above only contains the first derivatives of f w.r.t. the first d
components of x.



J. Evol. Equ.  Optimal regularity for degenerate Kolmogorov equations Page 7 of 37 69

Table 1. Functional spaces

Notation Functional space Reference
C% Anisotropic Holder spaces on RV Def. 1.1

C;‘, Cy Lie Holder spaces on .7 Def. 1.2
Cg’“, k=0,1,2 Intrinsic Holder spaces on .7 Def. 1.3, 1.4

To cope with the lack of regularity of the coefficients in the time-direction, the
definition of Clzg"" (&) differs from the one given in [30], specifically with regards to
the regularity along Y.

Definition 1.4. (Intrinsic Holder spaces: order 2) For a €10, 1], C %’a (T) is the set
of functions f : .7 — R such that following semi-norm is finite:

d
11l c2e oy = D 10 Fll ety + 1Y S loqo,rricg vy

i=1

d d
=D 0k Flletreqsryy + D (10sx; Fllegeorn + 195, flleg o)
i=1 i,j=1

+ ”Yf“LOO([O,T];C%(RN))' (19)
Here Y f is the a.e. Lie derivative as in Definition 1.2.

Remark 1.3. Definition 1.4 is similar in spirit to that proposed in [9,27,30] for the
study of Kolmogorov operators with Holder coefficients: according to their definition,
if f belongs to C>% then Y f belongs to Cg’“.

This is the regularity the fundamental solution enjoys in case the coefficients of
o/ are Holder continuous in both space and time, namely if they belong to Cg’“. By
contrast, if f € C %a in the sense of Definition 1.4 then f is generally at most Lipschitz
continuous along Y': this is the optimal result one can prove without assuming further
regularity of the coefficients in the time variable other than measurability, as it was
shown in [4] in the case of coefficients only dependent on time.

For reader’s convenience, we recall that we shall always denote by .77 the strip
10, T[xRY; also, in the following table we collect the notations used for the main
functional spaces (Table 1):

1.3. Main results

As previously explained, major questions in the study of Kolmogorov equations
are the very definition of solution and its optimal regularity properties. It is well-
known that, in general, the fundamental solution is not regular enough to support the
derivatives dy,, for d < i < N, appearing in the transport term Y. Indeed, under
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the Hormander condition (1.2), these derivatives are of order three and higher in the
intrinsic sense. For this reason, even for equations with Holder coefficients, weak
notions of solution have been introduced. We employ a notion of solution, recently
proposed in [35] with the aim of studying Langevin stochastic PDEs with rough
coefficients. In accordance with the intrinsic Holder space C 123’0‘ (<) in Definition
1.4, this solution supports the existence of an a.e. Lie derivative and is the strongest
possible under our regularity assumptions on the coefficients.

Definition 1.5. (Strong Lie solution) Let0 < T < Tpand f € Ll ([0, T[; Cp(RM)Y).

loc
A solution to equation
Fu+Yu=f onSr (1.10)
is a continuous function u such that there exist dy, u, 3x,-x_,u € Llloc([O, T[; Cp(RN)),
fori, j=1,...,d,and f —</u isan a.e. Lie derivative of u in the sense of Definition
1.2,1.e.

u(s, e Bx)y = u(, x) — / (ﬂu(t, DBy — f(x, e(r_t)Bx)) dr,
t
(t,x)ye S, s<T. (1.11)

Remark 1.4. Notice that s — (s, e~ D8x) is the integral curve of Y starting from
(t, x): for any suitably regular function u the limit

- u(s, e“Bx) —u(r, x)
Yu(t, x) := lim (1.12)

s—>1 s —1

is the directional (or Lie) derivative along Y of u at (¢, x). Thus, if the integrand in
(1.11) is continuous then u is a classical (pointwise) solution of (1.10). However, as
noticed in Remark 2.6, in general a solution u in the sense of Definition 1.5 is only
a.e. differentiable along Y and Eq. (1.10) is satisfied for almost every (¢, x) € 7.

In order to state our first main result, we give the following

Definition 1.6. (Fundamental solution) A fundamental solution of <7 +Y is a function
p = p(t,x; T, y) defined fort < T and x, y € R" such that, for any fixed (7, y) €
1, wWe have:

(1) p(-, - T,y) is a solution of equation &/u + Yu = 0 on .7 in the sense of
Definition 1.5;
(ii) For any g € C,(RN) we have

lim / p(t,x; T,m)gmdn = g(y).
(t.5)~ (T JR
t<

Before stating our main results, we introduce our last standing assumption, which
is concerned with the regularity of the coefficients of .<7.
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Assumption 1.3. The coefficients a;;, a;, a of &/ belong to L*([0, Ty]; C% (RM)) for
some « € ]0, 1].

Remark 1.5. The boundedness requirement in Assumption 1.3 is a crucial ingredient
of the parametrix method: it is used to get the preliminary Gaussian estimates (cf.
Proposition A.1) on which the entire technique relies. In particular, the key property is
boundedness in space for any fixed time. On the other hand, a detailed examination of
the proof reveals the possibility for an extension that includes coefficients that are only
locally integrable, as opposed to bounded, in the time variable. We aim to investigate
this extension in a future work.

The following result states the existence of the fundamental solution p of &7 + Y,
as well as uniform Gaussian bounds for p and its derivatives with respect to the non-
degenerate variables xp, ..., xg4.

Theorem 1.1. (Existence and Gaussian bounds) Under Assumptions 1.1, 1.2 and 1.3,
o + Y has a fundamental solution p = p(t, x; T, y) in the sense of Definition 1.6.
For every ¢ > 0 there exists a positive constant C, only dependent on Ty, u, B, €, o
and the a-Hélder norms of the coefficients, such that

pt,x;T,y) < CTHYe(t, x; T, y), (1.13)

00 (1, 65 T, )| < =T, 33 T, ), (1.14)
—1

|0, Pt x: T, )| < THHe, x; T, y), (1.15)

T —1t

forany (T,y) € S, (t,x) € ST andi,j =1,...,d, where % is the Gaussian
fundamental solution of (1.3), whose explicitly expression is given in (2.4). Moreover,
there exist two positive constants L, ¢ such that

i, x; T,y) < p(t,x; T, y), (1.16)

forany (T, y) € Y7, and (t, x) € 7.

In Sect. 4 we present several results for the Cauchy problem that are straightforward
consequences of Theorem 1.1. The proof of Theorem 1.1 is based on a modification
of Levi’s parametrix technique, which allows to deal with the lack of regularity of the
coefficients along the drift term Y. The main tool is the fundamental solution of a Kol-
mogorov operator with time-dependent measurable coefficients, also recently studied
in [4]. This approach allows for a careful analysis of the optimal regularity properties
of the fundamental solution p: Theorem 1.2 below states that p belongs to the intrinsic
Holder space Cé’“ as given by Definition 1.4. As the notation could be misleading, we
explicitly remark that foru € C é’a not even the first order derivatives dy, u, fori > d,
necessarily exist. However, in general we cannot expect higher regularity properties
for solutions to (1.10) and Cé’“-regularity is indeed optimal. The following theorem
refines the known results about the smoothness of the fundamental solution in [26],
[27] and [9] and exhibits its maximal regularity properties.
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Theorem 1.2. (Regularity of the fundamental solution) Under the assumptions of
Theorem 1.1, p(-, T,y) € Cz’ﬂ(éﬂf)for every (T,y) € 1, 0 < v < T and
B < a. Precisely, there exists a positive constant C only dependent on Ty, i, B, B, o
and the a-Holder norms of the coefficients, such that

C
PG s T 28 0y < —5m35
i R 2=

where Q is the so-called homogeneous dimension of RN with respect to the quasi-norm
| - | g defined by

q
Q=> 2+ 1. (1.17)

i=0

Remark 1.6. As previously explained, the Holder space C?*¢ introduced in [26] (and
adopted in [24,37] to prove Schauder estimates), consists of functions f that, together
with their second order derivatives dy,; f in the non-degenerate directions i, j =
1, ..., d,are Holder continuous w.r.t. the anisotropic norm (1.7). This notion is weaker
than Definition 1.4 both in terms of the regularity of d,, f and, more importantly, in
terms of the Lipschitz continuity of f along Y (cf. (1.8)) which reveals the regularizing
effect of the associated evolution semigroup.

The rest of the paper is structured as follows. Section 2 contains the construction of
the fundamental solution by means of the parametrix method: in particular, Sect.2.2
includes the proof of Theorem 1.1. In Sect.3 we prove the regularity estimates of
the fundamental solution, in particular Theorem 1.2. In Sect.4, we anticipate some
results for the Cauchy problem for ¢ + Y, namely well-posedness and Schauder
estimates, which can be derived by utilizing our results on the fundamental solution.
The appendices contain the Gaussian and potential estimates that are employed in the
proofs.

2. Parametrix construction

The parametrix method, introduced by E. Levi in 1907, is a constructive technique
to prove the existence of the fundamental solution to an elliptic operator, later extended
by several authors to numerous parabolic settings. The monograph [12] is a classical
reference for the application of the method to uniformly parabolic operators; the case
of degenerate operators of the form (1.1) with Holder continuous coefficients was
studied in [7,36]. We refer to [4] for a derivation of the fundamental solution via
classical Fourier methods, in the case of time-depending measurable coefficients.

Let Assumptions 1.1, 1.2 and 1.3 be satisfied. The first step of the parametrix method
is to set a kernel P = P(¢, x; T, y) that serves as proxy for the fundamental solution,
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called parametrix. We denote by .7 ) the operator obtained by freezing the second-
order coefficients of <7 along the integral curve of the vector field Y passing through
(s, v) € Y7, and neglecting the lower order terms. Namely we consider the operator

d
1
oV = 5 D aijt, e P00y, x) € . 2.1
i,j=1

One can directly prove that the fundamental solution of
oS 1y,
in the sense of Definition 1.6, is given by
Fe9@ T,y = 6@ . 1),y =782, (T.y) e S5, (1.%) € 7,

where
G2 = L hehe

VQm)N det¥

is the Gaussian kernel on RY and

T
¢, T) ;=[ eT=TBAGY (1) T8 g (2.2)
t
Aoz, eT9By) 0
A (1) = < o . ) 0)’ Ao=(ai), 14 2.3)

Remark 2.1. Clearly F(S’”)(t, x; T, y) is of class C* as a function of x and only
absolutely continuous along the integral curves of ¥ as a function of (z, x).

Remark 2.2. In the particular case of Ag = §1; for some § > 0, where I; is the
(d x d)-identity matrix, the Kolmogorov operator .o7*:*) + ¥ reads as in (1.3) and its
fundamental solution reduces to

Do, x:T,y) :=GOBC(T —1),y — e T DBy), (2.4)

with
€(t) = / Lo (10 0 ju—np 25)
A 00

Proceeding as in [29,35], we define the parametrix function P(z, x; T, y) as
P, x;T,y) =TTV, x;T,y), (T.y) € Iy, (t,x) € I7, (26

and we refer to it as to the time-dependent parametrix in order to emphasize the fact
that it is obtained by freezing only the space variable of the coefficients of .o/
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Remark 2.3. Since I'®:?) is the fundamental solution of <7 ®-¥) 4+ ¥, we have
(AT + Y)P(, T, y) =0 on.77, (2.7)

in the sense of Definition 1.5, for any (7', y) € ./7,.

Remark 2.4. In [7], where the variable coefficients of o/ are assumed intrinsically
Holder continuous in space and time, the parametrix is defined as the fundamental
solution of the operator obtained by freezing the second order coefficients of <7 in
both time and space variables, i.e.

d
1
5 D a5 V) + .
ij=1

As we shall see below, the choice of freezing the coefficients only in the space variable,
along the integral curve of Y as in (2.1), is necessary in order to deal with the lack of
regularity in the time variable.

Once the parametrix function is defined, the parametrix construction prescribes that
a fundamental solution of &/ + Y is sought in the form

T
p,x;T,y) =P, x;T,y)+ f /N P, x;t,m¢(r,n: T, y)dndzr, (2.8)
t R
where ¢ is an unknown function. We now perform some heuristic computations that

will lead to a fixed-point equation for ¢. Assuming that p(¢, x; T, y) in (2.8) is a
fundamental solution of </ + Y, we obtain

0= +Y)pt,x;T,y) =(d +YV)Pt,x;T,y)+(F +7Y)

T
X/ / P, x;t,me¢(r,n; T, y)dndr.
t RN

Furthermore, by formally differentiating and employing p(¢, x; ¢, ) = &x we also
have

T
(o + Y)/ /NP(t,x; T,Mé(r,n; T, y)dndt
t R
T
=/ /N(M+ VP, x;t,me(z,n; T, y)dndt — ¢(t, x; T, y).
t R
Therefore, ¢ (¢, x; T, y) must solve the Volterra integral equation

T
o, x;T,y) = (I +Y)P(t,x;T,y) +/ / ( +Y)P(t,x;t,n)o(t,n; T, y)dndr.
t RN
2.9)

Now, owing to Remark 2.3, Eq. (2.9) can be written as
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T
o, x;T,y) = (o — ' TINP@t, x; T, y) +f f (of — /M)
t RN
P, x;t,mo(r,n; T, y)dndr, (2.10)

whose solution can be determined by an iterative procedure, which leads to the series
representation

¢, x; T, ) =Y dult,x: T, ) @.11)

k>1

where

o1t x: T, y) = (o —dT)VP(t,x; T, y),
T
Gry1(t,x; T, y) == / / (o — o P, x; T, )¢t n; T, y)dndr, kel
t RN
(2.12)

In order to make the previous arguments rigorous one has to prove that:

— The series defined by (2.11)—(2.12) is uniformly convergent on .#7. At this stage
one also obtains a uniform upper bound and a Holder estimate for ¢;

— p defined by (2.8) is actually a fundamental solution of 7 + Y. In this step one
also establishes the Gaussian estimates on p and its derivatives that appear in
Theorem 1.1.

2.1. Convergence of the series and estimates on ¢

Proposition 2.1. For every (T, y) € .7, the series in (2.11) converges uniformly in
(1, x) € ST and the function ¢ = ¢(t, x; T, y) solves the integral Eq. (2.10) on 7.
Furthermore, for every e > 0 and 0 < § < «, there exists a positive constant C, only
dependent on Ty, 1, B, §, o, € and the a-Holder norms of the coefficients, such that

lp(t, x: T, y)| < —————TH @, x: T, y), 2.13

¢ M= s y (2.13)
Cle—vl5™ s ¥

G, x; T, y) = ¢t v; T, y)| < ——— 5 (P75, x5 T, y) + T 0: T, )
(T—1""2

(2.14)
forany (T,y) € Y7, and (t, x), (t,v) € ST.

To avoid repeating the arguments already used in [7], we limit ourselves to high-
lighting the parts of the proof that differ significantly from the classical case.

Proof. We first prove that there exists a positive « such that

(7 = TP, x; T, )] < T re*e(, x; T, y),

K
t)l—ct/2
(T,y) € S1,, (t,x) € Sr. (2.15)
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Assume for simplicity that a;, a = 0, the general case being a straightforward exten-
sion. By definition (2.1) we have

d
1 —(T—
(o = TP x; Tyl < 5 D7 laij (e, ) = agj(r, =T 70 y)|
i,j=1
X 135, P(, X3 T, 3)| < (2.16)

(by the Holder regularity of a;; and the Gaussian estimate (A.11))

v — e T8y

o
<k — Brutel2; x: T, y). (2.17)

The estimate (A.9) then yields (2.15).
For any (T, y) € 7, and (¢, x) € 7, (2.12) and (2.15) imply

K
lp1(t, x; T, y)| < m FIHE(I,)C; T,y)
and

T
paca o= [ [ (o = oS0 Pl ] < 616e T lande
t JRN

2/T 1 1
<k
- . (t— t)l—oc/2 (T — r)l—a/z

X / THTe@, x; o, T8 (e, T, y)dndt =
RN

(by the Chapman—Kolmogorov identity and solving the integral in d7)

2
— 2 1—‘Euler (%) F;H—a(t T y)‘
(T — 1)~ Tgyler (@)

Proceeding by induction, it is straightforward to verify that

F}l%uler (%)

(T =)' 2 Tpuer(%)

g (£, x5 T, ¥)| < &" T“*@t,x;T,y), neN.

This proves the uniform convergence of the series on .#7, which in turn implies that
¢ satisfies (2.10), as well as the estimate (2.13).

The proof of (2.14) is a technical modification of the arguments in [7, Lemma 6.1],
which is necessary to account for the different parametrix function. For sake of brevity,
we leave the details to the reader. U

Remark 2.5. The proof above is particularly informative to understand the choice of
the parametrix function in relation to the lack of regularity of the coefficients with
respect to the time variable. In particular, in passing from (2.17) to (2.15), we take
advantage of the increment [x — e~ (T=08y|% in order to recover the integrability of
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the singularity in time. In the classical case, namely when the coefficient a;; is also
Holder continuous in time, the parametrix function is obtained by freezing the variable
coefficients in both space and time (see Remark 2.4). In (2.16), this choice leads to
increments of type

|aij(t, x) — aij (T, y)|,

which is clearly not helpful if ;; does not exhibit any regularity in time.

Furthermore, note that the coefficients have to be frozen in the space variable along
the integral curve of Y: freezing the coefficients at a fixed point y would yield an
increment of type |x — y|% in (2.17), which does not allow to employ the Gaussian
estimates in (A.9) to control the singularity.

2.2. Proof that p is a fundamental solution and Gaussian bounds

We now prove the first part of Theorem 1.1, concerning the existence of the fun-
damental solution of &7 4+ Y. This is achieved by proving that the candidate solution
p = p(t, x; T, y) defined through (2.8) satisfies points i) and ii) of Definition 1.6. The

innovative part of the proof consists in showing point i), which is p(-, -; T, y) solves
the equation

du+Yu=0 on S (2.18)

in the integral sense of Definition 1.5. Once more, we provide the details of the parts
that significantly depart from the classical case.
For any (T, y) € /7, let us rewrite p(z, x; T, y) as

pt,x;T,y)=P(t,x;T,y)+®(t,x; T, y), (t,x) e ST,

where we set

T
O, x;T,y) = / / P, x;t,n)¢(t,n; T, y)dndr. (2.19)
t RN

The strategy of the proof is to first show that p possesses the regularity required in
order to qualify as a fundamental solution, and then to check that it actually solves Eq.
(2.18). As pointed out in Remark 2.7, the parametrix P = P(¢, x; T, y) is an integral
solution to (2.7). In particular, it is smooth in the variable x and absolutely continuous
along Y. As for ® = o (¢, x; T, y), the next result shows that it is twice differentiable
w.I.t. X1, ..., xg and states some Gaussian bounds on the derivatives.

Proposition 2.2. Forany (T, y) € Y7, (t,x) € ST andi, j=1,...,d, there exist
T
O, @, x; T, y) = / / O, P, x; T, m(r,n; T, y)dndr,
t RN

T
Oxix; P, x5 T, y) =/ /Naxix,-P(t,x;r, meé(t,n; T, y)dndr,
t R
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and, for any ¢ > 0 we have
|, x: T, y)| < C(T — 2T (1, x; T, y),

C
|05, @, x; T, y)| < ———=TH* @, x; T, y),
(T—-n7

C
O, @1, x5 T, y)| € ———=TH* @1, x; T, y),
(T-n7

where C denotes a positive constant, only dependent on Ty, it, B, a, ¢ and the o-
Holder norms of the coefficients.

Proof. By the definition of @ in (2.19) we have

T
O, x;T,y) = / J(t,x;t; T, y)dr,
t

with J defined as in (B.1). The potential estimates of Proposition B.1 upon integrating
in 7, yield the result. O

The following result shows that ® (-, -; 7', y) is also Lipschitz continuous along the
integral curves of Y.

Lemma 2.1. For every (T, y) € 7, and (t, x) € ST, we have

N

dD(s, e$TOBy T, y) — &, x;T,y) = —/ F(t,x;T,y)dr, selt T,

t

where
T
F(r,x;T,y) = / / TP (7, "By 0)p(r,m; T, y)dndr
. JRN
+¢(r, eTBx; T, y). (2.20)

Proof. For any s € [, T[ one can write

D (s, eUDBy. T, y) =@, x: T, y)

T
= / /I‘QN (P(S, e DBy. 7]) — P, x;r, n)) &(r,n: T, y)dndr
s
=G(t,x)

S
- / f (. x5 7 ) (1. s T, y)dndr
t JRN

=:H(t,x)

First, we study the term G (, x). Remark 2.3 yields

T K
G(t,x) = [ / (/ —M(””)P(t, eTDB n)dt) o(r,n; T, y)dndr.
s RN t
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By (A.11) and Assumption 1.3, for every ¢ > 0 we have

rete(, e D8x; r ), t<t<s<r<T.

C
APz, e DBy r )| <
r—t

Therefore, considering also (2.13), for any r € ]s, T'], the function

(@, n) = | PP, T b, 0 T, y)

is integrable on [?, s] x R¥. Thus Fubini’s theorem yields

s
/RN (/ o PVP(x, ey, n)df> ¢, n; T, y)dn

t

S
= / . o TP(t, "By v ) (r, s T, y)dndr.
r JR

Moreover, by the potential estimate (B.3) with § = ., for any & > 0 we have

/RN PP (z, T xr ) (rm; T, y)dn‘

< ¢ T (e TP T y).
(T-n'"50-0'%

221

As the right-hand side term is integrable over [¢, 5] X [s, T'] as a function of (z, r), we
can apply once more Fubini’s theorem to conclude that

s T
G(t,x)= —/ / o "P(t, eTBxir n)p(r,m; T, y)dndrdr.
t Js RN
(2.22)

Let us consider H(t, x). For every n € N, we define ¢, (r) := %(r — 1). Note that,
for every r €]t, s[ we have r — ¢, (r) > t. Hence

s
H(t, x) =/ /RN P(r —eu(r), """ x: 1 ) (r,m; T, y)dndr
t

::I-?,,(t,x)

N
— / / (P(r — gn(r), eV TE DB vy n) — P, x;r, )7)) o(r,n; T, y)dndr .
t JRN

=:H, (t,x)

Once more, Remark 2.3 yields

K r—en(r)
H,(t, x) = / f </ d(””)P(r, DBy n)dr>¢(r, n; T, y)dndr
t JRN

t

(applying Fubini’s theorem as above)

K r—en(r)
_ / / A CIR(e, OB ) s T y)dndedr
t t R
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(setting 8,(t) = ﬁ and applying Fubini’s theorem again)

s—&n(s) s
=/ f PP (z, &P x v ) g (s T, y)dndrde
t T+8,(z) JRN

(by (2.21) and applying Lebesgue’s dominated convergence theorem)

N N
— / / / o TP (z, TP x; v ) g (r, s T, y)dndrde.
n—oo Jy Jr JRN

On the other hand, by the potential estimate (B.2), for any n € N we have

Tt (g, e DBy T, y)
(T —'=5T - )%

/R P =), e OB ) (o Ty < €

r € [t,s].

Thus Lebesgue’s dominated convergence theorem yields

s
lim H,(t,x) = / lim / P(r — &u(r), e TDB n)qb(r, n; T, y)dndr
n—0oo t ]RN

n—o00

(by (2.24), since n +— ¢(r,n; T, y) is a bounded and continuous function for every
re€lt, s

N
- / ¢>(r, DBy T y)dr.
t

We have proved that
s N
H(t, x) = f / / A CVP(z, e T Bx @ (r n; T, y)dndrdr
t Jr JRN
N
+f (1, By, T, y)dr.
t

This and (2.22) prove the statement. O

We are now in the position to prove Theorem 1.1, namely that p = p(¢,x; T, y)
defined by (2.8) is a fundamental solution of .7 + Y in the sense of definition Definition
1.6, and that the Gaussian bounds from (1.13) to (1.16) are satisfied.

Proof of Theorem 1.1. Let p = p(t,x; T, y) be defined by (2.8).

Step 1. We show that p = p(¢, x; T, y) satisfies point i) of Definition 1.6, namely
that p(-, -; T, y) is an integral solution to (2.18) on .#7 in the sense of Definition 1.5.
By Lemma 2.1, we have

p(s, e Bx; T, y) — p(t, x5 T, y)
=P(s, " P T, y) =P, s Ty y) + (s, €078 T, )
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— &, x;T,y)
N
= —/ (d(r’”)P(r, T DBy n)+ F(r,x; T, y))dt. (2.23)
t
Furthermore, by (2.20) and since ¢ (¢, x; T, y) solves the integral Eq. (2.9), we obtain
AP, e T Bx k) + F(r,x: T, y) = /P(t, T DB x: T y)
T
+ / AP(r, e Bx g (r,n; T, y)dndr
T RN
(by Proposition 2.2)
=P, "B T, y) + A2, e"TEx T, y) = A p(x, e TTEX T, ),

which, together with (2.23), concludes the proof.
Step 2. We show that p = p(¢t, x; T, y) satisfies point ii) of Definition 1.6. In light
of the estimate (2.13), it is straightforward to see that

D@, x: T.y)| < C(T =3I, x: T, y),  (T.y) € S, (t.x) € I7.

Therefore, it is enough to prove that, for any fixed (7, y) €]0, To[xRY, we have

lim / P4 x; T, fandn = fO), feC®Y).  (224)
(t,X)%(?y) RN
tau<

Recalling the definition of the parametrix P, we add and subtract to obtain
/ P(t,x: T.n) f (i = / TP, ;7,0 f (n)dn
RN RN
=f T, x: T, ) f (mdn
RN

+ / (F(T"’)(t, x;T,n) =TTV, x: T, n)) f(dn.
RN

=:J(t,x)

Furthermore, by estimate (A.12), for every ¢ > 0 one has

I, x)| = C/RN ly = nlg T, x; T, pdn.

Eventually, (2.24) follows from classical arguments.

Step 3. We show the upper Gaussian bounds (1.13)—(1.14)—(1.15) for p and its
derivatives. The proof of the lower Gaussian bound (1.16) is similar to that of Theorem
4.7 in [34] and Section 5.1.4. in [35], thus we omit it for sake of brevity.

The Gaussian bounds of Proposition A.1 and the definition of parametrix (2.6) yield
the estimates (1.13)—(1.14)—(1.15) for P = P(¢, x; T, y). The estimates of Proposition
2.2 and the fact that p = P 4 ® conclude the proof. 0
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Remark 2.6. Any integral solution u to Eq. (1.11) on .7 in the sense of Definition
1.5, is Lie differentiable along Y almost everywhere on .#7. Indeed, the set Hy of
(t, x) € %7 such that Yu(z, x) in (1.12) exists finite, is measurable as the limit

u(t, e(t*t)Bx) —u(t, x)

lim sup ;
T j—

T—>tt

is a measurable function of (¢, x) and the same holds for lim inf. This is a straight-
forward consequence of the continuity of u along the integral curves of Y. The fact
that Hr has null Lebesgue measure stems from Fubini’s theorem, as u is absolutely
continuous along the integral curves of ¥ and the map

(t,y) > (z,eBy)

is a diffeomorphism on .7 .

3. Regularity of the fundamental solution

In this section we prove Theorem 1.2. Since p(-,-; T, y) can be represented as
in (2.8), we need to study the regularity of P(-, -; T, y) and ®(-, -; T, y). While the
former term can be easily dealt with by means of the Gaussian estimates of Appendix
A, the latter has to be treated more carefully. We start with the proof of Theorem 1.2,
which is based on the regularity estimates for ® (-, -; 7, y) and P(-, -; T, y) proved in
Sects.3.1 and 3.2, respectively.

Proof of Theorem 1.2. Let 8 < «. For fixed (T, y) € /7, we set
f,x):=pt.x;T,y), (,x) €S,

We first note that, by definition of fundamental solution, (1.8) is satisfied with Y f =
—f f. Furthermore, for any ¢ €]0, T'[, by (1.9) and the representation (2.8) we have

Iflc2t 5y = Nea+ Ne2+ Noa + Noo,

where

d d

NP,I = Z ||8xiP(', £ T9 )’)”C)I/Jrﬁ(%) + Z (”ax,-x]-P('v S T7 y)||c)/?(§ﬂt)
i=1 i,j=1

+ 13, PG Tt )

NP,Z = ”%P(’ B T, y)”LoO([O’t];Cg(RN))ﬂ

d d
Noa =) 18 ®C Tl crsg gy + D (1B, @6 Tl
i=1 i,j=I1
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+ ||8X1qu)('7 i Ta )’)”C[l;’(%))a

N(ID,Z = ”JZ{CD(, S T7 y)”LOO([O’[];Cg(RN))'

Now, the estimates of Lemma 3.2 yield

Np, < CQ+2+ﬂ. 3.D
(T -1
To bound Np 2, firstfix i, j = 1, ..., d and note that, by estimate (A.11), we obtain
sup |8xl.ij(s,x; T, y)| < LQH, s < t. 3.2)
xeRV (T —1)y 2z
Furthermore, (3.1) combined with Remark 1.1 yield
10k, P (s, x5 T, y) — Oxix; P(s, 3 T, y)| C
sup B = 0T s <t.
x,veRN |x_U|B (T —1)>
3.3)
Thus, by (3.2)-(3.3) we obtain
[ PG5 T2 3, < ﬁ <t
which in turn implies
185, PCo ot Te Dl 1ty < —— 55
e (T —1) 2
This, together with Assumption 1.3, prove
Neo = %
(T —1) >
The bound for Ng, 1 stems from the estimates of Proposition 3.1, which yield
No1 = €+2—<a—ﬁ) = CQ+2+/3 :
Tr-o 72— (T—-n 2
Eventually, the bound for Ng > follows from the same arguments used to bound Np >.
O

The rest of this section is devoted to the results utilized in the proof of Theorem
1.2. It is useful to introduce the following

Notation 3.1. Let f = f(¢,x; T, y) be a function defined for (T, y) € S7, and
(t, x) € S, suitably differentiable w.r.t. x. Forany i = 1, ..., N, we set

O ft,x;T,y) =0y f(t. x; T, y),
and we adopt analogous notations for the higher-order derivatives.

This notation is useful in order to compose partial derivatives with other functions.
For instance, if g = g(¢, x) is a given function, then

i f(r. g, x); T, y) =0 f(t. 23 T, Y)lz=git.0)-



69 Page 22 of 37 G. LUCERTINI ET AL. J. Evol. Equ.

3.1. Regularity estimates of ®

Now prove the Holder estimates for ®(-, -; T, y). We recall that Q denotes the
homogeneous dimension of R as in (1.17).

Proposition 3.1. Forevery e > 0and 0 < B < « there exists a positive constant C,
only dependent on Ty, |4, B, &, o, B and the o-Holder norms of the coefficients, such
that, forany i, j,k =1, ...,d, we have

;@ (s, e“Bx; T, y) — ;@ (1, x5 T, y)|
w (T —n9?

<Cis—n* e T X T, ), (34
(T — )77
|3;; @ (s, e Bx; T, y) — 8@, x: T, y)|
T —1er
<Ci—nf LD _peg Ty, (3.5)
(T —5) 77"

|0 @ (t, x + heg; T, y) — 8P (t, x; T, y)|

DAt x + hey: T, Cite@, x; T,
<cpp e T+ L7 G Ty (3.6)
(T -5

forevery (T, y) € S1,, (t,x) € S17,t <s <Tandh € R
The proof of estimates (3.4)—(3.5) relies on the following

Lemma 3.1. Let (T,y) € Y7, Then, for any i = 1,...,d, the function u =
0;P(-,-; T, y) is a strong Lie solution to the equation

d+d;
du+Yu=—Y bjidPC,T,y) onIr,
j=1

in the sense of Definition 1.5.
Proof. We note that

d+d;
[0;, YIP(t, x; T, y) = [9;, (Bx, V) + 0;|P(t,x; T, y) = Z bjiojP(t,x; T, y),
j=1
for every x € RY and for almost every t € [0, T[, where, in the last equality, we used
thatb;; = 0if j > d+d;. Whileitis obvious that the previous identity holds for smooth
functions of (z, x), one can directly check that 9;0;P(¢, x; T, y) = 0;9;P(¢t, x; T, y)
and thus the identity holds for the parametrix too. Therefore, we obtain

3P(s, e®DBx; . ) — 9, P(t, x: T, )

N
= f (Y3P)(r, e Bx; 7, m)dr
t
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s
= [ (@yP)0 i) — (a1 YIPG eO  w ar
t

(by Remark 2.3)

s d+d,
= — / ((8,'@7(f,77)P)(r, e(V—l)Bx; T,n)+ Z b;id;P(r, e(r—t)Bx; z, n))dr

t =

(since 9;.7 ™M = o7 (TDy;)

s d+d,

=— / ((,Q{(r,n)aiP)(r, "By o) + Z bjid;P(r, e DBx: 1, n))dr.
t .
Jj=1

We are now in the position to prove Proposition 3.1.

Proof of Proposition 3.1. Let (T, y) € 7,, (t,x) € ST,t <s < T andh € Rbe
fixed. Also fix i, j, k € {1, ..., d}. First we prove (3.4). By adding and subtracting,
we have

@5, "B T y) — 9 ®(t, x5 T, y)
T
=/ / (&P(s,e(‘“’)Bx;t, n) — 4P, x; T, n))¢(f, n; T, y)dndt
K RN
=:(z,n)

N
— / / P, x;t,Me(z,n; T, y)dndr .
t JRN

=:L

We consider the first term. By Lemma 3.1 and swapping the integrals as in the proof
of Proposition 2.1, we have

T
/ /RN I(z,m¢(r,n; T, y)dndr

T ps
= —f f f ((;z{(f’”)aiP)(r, "By 1 )
s Jt JRN

d+dy
+ ) b P e’y n))qﬁ(r, n; T, y)dndrdr.
j=1

Therefore, the estimates of Proposition B.1 with § = («¢ — ) /2 yield

T
/ /RN I(t,m¢(t,n; T, y)dndr

T ps C
= / / pmr; g L, "By T, y)drdr
s b T—0)=7F (-2
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(by a standard estimate on ['“F¢ (r, e" DB x: T, y))

T K 1 T —t¢ Q/2
<C - drdt T, x; T, y).
1= B 3_atp T
s St (T—1)"73 (1 —r)2" 7% =S
=K

(3.7)

We now bound K:

s pT 1
K:/ / = §_mdrdr
tJds (T—1)y 4 (r—r)2 4

K T 1 1
5/ / o o dt —dr
tds (T—o)'= 7 (@-r'="7 (s-r22

(solving the integral in dt)

1)

s 1 1 Cc 5 1
< C/ o gdr = «p f g ar
t (T=r)'""72 (s=r2"2 (T -7t s=r72

1+8
S —a_ﬁ(s —t) 2, (38)
(T —s)l= =2

On the other hand, estimate (B.3) with § = o — § yields

N C
t (T—1) "2 (t—1)2" 2
C $ 1
- ) a—ﬁ/( pdt T T, y)
(T—-s)y 72 Jt (r—1)"72
148
< (=) T T X T, ),
(T—s)'"2

This, together with (3.7)—(3.8), proves (3.4). Estimate (3.5) can be obtained following
the same arguments.

We finally prove (3.6). By Proposition 2.2 we have

0ij(t, x +he; T, y) — 0@, x; T, y)

T
_ / fR (0P x + e ) — 3P ) g(w s T, y)dnd
t

=:1(1)

We first prove that
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h|B
1 a'_ﬁl — (T"7°@, x + heg; T, y) + TH(1, x5, T, y))
(T—-7) "3 (r—1t) %
tel, T[.

()| =C

We consider the case T — ¢ > h2. By the mean-value theorem, there exists a real h
with || < |h| such that

|9;;P(t, x + he; T, ) — 8 P(t, x; T, )| = |h] |8, P(t, x + he; T, )|

Therefore, by the estimate (B.3) with § = (o« — 8)/2, we have

()| =C THFe(t, x + hey; T, y)

|h|
(T -0~ (=i~

(since T — t > h?)

|h|ﬁ +& I
<C T x +he: T, y)

(T -0~ (-0~
(by standard estimates on T* (¢, x + hey; T, y) with T —t > h?)

h|P
<C m|_ﬁ| — (TF2(, x + he; T, y) + TH (2, x; T, y)).
(T-'" % -0~

We now consider the case T — t < h?. Employing triangular inequality and estimate
(B.3) with § = (¢ — B)/2, we get

c
11 ()] < — —— (PP, x + heg; T, y) + TH (1, x; T, y))
(T — t)l_Tﬁ(t — t)l_Tﬂ

(since T — 1 < h?)

h|B
<c il (T, x e T, y) + T4 (x5 T, 7).
(T-o!' 7 @x-n'"7

Therefore, combining the previous estimates, we obtain

T
‘ / I(t)dt
t

T

1

< C|h|ﬁ/ — —dt (T, x + hey; T, y)
t T-o~7 @@-n—"7

+TH @, x5 T, y))

1
< Clhf ——— (Tt x + hey: T, y) + TH (1, x: T, y)),
(T -n'==

which proves (3.6). O
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3.2. Regularity estimates for the parametrix

We have the following Holder estimates for P. Notice that Notation 3.1 remains in
force.

Lemma 3.2. Let 0 < B8 < «. Then for every ¢ > 0 there exists a positive constant C,
only dependent on Ty, i1, B, ¢, o, B and the a-Holder norms of the coefficients, such
that forany i, j,k =1, ...,d we have

T—-127?
|0:P(s, e Bx; T, y) — 9 P(t,x; T, y)| < C(s — n? (7)%2%1“““(;, xT,y),
(T —s)2
(3.9)
g (T —1)9/?

|8;P(s, e Bx; T, y) — 8 P(t, x; T, y)| < C(s —1)2 G T X T, y),
[

— S

(3.10)

—l)2

. . B ! nte .
|0;jP(t, x + hex; T, y) — 0;jP(t, x; T, y)| < Clh| ( 5 (P78, x + he: T, y)
+THE X T, y)) . (3.11)

forany (T,y) € S1,, (t,x) € S1,t <s <Tandh € R.

Proof. We first consider (3.9). By Lemma 3.1 we have

N
3P(s, e B T y) — 3 P(t, x; T, y) = — / (MT*y)a,'P(r, "By T, y)
t

d+dy
+ D bjid P T T, ) )dr.
=1

Therefore, by boundedness of the coefficients of .<77¥) and the estimates of Propo-
sition A.1, we obtain

|3 P(s, " Bx; T, y) — 9P, x; T, )|

N

C

< / T "B T, y)dr
t (T —r)2

s C T —1\9?
5/ 2dr< ) TATe(, x: T, y)
¢ (T—r)2 \T—s

(forany g < 1)

148 0/2

—1) 2 T —t

<C Sl 5 CHre, x; T, y).
(T—S)l+7 T —s

The proof of (3.10) is based on analogous arguments.
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We finally prove (3.11). As for (3.6), we first consider the case 7 — ¢t > h?. By the
mean-value theorem, there exists a real i with || < |h| such that

|0 P(t, x + hex; T, y) — 8P, x; T, y)| = |h]|9;jxP(t, x + hey; T, y)|

(by estimate (A.11))

h _
< C%F’H‘S(I, x+he T,y)

(T —1)2
(since T —t > h? and by standard estimates on CATe(, x + Bek; T,y))

h|B
<o (Pt e T,y + TR T y)
(T _t)l"rj

We now consider 7 — ¢ < h%. Employing triangular inequality and estimate (A.11)
yields
|0;jP(t, x + hex; T, y) — 9;;P(t, x; T, y)|

C
< o (F'H—E(t, x+he; T,y)+ T, x; T, y))
(since T —t < h?)

h|B
<o (PR x4 e T, y) £ TR T, ).

T T -t

This concludes the proof of (3.11). O

4. Cauchy problem

In this section we anticipate some of the results on the Cauchy problem, namely
well-posedness and Schauder estimates, which can be derived by utilizing the existence
and the regularity estimates on the fundamental solution. We refer the reader to [25]
for the details.

Consider the Cauchy problem

du+Yu=f on.T,

4.1)
u(T,)=g on RV,
with T > 0 being fixed hereafter.

Assumption 4.1. For some « €]0, 1] and v € [0, 2 4+ «], we have f € L*([0, T];
C%(RN)) and g € CH(RN).

When v > 1, the definition of the anisotropic space C}, (RV) is a standard extension
of that in Definition 1.1. Once more, we refer to [25] for the details.
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Theorem 4.1. (Well-posedness and Schauder estimate) Under Assumptions 1.1, 1.2,
1.3 and 4.1, the function

T
u(t, x) = /RN p(t,x; T, y)g(y)dy —/ /RN p(t,x;s, ) f(s, y)dyds
t

is the unique bounded solution of the Cauchy problem (4.1), in the sense of Definition
1.5. Furthermore, for any f €10, «[, u satisfies

_ 2oy
”u”Céﬂ(X) S C((T - t) 2 ”g”CZ(RN) + ”f”LOO([OJ];Cg(RN)))s t E]O» T[

Remark 4.1. In [25] it is allowed for f to be unbounded with respect to the time
variable, namely ||f||LOO([O,t];C§(RN)) ~(T —t)"Vast — T, forsomey € [0, 1[.
Furthermore, the proofs in [25] can be extended to include the case of f and g with
exponential growth in the space variable, namely:

10+ |g0)] < CeCHP x e RV,

As a consequence of Proposition 4.1, we have the following result, which contains
further useful properties that allow to view the fundamental solution as the transition
probability density of a Markovian process.

Corollary 4.1. Under the assumptions of Theorem 1.1 we have:

(i) The Chapman—Kolmogorov identity

p(t,x;T,y) = /Np(t,x;s, mp(s,n; T, y)dn,
R
O<t<s<T<Ty, x,yeRN;

(it) If the zero-th order coefficient a of <f is constant, i.e. a(t, x) = a, then

f pt.x;T,y)ydy =70 0<t<T <Ty, xRV,
RN
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A Gaussian estimates

We prove Gaussian estimates that are crucial in the analysis of Sects. 2 and 3. Here
we follow the ideas in [7, Section 3], but with some technical difference. Namely, in
the aforementioned paper the Kolmogorov operator acts on the forward variables of
v (t, x; T, y), whereas here we consider <7 + Y acting on the backward variables
(z, x). This has an impact on the spatial derivatives, which contain additional factors
that require a careful analysis.

Throughout the appendix we suppose that Assumptions 1.1, 1.2 and 1.3 are satisfied
and fix (s, v) € /7,. Denoting by By the matrix B with null s-blocks, we define the
N x N matrices

t
Co(t) :=f e~ 8o <161 8) e=DBigr,
0

T
%O(X,U)(t’ T) :2/ e(T—‘L')B()A(S,v) (T)E(T_T)Bgdf,

t
with A®-) as defined in (2.3). As an immediate consequence of Assumption 1.1 we
can compare the quadratic forms associated to €' *-¥) (asin (2.2)), %O(S’v) with (T —t)
(as in (2.5)), 6o(T — t), respectively:
1
—G(T —1) <E"V@, T) < ub(T —1),
i
1
— (T —1) <6 (1. T) < p6p(T — 1), (A1)
m

forany ¢+ < T. Moreover, an asymptotic comparison near 0 of :*) and ‘fo(‘v’v) holds:

Lemma A.1. There exist two positive constants C and §, only dependent on . and
B, such that

1
7 Go(T —1) <€V, T) < 2u6y(T — 1),
"

w detGo(T — 1) < det €V, T) < Q)N det 6o(T — 1),
0

forany 0 < T —t < 6. Analogous estimates hold for (‘K(S’”) (t, T))_l.

Proof. Ttfollows from the same arguments of [23, Lemma 3.1]: the proof is only based
on the properties of the matrices A and B, and it is not relevant whether A has constant
or time-dependent entries. O

Remark A.1. We note that | - | p is homogeneous with respect to the family of dilations
defined by the matrices

D) = diag(hlg, M 1gy, ..., 2% ), 1> 0.
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In [23, Proposition 2.3] it is proved that
%o(1) = DWDG(HDW),  t>0. (A.2)
Therefore, for0 < T —t < § with § as in Lemma A.1,

_ne
% det (1) < det €21, T) < @)™ (T = )2 det G (1).
m

To compute the spatial derivatives of I'"V)(¢, x; T, y) it is useful noticing that
rev x; T, y) = G(H(s’”)(t, T), e_(T_t)By - x), (T,y) e 1, (t,x) e ST,
where

HEY (1, T) := e~ T DBgev) (¢ Ty~ T-DE",
Since €V (¢, T) is symmetric positive definite and e~(7 =" is non-singular, then
H®V (¢, T) is symmetric and positive definite for every 0 < ¢ < 7.
In order to give estimates on the matrix H ") we need to study the elements of ¢/5.

We recall the block partition (1.6) of the matrix B: for h, k =0, ..., g, we denote the
dy x di block of B by

j=dg_1+1,...dg
with dj, as in (1.7). Note that by (1.6) we have
D = Odhxdk ifh>k+1,

Pne = By, ifh=k+1, (A3)
D = * ifh <k+1.

Analogously, for n € N, we can consider the same block decomposition for B”. We
denote by 9@}(:1? the dj, x di block of B”".

Lemma A.2. Leth,k =0,...,q andn € N. Then
D = 0gyxap  h>k+n, (A.4)

which is (B");; = 0ifi € {dy_1 + 1.....dp}and j € {d—1 + 1,....di).

Proof. We proceed by induction on n. The case of n = 1 is obvious (see (A.3)). Now
we assume that (A.4) holds for a certain n € N. For 4 > k + n + 1 we have

q
(n+1)_2: ()
= Py Lk
m=0

If m < h — n, then o@;:;i = 0y, xa,, by inductive hypothesis; if m > h — n, then
m >k + 1 and Z,yx = 04, xq, - Therefore Q}(g{H) = 04 xdy - O
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Lemma A.3. Leth,k = 1,...,q suchthath —k =: n € N. Foranyi € {dh_1 +
1,...,cfh}andje{c?k_1+1,...,c?k}wehave

(EIB)_‘ =0({"), ast— 0.

ij

Proof. From Lemma A.2 we have that (B™);; = Oforeverym =0, ...,n — 1, since
Q;(zyl?) = 0g,, xq, for h — k = n > m. Therefore

t"(B");j

' + 0@, ast— 0.
n:

(e'B)j =
O

Lemma A.4. There exists a positive constant C that only depends on u, B and Ty
such that, for everyi, j =1,...,dandk =d+1,...,d +d;,

(HOV @, T)"'x),| < \/TC_|D(\/T — 0 teT By, (A.5)
—1
C
(s,v) -1
(HV @, 1)), | < 7 (A.6)
|(HS @, )7 'x), | < LAD(«/T — )~ leT0By|, (A7)
(r—n2
C
(s,v) —1
(HOV(@. 1)7Y), | < T (A.8)

forany0 < T < Toand (t,x) € ST.
Proof. We prove the first inequality. Setting T = T — ¢, we have

1

=7 ‘(D(ﬁ)e’B*%(‘“”)(t, T)‘lefo)

(HOD @ )

1

1

1 o TB* -1
sﬁ’;\(l)(ﬁ)e DD,

[pvmese 1y Do
‘D(\/?)*‘e”?x( .
By Lemma A.1 there exists a positive constant § such that, if 0 < v < §, we have

| DWDE @ DD = sup (DWRE @, )T DY, )

[yl=1
<2u lsrpl(%o(f)_lD(ﬁ)y, D(V7)y)
o
=2ul|G ()7,
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where the last equality follows from (A.2). If § < t < Ty, by Eq. (A.1) we have

’

|p/mee e 1 DD = u | pvDE® DD

which is bounded by a constant that depends only on u, Tp and B.
In order to conclude the proof of (A.5), we let i, be the only & € {0, ..., g} such
that a_lh_l +1<n< 3},. Then, by Lemma A.3, since i € {1, ..., d}, we obtain

(DWDe™ DD ), = DD (™), DN,

2hn
_ 1 (efB) MY 01 ast 0.
ni

Estimate (A.6) follows from (A.5) choosing x = e;. Estimates (A.7) and (A.8) can
be proved following the same arguments, noticing thatfork =d +1,...,d +d; we
have D(T)xr = 3. [l

Finally, we provide Gaussian estimates for F(S’“)(t, x; T, y) and its derivatives up
to the fourth order that will be used to study the Holder regularity of the second
order derivatives of the fundamental solution via the representation (2.8)—(2.12). The
following result can be proved as [7, Proposition 3.5].

Lemma A.5. For every B > 0 and ¢ > 0 there exists a positive constant C, only
dependent on Ty, 1, B, € and B, such that

lwi P TV (@, x; T, y) < CTHY @, 63 T, y),

(T,y) e I, t,x)e ST, i=1,...,N, (A9)

where
w=DKNT—1"" (y - e(T_’)Bx> .
Notation A.1. Letv = (vy,...,vy) € N(I)V be a multi-index. We define the B-length
of v as
q dj
D= 2j+D Y
j=0 i=dj_1+1

Moreover, as usual 3) = ;! -+ dyn .

Combining Lemmas A.4 and A.5 with [7, Proposition 3.1, 3.6 and Lemma 5.2],
some lengthy but straightforward computations show the following

Proposition A.1. We have

1 1
— T, T,y) <TOV 0 % T, y) < 1l THE 6 T, y). (A0)
"
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forany (T, y) € 7, and (t, x) € Sr. Moreover, for every ¢ > 0 and v € Nf)v with
[Vvlp < 4, there exists a positive constant C, only dependent on Ty, jt, B and &, such
that

C
D) TV (1, X T, )| € ———- DA X3 T, y),

(T -1
(A.11)
i i v—wl%
ATV (1, x; T, y) — ' TSW (1, x; T, y)| < c|—[|uirﬂ+€(r,x; T,y),
(T -2

(A.12)

forany (T,y) € S7,, (t,x) € ST and w € RN,

B potential estimates

We study ® = &(r,x; T, y) in (2.19) and its derivatives w.r.t. to the variables
X1, ...,x4. To do so, we have to deal with some singular integrals. We follow the
steps in [7, Section 5], but we remark that the estimates of Proposition B.1 extend the
ones in the aforementioned paper to higher order derivatives. This is needed to prove
the optimal regularity of ®(z, x; T, y) and thereafter of p(t, x; T, y).

We set

J,x;t; T, y) = / P, x;t,n)o(r,n; T, y)dn,
RN
(T,y) e I1, (t,x) e S, Telt, Tl (B.1)
Proposition B.1. For every e > 0, v € NS’ with [vlp < 4and 0 < § < «, there

exists a positive constant C, only dependent on N, Ty, i, B, 8, a and ¢, such that,

|J(t,x; T, T, y)| < TAte(e, x; T, y) (B.2)

(T —1)'"%
C
(T—0)'" %t —1)

forevery (T, y) € S7,, (t,x) € ST and T €lt, T|.

oy J(t, x;T; T, y)| < Tetee x; T, y), (B.3)

ip—(a=3)
2

Proof. The proof relies on Proposition 2.1: (B.2) can be easily obtained by applying
estimate (A.10) to P(¢, x; 7, n), estimate (2.13) to ¢ (z, n; T, y) and the Chapman—
Kolmogorov identity.

We provide a full proof of (B.3) in the case of 9} = 3x,-x,-, with i, j < d, the proof
for higher order derivatives being analogous. The idea is to combine (2.14) with the
techniques in [7, Proposition 5.3] and [36, Proposition 3.2]. Let (t, x) € %7 and
T €]t, T'[ be fixed. By estimates (A.11) and (2.13), we have

Oyx; J @, x5T; T, y) = fRN O, P x5 T, @ (T, T, y)dn.
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We set = # and consider two separate cases:
Case < v < T.By (A.11) and (2.13), we have that forevery ¢ > 0and 0 < § < «
there exists a positive constant C such that

C
[0x,x; (x5 T3 T, y)| < / THFe(e, x; T, Do (e, s T, y)dn

RV (T — 1) 73 (1 — 1)
(by the Chapman—Kolmogorov equation)

C
< o
T(T-0'"2( -1

T, x; T, y)

(sinceT — 1 <71 —1)

c +
< STHTE (e, x; T, y).

(T - t)l’%(t —-n'=7

Caset < t <.Here we need to handle with care the singularity of 9, ij(t, X;T,1)
for small T — ¢. Note that in this case the following inequalities hold true:

T—1=<

<T—-t<T-—1. (B.4)
We have
8x,-xj-](ts x;t;T,y) =K1+ K>+ K3,
where, setting £ = ¢ By,
— (T.m) . . .
Ky = / Do, T (1, T ) (0,3 T, ) — (2.6 T, y))d,
R
Ky:=¢(,5T,y) /N <3x,-xjr(f”7)(t,x; T.0) — B, DOV (21 T, n)lv:§> dn,
R
K3 :=¢(t,x; T, y)f B, TOV @ x5 T, ) _dn.
RN

We first consider K. By (2.14) and (A.11), forevery ¢ > 0 and 0 < § < « there
exists a positive constant C such that

c —E%
Ky| < af =85 " pts iz )
(T—T)1_7 RN ('L'—t)

X (D482, 6 T, ) + T4 (2 T, y) dy

(by (A.9))

C 1
< 5 — TR, x; T, )
(T -2 Jev (r — =7

x (CHFe(e, & T, y) + TH (2, n: T, y)) dn
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(integrating in 1 and by the Chapman—Kolmogorov identity)

C
< 5 (THF(r, & T, ) + TH (1, x: T, y))

A T

(by (B.4))

C

< - —THYe,x; T, y).

ST -0 -n'"T

Consider now K3. By (2.13) and (A.12), we obtain

Cite(r, g:T,y) In —&|
(T—-0)'"7 Jrv T—1

o
|Ka| < C Brute, x; v, n)dn

(by (A.9) and integrating in n)

C
< THte(e, & T,
S T %G _pi} (r.§:T,y)
(again by (B.4))
C
< — T, x; T, y).

(T —1)l=3(r — =2

Finally, K3 = 0 since

/ O, TV (2, x5 T, )y = By / re @, x; . n)dn =0
RN RN

for any v € RV, O
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