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WELL-POSEDNESS FOR SOME NON-LINEAR SDES AND RELATED PDE ON
THE WASSERSTEIN SPACE

PAUL-ERIC CHAUDRU DE RAYNAL AND NOUFEL FRIKHA

ABSTRACT. In this paper, we investigate the well-posedness of the martingale problem associated to non-
linear stochastic differential equations (SDEs) in the sense of McKean-Vlasov under mild assumptions on
the coefficients as well as classical solutions for a class of associated linear partial differential equations
(PDEs) defined on [0,T] x R? x Po(R9), for any T > 0, P2(R?) being the Wasserstein space (i.e. the
space of probability measures on R? with a finite second-order moment). In this case, the derivative
of a map along a probability measure is understood in the Lions’ sense. The martingale problem is
addressed by a fixed point argument on a suitable complete metric space, under some mild regularity
assumptions on the coefficients that covers a large class of interaction. Also, new well-posedness results
in the strong sense are obtained from the previous analysis. Under additional assumptions, we then
prove the existence of the associated density and investigate its smoothness property. In particular,
we establish some Gaussian type bounds for its derivatives. We eventually address the existence and
uniqueness for the related linear Cauchy problem with irregular terminal condition and source term.
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1. INTRODUCTION

In this work, we are interested in some non-linear Stochastic Differential Equations (SDEs for short):
¢
(1.1) Xf=g+ / bo, X5, XEDds + [ (s, XE XDV, g € PR,
0

driven by a g-dimensional W = , W) Brownian motion with coefficients b : R x R% x Py(R?) —
R? and o : R, x R x Py(RY) — ]Rd ® Rq. Here and throughout, we denote by [f] the law of the random
variable #. This kind of dynamics are also referred to as distribution dependent SDEs or mean-field or
McKean-Vlasov SDEs as it describes the limiting behaviour of an individual particle evolving within a
large system of particles interacting through its empirical measure, as the size of the population grows
to infinity. More generally, the behaviour of the particle system is ruled by the so-called propagation of
chaos phenomenon as originally studied by McKean [McK67] and then investigated by Sznitman [Szn91].
Roughly speaking, it says that if the initial conditions of a finite subset of the original system of particles
become independent of each other, as the size of the whole system grows to infinity, then the dynamics
of the particles of the finite subset synchronize and also become independent.

Since the original works of Kac [Kac56] in kinetic theory and of McKean [McKG6| in non-linear par-
abolic partial differential equations (PDEs for short), many authors have investigated theoretical and
numerical aspects of McKean-Vlasov SDEs under various settings such as: the well-posedness of re-
lated martingale problem, the propagation of chaos phenomenom and other limit theorems, probabilistic
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representations to non-linear parabolic PDEs and their numerical approximation schemes. We refer to
Tanaka [Tan78], Gartner [Gar88], [Szn91] among others.

On the well posedness of . Well-posedness in the weak or strong sense of McKean-Vlasov SDEs
have been intensively investigated under various settings by many authors during the last decades, see e.g.
Funaki [Fun84], Oelschlager [Oel84], [Gar88|, [Szn9l], Jourdain [Jou97], and more recently, Li and Min
[LM16], Chaudru de Raynal [CdR15], Mishura and Veretenikov [MV18], Lacker [Lacl8] and Hammersley
et al. [HvS1§| for a short sample.

Classical well-posedness results usually rely on the Cauchy-Lipschitz theory when both coefficients
b and o are Lipschitz continuous on R? x Pp(Rd) equipped with the product metric, the distance on
P,(RY) being the Wasserstein distance of order p, see e.g. [Szn91].

It actually turns out to be a challenging question to go beyond the aforementioned framework. Indeed,
as it has been highlighted by Scheutzow in [Sch87], uniqueness may fail for a simple version of :
when p=g¢=1,0 =0, for all (t,z,m) in Ry x R? x P(R?), b(t,z,m) = [b(y)dm(y), for some bounded
and locally Lipschitz function b : R — R, the SDE (1.1)) with random initial condition have several
solutions. Note that in this case the drift, seen as a function of the law, is only Lipschitz with respect to
the total variation distance. Nevertheless, still in this setting, it has been shown by Shiga and Tanaka in
[ST85] that pathwise uniqueness holds when o = 1. In that case, one may also relax the local Lispchitz
assumption of the function b and only assume that it is bounded and measurable. Such a result has
been extended by Jourdain [Jou97] where uniqueness is shown to hold for more general measurable and
bounded drift b satisfying only a Lipschitz assumption with respect to the total variation distance and
diffusion coefficient o independent of the measure argument. These results have been recently revisited
and extended to other non degenerate frameworks (allowing the diffusion coefficient to depend on the
time and space variables) in Mishura and Veretenikov [MV18], Lacker [Lacl8] and to possibly singular
interaction of first order type by Rockner and Zhang in [RZ18]. We importantly emphasize that in all
the aforementioned works, the diffusion coefficient only depends on the time and space variables and
that the Lipschitz assumption of the drift coefficient with respect to the total variation distance as well
as the non-degeneracy of the noise play a crucial role.

We start our work by revisiting the problem of the unique solvability of the SDE by tackling
the corresponding formulation of the martingale problem. Our main idea consists in a fixed point
argument applied on a suitable complete metric space. To do so, we rely on a mild formulation of the
transition density of the unique weak solution to the SDE with coeflicients frozen with respect to
the measure argument. This formulation may be seen as the first step of a perturbation method for
Markov semigroups, known as the parametrix technique, such as exposed in Friedman [Fri64], McKean
and Singer [MS67]. We also refer to Konakov and Mammen [KMO00], for the expansion in infinite series
of a transition density and Delarue and Menozzi [DM10] or Frikha and Li [FL17] for some extensions of
this technique in other directions.

Compared to the aforementioned results, our approach allows to deal with coefficients satisfying mild
regularity assumption with respect to the space and measure variables. In particular, the diffusion
coefficient may not be Lipschitz with respect to the Wasserstein distance which, to the best of our
knowledge, appear to be new. Let us however mention the recent work [CdR19] of the first author where
such a framework is handled for a particular class of interaction (of scalar type) and under stronger
regularity assumptions on the coefficients. Then, by adding a Lipschitz continuity assumption in space
on the diffusion coefficient, we derive through usual strong uniqueness results on linear SDE the well-
posedness in the strong sense of the SDE (1.1J).

Existence of a density for (1.1)) and associated Cauchy problem on the Wasserstein space.
The well-posedness of the martingale problem then allows us to investigate in turn the regularity
properties of the transition density associated to equation and to establish some Gaussian type
estimates for its derivatives. Some partial results related to the smoothing properties of McKean-Vlasov
SDEs have been obtained by Chaudru de Raynal [CdR19], Baios [Banl§]|, Crisan and McMurray [CM17].
In [CdR19], such type of bounds have been obtained in a regularized framework for McKean-Vlasov SDE
(uniformly on the regularization procedure) with scalar interaction only. In [Banl8], a Bismut-Elworthy-
Li formula is proved for a similar equation (with scalar type interaction) under the assumption that both
the drift and the diffusion matrix are continuously differentiable with bounded Lipschitz derivatives in
both variables and the diffusion matrix is uniformly elliptic. In [CM17], in the uniform elliptic setting,
using Malliavin calculus techniques, the authors proved several integration by parts formulae for the
decoupled dynamics associated to the equation from which stem several estimates on the associated
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density and its derivatives when the coefficients b, o are smooth and when the initial law in is a
Dirac mass.

Here, we will investigate the smoothness properties of the density of both random variables Xf and
Xy 8] (given by the unique weak solution of the associated decoupled flow once the well-posedness for
has been established) under mild regularity assumptions on the coefficients, namely b and a = oo™
are assumed to be continuous, bounded and Holder continuous in space and a is uniformly elliptic. In
this case, both the drift and diffusion coefficients are also assumed to have two bounded and Hélder con-
tinuous linear functional (or flat) derivatives with respect to its measure argument. We briefly present
this notion of differentiation in Section and refer to Carmona and Delarue [CD18| and Cardaliaguet
& al. [CDLLI5| for more details. Within this framework, we are able to take advantage of the smoothing
property of the underlying heat kernel and to bring to light the regularity properties of the density
with respect to its measure argument for a coarser topology. Namely, the coefficients admit two linear
functional derivatives but the density admits two derivatives in the sense of Lions (see section 2.1 for
definitions), which appears to be a stronger notion of differentiation. As a consequence, we recover an ad
hoc version of the theory investigated in the linear case in the monograph of Friedman [Fri64], [Frili].
In particular, we establish some Gaussian type estimates for both densities and their derivatives with
respect to the time, space and measure arguments.

Finally, the previous smoothing properties of the densities enable us to investigate classical solutions
for a class of linear parabolic PDEs on the Wasserstein space, namely

{(&g + LUtz p) = f(t,z, 1) for (t,x, 1) € [0,T) x RY x Py(R?),

(12) U(T,z,p) = h(z, @) for (z, 1) € R? x Py(RY),

where the source term f: R x R? x P3(R?) — R and the terminal condition h : R? x Py(RY) — R are
some given functions and the operator £, is defined by

d d

‘Ctg(xa M) = Z bi(tv T, M)amg(xv /’6) + % Z Qs 5 (t7 €T, M)aa%i,wjg(m’ M)
d 7 1 d
(13) [ btz Bugte )@+ 5 Y stz w0 Bugle ) () ()

and acts on sufficiently smooth test functions g : R? x P3(RY) — R and a = oo* is uniformly elliptic.
Though the first part of the operator appearing in the right-hand side of is quite standard, the
second part is new and involves the Lions’ derivative of the test function with respect to the measure
variable u, as introduced by P.-L. Lions in his seminal lectures at the Collége de France, see [Liol4]. We
briefly present this notion of differentiation on the Wasserstein space in Section [2.1] together with the
chain rule formula established in Chassagneux et al. [CCD14], see also Carmona and Delarue [CDI18],
for the flow of measures generated by the law of an Itd process. Classical solutions for PDEs of the form
have already been investigated in the literature using different methods and under various settings,
e.g. Buckdhan et al. [BLPR17] (for f = 0), [CCD14] and very recently [CM17] (for f = 0). We also refer
the reader to the pedagogical paper Bensoussan et al. [BEY17] for a discussion of the different point of
views in order to derive PDEs on the Wasserstein space and their applications.

In the classical diffusion setting, provided the coefficients b and ¢ and the terminal condition h are
smooth enough (with bounded derivatives), it is now well-known that the solution to the related linear
Kolmogorov PDE is smooth (see e. g. Krylov [Kry99]). In [BLPR17], the authors proved a similar
result in the case of the linear PDE (|1.2) (with f = 0) and Chassagneux et al. [CCD14] reached the
same conclusion for a non-linear version also known as the Master equation. In this sense, the solution
of the considered PDE preserves the regularity of the terminal condition. Still in the standard diffusion
setting, it is known that one can weaken the regularity assumption on h if one can benefit from the
smoothness of the underlying transition density. Indeed in this case, u(t,z) = [h(y)p(t,T,z,y) dy,
y — p(t,T,x,y) being the density of the (standard) SDE taken at time T' and starting from z at time
t. However, in order to benefit from this regularizing property, one has to assume that the associated
operator L satisfies some non-degeneracy assumption. When the coefficients b, a = oo™ are bounded
measurable and Holder continuous in space (uniformly in time) and if @ is unformly elliptic, it is known
(see e.g. [Eri64]) that the linear Kolmogorov PDE admits a fundamental solution so that the unique
classical solution exists when the terminal condition h is not differentiable but only continuous. In the
seminal paper [Hor67], Hormander gave a sufficient condition for a second order linear Kolmogorov PDE
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with smooth coefficients to be hypoelliptic. Thus, if Héormander’s condition is satisfied then the unique
classical solution exists even if the terminal condition is not smooth. Note that this condition is known
to be nearly necessary since in the non-hypoelliptic regime, even in the case of smooth coefficients, there
exists counterexample to the regularity preservation of the terminal condition, see e.g. Hairer and al.
[HHJ15].

The recent paper [CM17] provides the first result in this direction for the PDE ([1.2]) without source
term and for non differentiable terminal condition A using Malliavin calculus techniques under the as-
sumption that the time-homogeneous coefficients b, o are smooth with respect to the space and measure
variables. In particular, the function h has to belong to a certain class of (possibly non-smooth) func-
tions for which Malliavin integration by parts can be applied in order to retrieve the differentiability of
the solution in the measure direction. This kind of condition appears to be natural since one cannot
expect the solution of the PDE to preserve regularity in the measure variable in full generality as
it is the case for the spatial argument, see Example 5.1 in [CM17] for more details on this loss of regularity.

Under the aforementioned regularity assumptions on the coefficients b and a and if the data f and h
admit a linear functional derivative satisfying some mild regularity and growth assumptions, we derive
a theory on the existence and uniqueness of classical solutions for the PDE (1.2)) which is analogous to
the one considered in Chapter 1 [Eri64] for linear parabolic PDEs.

Organization of the paper. The paper is organized as follows. The basic notions of differentiation
on the Wasserstein space with an emphasis on the chain rule and on the regularization property of a
map defined on P2(R?) by a smooth flow of probability measures that will play a central role in our
analysis are presented in Section The general set-up together with the assumptions and the main
results are described in Section [3] The well-posedness of the martingale problem associated to the SDE
is tackled in Section |4l The existence and the smoothness properties of its transition density are
investigated in Section [5} Finally, classical solutions to the Cauchy problem related to the PDE are
studied in Section [6} The proof of some useful technical results are given in Appendix.

Notations: In the following we will denote by C and K some generic positive constants that may
depend on the coefficients b and 0. We reserve the notation ¢ for constants depending on |o|s, and A
(see assumption (HE) in Section [3) but not on the time horizon T. Moreover, the value of both C, K
or ¢ may eventually change from line to line.

We will denote by P(R?) the space of probability measures on R? and by Po(R?) c P(R?) the space
of probability measures with finite second moment.

For a positive variance-covariance matrix ¥, the function y — ¢(X,y) stands for the d-dimensional
Gaussian kernel with ¥ as covariance matrix g(X, ) = (27) 2 (det £) "2 exp(—5(Z7 1z, z)). We also de-
fine the first and second order Hermite polynomials: HY(3,z) := —(X ™ a); and HY (2, ) := (Z12); (X)), —
(271, 1 < i,j < d which are related to the previous Gaussian density as follows 9,,¢(%,z) =
Hi(Z,2)g(%, x), agi’xjg(Z, z) = HY (2, 2)g(X, ). Also, when X = ¢ly, for some positive constant ¢, the
latter notation is simplified to g(c, x) := (1/(2m¢))¥? exp(—|z|?/(2¢)).

One of the key inequality that will be used intensively in this work is the following: for any p,q > 0
and x € R, |ac\pe*‘”2 < (p/(2qe))P/?. As a direct consequence, we obtain the space-time inequality,

(1.4) Vp, ¢ >0, |z[Pglct,z) < CtP/2g(c't, x)

which in turn gives the standard Gaussian estimates for the first and second order derivatives of Gaussian
density, namely

| Q

(1.5) Ve > 0, |Hi(ct,x)|g(ct, ) < —g(ct,x) and |Hy? (ct,z)|g(ct,z) < %g(c’t, x)

o~
=

for some positive constants C, ¢’. Since we will employ it quite frequently, we will often omit to mention
it explicitly at some places. We finally define the Mittag-Leffler function £, g(2) := >, <, 2"/T'(an+ ),
z€R, a, f>0. -

2. PRELIMINARIES: DIFFERENTIATION ON THE WASSERSTEIN SPACE AND SMOOTHING PROPERTIES
OF MCKEAN-VLASOV EQUATIONS

2.1. Differentiation on the Wasserstein space. In this section, we present the reader with a brief
overview of the regularity notions used when working with mappins defined on Py(R%). We refer the
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reader to Lions’ seminal lectures [Liold], to Cardaliaguet’s lectures notes [Carl3], to the recent work
Cardaliaguet et al. [CDLLI5] or to Chapter 5 of Carmona and Delarue’s monograph [CD18] for a more
complete and detailed exposition. The space Py (R?) is equipped with the 2-Wasserstein metric

2
Waluo) = it ([ fo-yPalde.dy
TEP(p,v) Rd xRd

where, for given u, v € Py(R?), P(u,v) denotes the set of measures on R? x R? with marginals p and v.

In what follows, we will work with two notions of differentiation of a continuous map U defined on
Py (R?). The first one, called the linear functional derivative and denoted by 6U/ém, will be intensively
employed in our linearization procedure to tackle the martingale problem and to study the smoothing
properties of McKean-Vlasov SDEs. The second one is the Lions’ derivative, L-derivative in short, and
will be denoted by 0,U.

Linear functional derivative.

Definition 2.1. The continuous map U : P2(RY) — R is said to have a continuous linear functional
derivative if there exists a continuous function §U/ém : Pa(R?) x RY — R such that y — [§U/dm](m)(y)
has at most quadratic growth in y, uniformly in m for m € K, K being any compact subset of Py (R?)
and such that for any m,m’ € Py(R?),

U((1—¢e)m+em')—U(m) oU

Lim. . = /. 5 (m)(y) d(m" —m)(y).

The map y — [0U/dm](m)(y) being defined up to an additive constant, we will follow the usual
normalization convention [p,[0U/dm](m)(y) dm(y) = 0.

Remark 2.2. Such a notion of derivative is linked to the regularity property with respect to the total
variation distance. Observe indeed from the above definition that

i, € PRY), U’ / / N+ dm') () d(m’ —m)(y) dA,

so that if (m,y) — [6U/dm](m)(y) is bounded, then one has

U ™) (lloo dry (m, )

(2.1) Vm,m' € Po(RY), |U(m)—-Um')| <  sup || 3
m’ ePy(Red) 0OM

where dpy is the total variation metric. Therefore, if the map U admits a bounded linear functional
derivative then it is Lipschitz continuous with respect to the distance dry .

With the above definition in mind, one may again investigate the smoothness of m — [§U/dm](m)(y)
for a fixed y € RY. We will say that U has two continuous linear functional derivative and denote
(62U /6m?|(m)(y) its second derivative taken at (m,y) if m +— [6U/dm](m)(y) has a continuous linear
functional derivative in the sense of Definition 2.1} As a consequence

ol € P, S 0) = S = [ = ) o = )

and if Po(RY) x (RY)?2 > (m,y,y’) — [62U/6m?|(m)(y,y’) is continuous then [62U/dm?])(m)(y,y’) =
(62U /om?)(m)(y',y) for all (m,y,y’) € P2(RY) x (R?)2. Again, for more details on the above notion of
derivative, we refer to [CDLL15] and [CD18].

Example 2.3. We here provide some examples of maps that admit a linear functional derivative. In the
following, h denotes a map from Py(R%) to R. We can straightforwardly consider their multidimensional
version.
(1) First order interaction. We say that h satisfies a first order interaction if it is of following form:
for some continuous function with at most quadratic growth h : R4 — R, one has

h(p) = / h(y) (dy).

(2) N order interaction. We say that h satisfies an N order interaction if it is of following form: for
some continuous function with at most quadratic growth & : RY — R, one has

:/.../E(y1,~- 2yn) pldyr) - - - p(dyn ).
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(3) Polynomials on the Wasserstein space. We say that a function h is a polynomial on the Wasser-
stein space if there exist some real-valued continuous functions with at most quadratic growth
hi, --- , hy defined on R such that

N —
o =1 [ haentae)

(4) Scalar interaction. We say that a function h satisfies a scalar interaction if there exist a continu-
ously differentiable real-valued function h defined on RY as well as some real-valued continuous
functions with at most quadratic growth Ay, --- , hyx defined on R? such that

h(p) = h (/ hi(y) u(dy), - - ,/hN(y)u(dy)> :

(5) Sum, product and more generally any smooth composition of N order interactions, polynomials
on Wasserstein space or scalar interaction.

The L-derivative. We now briefly present the second notion of derivatives we will employ as originally
introduced by Lions [Liol4]. His strategy consists in considering the canonical lift of the real-valued
function U : Po(R?) > p+— U(p) into a function U : Ly > Z — U(Z) = U([Z]) € R, (Q, F,P) standing
for an atomless probability space, with  a Polish space, F its Borel o-algebra, Ly := Lo (2, F, P, R?)
standing for the space of R%valued random variables defined on § with finite second moment and Z
being a random variable with law p. Taking advantage of the Hilbert structure of the Lo space, the
function U is then said to be differentiable at y € Py (R?) if its canonical lift ¢/ is Fréchet differentiable
at some point Z such that [Z] = p. In that case, its gradient is denoted by DU. Thanks to Riezs’
representation theorem, we can identify DU as an element of IL2. It then turns out that DI is a random
variable which is o(Z)-measurable and given by a function DU (p)(.) from R to R?, which depends on
the law p of Z and satisfying DU (u)(.) € L2(R%, B(R?), u; R?). Since we will work with mappings U
depending on several variables, we will adopt the notation 0,U(u)(.) in order to emphasize that we are
taking the derivative of the map U with respect to its measure argument. Thus, inspired by [CD18], the
L-derivative (or L-differential) of U at p is the map 9,U(u)(.) : R? 3 v — 0,U(u)(v) € RY, satisfying
DU = 0,U(1)(2).

It is important to note that this representation holds irrespectively of the choice of the original
probability space (Q,F,P). In what follows, we will only consider functions which are C!, that is,
functions for which the associated canonical lift is C' on 2. We will also restrict our consideration to the
class of functions which are C! and for which there exists a continuous version of the mapping P2 (R?) x
RY 5 (u,v) = 9,U(u)(v) € R%. It then appears that this version is unique. We straightforwardly
extend the above discussion to R%-valued or R? ® R%valued maps U defined on P, (R?), component by
component.

Remark 2.4. Let us point out the link between this notion of derivative and the regularity property with
respect to the Wasserstein distance. Observe indeed that if a map U is continuously L-differentiable and
if the Fréchet derivative of its lift DU is bounded in Ly then

Vil € Po(RY),  U(u) — U(W)| / ANED,U(AX + (1 - NXDAX + (1 - NX)(X — X))

IN

|1 DUJL, Wa (i, 1),

thanks to Cauchy-Schwarz’s inequality and where above X and X’ denote two independent random
variables in Lo with respective law p and p'. In comparison with Remark if one now assumes that
the L-differential 9,U, viewed as the map Po(R?) x R? 5 (u,y) — 9,U(u)(y), is bounded in supremum
norm then, from the above computations one readily sees that

Vi, u' € Po(RY),  U(u) =UW)l < sup (10,0 (1) (oo Wi (s, ).
#//6P2(Rd)

To conclude, as underlined in Proposition 5.48 of [CD1§]|, the following relation holds between the
linear functional and the L-derivative. If a map h admits a linear functional derivative dh/dm such that
for any g1 in Po(R?), the map y + [§h/dm](u)(y) is differentiable and its derivative is jointly continuous
in  and m and at most of linear growth in y uniformly in y for any u in compact subset of Py(R?) then
one has

(2.2) Buh()() = 0, 2

om

J(1)(-)-
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Class of smooth functions of time, space and probability measure and associated Itd’s
formula on the Wasserstein space. In order to tackle the PDE on the Wasserstein space,
we need a chain rule formula for (U(t,Y:, [X4]))i>0, where (X;)i>0 and (Y;)i>0 are two It processes
defined for sake of simplicity on the same probability space (Q, F,F,P) assumed to be equipped with a
right-continuous and complete filtration F = (F;)¢>0. Their dynamics are given by

t t
(23) X =Xp +/ bs ds +/ Og dVVS7 Xo € LQ,
0 0

t t
0 0

where W = (W})>0 is an F-adapted d-dimensional Brownian, (b:)i>0, (7¢)t>0, (0¢)i>0 and (y:)i>0 are
F-progressively measurable processes, with values in R?, R?, R? @ R? and R%*? respectively, satisfying
the following conditions

T T
(2.5) VT >0, E[/ (|6¢)* + |oe|*) dt} < oo and P (/ (Ime] + |7¢)?) dt < —|—oo> =1.
0 0

We now introduce two classes of functions we will work with throughout the paper.

Definition 2.5. (The space CP22([0,T] x R? x Py(R%)), for p = 0, 1) Let T' > 0 and p € {0,1}. The
continuous function U : [0, T] x R x Py(R9) is in CP22([0, T] x R x Py (R9)) if the following conditions
hold:
(i) For any p € Py(RY), the mapping [0,7] x R? > (t,x) > U(t, x, p) is in CP2(]0,T] x R?) and the
functions [0, T] x RYx Pa(R?) 3 (¢, 2, p) = OPU(t, 2, ), O,U(t, z, ), O2U(t,z, 1) are continuous.
(ii) For any (t,z) € [0,7] x R?, the mapping Po(R?) 3 u + U(t, z, u) is continuously L-differentiable
and for any p € Py(R?), we can find a version of the mapping R? 3 v — 9,U(t,z, u)(v) such
that the mapping [0, 7] x R? x Po(R?) x R? > (¢, 2, p,v) — 9,U(t,z, 1) (v) is locally bounded
and is continuous at any (¢, z, u,v) such that v € Supp(u).
(iii) For the version of 8,U mentioned above and for any (¢, z, i) in [0, 7] x R? x P2(R?), the mapping
RY > v+ 9,U(t,z, pu)(v) is continuously differentiable and its derivative 8,[0,U(t,z, pn)](v) €
R?¥4 is jointly continuous in (¢, , u,v) at any point (t,x, s, v) such that v € Supp(u).

Remark 2.6. We will also consider the space C1P([0,T] x Pa(R?)) for p = 1, 2, where we adequately
remove the space variable in the Definition We will say that U € CHL([0,T] x Po(R?)) if U is
continuous, t +— U(t,u) € CY([0,T]) for any p € P2(RY), (t,u) +— OU(t, 1) being continuous and
if for any ¢ € [0,T], p — U(t,p) is continuously L-differentiable such that we can find a version of
v+ 0,U(t, u)(v) satistying: (¢, p,v) — 9,U(t, 1) (v) is locally bounded and continuous at any (¢, u,v)
satisfying v € Supp(p).

We will say that U € C2([0,T] x P2(RY)) if U € CH1([0,T] x P2(R?)) and for the version of 9,U
previously considered, for any (¢, u) € [0, T]x P2(R%), the mapping R 3 v — 9, U (t, 1) (v) is continuously
differentiable and its derivative 8,[0,U(t, n)](v) € R™? is jointly continuous in (¢, u,v) at any point
(t, pw,v) such that v € Supp(u).

With the above definitions, we can now provide the chain rule formula on the Wasserstein space that
will be play a central role in our analysis.

Proposition 2.1 ([CD18], Proposition 5.102). Let X and Y be two Itd processes, with respective

dynamics (2.3) and (2.4), satisfying (2.5). Assume that U € C22([0,7] x R? x Py(R%)) in the sense of
Definition [2.5/such that for any compact set X C RY x Py(R9),

(2.6) s { [ 00a P )+ [ 0BV 0P u(dn) < .
(t,z,0)€0,T)xK LJra Rd

Then, P-a.s., V¢ € [0,T], one has

Ut Y, (X)) = U(0, Yo, [Xo]) + / 0,U (5, Yo, [X]) s VY,

0

/
0

(2.7) +/ { (s, Y, s])+awU(s,1@,[Xs]).ns+;Tr(aiU(s,%[Xs})%vf)}ds

E[0,U (s, Ys, [Xs])(X,).bs] + %E[maﬂ[aﬂ(s,n [X)](X)as)] } ds
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where the It0 process ()zt,gt75t)0§t§T is a copy of the original process (Xi,b:,0¢)o<i<r defined on a
copy (92, F,P) of the original probability space (2, F,P).

2.2. Smoothing properties of McKean-Vlasov semigroup. One of the central feature of our anal-
ysis is that it involves Lions’ derivatives of maps defined on Py(R?) along smooth flow of probability
measures. Nevertheless, we here only assume that such maps admit linear functional derivatives, which
is a weaker notion of differentiation. To overcome such an issue, we take advantage of the smoothing
properties of the composition with the flow. Namely, we will benefit from the smoothing effect of the
McKean-Vlasov semigroup which, in our current setting, translates into a weakening of the topology
w.r.t. which maps are, a priori, smooth. This particular feature will allow us to directly differentiate
the density associated to a McKean-Vlasov SDE with respect to its measure argument without assuming
any intrinsic smoothness of the coefficients, i.e. smoothness in the sense of Lions. We will then take ad-
vantage of this important property to provide a well-posedness theory for the SDE and for classical
solutions to the related PDE (1.2]).

In order to foster the understanding of the key idea, let us consider a map h : Po(R?) — R which is
assumed to admit a bounded and continuous linear functional derivative 6h/dm. Recall also from
that the map h is Lipschitz continuous w.r.t the total variation distance. Consider the simplest version
of (i.e. withd =¢=1,b=0 and o = 1 therein) that is the process Xt = & + W, and recall that
W is a Brownian motion independent of &.

Let us first show how the noise regularizes the map y +— h([Xf}) in the sense that it is now Lipschitz
w.r.t. a weaker topology and differentiable in a stronger sense (i.e. in the sense of Lions). Note first that in
that setting, p — h([X?]) rewrites > h(u*gs), g¢ being the Gaussian density with variance ¢ and where
* stands for the usual convolution product that is for all A in B(R?), (uxg:)(A) = [ [, g:(y— ) dydp(z).
We have, for all £,& in Lo:

KD = MXE) = K ) =)
A Y A R e

(2.9 = [ L2 e+ - € ) Ity € ay — €l

At the one hand, we readily obtain from the previous identity and the mean-value theorem as well as

(C3) that

(X5 — h(XF]) <

5 oonint  [{le =yl A 1)ar(a,y) -
t2 wellz(m,m

where Tl (m,m’) denotes the set of probability measures on Py(R? x R?) with m and m’ as respective
marginals. Hence, starting at time 0 with a map h being Lipschitz in total variation distance, we end
up at any time ¢ > 0 with a map which is Lipschitz w.r.t. the distance d, which is well seen to be less
than the total variation distance and the Wasserstein metric Wi.

On the other hand, coming back to and choosing &' = £ + €Y for some Y in Ly and € > 0 we
have, from Lebesgue’s dominated convergence theorem, continuity of the integrands in the right hand
side and then Fubini’s theorem:

1

1 h X[€+EY] X[ﬂ
i (X[ ()

- [ / € +2V]+ (1= NIED ) WEL| (= - gy = N (€ +6¥) = (1 = X)(©)) - YN

10
= 8 |( [ sl - ) .

Therefore, the map p — h([X?]) is now L-differentiable for any non negative time ¢.

Let us eventually conclude this illustration in view of the relation (2.2)) between the flat and Lions
derivatives. We readily have from (2.8) and the previous computation that

Ouh(p)() = 0y[=—

om

J(1) (),
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so that the map y ~ [6h/6m]([X])(y) is clearly a smooth function with bounded derivatives and
y = auh([Xf])(y) is also a bounded function. This immediately gives that p — h([X¢]) is Lipschitz
continuous w.r.t. the Wy metric.

From the above simple illustration, it is then naturally expected that such regularizing effect along
smooth probability flows of probability measures holds in a more general way. Let us recast the above
discussion in our framework with the following Proposition. It will be a major tool in our analysis.

Proposition 2.2. Assume that the continuous map h : P2(R%) — R admits a bounded continu-
ous linear functional derivative. Consider a map (t,x,u) — p(u,t,T,z,2) € CH22([0,T) x R? x
Py(R%)), for some prescribed T > 0, z + p(u,t, T,z z) being a density function, such that z
(p(u,t, T, ., 2)8u) € Po(R?), locally uniformly with respect to (¢,u) € [0,T) x P2(R%), i.e. uniformly
in (t,u) € K, K being any compact subset of [0,7) x Py(R?), such that the mappings R? > z
Jga 10010, (1, t, Ty, 2))(0)| dz,  [pa |Oep(p,t, T, @, 2)| dz, n = 0,1, are at most of quadratic growth,
uniformly in (¢, ,v) in compact subsets of [0,7) x P2(R%) x R? and such that for any compact set
K" [0,T) x P2(R%) x (R%)?, for any n = 0,1,

(2.9) /( sup) . {107 p(p, t, T,z 2)| + | O " p(p, t, T, , 2)| + 10, [0p(p, t, T, 2)|(y)|} dz < oo,
t,u,x,y)EX!

Let O(t, p) : [0,T) x Po(RY) 3 (¢, 1) = O(t, ) (d2) = (p(ps, 8, T, 2)8p)(d2) = [ga (s t, T2, 2)p(d) d.
Then, one has:

e the map [0,7) x Po(R?) > (t, u) = h(O(t, 1)) € CL2([0,T) x P2(RY)),
e the Lions and time derivatives satisfy for n =0, 1:
oh
050,10t 1)) = 02 [0, [ [ 5(O(t. 1)) p 1.7, 2) dz i)

@)
(210) = [ [0 ~ @, m)w)] oo, o, 2) d=

lv=p

R4
# [ [ @ m)E) = SO @] o510t 7,2, 2))w) de ()

OO ) =0u[ [ SO0 )bl 5 T2 ()

Rd)2 om |s=t
(21) = [ [ (@)~ 57000 m)@)] Aot ., 2y ().

Proof. Let (ty, ftn)n>1 be a sequence of [0 T) x Pa(RY) satisfying lim,, |t,, — t| = lim, Wa(tn, ) = 0.
In order to prove that [0,7) x P(R%)(R?) > (t,pn) = h(O(t, p)) is continuous, it is sufficient to
prove that lim, Wa(O(t,, un),O(t, 1)) = 0. Let h be a real-valued gontinuous function defined on
R?. We decompose the difference (h, O(t,, iun)) — (h, O(t, 1)) f(Rd)2 2)p(tns tn, Ty, 2) dz pun (dx) —

f(Rd)g h(2)p(p,t, T, z, z) dz u(dz) as the sum of the two terms

//h (s s T, 2) d2(pim— 1) (d //h (s s T, 2, 2)—plpis T, 2, 2)) dzpa(d)

and prove that each term goes to zero as n 1 oco. Let us note that from condition (2.9) and Lebesgue’s
dominated convergence theorem, one directly gets lim,, II,, = 0. In order to prove that lim, I, = 0, we
again decompose I,, as the sum of two terms namely

bim [ [ it To2,2) d () (- 2im [ [ Rt T, 2,2) d (1) ) (=0 )

where ng is a non-negative smooth cutoff function such that ng(xz) = 1 for || < R and nr(z) = 0for |z| >
2R, with R > 0. The uniform continuity of the map K x Bag 3 (¢, u,z) — [ h(2)p(p,t, T, x, z) dzngr(x),
K being any compact subset of [0,7) x P (Rd) and Bag being the closed ball of radius 2R around the
or1g1n implies that the family of maps { [ h(z)p(u,t,T,z,z) dzng(z), (t,u) € K} is equicontinuous and
9) implies its boundedness. By weak convergence of (Mn)nzl’ we thus deduce

lim  sup \//h p( £, T2, 2) dz g (x) (s — p)(de)] =

o (t,u)EK
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so that lim,, I}l = 0.7 From the boundedness of h and the weak convergence of (fn)n>1, we also ob-
tain limsup,, [I2| < |h|so (lim sup,, Jiwizar #n(d2) + [ 150k #(d2)) < 2|hlss [, 505 #(dz) so that by let-
ting R goes to infinity in the previous inequality we deduce lim, I2 = 0. We thus conclude that
lim,, (h, ©(tn, pin)) = (h,O(t,p)). Similar arguments yield lim, f(Rd)2 1212 (s tn, Ty, 2) d2 pin (dx) =
f(Rd)Q |212p(u, t, T, z, 2) dz p(dx). We thus conclude that lim, Wa(O(t,, 1), O(¢, 1)) = 0.

Let us set O¢ (¢, 1) := (1 — A\)O(t,p) + AO(t + &, ), for a fixed (t,u) € [0,T) x P2(R?) and & > 0
small enough. Then,

Ot +-. u)) hO(t, 1)

/ / Rmam Oca(t )W) {p(ps t + & Ty, y) = p(ust, Ty 2,y)} dyp(dar)dA

[ Bt = (@0 st 2. T.) it )] dipds) i

so that dividing by ¢ and letting € goes to zero yields that ¢ — h(O(t,p)) is right-differentiable (and
also continuously differentiable since the limit is continuous on [0, 7)) and also the identity thanks
to the dominated convergence theorem as well as the continuity and the boundedness of [6h/dm]. The
continuity of the map [0,7) x Po(R?) > (¢, 1) = 0:h(O(t, 1)) then follows from and arguments
similar to those employed above.

We now prove that g — h(O(t,u)) is continuously L-differentiable for any ¢ € [0,7]. Let us set
Ocn(t, ) =1 =XNO, 1) + A0, (1 —e)u+ep) and py e = (1= XN)u+ N[(1 —e)u+ep'], for a fixed
(t,,uaul) € [O7T) X (PQ(Rd))z Thena

h(O( 1—5) +ep)) = (Ot 1)

/ L 2 0t i) ) (1~ <)+ 81 T.) bl ) iy
/ /]Rd)2 5m Ot 1) (W) [pP((1 =) +ep' s, T, 2, y)[(1 — )p + ep')(dx) — p(u, t, T, x, y)u(dz)] dy dA
- E/ /Rd 2 %(@e,A(t,u))(y)p((l o g)u + E'u/’ t,T,x,y) dy (Ul - M)(dl') d\

bt Sh Sh 5 / / / '
v [ A O )0 = (O ) 5l 0o ) (o = ) A

so that dividing by ¢ and letting £ goes to zero yields that u — h(©(t, p)) admits a continuous linear
functional derivative thanks to the dominated convergence theorem as well as the continuity and the
boundedness of [6h/dm]. Moreover, one has

0 oh

< —h(O(t, 1)(y) =

5 (O, w)(2) p(p, t,T,y, 2) dz

a om

+ /(IW {(e(t,u))(z) - (Sm(@(t,u))(x)} 50t T2, 2) (y) dzdp().

om
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Each term appearing in the right-hand side, seen as a function of y, is continuously differentiable on
R? so that for any yo € R?

0y 5O )0) = 0, ([ 5Ot 10)(:) plst. T2 dz)

. { ,m)(z)—(f— Oy p(p,1, T, 2,2)(v) ddu(x)

[ 5@t - 5@ m) >]ayp<umy,>

“Je
/ { Ot M)(E) ~ (Ot ) (a) } 0, 52 pl . T.,2)0) (o)
+ 0y

/ 5 ( )P(N7taT=y7Z) dZ)
(2.12) / w)(z) — %(@(t,ﬂ))(%)] Byp(p,t, Ty, 2) dz

oh oh )
(213) " /() { SO M) ~ Fom(O1. 1)) } Oy pli T, 2)) d(z)
where we used the fact that the last term appearing in the last but one equality is 0 since z
p(p,t,T,y,z) is a density function. The identity for n = 0 then follows by taking yg = y.
The continuity of the map [0,7") x Pa(RY) > (¢,p,y) — 0,h(O(t,1))(y) then follows from (2.10) and
arguments similar to those employed above. One may again differentiate (2.12)) and (2.13]) with respect
to y for a fixed (t,u) € [0,7) x P2(R%) and then select yo = y in order to obtain for n = 1.
The continuity of the map (¢, i, y) — 0,[0,h(O(¢, 1))](y) finally follows again from arguments similar to
those employed before.

O

Remark 2.7. o Importantly, we note that in the above proposition we do not impose the intrinsic
smoothness (i.e. smoothness in the sense of Lions) of the map h but only require the existence of a
bounded linear or flat derivative. In this regard, the composition with the smooth flow (¢, u) — O(¢, 1)
of probability measures of P, (R?) allows to regularize the map h, the regularity being understood for a
coarser topology. As already mentioned before, in what follows, the map © will be the one generated by
the unique weak solution of the SDE , i.e. we will be interested in the smoothness of [0, T') x P2(R%) >
(t, ) = h([XFF]).

o For functions h : Pa(R%) — R? and h : P(RY) — RI*9 we will straightforwardly extend the
previous proposition to each component and still denote [0h/ém] : RY x Py(R%) — R? and [h/ém)] :
R? x Py(R?) — R?*9 the corresponding maps.

To conclude we again emphasize that the main advantage of the previous result is that it allows to
take advantage of the usual smoothing effect of Gaussian-like kernels. We will intensively exploit this
property to establish our regularity results for the density associated to solutions of McKean-Vlasov
SDEs. We end this section with a simple result that illustrates this central idea.

The two representation formulas and are crucial for the analysis of the regularity prop-
erties of densities associated to McKean-Vlasov SDEs. Indeed, under the additional assumption that
the map y — [dh/dm](m)(y) is Holder continuous and if (¢, u, x) — p(u, t, x, 2) as well as its derivatives
satisfy suitable Gaussian-type bounds, they allow thanks to the space-time inequality to match
the diagonal regime of the underlying heat kernel and to benefit from the so-called smoothing property
of Gaussian kernels. At this stage, we stop from elaborating on this central idea in our analysis and
postpone the discussion to the appropriate place.

3. OVERVIEW, ASSUMPTIONS AND MAIN RESULTS

3.1. On the well-posedness of the martingale problem related to the SDE (1.1). We first
present the martingale problem associated to equation (|1.1)).

Definition 3.1. Let u € P(RY). We say that the probability measure P on the canonical space
C([0,00),R%) (endowed with the canonical filtration (F;);>¢) with time marginals (P(t));>0, solves the
non-linear martingale problem associated to the SDE (1.1) with initial distribution p at time 0 if the
canonical process (y;)¢>o satisfies the following two conditions:
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(i) P(yo € T) = u(), T € BRY).
(ii) For all f € C2(R%), the process

d

Z Qj,j 5 s, P ))82 7f(ys) ds

(3.1) f(yt)*f(yo)*/o Zb 8,Ys, P(5))0n, f(ys) + %

is a square integrable martingale under P.

Remark 3.2. A similar definition holds by letting the canonical process starts from time ¢y with initial
distribution p, in which case we say that the initial condition is (tg, ) and (%) is replaced by the condition:
P(y(s) e T;0 < s < tg) = u(T).

Having this definition at hand we now introduce some assumptions on the coefficients:

(HR) (i) The drift coefficient b : Ry x R? x Py(R?) — R is a bounded and continuous function.
Moreover, for any (¢,z) € RxR%, the map m + b(t, z,m) is Lipschitz for the total variation
metric, uniformly with respect to t,x, that is, there exists a positive constant C' such that
for all (t,7) € Ry x R% for all m,m’ € Pa(R9)

|b(t, z,m) — b(t,z,m")| < Cdry(m,m")

where dry is the total variation metric.
(ii) The function R? > z ~ a(t,z,m) € R? ® R? is uniformly n-Hélder continuous for some
€ (0,1],
a(t,z,m)—a(t,y,m
e s lamm —eym)
>0, 2y, meP2(RY) |z — y|"

(iii) For every (i,7){1,---,d}>, for every (t,z) € Ry x R%, the map Pa(R?) 3 m — a; ;(t, z,m)
has a continuous linear functional derivative.

(iv) For every (i,7){1,---,d}?, for every (t,m) € Ry x Py(R%), the map (R))? 3 (z,y) —
2-a; j(t,z,m)(y) is a bounded and 7-Hélder continuous function, for some n € (0,1], uni-
formly with respect to the other variables.

(HE) The diffusion coefficient is uniformly elliptic, that is, there exists A > 1 such that for every
(t,m) € [0,00) x P2(R?) and (z,&) € (RH)2, A7LE2 < {a(t, x,m)E, &) < AE]? where a(t,z,m) =
(0o™*)(t,z,m).

Remark 3.3. Assumption (HR)(i) may be reformulated as the following stronger assumption: the map
m — b(t,z,m) has a bounded continuous linear functional derivative. We also point out that under
assumption (HR)(iii) and (iv), the map P(R%) > m + a; ;(t,z,m) is Lipschitz continuous with respect
to the distance
dy(m,m') = inf / |z —y|" A w(dx, dy)
wellz(m,m’) (R4)2

where Ilp(m,m’) is the set of all transference plan from m to m/. Indeed, for all m,m’ € Py(R?), for
any transference plan 7 € Iy (m, m’)

la; j(t,z,m) — a; ;(t,z,m")]|

6(11,] N —
= [ 1 Ay )0 ) 0

o 5(11'1]' , ) N B ,
— |/0 /Rd 5 (t,z, (1 = N)m+ Am')(x) 6mam(t,x,(1 Am + Am’) (y) dA 7 (dx, dy)|

IN

50,1‘ i
sup [ (57: (t,a:,m)(.)}H /]Rd)2 |z —y|" Al w(de, dy)

t,x,m

where sup, . ,, [[0ai;/6m](t, z,m)(.)] ,; denotes the uniform Hélder modulus of the map y — [6a; ; /dm](t, z, m)(y).
Finally, the claim follows by taking the infimum in the previous inequality with respect to m € Iy (m, m’).

Our first main result concerns the well-posedness of the martingale problem associated to the SDE
€.

Theorem 3.4. Under (HR) and (HE), the martingale problem associated with (1.1)) is well-posed for
any initial distribution pu € Py(R4). In particular, weak uniqueness in law holds for the SDE (T.1]).
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When investigating strong well-posedness of non-linear SDE an interesting fact is that, combining
uniqueness in law for the non-linear SDE together with strong uniqueness result for the associated linear
SDE, i.e. the same SDE with time inhomogeneous coefficients, the law argument being now treated as
a time-inhomogeneity, immediately yields to strong uniqueness. To be more specific, from the previous
well-posedness result we have that any strong solution Y of the SDE (.1 (if it exists) writes

(3.2) Y, =&+ /O b(s, Yy, [X$])ds + /O o (s, Vs, [XE))dAW,,  [€] € Po(RY)

implying that, setting b : RT x R? 3 (¢,) — b(t,y,[X5]) € R4 and & : RT x R 5 (t,y) — &(t, y, [XF]) €
RY x R?, it solves

~

(3.3) Yt=§+/0 b(s,YS)ds—i—/O 5(s,Ys)dW,, [€] € Pa(RY).

But this linear SDE is well posed in the strong sense under the additional assumption that the diffusion
coefficient & is Lipschitz in space (see [Ver80]). Hence, any strong solutions of (3.2)) are equals P-a.s.
so that strong well-posedness follows from the Yamada-Watanabe theorem. This gives the following
corollary.

Corollary 3.5. Assume that the assumptions of Theorem hold and, that for all (t,m) in RT x Py(RY),
the mapping x — o(t,x,m) is Lispchitz continuous uniformly with respect to t and m. Then, strong

uniqueness holds for the SDE (L.1)).
Here are some examples for which our weak and strong uniqueness results apply.

Example 3.6. (First order interaction) We consider the following non-linear SDE with coefficients
b:Ry x (RY)2 - RYand o : Ry x (RY)? — RY @ R%:

(3.4) X; = &+ /tﬁ[f)(s,xsfﬁndw /tﬁ[o(s,Xsﬁ,Xﬁ)}dWs, [€] € Pa(RY).
0 0

where the process ()N(f)tzo is a copy of (Xf)tzo defined on a copy (Q, F,P) of the original probability
space (0, F,P).

Let b and @ = oo™ are bounded measurable functions. Assume that (z,z) — o(t, z,z) is n-Holder
continuous uniformly with respect to ¢ and that ( [ o(¢, 2, 2)u(dz))([ o(t, z, z)u(dz))* is uniformly elliptic,
uniformly with respect to the variables ¢, x, u.

Then, assumptions of Theorem [3.4] are fulfilled and the SDE is well posed in the weak sense. If
in addition & — o(t,x, ) is Lipschitz continuous uniformly with respect to ¢ and z then assumptions of
Corollary are satisfied and strong well posedness holds for .

Example 3.7. (N order interaction) For some positive integer N, we consider the following non-linear
SDE with coefficients b: Ry x (R)V*+! — R? and o : R, x (R})N+L — Rdxq;

t t
(35) th :£+/ E[b<st§7X§7(1)a an’(N))}ds—’—/ E[U(s,Xﬁ,Xﬁ’(l), aX?(N))]dst
0 0

with [¢] € P2(R?) and where the processes {(Xf7(i))t20, 1<i<N } are mutually independent copies of

the process (Xf)tzo defined on a copy (S~?, .7?, I?P/’) of the original probability space (2, F,P).

Let b and o be bounded and measurable functions. Assume that (z,z) — o(t,z,z) is n-Holder
continuous uniformly with respect to ¢, denoting by pn the N-fold product measure of p, and that
a(t,z,pw) == ([ olt,z, z) un(dz))([ o(t,z, z) un(dz))* is uniformly elliptic, uniformly w.r.t to the vari-
ables t, x, u.

Then, assumptions of Theorem are fulfilled and the SDE is well posed in the weak sense.
If in addition x — o(t,x,2) is Lipschitz continuous uniformly with respect to ¢ and z, assumptions of
Corollary are satisfied and strong well-posedness holds.

Example 3.8. (Scalar interaction(s)) For some N > 0, for maps 11,1 - - ,¥n,on : RY — R, we
consider the following non-linear SDE with coefficients b : Ry x R x RN — R? and o : Ry x R x RY —
R? @ RY:

X =f+/0tb(s,X§7E[w1()?§)L~- E[vn(X9)])ds

(3.6) +/0 a(s,Xf,IE[gpl()?g)],--- ,JE[W(XE)])dWS
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with [€] € P2(R?) and where the process (X5);q is a copy of (X5, defined on a copy (€, F,P) of the
original probability space (2, F,P).

Assume that 1,91, -+, %N, pn are bounded and measurable functions such that each ¢;, i =
1,--+, N, is n-Holder continuous for some 1 € (0,1]. Assume that b is a bounded and measurable
function such that z — b(t,z, z) is Lipschitz continuous uniformly with respect to ¢,z. Suppose that
a = oo is uniformly elliptic and is a bounded continuous function that satisfies: = — a(t,z, z) is 7-
Hélder continuous uniformly with respect to t and z; z — a; ;(t, x, 2) is continuously differentiable with
a bounded derivative for any 1 <i,5 < d; x — 8zk a; ;(t,x, z) is n-Holder, uniformly with respect to the
other variables for all (i,j,k) € {1,--- ,d}* x {1,--- ,N}.

Then, assumptions of Theorem |3 n 3.4] are fulfilled and the SDE (| is well posed in the weak sense. If
in addition z — o (¢, z, z) is Lipschitz continuous, assumptions of Corollary are satisfied and strong
well posedness holds.

Example 3.9. (Polynomials on the Wasserstein space) We consider the following scalar non-linear SDE
61 X o= e+ [ HE ot x5, X9 as+ [ HE [ou(t X5, K9], (6] € Po(R,

where 1/11, e YN, on Ry x R?2 — R and where the process (Xg)t>0 is a copy of (X )t>0 defined on
a copy (Q F, IE”) of the orlglnal probability space (2, F,P).

Assume that ¥, @1, - -+ ,9¥nN, N are bounded and measurable functions and that the functions ¢; are
n-Holder continuous in space (uniformly in time) for some n € (0,1] for any ¢ = 1,--- , N. Assume for
sake of simplicity that there exists A > 0 such that, for any i € {1,--- , N}, for all (t,z,2) € Ry x R?
A< pi(t,z, 2).

Then, assumptions of Theorem are fulfilled and the SDE is well posed in the weak sense.
If in addition, = Hf\;l J wi(t,z, z)u(dz) is Lipschitz continuous uniformly with respect to ¢ and g,
assumptions of Corollary are satisfied and strong well posedness holds.

A multi-dimensional version of can be described as follows. We consider functions ¢; : Ry x
(R%)? — R%-1 @ R%, i =1,---, N, for some positive integers qo, - -- , qn satisfying go = d and ¢y = q,
where each (z,z) — @;(t,x,2) is a bounded and n-Ho6lder continuous (uniformly with respect to t)
function. For sake of simplicity, assume that each az(t x u = ([ @ilt,z,2)u(d2)([ pi(t,z, z)u(dz))*,
i=1,---, N, is uniformly elliptic so that a(t,z,u) := i:l fgol t,x,z)u(dz)) (Hf\]:1 [ i(t,x, z)pu(dz))*
is also uniformly elliptic.

Then, (t,x, ) — b(t,x, ), with b;(t,z, p) :== [[,Z 1f¢m (t,z,z) u(dz), j=1,---,d, each ¢; ; : Ry x
(R4)2 — R being a bounded and measurable functlon, and (¢t,z,p) — o(t,z, u) = vazl [ it z,z)pu(dz)
satisfy (HR) and (HE). Hence, the SDE is well-posed in the weak sense. If in addition, each
x Hfil [ i(t,x,z)u(dz) is Lipschitz continuous, then assumptions of Corollary are satisfied and
strong well posedness holds.

3.2. On the density of the solution of the SDE and its regularity properties. Under the
assumption of Theor by weak uniqueness, the law of the process (th’g)tzs given by the unique
solution to the SDE (L.1)) starting from the initial distribution g = [£] at time s only depends upon &
through its law p. Given p € Py(R?), it thus makes sense to consider ([X;*]);> as a function of y (and
also of the time variable s) without specifying the choice of the lifted random variable £ that has p as

distribution. We then introduce, for any = € R¢, the following decoupled stochastic flow associated to
the SDE (1.1))

t t
(3.8) Xpot = / b(r, X2, (X)) dr + / o(r, X370, [X24]) W,

We note that the previous equation is not a McKean-Vlasov SDE since the law appearing in the
coefficients is not [X2%#] but rather [X¢], that is, the law of the solution to the SDE (T.1) (starting
at time s from the initial distribution p) at time r. Under the assumptions of Theorem 3.4} the time-
inhomogeneous martingale problem associated to the SDE is well-posed, see e.g. Stroock and
Varadhan [SV79]. In particular, weak existence and uniqueness in law holds for the SDE ([3.8).
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Moreover, from Friedman [Fri64], see also McKean and Singer [MS67], it follows that the transition
density of the SDE existsﬂ In particular, the random variable X;"** has a density that we denote
by z — p(u, s,t, x, z) which admits a representation in infinite series by means of the parametrix method
that we now briefly describe. We refer the reader to [Fri64] or Konakov and Mammen [KMO00] for a
more complete exposition. We first introduce the approximation process ()?f;m“ )to>t, obtained from
the dynamics by removing the drift and freezing the diffusion coefficient in space at a fixed point
1, namely

~ t2
(3.9) i —at [ oty X2 aw,.

t1

The process ()?f;x” )io>1, is a simple Gaussian process with transition density given explicitly by

ta
]/')\y(/,t,s,tl,t27$,2’) =g </f, a(r,y7 [X?ﬂ)d?",z—l’) .
1

To make the notation simpler, we will write p(y, s, t1, t2, x,y) := p¥(u, s, t1, to, z,y) and p¥(u, s, te, x, 2) =
pY(u, s, s,te, z,z). Note importantly that the variable y acts twice since it appears as a terminal point
where the density is evaluated and also as the point where the diffusion coefficient is frozen. Note also
that in what follows we need to separate between the starting time t¢; of the approximation process and
the starting time s of the original McKean Vlasov dynamics. We now introduce the two infinitesimal
generators associated to the dynamics (3.8) and ., namely

d

1 S
Loif(utx) Zb ta, (X7 )0s f (.t 0) + 5 Zla“(“”’ (XD, o, f (st ),
)=
N 1 &
Loaf(ptia) =5 D ai;(ty, XD}, f (st )
i,j=1

and define the parametrix kernel H for (u,r,z,y) € P2(R%) x [s,1) x (R%)?
H(ps s,7,t,2,9) == (Lo — Lo )P, 5,7, 1,2, 9)

d
= bi(r, @, (X)) 00 By, 5,7, 1, 2, y)

d
1 s s N
g D (@ w [X34) = ai s (ryy, [XPED)OE,  Bus 5.7t 2, y).
i,j=1

Now we define the following space-time convolution operator

t
(f ®@g)(p,s,mt,2,y) :=// Sy s,mv, @, 2)g(p, s,0,t, 2,y) dz do
r JRd

and to simplify the notation we will write (f ® g)(u, s,t,z,y) == (f @ g)(1, 8, 8, t,2,y), H(u, s, t,x,2) =
H(u,s,s,t,2,2) and proceed similarly for other maps. We also define f @ H*) = (f @ H*—D) @ H for
k > 1 with the convention that f ® H(®) = f. With these notations, the following parametrix expansion
in infinite series of the transition p(u,s,t,z,z) holds. Let T' > 0. For any 0 < s < ¢ < T and any
(k. 2, y) € P2(RY) x (R)?

(3.10) p(u, s, t,2,y) = pp, s, t,2,y) + p @ H(p, 8,1, 2,y).

so that, by induction

(3.11) Pl s, tzy) =Y (BOHH) (st 2,y).
k>0

Moreover, the above infinite series converge absolutely and uniformly for (u, z,y) € Pa2(R?) x (R%)? and
satisfies the following Gaussian upper-bound: for any 0 < s < ¢t < T and any (i, z,y) € Po(R?) x (R9)?2

(312) p(,u, s, ., y) < En/271(c(|b‘oo + 1)) g(C(t - S)7y - J?)

Un [Fri64), it is proved that if & — b(r,z) = b(r,z, [X:*°]) is bounded and Hélder-continuous then the fundamental
solution associated to the infinitesimal generator of exists and is unique by means of the parametrix method. However,
existence of the transition density as well as weak existence and weak uniqueness can be derived under the sole assumption
that the drift is bounded and measurable and the diffusion matrix is uniformly elliptic and Hélder continuous.
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where C' := C(T, \,n) and ¢ := ¢()\) are two positive constants. We refer to [MS67] for a proof based on
Kolmogorov’s backward and forward equations satisfied by p, see also Frikha [Fril7] for a proof based
on probabilistic arguments.
Under the additional assumption that x — b(t,z, u) is n-Holder continuous, x — p(u, s,t, z, z) is two
times differentiable. Moreover, the following Gaussian type estimates for its derivatives hold:
C

(313) |8;1p('u,5,t,l‘,y)| < mg(C(t—s),y—z), n:O7172
and
(3.14)

_ B
VB € [0,m), |02p(p, 5, t,21,y) — O2p(p, 8, t, T2, y)| < CM
(t—s)tt>

for some positive constants C' := C(T, |b|oo, [b]a, [a]a, A, n) and ¢ := ¢(A). Let us point out that the
differentiability of the map [0,t) x Po(R?) > (s, ) = p(i, s,t, 2, ) is the main question that we want to
address here. We refer again to [Eri64] for a proof of the above estimates.

A similar representation in infinite series is also valid for the density of the random variable X;*,
denoted by z — p(u, s,t, z), but we will not use it explicitly. Actually, we will make use of the following
key relation

(3.15) p(p, s, t,2) = /]Rd p(p, s, t,x, z) u(dx).

The representation in infinite series of p(u, s,t,z) is thus obtained by integrating = — p(u, s,t,x, z)
against the initial distribution p, in other words, z — p(u, s,t, z) is the density of the image measure of
the map = — p(u, s,t,x, z) by the measure p.

[g(C(t —s),y—x1)+g(c(t—s),y— x2)}

We now introduce the following additional assumption on the coefficients.
(HR,) The coefficients b and a satisfy (HR) and the following additional assumptions :
(i) The function R? > x ~ b(t, z, u) € R is uniformly n-Hélder continuous for some 1 € (0, 1],
b(t —b(t
[b]H = sup | (,x,m) (7yam)‘ < 00
>0, w7y, me P (R4) |z — y|"

(i) Forany (i,5) € {1,---,d}>, forany (t,z,y) € Ry x(R%)2, the map m — [8/dm]a; ;(t,z, m)(y)
has a bounded continuous linear functional derivative, such that (x,y’) — [62/dm?]a; ;(t, z,m)(y, y")
is n-Holder continuous uniformly with respect to the other variables.

(iii) For any i € {1,---,d}, for any (¢,2) € Ry x R?, the map m + b;(t,z,m) has a bounded
continuous linear functional derivative, such that y — [§/dm]b;(t, x,m)(y) is n-Holder con-
tinuous uniformly with respect to the other variables. Moreover, for any ¢ € {1,--- ,d}, for
any (t,7,y) € Ry x (R%)2, the map m + [§/dm]b;(t,z,m)(y) has a bounded continuous
linear functional derivative, such that ' — [62/dm?]b;(t, z, m)(y,y’) is n-Holder continuous
uniformly with respect to the other variables.

Our next result concerns the regularity properties of the two maps (s, u) — p(u, s,t, z) and (s, pu, ) —
p(p, s,t, x, z) and also important estimates on its derivatives. As mentioned above under the assumptions
of Theorem and (HR,),  — p(u, s,t,x,2) is two times continuously differentiable. In view of the
relation it thus suffices to investigate the smoothness of the map (s, u, z) — p(u, s,t, x, 2).

Theorem 3.10. Assume that (HE) and (HR,) hold. Then, the mapping [0,t) x R% x Py(R?) >
(5,2, 1) = p(,s,t,2,2) is in CH22([0,t) x R? x Py(R)). Moreover, for any fixed T' > 0, there exist two
positive constants C := C(b, a, [6b/dm], [6a/dm],T,n), ¢ ;== ¢(A), such that for any (u, s, z,2’,z,v,0") €
Po(R?) x [0,¢) x (R)? and any 0 < s <t < T

(3.16) 103 [Oup (1, 5,8, 2, 2)] (v)] < gle(t =),z —x), n=0,1,

1tn—n
2

(t—s)

(317) \3sp(u,s,t7m,z)| < t_sg(C(t—S),Z—$)7

|a17; [aﬂp(ﬂ% 5, t? T, Z)](’U) - a:)L[aﬂp(,uv 8, ta wlv Z)](’U)|

x— P
=2 et = 5), 2= 2)+ glelt — ), 2 — )}

3.18 <C—r—r
(3.18) PR
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where 8 € [0,1] for n =0 and 8 € [0,7) for n =1,

(3.19)
v—2|P
VB E0,m), 1000, 5.1, 2)](v) — BulOuplins s, b, 2))(0)] < L=

mg(c(t —8),z —x),

There exist positive constants C' := C(b, a, [§b/dm], [§2b/dm?], [§a/dm], [6%a/dm?], T, n), ¢ := c()), such
that for any (s, 1,7, 2,v) € (Pa(R%))? x [0,1) x (R,

Wy (1, 1)

(t—s)=5

(320) |a;lp(/,é,8,f,,x,2’) _8gp(ulvsataxaz)](v)| <C g(C(t—S),Z—.’I}),

where 3 € [0,1] for n =0, 1 and 8 € [0,n) for n = 2,
(3.21) 107 [0up(ps 5,1, 2, 2)(v) = 0 [0up(', 5,1, @, 2)|(v)| < C%Q(C(t —s),z—x)
s 2

where 8 € [0,1] for n =0 and 8 € [0,7) for n =1 and for all (s1, s2) € [0,1)

|8;clp(//“a s1,t, ;U,Z) - a:p(ﬂv S2,t, T, Z)|

51— 89| 51 — 89/?
(3.22) <C’{(t|_81)2|+6g(c(t—sl),z—x)—i—(l_lSQ)ZLL_Bg(c(t—SQ),Z—;v)}7

where § € [0, 1] forn:O,,Be[O,HT”) forn=1and 8 €[0,3) for n =2 and

|0y [0, (1, 81, t, 7, 2)](v) — 0y [0,p(11, 52, t, , 2)] (V)]
|51 — s9|°

|51 — 52/
(3.23) <C{(29(C(t—81),z—.%‘)+(t_82)1+gn+ﬂ

Ttn_n
t—s) "z +8

glc(t — s2),z — m)} ,

where 8 € [0, 52) for n = 0 and 8 € [0, 2) for n = 1.

3.3. On the Cauchy problem related to the PDE (1.2). The previous regularity properties on the
density of the random variables X;** and X """ allow us in turn to tackle the Cauchy problem in the
strip 0 < t < T related to the PDE (1.2) on the Wasserstein space. The two real-valued maps f and h

appearing in will be assumed to satisfy the following conditions:

(HST) (i) The two maps [0,T] x R? x Py(RY) 3 (t,2,m) — f(t,z,m) and R? x Py(RY) > (x,m)
h(z,m) are continuous, the two maps m +— f(t,x,m) and m — h(xz,m) have a continuous
linear functional derivative. Moreover, the maps [0,7] x (R%)? x Po(R?) > (t,z,y,m)
[§/6m]f(t, z,m)(y), (RY)2 x Pa(RY) > (x,y,m) + [6/dm]h(z, m)(y) are continuous.

(ii) The two functions z — f(t,xz,m) and y > [6/0m]f(t,x,m)(y) are locally Holder continuous
with exponent n, uniformly with respect to the other variables.
(iii) The maps f, h, [6/0m]f and [§/dm]h satisfy the following growth assumptions:

T 2
(3.24) £ (t, 2, m)| + |h(z,m)| < Cexp (a%) (1+ ME(m)),
(3.25) o f s m) W) + |5l m) ()] < Cexp (a2 ) (Lt 1y + 25 (m)

where My (m) := [, |z[*m(dz), for some positive constants C' := C(T), v and ¢ > 1.

Theorem 3.11. Assume that the assumptions of Theorem and that (HST) hold. Then, there
exists a positive constant ¢ := ¢(\) such that for any « < ¢, the function U defined by

T
320) Ut = [ WD put T de = [ [ o XD pts.0.2) d ds

t

T
=E [h(X%m’“,[X?g]) —/ s, Xm0, [Xﬁ’g])dS] ;
t
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where ¢ € L2 with [¢] = p, is the unique solution of the Cauchy problem (1.2)) (in the strip 0 <t < T))
and

G2 el < Coxp (D) 14 0).  for iz € 0,77 x BY x PR

where C' := C(T\, b, a, [db/dm], [6a/dm],n), k := k(\, ) are positive constants.

Moreover, U is unique among all of the classical solutions to the PDE satisfying , T being
replaced by any T" € [0,T), as well as the exponential growth assumption and with h and f
satisfying and for some positive constants k and a.

4. WELL-POSEDNESS OF THE MARTINGALE PROBLEM

In this section, we tackle the martingale problem associated to the SDE (1.1)). We thus assume that
(HE) and (HR) are in force throughout this section. As mentioned in the introduction, the proof follows
from a fixed point argument, more precisely from the Banach fixed point theorem applied to a suitable
map and complete metric space.

4.1. Proof of Theorem Let (s, 1) € Ry x P(R?) be the initial condition of the martingale problem
of Definition For a fixed T > s (to be chosen later in the proof), we consider the following set

Ao ={P eC(s, T, P(RY)): P(s) = p,
Vt € (s,T], P(t)is absolutely continuous w.r.t. the Lebesgue measure}

which is a complete metric space for the distance ds (P, P’) := sup,c, 1 Jga lp = P'|(1, 5,1, 2)dz where
p and p’ stands for measurable versions for the densities of P and P’ respectively. We define the map
T o1, — Ps 1, which to a probability measure @) € o7 1, associates the measure 7 (Q) € <% 1,
induced by the unique weak solution to the following SDE with dynamics

X3t = £+/brXs >>dr+/ta<an<,cz<r>>dWr, te[sTl,

that is, Z(Q)(t) = [X;%], t € [s,T]. Note that any fixed point of .7 is a solution to the martingale
problem (on the considered time interval [s,T]). For Py, P» € @/ 1 ,, we consider the two following
sequences of SDEs (X))~ and (X?*)),5 constructed by induction on £ as the unique weak solution
to the following SDEs:

(4.1) Ve>o0vtel[sT), X = g+/ b(r, XL+ [X}J(‘Z)])dr—i—/ o(r, XHHD [ XEON)dw,
S S

where [X'Z’(O)] = P;(t) for i=1, 2. Note that under our assumptions, for any ¢ > 0, the above SDE
admits a unique weak solution so that ([XZ’(Z)]),:E[&T] is uniquely determined. We denote by Pi(z) =

TOP) = 7(TD(R)) = (P(Z)( iers) € Do, T O(P;) = P;, the time marginals induced by
i(+1) (1)) 5 1 5) =

(XZ’(E))tE[S’T] The density function of the random vector X; is given by z — p,
(7, t,x,z) is density function of the random variable

fpglﬂ)(u, s,t,x,2) u(dr), where z pl(”l)
X’Z’(“l)’m’#, given by the unique weak solution to the decoupling field associated to (4.1)):

Observe that the notation p(-£+1)(u7s,t,ac,z) (and also p(ZH)

2 7

(1, s,t, z)) makes sense since, by weak

uniqueness, [XZ’(K)] only depends on £ through its law p. We then proceed using the first step of the
parametrix expansion (3.10|) (with p and H defined accordingly), namely, for any ¢ = 1, 2, for any fixed
(t,z) € R% x R?, we write

/41

P

(42) +/ / P (s, 2, y) (L9 — OGN (w1, y, 2) dy dr
s JR4

where

D

W, 8, t,x, z) = w8, t,x, 2)

t . 1 d
A(ZJrl)(/JwS t z Z) - g(/ (7’72, [X:‘7(€)])drvz - (E)7 ‘C(e lh 5 Z ak,l Tz, X17(£ Daik,zz ( )
s k,l=1

Introducing the notations

SO = LDV D, t,y, 2) i= (LT = LONBEY (o, 2) — (£02 = L0 (0,78, y, 2)
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and
S (gt 2) = BT = B (@, 2),

from (&.2) we thus see that op“*D (u,rt,z,2) = (pgeﬂ) - p(fﬂ))(u,r,t,x,z) satisfies the following
relation

t
sp Ut (s, t, @, 2) = 5T (5,1, 2, 2) +/ p Y (s, 2, y) (L8O = LONBTY (7 by, 2) dy dr
s JRd

(43) / [ s, )30 — EOD (o, ty,2) dy
R

We now quantify the contribution of each term appearing in the previous decomposition.
For ¢ > 0, by the mean-value theorem, one has

(44 G stz = 3 / L[ Gatr 2 [KEO) + (1= Nar 2 [X2O]dr. = o)

7,7=1
X / (a;;(r, z, [XT1 (é)]) —a;;(r, z, [X'f’(@]))dr dA.

Since m — a; ;(r, z,m) has a continuous linear functional derivative, again by the mean-value theorem,

Qi,j (Tv 2, [XTL(Z)]) — Qi (Tv 2, [XTZ(E)])

1 .. _ _
- / / 03 (1 2 AIREO) 1 (1 - NXZON W) 3pO (5,7 5') dy A
0 R4

1 .. — —
- / / S (2 ALK O]+ (1= NIXZON () 69D (1, 5,7, y) dy (da’ )N
R

L

x op O (u, 5,7, 2", y') dy’ pu(da’)dA

(A 4 (0 NERFOD) = G202 RO+ (- NI

where we used the important fact that [, 6p (i, 5,7, 2',y') dy’ = 0 for the last equality. Using the fact
that y' — [0/dm]a; ;(t,z,m)(y’) is a bounded n-Holder continuous function

la; ;(r, z, [)_(Tl»(f)]) —a;;(r 2, [)_(T?,(Z)m <C (Rd)2(|y/ —2[TA1) |5p(€)|(ﬂ, s,ra’,y) dy p(da’)

for £ > 1 where C' is a positive constant independent of ¢ that may change from line to line. For ¢ = 0
using the fact that y — [§/dm]a, ;(t, z,m)(y) is uniformly bounded

i j(ry 2, (X)) = i (r, 2, [XP O] = |ai;(r, 2, Pu(r)) = aii(r, 2, Po(r))| < Cds (P, Po)
Plugging the previous estimate into (4.4) and using (1.5]), one gets

165D (5,8, 2) <

t
S 0 = A 501 () g 5,2 )

t—s
for ¢ > 1 and
|5ﬁ<1)|(ﬂ, S, ta z, Z) S Cds,t(Pla PQ)g(C(t - 3)’ Z = x)
Note that similar lines of reasonings allow to derive
10265V (5,8, 2, 2)
C t
@5) < [ W = Ay dy nd) dr gt~ 5). 2~ o)
(t—3s)?Js Jay

and technical details are omitted. The previous estimate will be useful in the sequel.

From the uniform 7n-Holder regularity of « +— a(¢,x, 1) and the space-time inequality (1.4) one gets
forall >0

x5 c
(20 = ZODB N 3,2) < G mgalelt =) 2 =),
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This in turn implies

= ¢
\/dép““)(u,s,r,w,y)(ﬁie)’l = LONR (1, r, .y, 2) dy|
R
1
< C/ 169D (5,7, 2, y) ———r g (c(t —7), 2 — y) dy.
R4 (t—r)t=2
We then make use of the following decomposition
S(LY — LONFHD (u,r by, 2) = T+ 11,

with
L= (L0 — £00) — (£02 = ZO2Y (8 y,2) = T + T,
L= (L2 = LO2)6p D (7,1, y, 2)
and
d
> > +1
L= [y, [(XEO)) = by [X2ON]0, 50 (7, 1y, 2),
=1
d
1 _ _ _ _
I, = 5 Z {[ahl(rvya [Xrl’(e)]) - ak,l(r7y> [Xf’(e)])] - [ak,l(ra Z, [ 71*’(6)]) - ak,l(rv Z, [XE’(E)])]}
k=1
X 85k y]"(£+1) (/’Lﬂr t y7 )

Then, from (HR)(i), one has

L] <

m /(]Rd)2 1099 (1, 8,7 2", y) dy p(dz’) gle(t — 1), 2 — y)

and, by the mean-value theorem,

5akl 1, 2, , 5ak,l o1, So. ,
Z / /Rd{ (ry, ALK O) 4 (1= NIXPON ) = TE 2 ALK O]+ (1= VX ON(y )}

kll

O 8 1.2
v o (5ak’l = —
/ /nw { ry A+ (= NIXPON ) = = (2, X0+ (1 - )\)[Xf’(é)])(y’)}
kl 1
o / 2 ~(0+1)
X 5p Wpys,roa sy ) dy' p(da’)dh x 92,y (st y, 2)

> [ Lo R AR+ (= NEEOD) — T2 O]+ (1= NFEOD )
0 R4)2 m

kl 1
- [i?;;j (rp ALEEO] 4 (1= NIRHOD) = S 1,2 AT 4 (1= NXEOD()] |

x 0p O (p, 5,7, y') dy p(da’)dA x 2, By (. 2),
where we again used the fact that [, 6p (i, s,7,2',y') dy’ = 0. We now bound the integrand appearing
in the right-hand side of the last equality, namely using the boundedness as well as the uniform joint
n-Holder regularity of (y,y") — [§/dm]aw i (r,y, 1) (y'), we get

0L 1 (1= NIXEO]+AXZON ) — 22, (1 M)+ MK )
m

om
[Pt (- KR4 ARRO @) - L2 (- EEO] 4 AR )|

om
5ak,l ’ /" n
< sup | (. m)Na(y — 2" Az —y|TAL).
(kD). (tym) O™

From the last estimate, we thus obtain

(ly' = 2'I" Az = y[" ADI6pO (. 5,7, 2" ) dy' p(da’) gle(t — 1), 2 — ).

T t-

We may break the integral appearing in the right-hand side of the above inequality into two parts
J1 and J2 by dividing the domain of dy’ integration into the two corresponding domains, namely
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{y eRe: |y —2'| > |z —y|} and {y € R?: |y — 2| < |z — y|}. For J1, we bound (|y’ —a/|"Alz—y|"Al)
by |z —y[" < |y — 2/|"/?|z — y|"/? while for J2, we bound (|’ — 2'|" A |z —y|? A1) by |y —2/|" <
|y — x'|"/?|z — y|"/2. We thus obtain

L <ol /( 0 =0T A1, () et =), 2 =)
==
C n
T /( ., Iy = '[2 A6 |(p, 5,7, 2", y") dy p(da’) gle(t — 1),z — ),
- .

where we used the space-time inequality ((1.4) for the last inequality.
In order to deal with II, we make use of the uniform n-Holder regularity of x — ax (7, z, 1), the
estimate (4.5)) and the space-time inequality (1.4)). We obtain

C t
| < (] / /Rd)z(ly’ — '[P A L) [6p' | (1, 5, u, 2" y') dy' p(da’) dug(e(t 1),z —y),

so that, coming back to (4.3)) and gathering the previous estimates, we obtain
6V (s 5,8, 2, 2)

(ly —2'[" A1) 16pO | (1, 5,7, 2,y ) dy pu(da’) drr g(e(t — s), 2 — )

(R4)2

1
+0// |6p“+>|usm:y>( ol =)= =) dydr
e / L / (I — ' A 1)I6pO) (s, 5,72, y') dy’ plda’) dr glelt — s), 2 — )
s (E=r)7% ey

t$ ) S, 7, T 2 dr o
+C/s (tfr)l /(Rd)2|5p [, Ly dy' p(da’) drg(c(t — s), )

+0/t // (I = 2'% A1) 6P, 5,u,2", o) dy plde’) dudr g(e(t — 5), 2 — )
—T‘ ]Rd)Q

so that, by Fubini’s theorem

16V (s, t, 2, 2)

t—s

t
<o | 0 A 081G )y () gl )= )

t
1
46)  +C / / |5p<”1>|<u,s,r,x,y>—( (et — 1),z — y) dydr
s Rd

t—r)t

[N}

t ! © S’I“{IJ 1- r ,Z2—

t 1 N
el = I B L R LR L !

We now claim: there exists T' := T'(a,b,n) > 0 and some non-decreasing positive function ¢ — K(t)
such that for all integer ¢

(47) Sup / (|y, _m/‘g A 1)|5p(£+1)|(,u757ta‘rlay/) dy/ﬂ(ddil) < (K(T) 2) + d9 S+T(P17P2)
s<t<T+s (Rd)2
and
(48) sup / |5p(€+1 |(,u,s,t,x/,y/) dy//},(dl‘/) S (K(T)T%)st,s-i-T(PlvPQ)'
s<t<T+s J(R4)2

Before proving (4.7]) and (4.8]), we observe that the latter estimate yields

I ¢
Ao (7D (Br), 7D (Py)) = sup / P = st 2) dz
tels,s+T]
(4.9) < K(KT%) dg oy7(Py, P2)
and then, taking 7' sufficiently small so that 3°,o,(K(T)T%)* < oo, the Banach fixed point theorem
guarantees that the map .7 admits a unique fixed point P* € s s+1,u- Hence, the martingale problem
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associated to the SDE ([1.1)) is well-posed on the time interval [s, s+ T]. The well-posedness then extends
to [0, 00).

We now prove (4.7) and (4.8). We may assume without loss of generality that T < 1. We proceed
by induction. For ¢ = 0, we integrate w.r.t. dzu(dz) both sides of the inequality (4.6), after some
simplifications we obtain

t
/ 16 (1, 5,8, 2, 2) dzp(de) S — / / (|2 — 2|7 A1) 16O |(, 5,7, 2, 2) dz p(dx) drr
(R4)2 S Rd)z

+0/
tfr

+c/s(t_:)1_

<C sup / 16p | (1, 5, ¢, 2, 2) dz pu(de)
s<t<s+T J(R4)2

/ 16p0 (1, 5,7, , 2) dzp(da) dr
(R%)2

m\:

(S

/ 69O, 5,7 2, 2) dz p(da) dr
(R4)2

+CT?  sup /(d)z 160 | (1, 5, t, 2, 2) dzp(da)
R

s<t<s+T

so that, taking T := T'(a, b, n) sufficiently small,

sup / 16 (1, 5, t, 2, 2) dzpu(da) < K(T)  sup / 160 | (11, 5, t, 2, 2) dz p(dz)
s<t<s+T .J(R4)2 s<t<T+s J(R4)2

where [0,7] > ¢t — K(t) is some positive non-decreasing function. This concludes the proof of (4.8) for
£=0.

Similarly, we multiply by |z — 2|2 A 1 and then integrate w.r.t dz u(dz) both sides of the inequality
(4.6)), using the space-time inequality (|1.4]) and some standard computations, we obtain

/ 1690 (18,1, 7, 2) (|2 — 2| A1) dzp(de)
(R%)2

/ / (|2 — | A1) |0p ) (1, 5,7, , 2) dz p(dx) dr
]Rd)2

(t—s
+C/ / 16p D |, 5,7, T, 2) dz p(dzx) dr
(t—r)'-% ﬂ 7 Jraye
|

crt e[ 108l 2) dz () dr
Oimw

e /  , / (I — al* A 1)I6p@ (1, 5,7,, ) de p(dr) dr
1 J(rd)2

<CROTE sup [ 1850 sit0,2) de i)
s<t<T+s J(R4)2

so that, taking the supremum over ¢ € [s, s+ 7T on the left-hand side of the previous inequality concludes
the proof of (4.7) for £ = 0. Assuming that both (4.8)) and (4.7)) hold at step ¢, we proceed similarly,
namely we integrate w.r.t. dzu(dz) both sides of the inequality (4.6))

(|z — 2| A1) 16pO| (1, 5,7, 2, 2) dz p(dzx) dr

~A¥dp|5pw+l)(M7&t7va>dzu(dx)s

(R)2

K 1
+C/“‘TE/ 1699 | (y 8,7, 2, 2) dzp(diz) dr
s (t—r (R4)2

2

e / L / 169 (1, 5,7 2, 2) de u(d) dr
t—r -2 (d
<C Z) ds 8+T(P1aP2)

+CT% sup [ 15 s, 2) d )
s<t<s+T (Rd)2
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which in turn implies (4.8). Similarly, we multiply both sides of the inequality (4.6) by |z — z|7 A 1 and
then integrate w.r.t. dzu(dz)

/ (59D (5, 8,2, 2) (|2 — 2% A1) dz p(da)
(R)?

t
< S [ (e A0 6512 d )
(t—s)t72 Js (R9)2
¢ 1
b [y [ s ) de (o) dr
s 2 (Rd)2

(-3

y 1
+CTZ]/ (75—7")%/(]1@)2 169 | (1, 8,7, 2, 2) dz p(da) dr

t 1 0
0 [ g [ ol A G2 2) de )

< CT?  sup / (|2 — 2| A 1)[6pO|(u, 5, t, 2, 2) dz p(de)
s<t<s+T J(R4)?

+CT?  sup / 6p D (1, 5, @, 2) dz p(d)
s<t<s+T J(R4)2

+OTH: sup / 1699 (2, 5,1, 2, 2) dz p(dw)
s<t<s+T J(R%)2

< C(K(T)T#) " dy o0 (P, P)
which allows to establish (4.7). The proof is now complete. O

5. EXISTENCE AND REGULARITY PROPERTIES OF THE TRANSITION DENSITY

This section is dedicated to the proof of Theorem [3.10] Hence, throughout this section, we assume
that (HC), (HE) and (HR ) are in force.

5.1. Strategy of proof. Our strategy is based on a Picard approximation scheme for the transition
density p(u, s, t, z, z) and sharp uniform estimates on its derivatives from which we can extract a uniformly
convergent subsequence.

Step 1: Construction of an approximation sequence and related estimates

For a given initial condition (s, 1) € Ry x P2(RY) and a probability measure v € Py(R?), v # p, we
let P(©) = (P()(£));>, be the probability measure on C([s, o00), R%), endowed with its canonical filtration,
satisfying P(O)(t) = v, t > s, and we consider the following recursive sequence of probability measures
{P(m); m > 0}7 with time marginals (P(m)(t))tZS, where, P(™) being given, P(™*+1) is the unique solution
to the following martingale problem

(i) PO (y(r) € T;0 < 7 < 5) = u(T), for all T € B(R?).
(ii) For all f € CZ(RY),

t d d
Flyo) = f(ys) —/ D bilr, g, B ()0 f () + D %ai,j(h Y, P ()0} f (yr) ¢ dr
s | =1 ij=1

is a continuous square-integrable martingale under P(m+1).

Note that, under the considered assumptions, the well-posedness of the above martingale problem
follows from standard results, see e.g. [SV79], so that there exists a unique weak solution to the SDE

t t
(5.1) Xpomt — ¢ / b(r, X2&MHD [x &My gp 4 / o(r, X326 (X380 qw,.

S
We also associate to the above dynamics the decoupled stochastic flow given by the unique weak
solution to SDE

t t
(5.2) th,%m(mﬂ) :x+/ b(r, Xﬁ:,z,,u,(mel)’[Xﬁé’(m)])dr_'_/ U(T,Xﬁ’x’ﬂ7(m+l)7[X$7E7(m)])dwr-

We point out that the notation X, ™" M+ hakes sense since by weak uniqueness of solution to the
SDE (5.1)), the law [Xf’é’(m)] only depends on the initial condition £ through its law p.
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From [Fri64], for any m > 0, the two random variables th,g,(m) and Xf’r’“’(m) admit a density
respectively denoted by pp, (i, s,t, 2) and p,,(u, s,t, x, z). Moreover, the following relation is satisfied

(5.3) VzeRY, po(p,s,t,z) = /pm(u,s,t,x,z)ﬂ(dx),

where for all m > 1

(54) pm(u787t7‘r7z) = Z(ﬁm®’}{$s))(ﬂ7s7tumuz)7
E>0

with

t
B (s, 2) = g ( [ atoy peps e,z - x> ,

t
B, .11, 2) = P11, 5,7 6,2, 2)g ( / a0, 2 [XSEMD]) gy 5 — z) ,
T

t
Hon (14, 8,7, 8, 2, 2) { Zb rox, [X 26 m D)) Hi (/ a(v, z, [Xj’g’(m_l)])dv,z—x>

i=1

1 s,&,(m— s.&.(m—
5 (s (2, [XPE D)) — @i (2, (X4 07]))

. . t
XH;’J (/ a(v, z, [vafv(m_l)])dv, z — LU) }ﬁm(ﬂ7 s, 11, x, Z)
r

and H(k+1)( ,8,t,x,2) = (’Hfff) ® Hun) (1, 8,8, T, 2), ) = I,, with the convention that [th’f’(o)] =
PO)(t) = v, t > 0. In what follows, we will often make use of the following estimates: there exist
constants ¢ := ¢(\) > 1, C := C(T,a,b,n) > 0, such that for all 0 < s <t < T, for all integer k, one has

k
(5.5) Y(z,2) € (RH?, [P @ HP (u,stmz)|<0kt—sk%H (l—i— L 2>g(c(t—s),z—x)

i=1

where B(k, () = fol (1—v)~ Ry~ dy stands for the Beta function. As a consequence of the asymptotics
of the Beta function, the series (5.4]) converges absolutely and uniformly for (u,z,z) € Pa(R?) x (R%)2
and satisfies: for all m > 1, for any 0 < s <t < T and any (u,z,z) € P2(R%) x (R%)?
(5.6) 07 Pm (1. 5,t,w,2)] < C(t = )7 % gle(t = 5),2 =), n=0,1,2,
where C' := C(T,b,a,n) and ¢ := c¢(\) are two positive constants and for all (z,2’) € (R?)?, for any
m > 1,
|8;Lp7TL(/1‘7 s, T, T, Z) - anpm(ljﬂ S, T, .’L'/7 Z)|
|'T - Iﬂ /
(5.7) < CW {g(c(r —s),z—z) +g(c(r —s),z2 —2")}, n=10,1,2,
r—s5) 2

where € [0,1] if n =0, 1 and 5 € [0,n) if n = 2. We refer to Friedman [Fri64] for a proof of the above
estimates.
Denote by ®,,(u, s, r,t, 1, 22) the solution to the Volterra integral equation

(5.8) D, (1, 8,7, t, 1, 2) = Hin (1, 8,7, t, 1, 2) + (Hon @ @) (1, 8,7, 8, 21, 22).

From the space-time inequality (L.4)), it is easily seen that the singular kernel H,,(u,s,r,t,x1,22)
induces an integrable singularity in time in the above space-time convolution so that the solution exists
and is given by the (uniform) convergent series

(59) q)m(,u757r7taxlvx2) :ZH’S?]:)(uv&ntaxlaxQ)
E>1

so that (5.4) now writes

t
(510) pm</,L,S,t7.’17,Z) = ﬁm(,u,s,t,w,Z) +/ / ﬁm(/hS>r>$7y)‘bm(ﬂas7r7tay>z) dydr
s JR4

Moreover, from Theorem 7, Chapter 1 in [Eri64], for any m > 1, the map = — @, (u, s,7,t, x, 2)
is Holder-continuous. More precisely, for any § € [0,7), there exist two positive constants C' :=
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C(T,a,b,n, A), ¢(\), thus do not depending on m, such that
|(I)m(:u’v S, T, t7 Zz, Z) - (I)m(/f“u S, T, tv Y, Z)|
|z —y/”
(t — )i+ 52"

With the above notations and properties, we prove the following key proposition whose proof is
postponed to the next subsection.

(5.11) <c {gle(t = 1),z — 2) + gle(t — ),z — y)}.

Proposition 5.1. Let T > 0. For any fixed (¢,z) € (0,7] x RY, for all m > 1, the following properties
hold:
e The mapping [0,%) x R? x Po(R?) 3 (5,2, 1) = pm (11, 8,1, 2, 2) is in CH22([0,1) x R? x Py(R?)).
e There exist two positive constants C := C(T,b,a,[db/Im], [da/dm],n), ¢ := ¢(N), thus do not
depending on m, such that for any (u, s, z,2’, 2,v,v') € Po(R?) x [0,1) x (R?)?,

(5.12) |03 [Oupm (1, 5, 2, 2)|(v) ] < PREe=1 f“"_" gle(t —s),z—x), n=0,1,
)%
C

(5.13) |Ospm (11, 8,1, 2, 2)] < gle(t = s), 2 — x),

t—s

O Dy (1 51,2, ](0) = O[O (15,2, 2] (0)

x—a|?
et = 5), 2 — ) + glelt — 8,2 — )},
(t—1s) 3

where 8 € [0,1] for n =0 and 8 € [0,7) for n =1,

(5.14) <C

VB €[0,n),  10u[0upm(p; 5,1, %, 2))(0) = Ou[Oupm (11, 5,8, 2, 2))(v')]
o —v')”
(t—s)+"

e There exist C := C(T,b,a,[6b/dm], [62b/5m?], [6a/dm], [6%a/dm?],n) > 0, ¢ := ¢(\) > 0, thus do
not depending on m, such that for any (u, ¢/, s, z, z,v) € (P2(R%))? x [0,t) x (R%)3,

(5.15) <C gle(t—s),z —x).

Wﬁ /
(516)  |00pmns b2 2) — Dplil 12, )| < c(()’“”
t—s)” 2
where 8 € [0,1] for n =0, 1 and 8 € [0,7) for n = 2,
‘a:}[alipm(ﬂv S, tv z, Z)](U) - aﬁ[aﬂpm(ﬂlv S, tv Z, Z)]('U)|
W5 (')
(t _ 8) 1+n-§/€—n

where 3 € [0,1] for n =0 and § € [0,7) for n =1, and for all (s1,s2) € [0,1)?,

glc(t —s),z —x),

(5.17) <C gle(t = 5),2 — z),

|8;me(:u‘7 S1, t,l‘, Z) - a;lpm(uv 527t7'r’ Z)|

B P SR S L B S
(5.18) =C (tfsl)gﬂag(c(t 51),2 93)+(t782)g+/39(0(f $2),2 =) ¢,

where 8 € [0,1] forn =0, 8 € [O,H'T") forn =1and 3 €[0,2) for n =2 and
|05 [Oppm (1, 51, 2, 2)| (V) — O [Oppm (1, 52, , 2, 2)] (V)]

|51 — s9|°

|51 — 52|
(5.19) SC{(Q(C(t_SI)7Z_x)+WB

c(t—s2),z2—x) 9,
t—sl)m%'*‘ﬂ g(c( 2) )}

where 8 € [0,132) ifn =0, 8 € [0,2) if n = 1.
The proof of the above result being rather long and technical it is postponed to the subsection [5.2]

Step 2: Extraction of a convergent subsequence
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Our next step now is to extract from the following sequences {L2 SE Pl stz 2),m > O} (the
lifting of 1 = P (1, 8,8, 2, 2)), {Rd 30 = Oupm (i, s,t, @, 2)(v),m > 0}, {Rd 3 v = Oy[0upm (b, s, t, 2, 2)](v), m > 0}
the corresponding subsequences which converge locally uniformly using the Arzela-Ascoli’s theorem.

Since the coefficients b;, a; ; are bounded and the initial condition p € Py(R?), the sequence (P(m))mzo
is tight. Relabelling the indices if necessary, we may assert that (]P’(m))mzo converges weakly to a proba-
bility measure P*°. From standard arguments that we omit (passing to the limit in the characterisation
of the martingale problem solved by P("™)) we deduce that P> is the probability measure P induced
by the unique weak solution to the McKean-Vlasov SDE . As a consequence, every convergent
subsequence converges to the same limit PP and so does the original sequence (P(m))mzl.

By Lebesgue’s dominated convergence, for any fixed t > 0 and z € R?, using , one may pass to
the limit as m 1T oo in the parametrix infinite series and thus deduce that the sequence of functions
{K 3> (5,2, 1) = Dl 8,t,2,2), m > 1}, K being a compact set of [0,%) x R? x Py(R?), converges to
(s,x, 1) = p(u, s, t,x, z), for any fixed (s, x, ) given by the infinite series . Moreover, it is clearly
uniformly bounded and from , and , C, ¢ being two positive constants independent of
m, it is equicontinuous. Relabelling the indices if necessary, from the Arzela-Ascoli’s theorem, we may
assert that it converges uniformly. Hence, [0,1) x R? x Po(R%) > (s, x, u) = p(u, s,t, 7, 2) is continuous.

For any p € Po(R?) and any integer m, the mapping (s, ) +— pm(u, s, t,z,2) is in C%2([0,t) x RY).
Moreover, from the estimates , and (for n = 1,2), the sequence of functions {K >
(s, 2, 1) = Oubm(p, 8,t,2,2), 2pm(it,s,t,x,2),m > 0}, are uniformly bounded and equicontinuous.
Hence, from Arzela-Ascoli’s theorem, we may assert that (s,x) — p(u, s, t,x,2) € C%2([0,t) x RY) and
that the mappings [0,t) x R? x Py(R?) 3 (5,2, ) = Oup(p, 5,t, 7, 2), 02p(it, 5,t,, 2) are continuous.

From , the sequence {LQ(Q,.A7 P) D B(0,R) 3 & — Dpp (&, s, t, 2, 2) = Oupm (s, s, t, 2, 2)(€), m > 1}
is uniformly bounded and equicontinuous for any R > 0. Relabelling the indices if necessary, from
the Arzela-Ascoli’s theorem, we may assert it converges uniformly. Hence, L?(2, A,P) D B(0,R) >
€ — p(&,s,t,x, 2) is differentiable. As a consequence, P2(R%) > p +— p(u, s, t,, z) is continuously L-
differentiable. From the estimates (5.14)), (5.12)), (5.17) and (the three for n = 0) and (for
n = 1), the same conclusion holds for the sequence {IC > (s, z, jt,v) — 9upm (1, 5,t, 2, 2)(v), m > 1}, K
being a compact set of [0,t) x R? x Po(R?) x RY, that is, it is uniformly bounded and equicontinuous so
that the map [0,2) x R? x Po(RY) x R? 5 (s, 2, p, v) + 0,p(, s,t, 2, 2)(v) is continuous.

From the estimates and (both for n = 1), the sequence {RY > B(0,R) > v ~
Du[0,pm (1, 8,t, 3, 2)](v), m > 1}, is bounded and equicontinuous. We thus conclude that R 3 v
Oup(ps 8,1, x, 2)(v) is continuously differentiable.

The continuity of the map [0,) x R x Py(RY) x R? 3 (s,z,p,v) = 9u[0up(1, s, t, 2, 2)](v) can
be deduced from the uniform convergence of the sequence of continuous mappings {K > (s, x, u,v) —
v [0,pm (1 8, t, , 2)](v), m > 1}, K being a compact set of [0, 1) x R? x Py (RY) x RY, along a subsequence,
obtained from the estimates @ __IE[) and (]E for n = 1 combined with the Arzela-Ascoli’s
theorem. The estimates (3.16)) and (3.18) to 3 23|) then follow by passing to the limit in the corresponding
upper-bounds proved in the first step.

Step 3: CH22(]0,t) x R? x Po(R?)) regularity and related time estimates.

Let us now prove that (s,z,u) — p(u,s,t,z,2) is in CH22([0,1) x R? x Py(R?)). From the Markov
property satisfied by the SDE (|1.1)), stemming from the well-posedness of the related martingale problem,
the following relation is satisfied for all A > 0

p(i, s — hyt,x,2) = E[p([XSm¢], s, X270 2)].
Combining estimates (3.16]) and (3.13]) (for n = 1) with the chain rule formula of Proposition [2.1| (with
respect to the space and measure variables only) we obtain

E[p([X;—h,EL s, t, )(;—h,:c,#7 z)] = p(p,, s, t,x, Z) + E l:/ ﬁrp([er—h,fL s, t, Xf—h,z,lt’ Z) dr
s—h

with
d 1 d
Loh(z,p) = Zb (ryx, 1)0y, h(x, 1) 5 Z: (r, @, )0z, xjh(x,,u)

i=1

d
Z 15 (1,0, 1)y, [0uh(, 1) (V)] p ().

l\')\»—l

d
+/ ;bzrvu)[a Wh(z, 1) (v
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Hence, one has

1

1 S
E(P(M,S —h,t,x,z) —p(u, s, t,x,2)) = EE [/ Lrp([XrS*_hjé]a SathrS_h’x7uvz) dr
s—h

so that, letting h | 0, from the boundedness and continuity of the coeflicients as well as the continuity
of the maps (u, ) — p(u,s,t,x,2), O "p(u, s, t,z, 2), O7[0up(u, s, t, x, )], for n = 0,1, we deduce that
[0,t) > s+ p(u, s,t,z,z) is left differentiable. Still from the continuity of the coefficients and of the map
(s,x, 1) — Lsp(p, s,t,x,2), we then conclude that it is differentiable in time on the interval [0,¢) with a
time derivative satisfying

Dsp(p, 8,t,,2) = —Lop(p,5,t,x,2)  on [0,1) x R x Py(RY).

The time derivative estimate (3.17)) now follows from the previous relation as well as the estimates

and (B10).

We now move to the proof of Proposition [5.1

5.2. Proof of Proposition We proceed by induction on m. For m = 1, observe that [0,) x R% x
Po(RY) 3 (s, 1) = pr(py s, t,2,2) = 35001 ® ’Hgk))(u, s,t,x, z) is continuous, where we emphasise
from the very definition of our iterative scheme that p; and H; do not depend on the law p but only on
the initial probability measure P() of the iterative scheme. Hence, p — pi (i, s,t, x, z) is continuously
L-differentiable with 0,,p1(p, s,t,2,2)(v) = 0,[0up1 (1, 8, t, 7, 2)](v) = 0. For any p € P2(RY), (s,z) —
p1(p, s,t,x,2) € CH2([0,t) x RY).

Moreover, differentiating n-times (n = 1,2) with respect to the variable x the relation

/ ﬁm(u,S,T,x,y)@m(M, S,'f',t7y,21) dy = / ﬁm(ﬂ,S,T,$,y)[¢m(M,S,T,t7y7Z) - @m(ﬂ,s,r,t,x',z)} dy
R4 R4
+<I>m(u,s,r,t,x’72)/ B (115 5,7, ,y) — B (1, 5,7, 2, y)] dy
]Rd

+ @, 8,7, t, 2, 2)

and then choosing =’ = x, by Lebesgue’s differentiation theorem, we get
/ a:ib\m(ﬂ“a s,r,x,y)@m(u,s,r,t,y,z) dy: / agﬁm(,u,s,r,ny)[@m(u,s,r,t,y,z)—@m(u, 8,7”,t7l’,2)] dy
R4 Rd

B sty 2) / (07D, (1 5,7, . ) — OB (11, 7> )] dy.
R4

The n-Holder regularity of © — a(¢,z, u) and the space-time inequality (1.4)) imply
|a:ﬁ?n(u7 ST, xay) - agﬁfn(ﬂa S, 7, , y)| S K|y - 1-|”7(,r. - s)*%g(c(r - 8),y - (E)
(5.20) < K(r—s)7% gle(r — 5),y — x)

and, from ([5.11)) and the space-time inequality (|1.4)),

—n+pB

|/ 8;]/9\7”(#,S,?”,ZC,y)[@m(,u,,S,T’,t,y,Z)*(I)m(M,S,T,t,:L',Z)] dy| S K(tfr)il+¥(rfs) 2 g(C(tfr),Zfl’)
Rd

for any 8 € [0,n). Hence, differentiating (5.10)) w.r.t the variable z, from Lebesgue’s differentiation
theorem, we obtain

a;lpm(,ufv s, t,x, Z) = 8£ﬁm(,u'7 s, t, x,z)

t
(5.21) —|—/ / O (1, 8,7, 2, Y) {@m(,u, s, t Yy, 2) — P (py 8,78, 2, z)] dy dr
s JRd

t
—|—/ @,,L(u,s,r,t,x,z)/ [6;115%([1,,8,7‘,%,3/) — 8gﬁ(u,s,r,x,y)] dydr,n =1,2.
s R4

Observe that since [Xi’g’(o)] = v we have that ®1(u, s, r t,x,2) = ®1(r,t,x, 2) and p1(u, s, s, t,z,2) =

pi(s,t,x,z). In a completely analogous manner, one may differentiate w.r.t. the variable s the relation
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(5.10) for m = 1. We obtain

Osp1(p, 8, t, 2, 2) = Osp1(s, t, @, 2) — D1 (s, ¢, x, 2)

t
(522) +/ 8sﬁl(s7r7xay) [q)l(rat7yﬁz) - (Dl(rvt7x7z):| dydT
s JR4

t
—|—/ <I>1(r7t,x,z)/ [asﬁf(s,r,x,y)—85]37f(s,r,m,y)} dy dr.
s R4

Then, Lebesgue’s dominated convergence theorem, the inequality |9spy(s,r, z,y) — dspi(s,r,z,y)| <
Clz—y|["(r—s)"tg(c(r—s),y—z) < C(r—s)" '3 g(c(r—s),y—x), derived from the space-time inequality
, as well as the continuity of the mappings (s, z, u) — ®1(r, t, z, 2), a(s, x, 1), b(s, x, u), allow
to conclude that the three maps [0,1) x R? x Po(R?) > (s,2, 1) v Oup1(i,s,t,2,2), 02p1 (i, 8,t, 2, 2),
0sp1(, s,t,z,z) are continuous. From the previous computations, the estimates to and
(5.19) are straightforward for m = 1.

In order to obtain the estimate for m = 1, we proceed as follows. First, observe that we may
assume without loss of generality that |s; — s3] <t —s1V s2. Indeed, if |s1 — sa| > ¢ — 51 V s9, then from

(5.6) one directly gets

|a:p1(lu’,slat,x,z) - Ggpl(,u,sQ,t,x,zﬂ

= |a;:lp1(/1‘781 \/SQ,t,.’IJ,Z) - 8;1171(/1" S1 A 827t,$,Z)|
<Cq————Fglct—51VS$s2),z—2x)+ ————Fglc(t —s1Ns2),z—x
< o{ Gy relett = Vahs =)+ (el - ) 2 )

|51 — 9| (t—s1 A s9)?
C {(t-sl\/SQ)Hg(C(t — 81 \Y SQ),Z — CU) + Wg(c(t — 81 A\ SQ),Z — :U)

IA

|s1 — S2|5 |s1 — 52|ﬁ
C{ng(c(t—81)az—$)+(t_82)g+ﬁg(c(t—82)72—1‘) ,TL:l,Z,

IN

for any 8 € [0,1] which is the desired bound. Hence, for the rest of the proof of (5.18)), we will assume
that |s; — so| <t — 51V s9.
From ([5.21)), for all m > 1, we easily obtain the following decomposition

8;me(/% s, t, @, Z) = 6;1/7\771(/% s, t,x, Z)

t+s
2
+/ / O Py 8,7, 2,Yy) [@m(u,s,r, t,y,z) — <I>m(,u7s7r7t,x,z)} dy dr
s R4
t+s

2
(5.23) —|—/ @m(,u,&nt,m,z)/ [agﬁ%q(u,s,r,:my) —8Zﬁfﬁ(u,s,r,x,y)} dy dr
Rd

S
t
. / 0 P (s 8,7, 2, y) P (1, 7, 1, y, 2) dy dr,
tts JRd
2
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which in turn implies

a;lpl(,u‘wSl \ 527t79:72) - 8;,11)1(#351 A Sz,t,I,Z)
=0rp1(s1V sa,t,x,2) — OnD1(s1 A s2,t,x, 2)

t+s1Vsy

2
+/ / [02D1(51V 82,7, 2,y) — 07 P1(s1 A 82,7, 2, y)]
s1Vsa Rd

.[CI)l(r,t7y,z) - <I>1(r,t,x,z)} dy dr

s81Vsa
- / a;:lﬁl(sl A S2,T, $7y) |:(I)1(T7tayvz) - @1(7",t71', 2)] dy dr

1/A\S2 Rd
t+s12\/s2
+ 6:ﬁ1(81 A 32,7',,23,3/) |:‘I)1(T',t,y, Z) - ‘131(7‘,75,33, Z):| dy dr
t,+512/\s2 Rd
t+512\/32
+ Dy (r,t, x,z)/ {6;‘;5‘7{(51 Voso, o, y) — 0Dy (s1 A sz,r,x,y)] dy dr
51Vsa R4

s1Vsa
_ / <I>1(r,t,x7z)/ [8;1}/51{(51 A Sg,1r 2, y) — Onpy(s1 A sz,r,m,y)} dy dr
S1/A\S2 R4
t4sqVsgy
2

‘131(7",75,17,,2)/ |:8;1]/)\314(51 A 52,7",1'72/) - a;?ﬁilr(sl A Serax’y)} dyd'l"
t+.<12/\s2 Rd

t
o [ 0BG v sairig) = 0B (51 A sar )] @10ty 2) dy
t+512\/52 Rd
t+s1Vsg
2

8;ﬁ1 (81 A 52,7, T, y)(I)l(T, ta Y, Z) dy dr

t+s1Aso
—52 JR?
9
. n
=: g AP
i=1

From the mean-value theorem and the inequality |s; — s2| < t — $1 V S2, we obtain from standards
computations

Vﬁ € [0’ 1]’ ‘Aﬁ = Iagﬁl(slatvx"z) - 822/7\1(527t7$73)|

|51 — s9|°

g |s1 — s]”
(t — 51)%+B

(5.24) <c| G

(c(t —s1),2—x)+ (c(t —s2),z —x)|.
Combining (5.11)), (5.24) and the space-time inequality ([1.4]), for all « € [0,7), we get

/d|a;ﬁl(sl \ 52,7, T, y) - agﬁl(sl A S2,T,T, y)'l(bl(ratvy? Z) - @1(T,t,$, Z)‘ dy
R

C |51 — Sglﬁ ‘51 — 52|B
= o [(r s )EtA% g(e(t —s1), 2 —x) + mg(dt —52),2 — 90)}7
so that,
|s1 — s2|° |51 — s9|”
[A3] < C[mg(c(t —s51),z2—x)+ (ts)wg(c(t —$2), 2 — x)}’
— o1 — 92

where 8 € [0,1]ifn=0,5€[0,(14+n)/2)if n=1and S € [0,n/2) if n = 2. For A%, similar arguments
yield

|/ 8;;7’]/7\1(51 A 5277“7377y) |:q)1(7aat7yvz) - él(r,t,x,z)} dy'
Rd

1 1
S O(T‘ — 81 /\52)% (t_r)l_‘_%g(c(t* S1 /\52)72 71_)7
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where we used the inequality (t —7r)"! < (t—s1 Asa) 11+ (r—s1 Asa)/(t—7)) < 2(t—s1 Asg)~ L, for
r <81V sy as well as [s1 — s3] <t — sV s9. Hence, for all « € [0,7)

FITEYCY p— dr gle(t — s1 A s2), 2 — 2)
> P rg(clt — 81 S2),2 —X
° s1AS2 (7“—81/\82) = (t — )i+ ’
|51 B 3
<C e glc(t —s1 A $2),z —x)
(t*Sl/\Sg)
_ B
<C 51— 52| gle(t —s1 A s2),z —x).

(t A Sg)ngn—i_’8
For A}, we remark that since |s; — s2| <t — 51 V sg, from (5.11)) with 8 = 0, one gets

t+s1Vsg

1 1

AVl < C - —drg(c(t—s1 As2),z—x
| 4| = t+512A52 (7"*81 /\82)2 (t—’l“)l 2 g( ( 1 2)’ )
c t+s§v52 1

< — drgle(t — 51 Asg),z —
T (t—s1Ns2)2 theg sy (tfr)l—g rg(elt —siAs2), 2 = 2)

|s1 — 2|

<C =
(t A SQ)TJFQ

glc(t —s1 N s3), 2 —x),

for any « € [0, 1].
We proceed similarly for AZ. If [s1 — so| <7 — 51V s2, we use the mean-value theorem, the uniform
n-Holder regularity of x — a(s,z, ) and the space-time inequality (1.4) to get

‘ [a;lf?\?{(sl\/SQ,'f'?w,y)_a;}/?\?{(Sl/\8277',1U,y):| dy‘
Rd

= ‘ [8;};3?1’(31 V so, 7,2, y) — Onpi(s1V s2,7, 7, Y)
Rd

— (0P (s1 A sa.r,y) = 2P (s1 A s y))] dy

< C/ [51 = #] =
(r— sy + (1= N)s) =

|s1 — so|®

(r—s1Vsg) T te

<C

for any « € [0, 1]. Otherwise, if |s; — s2| > 7 — s1 V s2 then one directly gets
‘/ DY (s1V s2, 1,1, y) — 8p1(31/\52,r:cy]dy‘
| [ [t v ssran) — 02531 v sair)
Rd

— (0P} (s1 A sa.m,y) = 2B (1 A sa )| dy
|51 — 52|”

(r— sy Vsg)zita’

<C

for any « € [0, 1]. Hence, we conclude

|s1 — so®

Al < C w
‘ 5| o (t—Sl\/SQ)E—i_a_n

glc(t —s1V s2), 2 — x),

with @ € [0,1] for n =0, « € [0, (1 +7)/2) for n =1 and « € [0,71/2) for n = 2. Similar arguments yield

_ogo |1t _ o e
|81 82| 2 g(C(t — 5 /\82),2—37) <C |81 32‘

All< 0 —m = i
|Ag| < (t—Sl/\Sz)lig = T (t—sy Asg)Eton

glc(t —s1 N s2),z—x)
and
|s1 — 52|”

A7 < C 7
‘ 7| o (t—Sl/\Sg)era*n

g(c(t —s1 N s2), 2 —x),
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with a € [0,1] for n =0, @ € [0,(1 +7)/2) for n =1 and « € [0,n/2) for n = 2. From (5.24), for any
a € [0,1] we get

. g [ et s v ), - )
) c(t—s1Vsa),z—x
NI e T s v FR T

1= 2% ot~ sy Asa)z— )] d
(T_Sl/\SQ)%"'O‘gC S1 8272 X T

< |31—82|a ; y
S O s vap dra gyt m 1V s), 2 —a)
|s1 — s2|®

-]

Finally, using computations similar as those employed before, for all a € [0, 1], we get

|s1 — so

|51

A5l <C

=g(c(t—s1M\s2), z—1).

c(t—s1Ns2), z2—xz) < C
pslelt—mns) =) < O

(t A 82)%(25 - 51V 82) T2
This last bound concludes the proof of (5.18)) at step m = 1.

Assuming that the induction hypothesis is valid at step m, we then remark that if (s, Ty, fin)n>1 is
a sequence of [0,1) x R? x Py(R?) satisfying lim,, |s,, — s| = lim,, |z, — 2| = lim,, Wa(ptn, 1) = 0 for some
(s,x ,u) [0, t)XRdXPQ(Rd) then, from the continuity of the map [0,) x P2 (R%) 3 (s, 1) = ppm(pts 5,1, 2),
(6-3), (5-4) and (5.5), we obtain lim,, W»([X; X (m)] [Xf’g’(m)]) = 0, where [£,] = pp, and [€] = p, so that
lim,, (t, Ty [th"’é”’(m)]) alt,z, [ X5 (m)]) and lim,, b(¢, z,, [Xf"’g"’(m)]) =b(t,z, [XD© (m)]). From the
representation in infinite series (5.4) (at step m+1) and the Lebesgue’s dominated convergence theorem,
we thus deduce that the map [0,¢) x R? x Pa(RY) > (s, 2, i) = pmi1(p, s,t, , 2) is continuous.

We next apply Propositionto the maps (s, f1, T) = pm (1, 8, t, 7, 2) € CH22([0,1) x R% x Py (R?)) and
p— a(t,x, p), b(t,z, u). Note that from the estimates (5.12), (5.13) and (5.6]), the map [0,7) x Po(R?) x
(s,z, 1) = pm(p, s,m,x,2) satisfies the conditions of Proposition [2.2} in particular the condition .
We thus deduce that (s, 1) — a(r, z, [er,g,(m)])7 b(r,xz, [Xf’g’(m)]) € C12(]0,7) x Po(RY)) with derivatives
satisfying
(5.25)

0ua(ryn, 6) = [ (G2, DO ) = 5 XS ) D57 df ),

oa

om

da

0 Byl (X)) = [ (5
(5.26)

(2, XSO ) = £ (1, XS0V @0)) B i (5.7, 0, )
4 [ G XS = 5, X)) 02 0,5, )0 d ()

and similarly

0 X)) = [ [ (X ) = 2, D) @) Do (70, ] ),

(5.27)
0L 0,b(r, 2, X I(0) = [ X)) -

4 [ G XN ) = 2 0, X)) 07 0y 5,73 0) )

As a consequence, the maps [0, 7) xR x Py (R)R? > (s, z, u, v) +— dsa(r, x, [X;?’g’(m)]), o oual(r, x, [Xf’g’(m)])](v)
and [0,7] x Po(R?) x R? 3 (s, 1, v) = 9sb(r, x, [Xf’g’(m)]), 0 [0,b(r, x, [Xf’g’(m)])](v) are continuous for

n = 0,1. Moreover, from (5.13) at step m and the space-time inequality (1.4), one also derives the
following bound:

6b S m n
S, (X)) (0)) O 5.7, 0, )
(v

10:b(r, z, [ X5 + [0sa(r, z, [X2E0M])] < K//(Iy’ — @[ A1) |Ospm (s s,y 2", y")| dy’ pu(da’)

(5.28) < K(r—s) '3,
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Similarly, from the estimates (5.12]), (5.6) and the space-time inequality (1.4)), we also obtain
03 10,b(t, 7, (XS] (0)] + 107 [Dalt, 2, [X; ) ()]

_1l4n—m

(5.29) < {(e-9 4 [ [P A0 O ot 0 s

1+n—n
2

(5.30) < K(t—s)”

for n = 0,1. As a consequence, the mapping [0,7) 3 s — Hypa1(p, s,7,t, @, 2) is continuously differen-
tiable for any (u,, 2) € P2(R?) x (R?)? with:

d
[— Z@sbi (T,x, [Xf’g’(m)]) Hj (/t a(v, z, [X35M)]) do, z — :C)
i=1 r
d

t
= b (o [X2E0]) o8] < / a(v, 2, [X36 ™)) dv, z — z)
i=1 r

d
+3 D (Ot j(ryw, [X5UM]) = Byai j(r, 2, [X750™]))

asHm-l—l(,ua s, T, t? xz, Z) :

—_

1,j=1

t
x Hy’ (/ a(v, z, [X;f’s’(m)]) dv,z — x)

d
1 S m S m
(5:31) 5 20 (@i (e, IXE0) — agy (2, (X4 07)))

ij=1

N t
X 0sHy’ (/ a(v, z, [ X3 M)]) dv, z — 33) }ﬁmﬂ(,u, s,myt,x, 2)
T

7

d t
[ = Dbl (XS / a(v, 2 [X34]) dv, z — )

1 T
1 d
+ B Z (ai,j(nm, [Xf757(m)]) — a;;(r [Xﬁ,g,(m)m

3,j=1

t
x Hy’ (/ a(v, z, [X50™) dv, z — x) ]8sﬁm+1(,u, 8,731, 2, 2)

The previous expression with the previous continuity results also yield the continuity of the mapping
[0,7) x Po(RY) > (s,p) = OsHms1(p,s,7,t,2,2). Moreover, from (5.25), using either the n-Holder
regularity of z — [da; j/om|(r, x, 1) (y) with (5.13)) or , we get

10sai 3 (r, 2, [ X)) — 8,0, (r, 2, [X26M))| < K { |(Zr_$8|)n N 2)1—3 }
so that, from and the space-time inequality , we get the following bound
1 1
RS L T A v v s)lf%}g(c(t —rhE-a),
for two positive constants K := K(T,a,b, A\,n), ¢ := ¢(\). Then, standard computations based on the

(5.32) |05 Hms1(py 8,7, t, 2, 2)| < K[

previous estimate imply the convergence of the series ZkZO(Hchzi-l ® OsHm1) (s 8,7, t, 2, 2). Moreover,
if we formally differentiate w.r.t. the variable s the relation ®,,11(u, 8,7, ¢, 2, 2) = Hmi1 (1, 8,7, t, 2, 2) +
(Hm-‘rl 0y (I)m+1)(u7 57, ta €, Z)a we get
asq)m+1 (Ma S, T, ta z, Z) = 88Hm+1</’['7 s, T, t7 x, Z) + (aSHm+1 ® q)m+1)(/’6a S, T, t7 €Z, Z)
+ (Hvrz+1 & 8sq>m+1)(.uv s, T, t, Zz, Z)

so that, iterating the previous relation, we deduce that the map [0,7) 3 s — @, 41(p, 8,7, ¢, 2, 2) is
continuously differentiable with

aS(I)m-‘rl(Nﬂ S, T, t, Z, Z) = Z (H;]jll Y [asHm-l-l + aS,Hm-‘ﬂ & q)m-‘rl]) (,LL7 S, T, ta z, Z)
k>0
(5.33) = (OsHma1 + OsHma1 ® Ppy1) (1, 8,78, 2, 2)

+ (Prt1 ® [OsHmt1 + OsHms1 @ Prpy1]) (0, 8,7, 8, 2, 2).



WELL-POSEDNESS OF NON-LINEAR SDES AND PDE ON THE WASSERSTEIN SPACE 33

We importantly note that from the estimate and the continuity of (s, pt) = OsHm41 (11, 8,7, t, 2, 2)
each term appearing in the above expression makes sense and is continuous w.r.t. (s, ). We thus deduce
that [0,7) 3 s = Dppy1(p, 8,7, t, 2, 2) is continuously differentiable and 9;®,, 1 is globally continuous
w.r.t. the variables s and p. The same conclusion holds true for [0,¢) 3 s — ppma1(p, s, t,x,2). More
precisely, differentiating the relation w.r.t. the variable s, then plugging and using relation
(5.10) again, we successively get

6spm+1(,u7 S, t7 Zz, Z) = asﬁnz—&-l(M) S, t7 Zz, Z) - (I)m+1(ﬂfa S, t) z, Z)

t
+ / / 85ﬁm+1(u,s,r,x,y)¢m+1(u,s,r,t,y,z) dyd?”‘
s JR4

t
+ / /dﬁmﬂ(u,S,T,UU,y)as‘I)mH(MySﬂ“’t»yvz) dy dr
s R

= 6sﬁm+1(ﬂ» S, t7 xz, Z) - (I)m-l-l(.u“’ S, t? z, Z) + 6Si)\m+1 & Qm,-i-l(,uﬂ S, ta Z, Z)
(5.34) + Pmt1 @ Os Homt1 (s 8, 1,2, 2) + [(Pmt1 ® OsHim+1) @ Pongr] (1, 8,8, @, 2).

Again, we note that each term appearing in the above equality makes sense and is continuous with
respect to (s,x, u). Indeed, we make us of a similar decomposition as the one employed in ([5.22)), namely

t
6sﬁm+1 ®<I)m+1(u,s,t,ac,z) = / / asﬁm+1(,ul>57r7$7y) |:(I)m+1(ﬂa S,T‘,t,:l/,Z) - ¢m+1<u787r7t>$7z)} dydr
s JR4

t
(535) +/ @m_i_l(,LL,S,T,t,I,Z) [Rd [3sﬁ1+1(u,s,r,z,y) 73‘913{7€L+1(#’57T7xay):| dydT

with
1 d
asperl(/J,S t z, y 5 Z .7 S z :U/ HZJ (/ (T,Z,[Xj’g’(m)])dT,y—.%) ﬁ;+1(ﬂ,5,t,$,y>

t
(5.36) +Dfyus (/ a(r, z, [X2™)))dr )
5& s,&,(m) da s,&,(m) ’ oo / /
(ry 2, [XPSTD) = 502 (XS () Ospm (8, 2" y') dy' p(da)dr
where, identifying any d X d matrix I" as an R? valued vector, we write for any z in R?
1
fo i RT ST s (2m) 2 det(T) 2 exp (—2<I‘_1z7z)> €R.

Now, for the first term appearing in the right-hand side of the previous identity, we combine ({5.11]
with the space-time inequality to get rid off the singularity in time induced by Ospm+1(1, s, 7,2, y).
For the second term appearing in the right hand side of (5.35), from and the n-Holder regu-
larity of the two maps y — a; ;(s,y, ), [0a/dm](r, 2 u)(y) (at step m) and the continuity of
(5, 1) = a(r,z, [X20)), [5a/0m](r, 2, [X7™])(y), we deduce that (s, 2, 1) — Duply 4y (1, 5,7, 7,) —
OsDe, 11 (1, 8,7, ¢, y) is continuous and, by the space-time inequality , satisfies the inequality |9spY, 1 (1, 5,7, 2, y)—
Osp%y i1 (18,7 m,y)| < C(r — s)" 2 g(c(r — s),y — ). From the representation formula and
the continuity of (s,z,u) — Hpme1(p,s,t,z,2), the same conclusion holds for the map (s,z,u) —
Dppr1(p, s,t,2,2). We thus deduce that the second term appearing in the right-hand side of
is continuous with respect to (s, , ). We then conclude that the two maps: [0,t) x R? x Py(R?)
(s,z,18) = OsPmr1(p, 8,8, 2,9), (OsPmt1 @ Pog1)(, 8,8, @, 2) are also continuous. Combining ,
and arguments similar to those previously employed, we derive in an analogous manner that the
two maps (s,2, 1) = Pmt1 @ OsHmi1 (1 8,8, 2, 2), [(Pm+1 ® OsHms1) @ Pri1](p, 8, ¢, 2, 2) are continu-
ous. We thus finally conclude that [0,%) x R? x Py(RY) 3 (s, x, 1) > Ospmy1(it, s,t,x,2) is continuous.
From the relation , the same conclusion remains valid for the maps (s, z, u) — 02ppmt1(u, s, t, x, 2),
n=12.

We also deduce that the mappings P2 (RY) > p > Hpr1 (i, 5,7, ¢, 7, 2), pm_H(,u,s Tt T, 2), pm+1(,u,s t,x,z)
are L-differentiable and that R? 3 y — 9, Hyi1 (1, 5,7, 8, 2, 2) (y), aﬂpnllﬂ(u,s t,x, 2)(y), 8ﬂpm+1(,u,s rot,x,2)(Y)
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are continuously differentiable satisfying for any fixed 0 < s <7 < t, (x,9,%,2) € (R)?*, p € Po(R?)
(5.37)

t t
030,11 (5.1 t,2,2)(0) = D ([ 0wy X ). [ 05000, X)) o
and
(538) a@? [6HHm+1(.u“’ 57, ta €L, Z)](y) = I’ﬂ(y) + IIn (y) + IIIn (y)7 n= 07 1a
with

= { ZHl (/ a(v, 2, [X35])dv, 2 — x) Oy [Opubi(r , [X?’g’(m)])](y)} Pms1(p, 8,7, 1,2, 2)

{ Zb rx, [ X35 ])on [a Hi (/t a(v, z, [qu’g’(m)])dv,zxﬂ (y)}ﬁerl(u,s,r,t,x,z)
+1n (),

d
I (y) = {% > 0510 (15 (ry, [X2S0]) = ag (2, [X740)) ) )

i,7=1

o t
7 ([ ato, s D0 ) Yo st

d
1 e o
+ {2 Z (a@j(r,x, [(X56M]) — g, i (r, 2, [ X536 )]))
ij=1

t
<0 (0,1 ([ ato. s (x5 v ) <y>}ﬁm+l<u, arta,2)

=: Y (y) + 115 (y),

d t
" (y) := {—Zbi(hx, [0S0 Hy (/ a(v, z, X3S M))dv, 2 — 9:)

d t
1 .
5 D @i, (XSO — a2, (X)) H ( [ atv.z, [X5’5’<m>]>dv,zx)
i,j=1 T
% 0y [0uDm+1(p, 8,7, 1, 2, 2)|(y)-
From the above relations and the previous continuity results, we readily derlve the continuity of the

mappmgs (8, 1, y) = Oy [0 Homr1 (s 8,7, 8, 2, 2)|(y) and (s, 2, p,y) — Oy [8Npm+1(u,s r,t,x,2)](y). From
and ( -7 we dlrectly get the following bounds
14n—n

03 [OuBYy 1 (1,12, 2)) ()| < C(t = )75 glelt — 5), 2 — )

and
14n—n

(5.39) 10210, 5% o1 (1, 5,7t 2, 2)] ()] < Clr — 8) ™5 gle(t — 1), 2 — ).

Combining the previous estimate with (5.30)) and using the n-Holder regularity of = — a; ;(r, z, 1)
with the space time inequality (1.4)) yield

e Ty pee= (L (S RO}
I | < . r)l—g— s)HT" glc(t—r),z —x).

From the key identity (5.26)), the estimates (5.6)), (5.12) at step m and using either the n-Holder
regularity of « — [da; j/0m|(t,x, ;1) (y) or the n-Holder regularity of y — [0a; ;/dm](t, z, 1)(y), we get

z—zx|" 1
0310, (e [XEE0]) — a1 2L
(r—s)—= (r—s)—
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so that, by the space-time inequality (1.4]), one finally obtains

1 1
<K = A e c(t—r),z—x).
| ‘— ((t—r)l_g(r—s)t )+2 )g(( ) )

(t—r)(r—s

Gathering the three previous estimates on I, II,, and IIL,,, we get

1 1
Ttn A 1+tn—n ) g(c(t—r),z—x).
2

(t—r)=2(r—s)2 (t—r)(r—s)

|0y [0y Homs1 (1, 5,78, 2, 2))(y)| < K (

The previous estimates yield the (absolute) convergence of the two series » _; -, 0y [aﬂpmﬂ]@?{mﬂ (1, 8,8, 2)(y)

and 3 5o (Pm+1 ® 0y [0 Him11]) ®’Hm+1(,u, s,t,x,2)(y) as well as their global continuity with respect to
the variables s, z, 1,y on [0,7) x R? x Py(R?) x R4,

Formally differentiating with respect to the variables u and then y, the relation py,41(u, s, t,z,2) =
Dmt1(t, 8, 6,2, 2) + (Pt @ Hims1) (1, 8, t,x, 2), we obtain

a;l [a/tperl(//f: S, t, z, Z)](y) = a;z [aﬂﬁerl(,ufa S, tu Z, Z)}(y) + (pm+1 ® ag [auHm+1]>(Mu S, t, x, Z) (y)
+ (817] [aﬂpm-l‘l] ® Hm+1)(ﬂa s, t, @, Z)(y)

so that a direct iteration yields the following key relation

(5.40)

O Oupms1 (1, 5,1, 2, 2))(y) = (05 [0uPms1] + Pmt1 @ 0 [0y Hms1]) @ H (15,2, 2)(y), n =0, L.
k>0

Hence, P2(R?) o p +— pmy1(p,s,t, @, 2) is L-differentiable and R? 5 y — 0upmi1 (i, s, t,2,2)(y) is
continuously differentiable and the maps [0,%) x R? x Po(R?) xR 5 (s, 2, 1, y) > Oppmt1 (s 8,1, 2, 2)(y),
Oyl0upm+1(p, s, t, 2, 2)](y) are continuous. From and similar arguments as those previously em-
ployed, we also derive the continuity of the maps [0,t) x R% x Py(RY) > (s, 2, 1) = 0% Pyt (i, 8,1, 2, 2),
n = 1,2. We finally conclude that the mapping [0,%) x R? x Po(R?) 3 (5,2, 1) = prmr1 (i, 8,1, 2, 2) is in
CH22(]0,t) x R? x Py(RY)).

We now prove the estimates to at step m+ 1. Since their proofs are rather long, technical
and relies on similar ideas and arguments, we will not prove all the announced estimates. We start with
and will deliberately omit the proofs of the estimates (5.13)), (5.14) and (5.18]). We introduce the
following quantities for n = 0, 1:

U, (8,t) := sup /,u(dx) /(|y —z|" A1)|0; [Oupm (1, 5, T, 2, y)](v)| dy,

vERE

ol (s,1) == sup / u(dz) / 10 0, (11, 5., 7, 4)](0)]| dy

vERE

and prove by induction on m the following key inequalities:

(1+n (I4n—mn)

up (8,8) < Cpyn(s,8)(t —s)~ -, o (8,8) < Cyn(s,t)(t—s)" =2,

with Cpy (8, 8) := > e, CF Hz B (2,5 4+ (i -1)2) (t—s)*=VDz C = C(T,a,b,[6a/dm], [6b/5m]b,n)
being a positive constant independent of m This result being straightforward for m = 1, we assume
that it holds at step m. We first remark that from and there exist positive constant
K := K(T,a,[0a/ém],n), ¢ := ¢(\), which may vary from line to line, such that for all m > 1

|azl[aﬂﬁm+1(lu’787t € Z)](’U)|
- K{ (t— s;”" . / // — 2" A D)0 [Oupm (s 57,2, y)] (v) ] dy” p(da’) dr}
x glc(t—s),z— x),




36 P.-E. Chaudru de Raynal and N. Frikha

so that by the induction hypothesis
|07 [0uDm1 (s 8,1, 2, 2)](v)]
1 b Cn(s,T)
e + (t—s)/s ( N = dr y g(c(t —s),z —x)

r—s)2

1

)

1 1 K Crn(s,r

)1+r2z—7] + )% / ( 777 ( ) 1+n7,'7 dr} g(c(t - s)7z - l‘)
1

)

(t—s t—r)t=2(r—s)=
k+1

k nl- n+n n k2
1+g—77 + _ 1+" ltn—mn ZC HB< ( 1)2) (ﬁ*S) }

(5.41) <K {

Hence, by induction on r, there exists a positive constant K := K(T,a,b,[da/dm],n) which may
change from line to line but is independent of m such that

R ") LI = RS I R n B
(O [0uBsr] © )i, 1, 2) ()] < K7 143 C HB( +(z—1>) (- o)

2
k=1 1=1

14n— " 1—
‘(b -5 ERE ] B <727 ++77 - 1>77>
i=1

x gle(t —s),z — x),

which in turn implies

> (03 10,Pm 1] @ H ) (15,82, 2)(0)]
r>0
k+1
< = KM . {Hch HB( ”+’7 +(i— 1);’> (ts)kE}g(c(ts),zx)

m k+1
K nl—-n+n k n l—m+n . Ui E1
< _— - E Il - —1)= — 2
(t—s)”""{B(z’ 2 >+ ¢ B<2’ ;0 1)2)(t 9

k=1 i=1
(5.42) x gle(t —s),z — x).

We now come back to the decomposition (5.38) of 0} [0, Hut1 (1, 8,7, t, 2, 2)](y). From (5.29)) and the
induction hypothesis, we directly get

17 (y | E Hi (/ v, 2, [X25 ™)) dv, 2 :c) 0y [@Lbi(r,x, [Xﬁv&(m)])} W) P (p, 7y 8,y 2)
(1+(7‘—8) Up,(5,7))
K T c(t—r),z—x
sy < ECUSOEEE
(1+ Crun(s,r)(r —s)2)
<K : e c(t—r),z—x).
T ra gle(t —r) )

Next again from ([5.29)), the induction hypothesis and the space-time inequality (1.4

d t
|Ig( )| = - bi<r7xv [er’g’(m)])a;] 8#Hi a(v,z,[Xf)’E’(m)])dv,z—x ( ) Am 1( ,’I",t,iL'7Z)
y ‘ ; [ </T )} Y)| Pt (p
|z — 2| P+ (v—s) 1+3_"uﬁl(s,v))
< K(t—r)2 (/r (v—s)m% dv) glc(t —1),z —x)
K(l tt-n)7 f"lcm’n(sﬁ_ 9)* dv) glc(t —71),z —x).
(t—r)z(r—s) =
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Hence, one concludes that for all 3 in R?,

Ut Gl P2 ), Gl W0 o200 )

(t—r)%(r—s) 2

§K< : A ! 1+n_>
(t—7r)'=3 (r —s) (t—r)(r—s)" 2"

x (1+Cm,n(s7r)(r—s)g +(t—r)_1/rt Crnm(s,0)(v —5)3 dv) gle(t —r),z — ).

(y)| < K

We now estimate II" which is the tricky part of our computations. From Proposition IT7 (y) can
be written as

I} (y) = { > HyY (/ [Xﬁ’g’(m)])dv,zx)
i,7=1

<oy fon | [ {5t IS = Gt D@ s | ] <y>}

xﬁm(u,T t,x,2)

{ Z HYJ (/ a(v, z, [ X3 M)])dv, z—x) X Jw(y)}ﬁm(u,r,t,x,z).

1,7=1

On the one hand, using the induction hypothesis and the fact that x — [0a;;/dm](r,x, 1)(y) is
n-Holder, one has

i (W) =

o {&/ [/ {%(r,x, (X360 (y') — %(7‘727 [X:@,(m)})(y’)}pm(y,s,r, y) dy'] ](y)

lv=p

<K { / (I = 27 A DO pra (15,7

o (R RS CAC y)](y)ldy’u(dx’)}

IZI

(5.43) <K —(1+(r—-s) i m(s,7)).

(r—s) '

On the other hand, from Proposition [2.2] one gets the following decomposition

0= &

(5a”

P ) = G X))

(5.44)
5am-

XSSO ) = S (2 (X)) @) O [ Db 5,01 (9) ) dy’}

R ()

L
-

which in turn, by the n-Hoélder regularity of y — [0a; ;/0m](r,z,m)(y) and the induction hypothesis,
yields

da; ; 5,6,(m n
P ) = S 12, [ ) R o) |

14n—n

(4 (= 95 un (5.1)
(r—s) A=

Consequently, combining the estimates and (5.45) -, we obtain

(5.45) sl < K

z—x|" 1 1+n—n ltn
(5.46)  [Ji;(y)] < K{(| 1|+n A = } (L4 (r=s)" 7 up(s,r) + (r—s)7= v (s,7)).

r—s)z (r—s

Hence, from the previous estimate and the space-time inequality (1.4)), we deduce
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n K |z — x| 1 3
|IIl (y)| S t—rp ((7‘ _ 8) 145n A (7“ — s) 1+an ) (1 + Cm,n(sar)(r - S) )g(c(t - ’I“),Z - l‘)
1 1 n
< K Iin Ttn—n L+ Cpn(s,r)(r—s)2 ct—r),z—1x).
- ((t—T)l_g(r—s) 2 : t—r)(r—s)"=2 > 1+ (5,7 )*) glel ) )

We now turn to II;. From the very definition of H;j , (5.29) and noticing that for any differentiable
map Pa(R?) 5 v+ X(v) taking values in the set of positive definite matrix one has 9, [0, (X~ (1)):,;](y) =

—(ETH w0y 0 Z WS (1)ig = = Xy ey (B 1))k Oy [0 (B(1) )k o] () (57 (1) g, We gt
0,0y {Héj (/ a(v, z, [ XM dv, z — x)} (y)‘
<

i (B2 ) max| [ ogaudonstonn xSl

2,7

|z — x|? 1 1+@t—r)t f: Crnn(s,0)(v — 5)% dv)
<x (Gt ) == ’

(r—s

so that, from the space-time inequality (1.4]), we clearly deduce

2 — x|*tn z— " —p) Lt n(s,0) (v — 5)2 dv
g < ae (=20 sl 0t (f”_i)lé-n)( o)
K

S(t—r)lfg(r—s)#(l—i_(t_r)_ /7 Crun(s,v)(v —35)2 dv) g(e(t —r),z — x)

1 1 t .,
<K e e | (1 —r)" [ Crun(s,v)(v—5)2 dv
B ((tr)l_g(rs)’z " (t—r)(r—s)" 2 ) (L+( ) /T (s,0)( ) )

x gle(t—r),z —x).

Hence, gathering estimates on II7 and II3, we get for all y € R?

|II“(Y)‘ <K ((tr)l_gl('r‘ B S)H—Tn A (t— T)(Tl_s)1+n2n> (]- + (t—T)_l/ Cm,n(s»v)(v - 8)% d’U)

x gle(t—r),z —x).

Finally, for r # s, from the relation (5.37)) and the estimate ([5.29)), we get

0y, [0p 1 (1, s,r,t,x,z)](y)‘ < MI)(H,;,,(l—F(t—r)l/ Cmm(s,v)(v—s)% dv) g(e(t — 1),z — ),
so that
" 1 —r)t t s,0)(v—8)2 dv)g(c(t — 1),z —
T 0] < K g (401 [ Connts.0)o = 5)F dolglelt ).z =),

Gathering the previous estimates together, we finally obtain

1 1
8n a;,LH’m y S, Ty t7 x,z S K n 1+n A 14n—mn
1910k Homa (1 @) <(t—r)1z(r—s) )5S )
(5.47) x [1 + Crn(s,7)(r = 5)% 4+ (t—7) 7! / Crnn(s,0) (v — )% dv

x gle(t—r),z —x).

Now, our aim is to establish an upper-bound of the quantity py,.1 ® 0y [0, Hm+1](pt,7,t,2,2). The
estimate ([5.47) allows to balance the singularity in time induced by 9;/[0,Hm+1]. Indeed, assuming first
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that r € [s, (t + s)/2], one has ¢t —r > (¢ — s)/2 which directly implies

/ |pm+1 (Ma S, T, T, yl) ‘ |6;L [6MHm+l (Ma S, T, ta y/ﬂ Z)] (y) |dy/

g(t_ﬁwfsyﬂrn(1+amdgm@sﬂ+(tg{£%%m@wxu93@)

x gle(t —s),z — ),

so that

t+s
/ /|pm+1 5.2, ) [0 0y Hogs (5.7 £,/ )| )y dir

(
B(1, =24 1Y Chnl(s,r)

K 1'n.77 : 1’71, d t— y &
{(t_s et o glelt )2 =)

IN

B(%Z,1= ¢
<K G: 2 +, ! ; ]( Cyﬁm(s’r)1+n dr
(t—s)"=2 (t—=s)2Js (t=r)'"2(r—s)= -
x g(e(t = ),z — x)
K n+ - as 1—n+ n
S B<nan)+zckHB(nn—&-(i—l)n)(t—s)k?
(t—s)" 2 2 k=1 i=1 2 2

x g(c(t —s),z — x).

Then, assuming that r € [(t + s)/2,t], one has r — s > (t — s)/2 so that

/ |pm+1(/~}/a S, T, T, y/)Ha;l [8NHm+1(/J’a S, T, ta y/7 Z)](y)|dy/
K

T (t—s)E(t—r)72

x g(c(t —s),z - x),

(14 Chnls, M —s)? +(t—r)" /Cmnsv)(v—s)2dv)

which in turn, by Fubini’s theorem, directly yields

t
L o e e [ s
2

K ! 1
Siln/ (14 Cpn(s,r)(r =)+ (t—1)" /Cmnsv (v—1s)% dv)dr

(t—s)% ths (t—r)t2
x glc(t—s),z — x)

B(1,3) 1 t Crnn(5,0) }
<K 1+n—mn n 14+n dv c(t—s yZ2 X
) {< o >/s<t—v>1— i S

t—s (t—s)2 3(v—s

x g(c(t —s),z — x).
Gathering the two previous cases, we clearly obtain

|pm+1 ® 6;7. [8MH7R+1(//[” S, t7 z, Z)](y)‘

m k+1
K n l—m+n & n l—n+n n B
. [ — - - — — 2
(5.48) < e (B(2, 5 >+E C ||B<2, 5 + (i 1)2 (t—1s)

(t—s) k=1  i=1

x gle(t —s), 2 — x),



40 P.-E. Chaudru de Raynal and N. Frikha

so that
S 1 @ O [0 Hm 1)) @ HEy (5,1, 2, 2) (1)
r>0
K n l—n+n M nl—-n+n n+77 n n
< (7B B e (35 g e
(5.49) x gle(t —s),z — x).

The estimates (5.42)) and (5.49) together with the representation formula ([5.40)) imply that there exist
two positive constants K, ¢ such that

|0y [Oppmi1(p, 5,1, 2, 2)] (y)]

m k+1
K nl—-—n+n k n l—m+n Ui i}
. < — - A — — )"z
(5.50) < H;n{B(z, 5 >+§C ||B<2, 5 + (i 1)2 (t —s)

(t—s) k=1  i=1
x gle(t —s),z — x),

so that
K n l—-—n+n “ . n 1— n+n n
Uy y1(8,t) L —————< B | + ck B( _ i—1 )tskg
(s.0) (H)g_{ (3.5 > cHI -2 ) - 9)

and similarly,

v%+1(87t)§(t_;)(l+w{B<g,l ”“L") ZCk]:f[lB( 1_"+"+(z—1)2)(t—8)’“3}~

Since the constant K does not depend either on the constant C' appearing in the definition of Cy, ,, (s, t)
or m, one may change C once for all and derive the induction hypothesis at step m + 1 for uy, ,; and
Uy 41 From and the asymptotics of the Beta function, we also conclude that holds at step
m+ 1.

The estimate ([5.13)) at step m+1 follows by combining the relations (5.34), (5.31)), (5.36)) with estimates
analogous to the one established above while the estimate (5.14)) follows from the representation formula
(5.40). The remaining technical details are omitted.

In order to derive at step m + 1, we proceed similarly. For a map h € C?(P2(R%)) and for
any fixed y,y’ € RY, we will use the notation A, ,9,[0,h(1)](y) = 9,10,k (1)](y) — Oy [0, h(w)](y"). We
introduce the quantities

Ay 4 0y[0 m\ M 7ta /7 "
um(s,t) = sup /,u(dgc’) /qy//_x/ln/\l)‘ Y,y y[ ub (,u fﬁ xz,y )](y)‘ dy”,
(v, )E(RD)2, y#y ly — v/l
Ay .y 0yl0 m\ M ata /7 !
’Um(S,t) — Sup /,u(dx’)/l Y,y y[ up (/1* fﬁ r,yY )](y)l dy”,
(y,y")E(RD)2, yy’ ly — v

for any 8 € [0,n) and m > 1. We prove by induction the following key inequalities:

U (8,1) < Co(5,8)(t — 8)"OFF=  and  wp(s,t) < Co(s, t)(t — 5)~ 0+,

with Cpy(s,) = 537 C* ", B (g 18 4 (i — 1)3) (t—$)#=D% = C(T,a,b, [5a/5m], [5b/5m], 1)
being a positive constant independent of m. The result being btralghtforward for m = 1, we assume that
it holds at step m. By direct computations, we obtain the following decomposition

t
Ayay'ay[aﬂﬁm+1(ﬂa S,T,t,’JJ, Z)](y) = sz—m (/ a(v, 2, [ngg’(m)})dv)
(5.51)

da s t(m
S B SN N2 ~

b R ) - 202 XDy 0,00y, (') | .

Our first aim is to bound the integrand in time appearing in the first integral of the right-hand side of
(B-51), namely [[da/dm](v, 2, X35 ™)) (5" )[02pm (1, 5,0, 5, y") — 02pm (. 5,0,/ ,y")]dy". We split the
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computations into the two following cases: |y —¢|? < v — s and |y — 9/|> > v — 5. In the first case, we
remark that

da
S 0% (X3S () 02D (s 8,0, 9, Y") — 02D (s 8,0, 9/ )] dy”

da da s.£.(m
— [l (0 XN ) = 0 ) @021 5,0,08) — D50, Nl

so that, from (5.7)) with n = 2, ﬁ € [0 n), the n-Holder regularity of the map y — [§a/dm](v, z, [ X’ £ (m)])(y)
and the space- tlme mequahty , we get

da s.£.(m da s.£.(m
‘/[%(U,Z, [X’;)7£7( )])(y”) - %(’U,Z, [X(ré’( )])(y)][aipm(U7vavyyy”> - 8§pm(u,s,v,y’,y”)]dy”

< ly =P [ L fateto= =) ateto =0, =)

1 n
<Kly-y'|° / (ol {ly” —yl"g(c(v —5),y" —y) + (jy" = ¢'|" + v — 5| )g(c(v — 5),y" — y’)} dy"
(v—s)+
(5.52)
ly—y'|”
(v— )+
Otherwise, if |y — 3/|> > v — s using the decomposition
da
5o 02 XN )P (1 5,0, 5.4") = O2pm (1 50,4,y dy”
da da
_ s,&,(m) - $,&,(m) 2 " "
= [ 02 D) = 5 02 D) 0002 05,29y

- /[(?::L (U Z, [Xs & (m)])( ) — ;7:;(1}, z, [stév(m)])(y/)]aipm(u, s, v, y/’ y//)]dy//

the n-Holder regularity of y' — [da/dom](¢, z, 1) (y"), (5.6) for n = 2 and the space-time inequality (|1.4)),
we also obtain (5.52)). Plugging the previous bound in (5.51)) yields

. IV ¢ 1
|Ay,y'6y[8upm+1(/$, s,rt,x, z)](y)| <K |y Yy ‘ { / [( )
T v —

<K

t—r1r s 1_,’_([*;77)
A /a m 78)1}71'/3 "
(5.53) // " ’|’7/\1)‘ vy [uz]y(_uyllﬁ y )](y>|dy,,ﬂ(dx,)}dv}

x gle(t —r),z — ),
for any 8 € [0,n) so that, from the previous inequality with » = s and the induction hypothesis,
|Ay7y’8y [8ﬂﬁm+1(u’? S, ta x, Z)](y)|

gKy—y’IB{ L ! /S(TC"I(S’T) dr}g(c(t—s),z—a:)

(t—s)+32  t—s — 5)i+5-n

_ |8 1 1 t Cin(s.7) T c(t—s8),z—x
< Kly yl{ — + )Z/S(t—r) d}g((t ), )

tfs”(ﬁzm (t—s =3 (p — 5)1+5—7
(t—s)

k+1

Introducing the notation Ayay[aupm(u,s t,x z)]( ) O0yl0uDPm (1, 8, t, 2, 2)|(y) =0y [Oubm (1, 5, t, , 2)](Y),
by induction on r, there exists a positive constant K := K (T, a,b) (which may change from line to line
but is independent of m and C') such that

(D 0y Byubimr1 @ HEL ) (s 5,8, 2, 2) (y)]

m k+1
<K'y~ y|5{1+ZCkHB(" e 1>Z)<t—s>’f’z’}<t—s>-1+‘”2‘”+fé’

k=1 =1

<7 (;";ﬁw—ng) gle(t - ),7— ),
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which in turn implies

Z [(Ay,y 0y 0puPm+1 ® /Hglﬁ(ﬂa s, t,x,2)(y)|
r>0

w3

, k+1
<xW=¥I {1+ZC’“ﬁB<n 18 i >;7) (t - )F

(t— )+ }
x gle(t —s),z — x)
p k+1
SKM{B( )+ch21‘[3( n=p, (i—l);])(t—s)k
(5.55) x gle(t —s),z —x).
Then, from , we write
Ay Oy [0uHm (5,7, 1,2, 2)](y) = T (y) — T (y') + 1T (y) — I () + 1T (y) — 1T (y/)
=Ti(y) - L) + () — L) + (y) — 1Y) + 3(y) — 5(y)
+TIT (y) — TIT ()

I3
——

and prove appropriate estimates for each terms. With our notations, one has
I (y ZHl (/ a(v, z, [X35 M) dv, z — x) “ Ay Oy [@Lbi(r,x, [Xﬁ’g’(m)])] (Y)Pmt1(p, 1 t, 2, 2).

Moreover, from (5.27), one gets
ob;

Ay yd, [aubmx,[Xf’f’(m)D} (v) = / (5 ( [Xs’g(m)])()(@%pm(ua&ny,Z)—3§pm(u7877ﬁy'72))d2‘

7, X)) () = 2,0, (X)) )

'Ay,y’av [aupm(ﬂa s,t,2',2)](y) dz p(dz").

Then, using (5.7)), the uniform n-Holder regularity of z +— [db;/dm](r,x,1)(z), as well as similar
arguments as those employed in order to establish (5.52)) for the first part appearing in the right-hand
side of the previous equality, we get

(5.57)

(5.56)

s,&,(m) |y_y/‘ﬁ 1+8om
VB e [0,7]), |Ay’y’ay [8Hbi(r7$> [Xr’ ’ ])} (y>| < KW {1 + (7" - 8) 2 um(s,r) )
r—s z
which in turn by the induction hypothesis implies
y—y'P (B—n)
) - 1)l < K — l : ')HM [14 (= 9 5 (s, glelt = 1), — )
—r)z(r—s z
— /|8
<K vy =yl [1+Cm(s,r)(r—s)g} glc(t—r),z —x).

(t—r)b(r—s)+ 5"

Next, we proceed similarly

d t
13(9) ~ )| = | 30 bitr e, [(X2500) A, 8, [aMHi ( [ alw s X2, x)] ()| Bt 71,3, 2)

i=1

< (t_KT)/ 00| Ay 8y Bt (0,2, X34 ) ) do

x gle(t —r),z — ).
From ([5.26) and similar arguments as those employed to establish (5.57)), that is, the decomposition
(5.56) with the maps a; ; and [0a; j/dm] instead of b; and [0b;/dm], in a completely analogous manner,
one gets

ly -y’
1+ (ﬁ;ﬁ)

(5:58)  |Ayydy [Buais (.2 (X240 )| < K (14 Con(s,0) (v — 8)F),

(v—s)
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for any 8 € [0,7), so that

— |8 t .
)~ 1) < Ko 'y( el GGl [ Cntsio)w = 9% o) glett = 1),z ).

Gathering the two previous estimates, we conclude

1 1,7 |y - Z//‘B n n
THy)-T'(y")| < K = 1+C (s, 1) (r—s)2 +(t—r) C (s,v)(v—8)2 ) g(e(t—1), z—2x).
(t—r)=2(r—s)t 2"
Still using our notations, we have
II% (y) - II}(y/) = Z {H;’j (/ a(va Z, [Xs)g)(m)})dvv Z - 1’) X (Jl,](y) - Ji,j (y/))} ﬁm+l(y’a r, ta z, Z)
i,j=1 T

On the one hand, using (5.44) (with n = 1), the induction hypothesis and the fact that x
[0a; ;/dm](r,xz, 1) (y) is n-Holder uniformly with respect to the other variables, we obtain

ozl =y’

0ii(n) = Jis ()] < (14 (r — 8)" Z v (s,7)).

(r— 3)1+B
On the other hand, the following decomposition holds
5 i da; j
3sw) =) = [ [ {20 e ) - S (o, X)) @)

(% m( = XSO ) — 2088 (xS0 ) )

|90 (5.7, 3" V() = 0D 115,72y ()| dy” (')

60/2'7» s m éai,, N .
+/(TT;(T,$,[X;§7( )])(y//) _ ij(nz, [er,( )D(y//))

1

[@%pm (Ma s,1Y, y”) - aipm (Ma S, T, y/a y//)] dy

so that using the fact that y — [da; ;/0m](¢, z, 1) (y) is n-Holder, we get that the first term appearing in
the right-hand side of the above decomposition is bounded by K|y — ¢/|®u,(s,r). For the second term,
one has to consider the two disjoint cases: |y —¢'| < (r —s)Y/? and |y —y'| > (r — s)*/2. In the first case,
we write

da; ; s.6.(m da; s.6.(m

/( 5,71; (r,z, (XS] (y") - 5mj (r, 2, [X2 N (). [02Pm (1, 8.7, 4, Y") — O2pm (s s,y Y] dy”
. da; j 5,&,(m) " 0ai,; s,€,(m)
= [ [ X — S () )

0, 5,6,(m 0, 5,6,(m
- (5202 [(X2em)) (y") — 522, (X8 )])(y))}~[5§pm(u,smy,y")—aipm(u,s,r,y’,y”)] dy

and uses the estimate (5.7) (with n = 2), the n-Hoélder regularity of y” — [da; j/om|(r,z, p)(y") as well
as the inequality |y —y|" < |y” —3'|" + (r — 5)"/2. In the second case, that is, when |y —y/| > (r —s)'/2,
we write

dai,j s..(m 0ai,j s,(m

/( 5oy XN (") = = (2, (XN ) (07 (11, 5,7, 9,9") = Oz (s, 0/ y")] dy”
_ 5(11'73' 5,€,(m) 1z 5ai7j 5,€,(m) 2 1"y 3,1
_/( (5m (r,x, [X’r D(y )_ (5m (’I",l', [X7 ])(y))'awp'm(:u7s7r7y7y )dy

56’/1 j S m 66’/17 S m
—/(57’;(7"7% (XFEID ) = S 2, (XN ) 0o (5,79 sy dy”

and bound each term using directly (5.6)) together with the n-Holder regularity of y” +— [da; ; /om|(r, z, 1) (y")
and the space-time inequality (1.4)).

"

In both cases, one concludes that the second term is bounded by K|y —¢/|?(r — s)~ . We thus

finally obtain
ly—y'°

1_,’_(13*77)
ez (L= )T ().

Jij(y) —Jdi;() < K
(r—s
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Combining the two previous estimates yields

ly =y’ N ly —y'I°
(t—r)"3(r—s)'*2 (1 —r)(r— )+ T2

X [14 Culs,r) (= )8] gle(t = 1), 2 — @)

Y(y,y') € (RY)? I (y) — I (y)] < K{

for any 5 € [0, 7).
Using (5.58), for all 8 € [0,7) and for all (y,y’) € (R?)2, one gets

3() ~ 1830 < ¢ {EEE  EEI |0, 000002 60500 ) e

x gle(t—r),z—x)

_ 8 t \
SK(t—r)l—'yg(ry—L)H(ﬁ;") [1—1—(75—7“)_1/ Cin(s,v)(v —5)2 dv} glc(t —r),z —x).

Finally, for the last term, from (5.53)) and the induction hypothesis, we obtain
Vg € [0,), ¥(y,y') € (RY)?, [III'(y) — 1" (3/)|

1 ~
< KmlAy,y/ay[c%pmﬂ(u, s, 7, 1,2, 2)|(y)]
<k =yl [ Gt mo= o)t o geta = ). )
~ (tir)1_g(r7 1+(5 ) S'U 'U S v ),z xT).

Gathering all the previous computations, we finally conclude

ly—y/|° ly =y
Ay Oy |0 Hmy1 (1, 5,1t 2, 2) [ (y)| < K - A —
) Y.y y[ B +1( )}( )) {(t_r)l_Q(r_s)ug (tfr)(r—s)l—%

X {1 + Cp(s,r)(r—s)? +(t—r)"" /Tt Con(s5,0) (v —5)? dv}

xgle(t =r), 2 —x),

7). We again separate the space-time convolution into the two

for any (y,y') € (R%)? and for any 3 € [0,
[(t + s)/2,t]. Skipping technical details, we obtain

disjoint cases: r € [s, (t +s)/2] and r €

‘pm«kl & Ay,y’ay [aHHm+1(/1'7 S, t? z, Z)Ky)‘

<Ko (g (1) 4 L [ el
(t — 8)1+(ﬁ m 27 2 (t—s)% Js (t_r)lfg(r_s)ur@

x g(c(t —s),2 — x)

cgx_ vl B +§:C’“Iﬁ3(n "_ﬁ+(z'—1)77>(t—s)k3>
- (t—s) +(ﬁ - k=1 i=1 2" 2 2
x g(c(t —s) x),
so that
S 1Pt ® Ay 0B Hon1) @ Higy (15,8, 2, 2)(y)
r>0
(5.59) < K;(t |7y ;{(: (B (’27 ”;5>

m k+1
+chn3 ( —+( - 1)2> (t —s) %)g(c(t—s),z—x).
Now, combining (5.55)) and (5.59) with the following representation

yy’8 [aupm+1(ﬂa5 t,z, Z)](y) = Z[ Uu'a aupm-i-l + Pm+1 ®Ay y’a 0 Hm-i-l] ®Hm+1(ﬂvs taxaz)(y)a
r>0
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we deduce that there exist two constants K, ¢ (independent of C' and m) such that

ly—y'|°
(i 8)1+(E;n)

X{B<n77 é>+§:ckff3< n—r (%—DZ)@—SVQ}

x gle(t —s),z — ),

‘Ay,y'ay [aupm+1(,u7 s, t,x, Z)](y)| <K

so that

um+1(s,t)§(t_s)fir§n{3< >+chﬁ3< n—p (¢_1);’) (t—s)kz}

and similarly,

K nn—p Y (nn-8 n n
vm+1(s,t)<(t_s)1+52n{3( >+ch}_[3(+(z—1)2>(t_8)k2}.

Since the constant K does not depend either on the constant C appearing in the definition of C,, (s, t)
or m, one may change C once for all and derive the induction hypothesis at step m for u,,11(s,t) and
Um+1(8,t). This completes the proof of at step m + 1. We thus conclude that for all m > 1,
(5,2, 1) = P (1, 5, ¢, m, 2) € CL22([0,1) x R? x Py(R?)) and that the estimates to are valid.

We now establish the estimates and at step m + 1. For a map h defined on Py(R?) and
two fixed measures 1, i’ € Pa(RY) we will sometimes write A, h(p) = h(u) —h(u'). We first prove that
there exist some positive constants K := K (T, a,b, [da/dm],[0b/om]), ¢ := ¢(\) such that for all m > 1,
for all u, 1/ € Pa(RY)

« /
5.60 Va € [0,1], |AL upm (i, s, t,z, 2 Sngct—s,z—x.
s (t— S)Tﬂ
We first remark that if Wy (u, p/) < (t — s)1/2, then for any ¢, & € L2 such that [¢] = p and [¢'] = 1/,

one has

1 1
Bpgepm(pos.t2) = [ Oplion,riz,2) A = [ E[Bpm(un, s, 2)(€)(€ - €)]
0 0

where we introduced the notations £ := £+ A(€—¢'), pux := ' +A(u—p'), so that, using (5.12)) (note that
the constant C' does not depend on m) and optimising over joint distributions with u as first marginal
and ' as second marginal

M’ftgg(c(t —s),z—x) < K%g(c(t —s),z— ).
(t—s) (t—s)>

Otherwise, if Wy (u, ') > (t — s)/2, we directly get

‘A,u,,u’pm(ﬂa $7,, Z)| <K

Vm > 1, Ay pm (it 57,3, 2)] < KWQ( (t—s).2— )

so that, from Proposition applied to the map p +— a; ;(r, 2, 1), for any m > 1 and any a € [0, 1]
i g (r, 2, [X2E0]) — a5 (r, 2, [X € 0M)))

(50,1 m /
<[ Lo o= O 5.7 (= )l
R

)2 (5’177/
az’ m 6ai,‘ m
(5.61) ‘/ /nw 5 79&72)(:1/)_TWLJ(ﬁZ;@g\,r))(‘T/))

X Ay wpm(p, s, 2’ y') dy' W (da’) dX

« !

=t {M + /(ly’ =& [TA DAL om (s 5,77y dy’//(dx')}
T — S 2

W3 (e, 1)

S K a—n
(r — S)T

)
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where we used the notation @(;;ﬁ) = (1- A)[Xf’g’(m)] + )\[Xf’g,’(m)] and the fact that the map 2’ —

fol Jgaldaij/om](r, z, @gﬁ))(y’)pm(u, s,r, @ y') dy’ d)is a-Hélder with modulus bounded by K (r—s)m=)/2,
The previous bound and the mean-value theorem thus yield

‘A,u,,u/ﬁm(% s,t,x, Z)|
t

< max |ai’j (Ta 2, [X?&’(m_l)}) — Qi (7", 2, [Xﬁ7€/7(m_1)])‘ drg(c(t - 8)7 Z = x)

t—s /), i3
o W5 (u 1)
(t . S) 0277

<K

glc(t —s),z — x).

More generally, differentiating n-times the map = — p,,(u, s, t, , z), from the mean-value theorem
and (5.61)) and similar arguments, we also obtain

R W (1, 1!
369 VO, A ) < KD gt ), )

for n = 0,1,2. Now, using the decomposition p,, (g, s,t,x,2z) = pm(u, s,t,x,2) + Ry (p, s, t, z, z) with
IR k o

Rm(:u, 5,1, 1, Z) = Zkzl Pm ®H$n)(/u'7 5,4, , Z) Sa'tISfylng |Rm(/U'> 5,4, , Z)' < K(tfs)n/Qg(c(tfs)a fo)a

still in the case Wa(pu, it/) > (t — )2, we obtain

|Au7u’pm(ﬂ7 S7tax7 Z)l < |Au,u’i)\m(,u7 S?t’x’ Z)' + K(t - s)gg(c(t - 5)7 = 3?)

Sng(C(t—S),Z—Z‘).
(t—5)"

This last estimate concludes the proof of (5.60). We now make use of the following decomposition

A/L,;L/Hm-‘rl(y’a S, T, t7 Y, Z) =1 + II + III + IVa

t
Lim = S ulry g, [X2S0D]) = by, (X560 1] ( / av, 2 X3S )dv, z y) Brus1 (15,7, 1,3, 2),

i=1

d t t
=Y bl (X0 ( / a(v,z,[Xi’“m)de,zy)Hi‘ ( / a(v,z,[Xi’f’*m)de,zy)]
i=1 r T

X ﬁm+1(/‘1’7 s,r,t,y, Z)7

d
1 ; ‘
HEe= 537 |0y (r g X290 = a2, (X35 00))

4,J=1

o t
- (aiyj(nya [Xﬁ’é ’(m)D - ai,j(rv 2, [Xﬁf ,(WL)])):I H;,j (/ a(v7 2, [Xi’g’(m)])dv7 z = Z/) ﬁm+1(,u7 S, T, ta Y, Z)a

d
1 S m S
IV .= iz_:a”ry,X’f()])—a”(rz[X’g()]))
y t . t ,
w7 ([ atonz iz =) = 137 ([ ot X0z =) s (it ,2),
d _ t
Vi=— Zbi(rvya [Xf,& ﬁ(m)])Hi (/ a(v, 2, [Xi,é,(m)])dvy Z = y> A,u,,u’ﬁm-i—l(,uv 57T7ta Y, Z)
i=1 r
d t
T3 Z @i (ry, (X35 0]) — a5 (r, 2, (XS 0M]) Hy (/ a(v, z, [ X3 ’(m)})dv,2y>
2] 1 T

X Au,u’ﬁerl(luv s, 1,1, Y, Z)
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From similar arguments as those previously used, for all r # s and for all « € [0, 1], we get

< k—DEUE) ), -y,

t—r)z(r—s)=

W3t (u, ')
< K ] (et —1), 2 —y),
e e =TGR R
1 1

Il < K - _ — ¢ W5 (p, 1) g(e(t — 1),z — x),
| ‘S (t*?")l_f(rfs)f/\(t—’r‘)(/r_s) > } 2(:“ u’)g( (t ) )
V< K— W) )z,

t—r)t=2(r—s)=
V] < K—DEUI) ) o —y).

(t—r)"2(r—s)"2

We only prove the estimates on I and III. The estimates on II, IV and V are obtained similarly and
we the remaining technical details are omitted. From Proposition applied to the map p — b;(r, 2, ),
still with our notations @g:’:«) =(1- )\)[Xf’g’(m)} +A[X5E ’(m)], we get

1
1 g | [ B O 5 =5 gl ). =)
K ! 5bz m
< ﬁsup‘/ / (r,y,@g\,r))(z’)pm(u,s,r,x’,z/) 2’ (u—,u’)(dx’)d)\‘g(c(t—r)7z—y)
(t—T‘ p (R4)2 om
(m) A , /o) ro !
t_rlsup]/ /Rd)zém ) () e, ) ' (da )N
X glelt 7). 2
<k (“’M) gle(t —7),z —y),

(t—r)z(r—s)"2"
where we used the estimate and also the fact that, since 2’ — [0b;/dm) w)(2") is n-Holder uni-

formly with respect to the other varlables the map z — fo Jgal0bi/om](r,y, ©," ) (2" )pm (1, 5,7, 2, 2") d2’ dX

is a-Holder, for any o € [0,1] with a modulus bounded by K(r — s)"=®/2 K := K(T,a,b,[5b/dm])
being a positive constant independent of m. From the following identity

hy) 1= ai(ry, (X790 = iy, [X00))

1
- / 8Aai,j (T’, Y, @&”1)) dX

(ry
)

/ y 5 5O W) P (s 57,y ) = (1 5,7)) dy’ d
and the n-Holder regularity of y — [da; j/om](r,y, 1)(2), and (5.6), we deduce
(5.69 ) = 12 < K E=ml €]

Taking infimum over all joint distributions of the random variables £ and £’ with marginals p and p’
respectively and plugging the corresponding bound in III, we get

Wa(p, 1) W (p, 1)
(t—r)'"2(r—s)2 (t—r)'"2(r—s)%
when Wo(u, ') < (1 — s)Y/2. If Wy (u, ') > (r — s)2/2, we directly get

W3 (i 1)
(t—r)1"32(r—s)%

] < K Tg(c(t—r),z-y) <K gle(t=1), 2 —y),

L glelt )y <K glelt =),z — ).

(t—r)t=2
Then, from (5.61]), we get

| < K

) < K

W3 (w1 c(t—r),z—1y).
(t_r)(r_s)a;,,g(( ),z —y)
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This last bound completes the proof of the third estimate. Gathering all the previous estimates
together, we thus obtain

(5.64)

< 7 A e
(t—’l”)l_f(T'—S)f (t—r)(r—s)Tn

For r = s, using a similar decomposition as the one employed above and omitting the remaining
technical details, we also obtain

1 1
VO‘ € [Oa 1]a |A/L1/L/Hm+1(u7 S, T, ta Y, Z)| < K{ } WQQ(Iu‘vp’,)g(c(t - T)a = y)

WO( , li
(G6) Vo). A M sty ) < K(t_()“j” olelt —5), 2~ ).

With the previous computations, notably (5.62)) and (5.64)), by induction on k, it follows that for any
a€0,1]

k
(n=a) | pn Ny, n=a . 0
N | LA e R I

i=1

~ k
A Prgr @ HEL (5,8, 2)] < KW (u, ) (t = s)

x gle(t —s),z — x),

k
(n—e) -
(Pt © Do) © Hihy (5, t,2,2)| <KMW ()t = ) "7 T ] B (Z L+ g+ (i 1>Z)
i=1

x g(c(t—s),z — x).
From the representation in infinite series of p,,+1, the following relation holds
A;L,/L’pm+1 (M7 S, t? z, Z) = Au,p/ﬁm+1 (M? S, t7 Zz, Z)+pm+1®Au,p/Hm+1 (/"/7 S, ta Zz, Z)+A/,L,u’pm+1 ®Hm+1 (,U/v S, t7 Z, Z)a

which in turn by iteration yields

(566) Ap,u’pm+1(ﬂ7 S, tv &€, Z) = Z {Amu'ﬁm—&-l + Pm+1 & Au,;l,’HnH-l} ® ’Hg,lf) (,u, S, t7 €, Z)
k>0
Moreover, one may differentiate the infinite series (5.66)) with respect to x so that for n =0,1,2
(567) 8£A,u”u’pm+1(/u'7 S, ta xz, Z) = Z {agA,u,,u/]/?\m+1 + a;zlpanl & A,U.”U./Hm“rl} ® Hf’l{fll(y” S, t, x, Z)
k>0
In order to make the previous formula totally rigorous, one has to study the convergence of the above

series. From the estimates (5.62)) and (5.64]) we get
~ k
|a$AHaH/pm+1 ® H'I("rr)i»l(pﬂ S, tu z, Z)l

k
1, (m—a) ypm nl n-o« . n
< KRW (i) (t — )72 2 the EB(Q,Q—&— 5 +(2—1)2> glc(t —s),z — x),

‘(aﬂﬂpmH@Aﬂ’u’HmH) ® Hfﬁq (Na s, t, @, Z)\

k
o _1i =) pm nl n-« . n
< KFW (p, i) (t — )72t 2 the EB(Q,Q—&— 5 +(z—1)2>g(c(t—s),z—x),

for any a € [0, 1] and

~ k
|a§Au,u’p’m+1 ® ’Hini_l(u, s, t,x, 2)|

<KMW (py ) (t —s)~ 1

k
52kt ] B (g =+ G- 1)2) g(e(t = 5), 2 — x),
=1

for any « € [0,7). On the one hand, if r € [s, (t + s)/2], from (5.64]), we get

(t- 3/(2(;(5:;11 glelt =),z ~ )

(t— Ki(fS;)+w gle(t —s),2 — x),

1020 0572, )1 Hon 15,792y < K
R
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so that for any « € [0,7)

t+s
2 WO‘

568) [ [l )ty My < KL g )2 )
s R t—s

On the other hand, if r € [(t + s)/2,t], again from (5.64), we get

Wi (ps 1)
/ I pm /,L,S r,T y)HAM IJ«IH (:u757r7tay7z)‘dy S K(tir)lzg(r75)1+gg(c(t_8)?z_x)
(6% I
<Kk WEWE) (i) s ),
(t—r)t=2(t—s)lt2

so that
t
W;
6:60 [ [ 10 s 1A Hon st ) dydr < K((%g< c(t—s),z ).
Tz

)
Combining (5.68) with (5.69)), we finally conclude

W(X /
Ya €[0,n), [(02pm @ A wHm)(p, s, t,x,2)| < KM

G (et = )s =),

so that, by induction on k, we obtain

k
_ (n—a) n — )
(02 © Dy Hon) ® HP (15,8, 2)| < KFW (') (¢ = 5) 77 ] B (g T - 1)2)
i=1

x g(c(t—s),z —x),

for any a € [0,n). From the asymptotics of the Beta function, we conclude that the infinite series
appearing in the right-hand side of is absolutely and uniformly convergent in the two following
cases: n = 0, 1 for any « € [0,1] and n = 2 for any « € [0,7). Moreover, there exist two constants
K = K(T,n,a,b,[0a/dm], [§b/dm]), ¢ := ¢(\) such that for any p, y’ € Po(R?)

W3 (u, 1)

(5.70) |A L Opom (1,8, t, @, 2)| < K——————
(t—s5)" >

glc(t —s),z—x),n=0,1,2.

This completes the proof of (5.16)).

In order to obtain (5.17) we proceed as for the previous estimates. To lighten the notations, we
introduce the quantities

’ l. m ) 7t
U";n(57t) — // "o /|77 /\ 1)| st [ le (,LL S x y )}(y)| dy// /(dl')
(Y, )ERdX(Pz R4))2, u#p! W (1, 1)
AL L/a 0 m\fMs 9, 7 a
7n(S t) sup // | 1227; y[ ,up a(u S / Yy )} (y)| dy// Il,t/(dl'/)7
(vt ERDx (P (RD))2 WeH(p, 1)

for a fixed n =0, 1, « € [0,1] for n = 0 and « € [0,7n) if n = 1. We prove by induction the following key
inequalities:

1+nt+a
2

1+n+a777)
2

u (5,1) < Crpn(s,)(t — )¢ M and v (8,1) < Cn(s,t)(t —5) 7

with Cpy (s, 1) := > e, CF Hl 1B (%, M +(@—-1)3) (t— s)*=13  The result being straightfor-
ward for m = 1, we assume that it holds at step m. We first claim
(5.71)

~ o 1 1
|A#,#/3;’[8ﬂpm+1(u,s,r,t,x,z)](y)| < KW; (:u"/i/) <{ E— 1{r=s} + TTnta—7 1{r>s}}
(t—s) 2 (r—s)— 2
t

+$ u?n(s,v)dv> gle(t —r),z — ),

r

where o € [0,1] if n =0 and o € [0,n) if n = 1.
In order to prove the previous inequality, we make use of the following decomposition:

A#nu/a;l [auﬁmﬂ(#, S, T, ta X, Z)](y) = I(y) + II(y) + III(y) =+ IV(y),
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with
1) = {Dfems ([ atv. s px200a0) = D [ ot 1xes )}
S R XS0 = 22 X )35 00
[ [ Gt s IR D) = £ 0 XS )5 05000 M) ') o,
119) = s [ atwrz 24
0 ) = 202 X N 0001

da
o (00 LX) Ay O 0,8 o

+ [ Gt e ) -
() 1= Dfecs ([ a2, (526 )
A [ S D00 By N = ) )
[ Gt s IR D) = £ 0 X D)0 O 50,5 ')

) i= Dfecs ([ vz a). [ f / % 0,2, X P ) 2 (0,2, (XU 1)

A1y 0y [0pm (1, 5,0, 2",y () dy' dop (da')

From the mean-value theorem and the estimates -, and -7 there exists a constant
K := K(T,a,b) independent of m such that

K ! S m S ! m
M) < e | el 002 X0V = ai (0,2, (X500

« (/:{(v—s)—“@"”+(v—s)—“+”ﬂ—”} dv) gelt—1), 2 — )

K " Wg(u, )

< . B do x [(t— o) g + (=) (r —8) " F Ly lglelt — 1),z — )
=712/ (v—s)"2
< KWg(u, 1) ;1 —1—;1 (c(t—r),z—2x)
> 2 (K, (t _ 8) 1+g+a - {r=s} (T _ S) 1+1;+a —n {r>s}| 9 y
for any « € [0, 1]. Similarly to (5.61) with the map [da; ;/dm] instead of a; ;, one gets
da da ’ n—o
(672) Vo€ [0,1], 122 (0,2, XSO (y") 2L 2, XD )] < K WS (Yo — )"
so that by (5.6 .
[e% !
| G XS ) = 22 02, DX )01 5,01 | < K
om (U — s)f

and, from (|5.70)), the n-Holder regularity of y — [0a/dm|(v, z, u)(y) and the space-time inequality (1.4)),
one has

(504 ’ (SCL ’
(7(1)7 Z, [va)f ’(m)])(y//) - 7(1)3 Z, [X575 ’(M)])(y))(a;—i_npm(ﬂv s,0,Y, y//) - ai’+npm(ﬂ/a $,V,Y, y”))dy”
om

om
e WE G i)
>~ (U _ S) 1+72L+a 7’

for any o € [0,1] if n = 0 and for any « € [0,n) if n = 1. Combining the two previous estimates, we
finally obtain

o 1 1
(y)| < KW; (H»Hl) Wl{rzs} + ml{ms} glc(t —r),z —x),
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with @ € [0,1] if n =0 and « € [0,7) if n = 1. From the representation in infinite series ((5.40]), we derive
that @ — 0)[0,pm (1, s,t, 2, 2)(y) is a-Holder continuous, with o € [0,1] if n =0 and « € [0,7) if n = 1.
More precisely, for any z, 2’ € R? and for any m > 1, one has
817} [aﬂpm(:u’v S, t7 €, Z)](y) - 617;1 [aﬂpm(uv S, t :EI7 Z)](y)
T — w/ «
%Lu, {gc(t —s),2 —2) + g(c(t — 5),z —2)}.
(t—s)
where K := K(T,a,,b,[da/dm], [0b/dm],n) is a positive constant independent of m. We omit its proof.
The previous estimate combined with the n-Holder continuity of y — [da/dm|(v, z,m)(y) implies that

z — [[da/dmla(v, z, [Xi’é’(m)])(y”)ag[aupm(,u,s,v,x,y”)](y)dy” is a-Holder, with a modulus bounded

by K(v — s)*wéiﬂ)*", K being a positive constant independent of m, where a € [0,1] of n = 0 and
a € [0,n) if n = 1. We thus deduce

‘ /(Rd)2[5a/5m] (0,9, (X3 () 0 [0upm (1 5,0,2", 4| (y) dy (1 — p')(da')| < K
From and (| m, we also obtain
) / ,
[ (molos s XS = Sl X)) 0 B8, ) df o )
(R4)2 m

W (p, 1)

) 1+'r;+a —n’

(5.73) <K

W (p, 1)

<K
(v—s

for any « € [0, 1]. Consequently, combining the two previous estimates, we conclude
o 1 1
‘III(y)‘ < KWQ (u, ,u/) Tfnta 1{r:s} + Tfnta 1{T>S} g(c(t - T)a = .CE),
(t—s)y—=z " (r—s)—=2 7

for any « € [0,1] if n = 0 and for any « € [0,7) if n = 1. Finally, one has

[V(y)| <

t
e A B A e e O L G}

Gathering the estimates on I(y), II(y), III(y) and IV(y), we obtain

n -~ « 1 1
|Au7w5y [(%Pm—&-l(ﬂy s,rtx, 2)|(y)] < K(Wz (14 ,U/) [Wl{T:s} + Wl{r>s}}
1 t
b | 8 A DI O B 5,0, 0] )
(5.74) x gle(t—r),z —x),

for any a € [0,1] if n = 0 and for any a € [0,n) if n = 1. This completes the proof of (5.71). As a
consequence, from the induction hypothesis, we directly get

|Au,u'@? [8p1/7\m+1 (,uv S, t, Zz, Z)] (U)l

1 1 t Cmn 5,7 .
<K{(t—s>”"¥”+ /< >()d} W5 (s 1) glelt = 5), 2 — )

t—s r—s

k+1

S(ts;i"zw{B(Z’lHa )*ZC'“HBC“ S - o

X W;(Maﬂ/)g(c(t - 8), Z = .17),

which in turn yields

> 1w O BuBmsr @ Hiy (15,8, 2, 2)(0)

s
——

r>0
k+1
(5.75) X mg(c(ts),zz).
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From ([5.38)), we easily obtain the following decomposition

Ay O [0 Hme1 (1, 8,7, t,y,2)|(v) =A+B+C+D+E

with

A2:A1 +A2+A37

A12

d t
=3 A 10y, [X )] (0) HY ( / a(v', 2, [ X552 — y) P11 5,756, 9, 2),

=1

d t
Ay ==Y 3010,ubi(ry, X2 ] (0) Ay HY </ a(v', 2, (X5, z - y) Pm1(p; s, t,y, 2),

i=1

d t
As = = SO [Bbi(ry. (X2 (0) H] ( [ a2 x5 < - y) AP (1,57 1,9 2),
=1 T
B Z=B1—|—B2—|—B3,
d
Buim b 30 Al 0o (ry. [XEEOV]) — a2, XSO )
2,]_1

d
1 U2 S ! m S ! m
By =5y Oy [0ulais(ryy, (X2 0) = a2, X)) (0)
t
X AHvH/H;J (/ CL(U Zs [X ik (m)])dvl"z_ y) ﬁm+1(ﬂ7sarat7yaz)7

By = - Z 0 [0, ]ai i (r,y, [Xsf (m)]) —a; (r, 2, [Xsé (m)])]]( )

1,j=1

t
X H;’j (/ a(v Z, [X 5¢s (M)])dvlaz - y) A/L,/L/ﬁm+1(ﬂ7S7T7t7y5z)’
C:=C; + Cq + Cs,

d t
Cr = =3 Ay by (ro, [X2E0M)) a7 [@Hf ( [ a2 - y)} (0) s (15,748, 9, 2),

i=1

d t
Coi=— D bi(r,y, [XP W) A, 00 [aqu ( / a(v', z, [XS“’”])dv',z—yﬂ (0) Png1 (115 8,7, £, 9, 2),

i=1

d t
Gy = — 3 by, (X560 o [auHi ( [ attzxE <m>1>dv',z—y>} (0) By st (s 5,73 2),

i=1
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D :=D; + Dy + D3,

d
1 s
Dy o= 5 3 Ay (a0 (ro o [X7E0) — g 2, X240

ij=1

o t
o [aﬂH;” ( [t X a2 - yﬂ (0) Pt (1 5,7, 6,1, 2),

d
1 5,&",(m 5,&",(m
D2 = 5 Z-;l(ai7j(r,y7 [er o )]) - a’i,j(r’ 2, I:XT'7£ o( )]))
o t
X A%#/a:} |:8HH;J (/ a(v 2, [Xs A (m)])dv/,z - y>:| (’U) ﬁm+1(/l7877n7t7y72)7
1 d
D3 =5 Zl<ai,j<r,y, (X)) = ag(r, 2, X))
i,j=

t
o [aMH;’J ( [ a2 - y)} (0) D P (15,721, 9, 2),
and

E2:E1+E2+E3

t
ZAM[ (r.y, [ X3SV H ( / a(v', 2, (X H)dvﬁz—y)}amammﬂw,s,r,t,y,zn(v),

L S (TS e B et P (/ ! X+ )]

i,j=1
X 8 [8,¢pm+1(,u73 .ty 2 )]( )a

t
(ryy, (X3S0 H] ( / a(®, 2, [XyS e, 2 — y)

H'M&

{

S
M“

. t
(a” r,y,| XS’5 (m)}) —a; (r, z, [X;f’g’(m)])> HYY (/ a(v’, 2, [ X)) ik (m)})dv’, z— y)
1,j=1 T

X A‘uﬂu’a:‘ [a,uﬁm—&-l(:u? 5,7, ta Y, Z)](’U)

e Estimates on A:
In order to deal with A1, we use the following decomposition

Ay O [0,bi (ryy, (XSS () = TH I+ T4 TV + V,

with

b= / (gfn (ryy, (X34 ))(2) j;‘; (ryy, X2 0D)) (2)) 054, (11, 5,7, v, 2) d,
ob;

6b ’
Mim [ X ) = £ XSO 0) Ay 0L st 5,7.0,2)

I = / [ S X O ) 07100 (5.7 2)0) 3 = ),
(5b ob;

Py, [X36 M) (2) — ( ryy, (X5 (2)) 020 upm (1, 5,7, 2", 2)|(v) dz ' (da'),

/ / 5’) Ly K7€) ) - §b< DG )
Ay O [0upm (s s,7, 2", 2)](v) dz p' (da).

We now need to quantify the contribution of each term in the above decomposition. Using (5.70) (with
n = 0) and computations similar to those employed for (5.61]) with the map [db;/dm] instead of a; ;, we

directly get |[0b; /m] (r, y, [X2° ™) (2) = [8b: /om] (r, y, X2 T)) (2)] < KW () (= 5) =@ /2 for
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any « € [0,1], so that
W (1)
14nt+a—n °
(r—s)— 2
From (5.70) and the n-Holder regularity of z — [db;/dm](r, x, u)(2), we also obtain
W (1, 1)

1T .
+r2t+u -7

<K

) < K

(r—s)

Using the fact that z — [[db;/dm](r,y, [Xf’g’(m)})(z)ag[aﬂpm(u,s,r,x7z)](v) dz is a-Hoélder, (with
a€0,1]if n =0 and « € [0,) if n = 1), with modulus bounded by K (r — s)~((1+n+0)/2=n) "we get

Wa /
) < xR
(r—s)—=z ="
Similarly to I, from (5.70) (with » = 0) and ([5.12)), one has
W (u, /
v < gD
r—s)—z 1

Finally, for the last term, from the boundedness and the n-Holder regularity of z — [6b; /dm](r, z, 1) (2),
one has

VIS K [ [ =217 A D)8 00051’ D)(0) e ().

Gathering the previous estimates and using the induction hypothesis, we finally obtain

1
e U (7)) WS (),
2

(5.76) [ O 10,1, , (X)) (0)] < K ( 3

so that
K
(t—r)z(r—s)

For Ay, from (5.29) and (5.12) one gets (5.30) which in turn yields

[A] <

traga=y (14 Cmn(s,7)(r — 8)%) Wit (u, 1) glet = 1), 2 — ).

e K
(5.77) 10310,bi(r,y, X2 D] (0)] € ey
(r—s) =
and, from the mean-value theorem and (5.61)), for any a € [0, 1]
¢
A Hi / av) 2, (XA 2 = y ) B (1,571, 9, 2)
K k S m S ! m
< o [ maag (0, 2 XSO = a0 5 (XS T gleft = 1), 2 — )
(t—r)z Jr i

2a(/“L7lu/)
< K —glc(t—r),z—y),
> (t r)%(r S)a2 g(c( ) Y)

so that

W (p, 1)
(t— r)%(r — S)w*”
For As, from and the mean value theorem

Vael0,1], |Ay <K

g(C(t - 7“),2’ - y)

M’f_/zg(m —7),z—Yy),

(578) ’A,u,,u’]/)\m+l(,ufasara t,y,Z) <K
(r—s)™

which in turn, with (5.77)), imply

WOt , li
Va €10,1], |As] <K T 2(n M1)+n+a_ gle(t—1r),z—y).
(t—r)2(r—s)— =2 "
Combining the previous estimates, we finally obtain
K n
1 1+nta—n (1 + Cm,n(87 7“)(7” - S) 3 ) W;(Ma /’L/> g(c(t - T)a Z = y)

(t—r)i(r—s) 5
e Estimates on B:

For By, we employ a similar decomposition as for A, /0, [0,bi(r,y, [Xf’g’(m)])](v), namely

Ay O [0pai j (ryy, (X0 0M)) = Ouaij (r, 2, [ X3S (v) = Ly + 10 + 1L + IV, 5 + Vi g,

Al <




WELL-POSEDNESS OF NON-LINEAR SDES AND PDE ON THE WASSERSTEIN SPACE 55

with
5,&,(m) 5a”i,j s,&,(m) !
oy XS () = S8 (2, (X)) (2)
5@1 s 5&2'7' st (m n
- (5 ’J<, X () — S (g (X ()| O (5,70, ')
Il = XS ) = 20 g [0 21
al s 6a’i7' 5,&",(m n
- (S < X ) = B (2 (X)) )] Ay O (15,70, ) 02
6(11 j S m n
I, 5 == Y, [XPOUIN) () = = (2, (XSO ()| 00 [0upm (15,72 2] (0) d2' (1 — ') (da'),
om
50’1 s m 50‘7;,' s m
Vi i= (1, , X3S (1) = L8 (2, (X)) ()
6“%] 5,¢",(m) 6ai7j 5,&",(m) / n ot ’o /
(T Y, [X ’ ])( ) - T(T,Z, [Xf ' ])(Z ))} 'av [8”pm(,u,s,r,x ) % )](U) dz H (dm )7
m 5@1'7' s,&",(m
Vi = o (XS () = S5 (7,2, X)) ()
5aij

(S8 (1, (X ) @) = S5 0,2, (XN @) By O O 5,7, 2))(0) ' ().

As previously done, we quantify the contribution of each term in the above decomposition. We
establish a bound similar to (5.63) but with the map [da; ;/dm] instead of a; ;. To be more specific, let

95\7;) =(1- )‘)[Xi’g’(m)] + )\[X:’gl’(m)] and then write

S 1, [ X360V ()

hy) = 200y (XS (1)

i (v,
AR v, 0" (2") dX
’ITL

(52al
/ Ad 5m2 7" y7 )(Z/7y/>(Pm(M,3>7"ay/) —pm(,LLI,S,’I", y/))dy/ d>\

The uniform n-Hélder regularity of y — [62a; ;/6m?|(r,y, 1) (2, and (5.6) yield
y—=z

(519 )~ h(a)| < KO0,
(r— s

so that

Wa(p, 1) W3 (p, 1)

L] < Kly — 2| ) < Ky — 2| )

‘ 7J|— |y Z‘ (’I‘—S)lJr? — ‘y Z| (T—S)l+2+
if Wy (pu, 1') < (1 — s)'/2. The previous estimate directly follows from the uniform n-Hélder regularity of
y — [6a;;/6m)(r,y, [X29™)) (') and (5.6) if Wa(u, p') > (r—s)'/2. From computations similar to those
employed for ((5.61)) with the map [da; j/dm] instead of a; ;, we directly get |[da; ; /0m]|(r, v, [Xﬁ’g’(m)])(z)—
[8ai 3/ 6m](r,y, X7 ) (2)] < KW ) = )72, for any a € [0,1], 5o that
o Wiu )

I; .
| 7J| — (7‘ B S) 1+n42»o<7n
Hence, combining both estimates with the space-time inequality (1.4)), we deduce

Va € ]0,1],

t
Ly x Hy? ( [ atw s X pa s - y) Pt (15,7 1,9, 2)|

1 1 N
(5.80) <K — e A ¢ Wo () g(e(t —7), 2 — ).
(t—r)t2( 2 -5

2(r—s) (t—r)(r—-s)
Again, from (5.70)) and the n-Hoélder regularity of y — [da; ;j/dm](r,y, 1)(2), we obtain

ly — 2" A1

|Hi,j < K(T )1+n+a n W2 (/1' :u)

S
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so that
¢
‘Hi,j x Hy? (/ a(v', z, [XUS,’E’(m)])dv’,z — y) Pma1(p, 8,7 t,y,2)| < K
From (5.73)), the map

da; - da; -
/ i s.&.(m)7y (1) _ 0% & (M) (1)) 9" ' /
o [ (XS = L 1 0 )0 B, ) 0)

W (s 1)
(t—r)'=2(r—s)

ifnta—n g(C(t - ’I“), Z = y)
2

is a-Holder with a modulus bounded by K (|y — 2|7 A 1)(r — s)~(FnH+a=m/2 5o that
y—2z|TA1 o
|HIi,j\ < K%Wz (Naﬂ/)a
(r—s)" 2

— S

which in turn yields
t /
s s £.(m N Ws(u,
IIIi,j X H;J (/ a(v/’ Z, [Xq;;€7( )])d’l}/, z — y) pTrH-l(.U’a S, T, t7 Y, Z) 772 (‘u a )
r (t—r)t=2(r—s)

Using similar arguments as those employed for I, ;, with (5.12) instead of (5.6), we get
W (p, 1)

W?

<K

14nta—n g(C(t - T)v = y)
2

IV | < Cly —2["
so that

.. t « Vi
IV, ; x HY ( [ ate s x5,z - y) P (s, t,9,2)| < K —— V2 lt)

e —— c(t—r),z—1y).
(t—r)=3(r—s)" = gle(t =) v)

For the last term, using either the n-Holder regularity of « — [da; ;/0m|(t,x, t)(z) on the one hand
or the n-Holder regularity of z + [da; ;/0m](t,z,u)(2) on the other hand, as well as the induction
hypothesis, we get

Vil < K {ug,(s,7) Aly — 2o, (s,7)} W' (. 1),
Gathering the previous estimates and using the space-time inequality (1.4)), we finally obtain

1 1 A GO G al o
|B1|<K{{(t—’r)1_g(’r‘—s)w/\(t—T)(T‘—S)lJﬂLga"}—i_{ t—r /\(t—’/‘)lg}}WQ(M,M)

X gle(t—r),2—y),

where o € [0,1] if n = 0 and a € [0,7) if n = 1. For By, from (5.46)) (bounding (r — s)(1Tn=m/2y7 (s,7)
and (r — s)1+™/2y" (s,7) by K independent of m), one gets

, , —yln 1

(681 1000lons (o, (X2 ) — a2, (X Oy <k L
CEEE SRR

and, by the mean-value theorem and then (5.61])

ot
Apprtty? ([ a6 0 2 < ) B (arit )
KE_ [ &.(m) ¢ (m)
(5.82) < (e / max lai (v, 2, [ X)) —aq (V' 2, [ X0 ) |do g(e(t — 1), 2 — y)
WO( , /
< K TEVL) (et 1),z )

t—r)r—s)=
so that combining (5.81]) and (5.82)

1 1
|B2| <K { Ttnta—n } W;(Maﬂl> g(c(t - ’I“), Z = y)

n (23 /\ 7]
t—r)(r—s)"F " (t—r)l=F(r—s)
For Bj, from (5.78]), (5.81]) and the space-time inequality (1.4)), we get
1 — in feY /

FErr—— e —rgle(t —r),z —
G - [ g Y
1 1

K into n itnta—n Wza y ! ct—r),z—1y).
- {(t—r)(r—s) 2 n/\(t—r)l—z(r—s)2} (s 1) g(e(t =) y)
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Gathering the previous estimates on By, By, B3 and using the induction hypothesis, we finally deduce

1 1 up,(s,1) g (s.7) i
BSK{{(t_r)(r_sﬁ”t"" A(t—r)lz(r—s)“fc“}+{ t—r Aﬂr)l*’}} )

X g(C(t - T),Z - y)

VK]

)

(t—r)(r—s)" 2 (t—r)t=2(r—s)
x W3 (p, 1) g(c(t = 1), 2 = y).
e Estimates on C:
For Cy, similarly to (5.61) with the map b; instead of a; j, one has

1 1
S K { l1+n+a—n A n 1+Z+a } (1 + Om,n(S,T)(’/’ - 5)

WQ /
(5.83) Vo [0,1], Ay ubilry, (X360 < K((“)’”
T — S 2

and, from ([5.30)), so that
' ¢
or 0,1, ( / a(v', 2, (X5, 2 — y> | @B (17, 2)
K ! oo, a; - ! szgx(m) d ! _ _
> 3 max |0, [Oyai (v, 2, [X,y DI()|dv g(e(t — 1),z —y)
(t—'r)2 ro BJ
K
= T
(t—r)z(r—s)

Combining both estimates, we obtain

(5.84)

itn—n g(C(t - T)v Z = y)
2

« /
|CI|SK W2 (M,/_L)

T TThTa c(t—r),z—1vy).
e et =y

From similar computations as those employed for the term A, ,,»0;'[0,,b;(r, v, [Xﬁ’g’(m)])] (v), see (5.76)),
in a completely analogous manner, we get

T 5,6,{m 1 n @
(5.85) A 021005 (0, 2, [X )] (0)] < K(W + Um(S,U/)) W3t (u, ')
so that, from the mean-value theorem and the induction hypothesis
L[ s 0me W (1,
Col < 54— [ x|, 0,00, (00, 2, XSS VD) 4 U ),z
(t—mr)2 J, g (t—r)z(r—s)~z "
K

< o (1 [ Gl v e ) W gt )2 )

For Cgs, from (5.78]) and then (5.84), we obtain
WC! /
|C3|SK 23(:“7/’4)06777
(t—r)i(r— )"
W3 (p, 1)
(t—r)s(r—s) "5

t
/ max |92 [0a;,; (v, 2, (X35 ")) dv’ g(e(t — 1), 2 — y)
po b

gle(t —r), 2 —y).

Gathering the previous estimates on Cq, Cy and C3, we get

K
(t—r)z(r—s
e Estimates on D:

In order to deal with Dy, we first remark that from (5.63)) and the computations shortly after, distin-
guishing the two cases Wa (1, p') > (1 — s)'/2 and Wy (i, p') < (1 — s)'/2, we get

ol < EE= (14 @07 [ Conloo)o = 9 do) WG ) glelt = 2 =)

s m s,&,(m -y K «
Vo€ [0.1], By (a0 0 XSO — a2, X0 | < K EZ 0w ),

(r—s)
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From ([5.61)), we also get

WOC !
Vo€ [01], 1A pan(ry XSS 1 1Ay wai(r 2 [XEE00))| < g WEERL)

a—n °

(r—s)2

Gathering the two previous bounds, one obtains
(5.86)

z —y|" 1
Vo€ (0.1, 1 (a0 (o XSO (2, 00D < i B AL ey,
(r—s)z  (r—s)"z

Moreover, similarly to (5.84)), one has

o t
o 0,157 ([, 2 X D = ) | @) s (ot 2)

(557) < o | maxlotlOua, (s XTI v (et = ). 2 =)

K
<
(t—=r)(r—2s)

The two previous estimates allow to conclude

1tn—n g(C(t - T)7 g = y)
2

(t—r)=2(r—s) (t—r)(r—2s)

For Dy, we handle A, ,,97'0, H, J(f a(v',z, [ X5 MNdv’, 2 — )] (v) in a similar way as we did for

M ,,8 [Ou H’(f a(v',z, [ X} Ak (m)])dv ,z —y)](v), that is, from the mean-value theorem, (5.61)), (5.30)),
, one gets

1 1 N
‘D1| S K { n l4nta—n A 1+nta —n } 2 (,LL7/,L,)g(C(t - 7’), Z = y)
2 2

$,&,(m) / Wf(,u,//)
Do| < K 7n max A 03 [0pai i (V' 2, [ X2 (v) [do” + - Tts gle(t—r), 2z —y)
(t—r)>=2 (t—r)t=2(r—s)—=2 "
K —1 z « l
< n T+tnta—n 1—|—(t—7“) Cm,n(sav)(v_5)2 dv W2 (/”"/J’)g(c(t_r)vz_y)'
(t—r)t=2(r—s)= = r
To deal with D3, we employ (5.78]) and (5.87)). We get
K S m
IDs| < - x| [Dai s (v, 2, (X3S )] ()] dv gle(t = 7), 2 — y)
(t—7r)2"3(r —s) &
W (p, 1)

gle(t —r), 2 —y).

(t—r)=2(r—s) "5

Gathering the previous estimates on D1, Dy and D3, we thus obtain

1 1 i y
D S C 1+n+ta—n A 14nta—n 1 + t—r -1 Cm7n S, V)\U— S8 2 d’U
| | {(t’]")(?"s)Q (t*?")l_i(’lﬂfs) _ } ( ( ) /r ( )( ) )
X W' (p, 1) gle(t = 1),z = y).

¢ Estimates on E:

For E;, we proceed as for the previous terms. To be more specific, from (5.83)), the mean-value

theorem and (5.61]) as well as (5.39) (note that the constant C' in the latter estimate does not depend
on m), we have

T t=n)i(r—s)TE

For Eg, from ([5.86)), (5.39) and then (5.82)), we get

1 1

ltnta—n A Tfnta W2a s ! ct—r),z—y).
(t—r)"2(r—s)" =z (tr)(rs)z_’?} (2. 127) 9 ) y)

gle(t =),z —y).

|E2|<K{
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For the last term Eg, from ([5.74)) and the induction hypothesis, one obtains

= (t . r)l n (r . S) 1+n42»o¢7n
2_7 / / — 2" A1) A O [0upm (1, 5,0, &', y™")](v)| dy” 1/ (da”) dv’}

x g( (tfr) )

K t m
= 7 e (1 +(t—r)" / Conn(5,0) (v = )7 dv') W3 (p, 1) gle(t = 1), 2 = y).
t—r)t=2(r—s)— =z r
Gathering the previous estimates, we finally deduce
K a/ 1
s (140 [ Conlad)0 = R0 ) WE G (et~ 1)~ ),
(t—r)=2(r—s)— 2 r
We now collect all the previous estimates on A, B, C, D and E. We finally obtain the following bound

|Ap,y’ag[ap7'lm+l(ﬂ’a s, T, tv Y, Z)](U)‘

1 1 1 ¢ 0
<K e s 1+ / Conn(5,0) (' — de/>
{(t—r)(r—s)w t—r)=s(r—s) "= }( t—rJ, (5, )

X W5 (p, 1) g(c(t —7), 2 — y),

which in turn, after a space-time convolution with p,, 11 (separating the time integral into the two disjoint
parts [s, (t + s)/2] and [(t + s)/2,t] as we did before in order to balance the time singularity), implies

|pm+1®AM7M’aﬁ [8uHm+1 (:u’> s, t, @, Z)] (U)‘

k+1

S(ts)K*“‘<B<7271W]) ZC’“HB(nl ”;”7 +(z—1)g)(t—s)k3>

x Wi (p, 1) g(c(t = s), 2 — ).

From standard computations, we deduce that the series > 2, - (Pm+1 ® AMM/aﬁ@HHmH)@Hfﬁ_l (w,s,t,x,2)(v)

converges absolutely and uniformly. Moreover, there exist positive constants K := K (T a, b, [§a/dm], [§b/dm], [§2a/dm?],
[62b/0m?]), ¢ := ¢()\) such that for any a € [0,7)

Z ‘(perl ® AH,M/(“)LL(?#’HmH) ® Hg,]f)ﬂ(u, s, t,x, z)(v)‘

k>0

(5.88)
k+1

K 7 1—n—|—77—a) " <7) l-n+n—a e
< (L) oS e [ B (LY T
<t—s>*¥"{ <2 2 Z Il 2 2

X W;(H7u,)g(c(t - 5)7 z = 1‘)
From (5.64) and (5.12)) (at step m + 1), separating the computations into the two disjoint intervals

[s, (t + 5)/2] and [(t + s)/2,t] as in and (5.69), we get

3 K [e3
|(av apbpm-‘rl & Au,u’Hm+l)(.uﬂ S, ta z, Z)(’U)| S m W2 (/La ,LL/) g(C(t - S)a z = 'T)v
where a € [0,1] if n =0 and « € [0,7) if n = 1, so that
(5.89)
n K [e3
S 1O 0upmst ® Dy Hongr) © Hohy (5,1, 2, 2)(v)] < T V) g(elt ). 2~ ).
k>0 -

Similarly, from the estimates (5.60)), (5.47) (bounding C,, ,, by a constant K independent of m), sepa-
rating the time integral into two disjoint intervals as previously done, after some standard computations,
we get

U3 K (07
A Pms1 @ Oy Oy Hong1 (p, 8,1, 2, 2) (V)] < m W5 (p, 1) g(e(t — 5), 2 — ),
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which in turn implies

(5.90)
1L K «
D |(@pppnes © D00 Honr) © Mo (5.0, ) S vy W () gleft = ), 2 = ),
k>0 -

If we differentiate with respect to the measure argument (and then possibly with respect to the variable
v) the relation ppm41 = Pm+1 + Pmt1 @ Hmt1, we obtain 05 0,pm+1 = 05 0uDm+1 + Pmt1 ® O Oy Hmt1 +
8}}6Mpm+1 ® Hm1 so that

Ap«,;ﬂag [aupm+1 (Ma S, t) z, Z)](”) = A,u,,u’ag [auﬁm+l(,u7 S, t7 Z, Z)}(U) + Pm+1 ® qulb/al? [aMHWVH.(Mﬂ S, tv xZ, Z)KU)
+ Au,u’pm+1 & aga/ﬂ’lm-&—l(,ua S, t7 x, Z) (U) + 817;18upm+1 ® AM,M/H77L+1(M7 S, tv x, Z)(U)
+ A,u”u’aga#pm+l & Hm—&-l(pﬂ S, t7 z, Z)(U)

Iterating the previous relation, we obtain the following representation

Au,u’aﬂaupmﬂ(% s,t,r,2)](v) = Z [Au,u’agauﬁmﬂ + Pmt1 @ Dy 0,0 Hintn
k>0

+ AL Pms1 ® 0y OuHma1 + 0y 0uPms1 @ Ay Heng1 | @ 7—[5,]3_1(/;, s, t,x, 2)(v).

Gathering the estimates (5.75)), (5.88]), (5.89) and (5.90)), we deduce that the above series converges
absolutely and satifies
| A O3 [Oppm1 (s 5,1, @, 2)] (V)]
K

< s Wt (u, 1) g(c(t = s), 2 — x)
k1

K n l-—n+n k nl-nt+n-a MY k2
+—(t_5)”"§”"” {B(z,)+20 I[B( 5 G- 1)2)(t s)
k+1

x W3 (p, 1) g(c(t — 5), 2 — )
k+1
K n l—n+n nl-n+n—-—a n
S”"E"‘”{B<2’) ZCkHB< 5 +(z—1)5 (t —s)*
n K nl-n+n k nl-nt+n-—a n k
“m+1(5at)§t)1+g+a_n{3<2a>+zc HB< 5 - 13 ) E=s)
and similarly,

s

(t—s)
X W;(M’M/)Q(C(t - S)’ e .Z‘),
so that

NS

k+1

n K nl-n+n k nl-n+n—a n k1
Um+1(57t)§W{B<27> ZC 11—[B< 5 +(z—1)2>(t—8) .

Since the constant K does not depend either on the constant C' appearing in the definition of C, , (s, t)

or m, one may change C once for all and derive the induction hypothesis at step m + 1 for «’, and v},.
This completes the proof of (5.17)) at step m + 1.

We now prove the estimates and (5.19). Since the proofs are rather long, technical and use
similar arguments as those employed before, we will limit ourself to and will omit some technical
details. The proof of follows from the relation and similar arguments as those developed
below. We remark that if [s; — so| > t — $1 V s, the estimate follows directly from . We
thus assume that |s1 — sa| <t — s1 V 5o for the rest of the proof. To make the notations simpler, for any
fixed (s1,s2) € [0,1)%, we write As, 5, f(s) = f(s1V s2) — f(s1 A s2) for a function f defined on [0,¢). In
particular, Ay, o, pm (i, S,t, 2, 2) = pm(p, 81V S2,t, 2, 2) — P (p, 51 A S2,t, 2, z). We first claim

VB e [07 1]’Vm >1, |AS1,52pm(N75 t x,z)\

|s1 — s2|°

B
(5.91) <K{Bg(c(t—81)7z—m)—|—(t_2)ﬁg( (t— 2),z—x)}.

In order to prove the above statement, one has to consider the two cases [s1 — s2| >t — s1 V 53 and
|s1 — s2| <t — 81V se. In the first case, it directly follows from (5.6)) with n = 0, while in the second
case, it follows from the mean-value theorem, (5.13) and the inequality (£ —s1V s2)™! < 2(t —s3 Asgy)™?
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We now start from the representation in infinite series (5.40) and write the following decomposition

Aa@z@?[‘%l’m-&-l(% s, t,x, Z)](U) = A917328 [aupm+1(l‘a St Z)]( ) + A91,92 (pm-H & 6g[au7'[m+1])(ﬂ7 st x, z)(v)
(5.92) + Ay ,50 (07 [0uDimt1] @ Prngr) (1 858, 2, 2) (V)
+ A31,82((pm+1 ® 8y [auHerl]) ® (I)erl)(Ma sty @, Z)(v)

We investigate the first term appearing in the right-hand side of the above identity and make use of
the following decomposition

As15:07[0uPm1 (1, 5, 2, 2)](v) = L(v) + 1I(v) + 1TI(v) + 1V (v),

with
t t
I(v) := {Df” (/ a(r, z, [XflVS%f:(m)])dr) = D (/ a(r, z, [Xﬁmsmmm)])d’")}
s1Vsa S1/\S2
/ | = 00 (2 XV ] ) = DL (o (XSG ()DL, (s, 51V 52,7, 0,4 )y
. o1V 5m 5m 7~ r T m ) s Iy Uy

/ / 5a (r, 2, [X Vo260 () — (f“ (r, 2, [X21Vo28 M) (21)979,, | m(u,$1\/SQ,T,x/,y/)](U)dy,#(dl‘/)}dT,
I(v) :=Df._, (/ . a(r, z, [ X51/526 M) dr )

t da da ,
/ {/( (ry 2, [ SOV () — (2, (XSO ()0 D, 51V 52,7, 0,9) dy

Vso om om

da s1Vs2,€,(m) / da s1Vs2,&,(m)
+/(5m(7‘»27 (X7 D) =502 [X] D(©))-Bs1,5,05 " pin (b, 5,750,y )y ¢ dr,

t
M(v) = Df._, ( [ atr, [Xfl“mmndr)
51/A\S2
(5a da
/ { / / (1,2, (X252 E)) ) = 22 (2, X)) )00 o (51 2,723 () ()
s1Vsa
1)
/ / (r, 2, [ X352 E 0] () — (Sjl(r,z,[Xﬁﬂ‘”f*mw)(x’)).ASI,sza:[aupmm,slvSQ,r,m',y’ﬂ(v)dy'u(dw'>}

IV(v) :=—Df,_, (/ a(r, z, [XflASQ’f’(m)])dr>
$1/\S2

s1Vs2 da da
Xsl/\SQ,E (m) _ Xsl/\SQ,f,(m) 1+n ! !
L / (e D) — 22 (1,2, XA ) 51 7 27,0, )y
1
[ Gt X 7) — S XN @) By 33 52 (0D )

From the mean-value theorem,

(2, [XEY 200 — a2, X600

1
(S(Ii i m
=/ y 5 (2 2,00 (1) Aay oo (11, 5, 1,) dydA

5al m da; j m
= [ (20 0) 2520, 001 (0)) Aup it :0) (i
R

where we used the notation @E\@) = A[XEVE S (1 - A X250 which combined with (5.91)),
the n-Holder regularity of y — [0a; ;/dm](r, z, 11)(y) and the space-time inequality (1.4) yield

|s1 — s2|”
(T—Sl \/Sg)ﬁig.

(5'93) ‘ai’j (T’ 2, [Xilvsz’&(m”) Q4 (T’ 2, [Xi1A82,£,(7n)D| <K
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Then, from the previous bound, the mean-value theorem, (5.12)) and (5.6) we get

K ! |51 — s2/” } Lnin
VB e[0,1], T(w)| < ————— = 4 |s1 — s —|—/ —drp(t—s1Vs 2
7l (t51v32>2{'1 It fven s Vs d T oY)

x g(c(t —s1 A 83),2 —x)

|51 — 52|

<K =

(t—s1 V) 5+

where we used the inequality |s1 — s3] <t — $1 V s for the last inequality. From (5.93)) with the map

[6a; ;/om] instead of a; j, using the uniform n-Holder regularity of z + [62a; ;/0m?](t,z, p)(y, z), one
gets

g(c(t —s1 N s2), 2 —x),

|51 — s
(r—s1Vsy)f2’

(5.94) | a2, (X7 0 ) }a(r, 2 (X ()| < K
m

om

which, together with (5.6, (5.18) and the n-Holder regularity of y — [da; ;j/om](r, z, u)(y), imply

K ¢ |81 — 82|ﬁ
II(v)| < 7/ — drg(c(t —s1 A s2),z —x)
t—s1Vs2 Jsve, (r—51v52)1+2 148 ’
— 5|8
<K |51 = 52| g(c(t — s1 A s2),z —x),

(t — 851 \Y 82) 1+37”+B

where g € [0,(1 +n)/2) for n = 0 and 8 € [0,1/2) for n = 1. From (5.94)), (5.12) and the uniform
n-Holder regularity of y — [0a; ;/0m|(t, z, 1) (y), we get

|s1 — s|? 1 /t // .
III(v SK{ — + —z'|"A 1
| ( )| (?f—Sl\/SQ)lJg +B-n t—s1 /A s2 s1Vs2 (|y | )
X |Asy,5,00 [0upm (1 8,7, 2" y")] (v) | dr dy”u(dw’)}g(dt — 51\ 82),2 — ),

where 8 € [0,(1/2+n) A1) for n =0 and 8 € [0,7) for n = 1. From (5.6), (5.12)), the n-Hélder regularity
of y + [da; ;/0m|(t,x, 1) (y) and the space-time inequality (1.4), we finally obtain

_ B
W) < ksl
(t—s1Vsg) 2z 17

glc(t —s1 N s2),z —x),

where 5 € [0,(1+n)/2) for n = 0 and S € [0n/2) for n = 1. Collecting the above estimates, we thus
obtain

‘Asl,szag [6;1,1/7\771-&-1(.“7 S, tv z, Z)](UM

|51 - 52|ﬁ 1 /t // " ’
5.95 < K{ —2'|"A 1
( ) — (t _ 81 \/ 82) 1+721—7] +6 + t _ 51 /\ 52 1 Vss (|y z | )

X | Agy,5,00 [0upm (1, 5,7, 2", y")] (v)] dy”u(dm’)dr}g(c(t — 81 A 83),2— ).

As we already did before we introduce the quantities

Ag, 500 [0upm (1, 5,1, 2,
Up, (81,82, ) 1= sup //(|yfm|n /\1)| 15204 [Oupm (1 Sg z,y)](v)] dy (),
(s1,52,0)€[0,8)2 XR?, 51752 |81 - S2|
AS S 9,19, m\ M 7tv )
U (81, 82,1) 1= sup //| 15207 (O (F‘Sﬁ z,y)](v)| dy p(dz),
(s1,52,v)€[0,t)2 xR, 51752 |81 — 82|

for any fixed p € P2(R?) and any fixed 3 € [0, ) for n = 0,1. We prove by induction the following key
inequalities:

(tn)
u (s1,52,t) < Coun(s1 Vsg, t)(t —s1 Vsg)™ 2 A+,
S C’T)’L7

t
(14n)
’U:;L(Shs%t) n(slvs?at)(t_sl\/32)_%_ﬂ+gu

with Cpy (s, t) := > e, CF Hle B (1, HT'H’ —B+(GE—-1)2)(t— s)*=D3 The result for m = 1 being
straightforward, we assume that it holds at step m. With the above induction hypothesis applied to
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(5.95), we get

1 1 /t Cmm(sl \/5271") d’l”}

Ag, 5,000, Pmr1(p, 8T, 2, 2)] (v SK{ — =
| 81,82 v[ plm—+ ( )]( )| (t—sl\/SQ)H—ﬁ n.3 t— 81 A 8o Ve (T—81V32)%+B777

(5.96) X |51 — s2|Pg(c(t — 51 A 83), 2 — ).

From @41 (1, 8,76, 2,y) = Hona1 (1, 8,7, 6,2, y) + Hins 1 @Pont1 (1, 8, 7, £, , y), we obtain the following
relation

A81752(I>m+1(u, S, T, t, €, y) = ASl,Ssz+1 (Ma S, T, t, z, y)
t
(597) +/ /Asl,ssz+1(,u,8,T,U,Z‘,Z)(I)m+1(ﬂ,31 \/Sz,’U,t,Z,y) dv dy
r

t
—|—/ /Hm+1(ﬂ,8] A So, 10, T, 2)Agy sy Pt (i, 5,0, 1, 2, y) dv dy.

We then claim

(5.98)

_ B _ B
|Asl,52Hm+1(N737T7 t,x,y)| < K{ |81 82| |51 82|

(t—1)"F(r—s1Vs)B  (t—7)(r—s1Vs3)P 3

} gle(t— 1),y — o).

In order to prove the above statement, we use a similar decomposition as the one employed for
Au,/ﬂHm-&-l(ua S, T, t7 €T, y)a namely

Agy s Hmi1 (s s, mt 2, y) =1+ T+ I+ 1V + V,

with

d t
Ii=— ZAShSzbi(nxa [X:’g’(m)])H{ (/ a(v727 [X51VS2’£7(m)D dv, z — .’L‘) ﬁerl(/JaSl \4 827r7tax7’z)a

i=1 r

d t
II:=-— Zbi(r,x, (X2 & MDA, HE (/ a(v, z, [ X2 M]) dv, z — x) Dm+1 (81 V 82,7, ¢, 2, 2)

i=1

d ¢
1 y
M= 030 Ay alon (2, [X0]) = i, 2, (X200 Y ( [ vz XV o, - )
i,5=1 r
X ﬁm+1(ﬂ7 51V 52,1, ta z, Z),
d N t
IV im 5 30 Lo (X2 a2, DDA 1 ([ atonz (X340 oo - )
ig=1 T
X Pyt (p, 51V S2,7,1, 2, 2),

d t
Vi=— Zbi(r,x, [XﬁlAS%E,(m)])Hi' (/ a(v, z, [X51A52¢£,(m)]) dv, z — I) Ag, syDmr1 (i, 8,758, 1, 2),
i=1 r

d t
1 -
43 D0 o XA = a2 (X O ([ a2, 0004 doz - o)

ij=1

X AS1152pm+1(Ma s, 1,1, x, Z)
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From (5.93) (with the maps a;; and b;), (5.13), following similar arguments as those employed for
Ay Mo (1, 8,76, 2, y), the following estimates hold: for all g € [0,1],

|s1 — s2|°

|I|§K n g(C(t—T),y—$)7

(t—71)2(r— s Vsy)P 2

|51 — so/”
I < K < —glc(t—r),y—x),
j < (t—r)f(r—81V52)ﬂ’§g(( )y — )
1 1
I < K A s1 — so|? c(t—r),y—=x),
] < {(t )= E (r — 51V s)B (tr)(rsl\/SQ)ﬂ—g}'l 2| g(el )y —2)
|s1 — s2|”
IVI< K ct—r),y—=x),
V] < @ T)l_,(rislv@)ﬂgg(( )y —x)
_ o8
S1 S9
VI < K | | 7 ge(t—r),y—2).

(t—r)"2(r —s; V)2
We only prove the estimates on I and III. The estimates on II, IV and V are obtained by following
similar lines of reasonings and the remaining technical details are omitted. From ([5.93)) with the map b;
instead of a; j, we get

_ B
(5.99) |A,, s, bi(r, @, [X&& (m)])| <K |51 — 82|

(r—s1 Vv 52)5’% ’

which in turn directly yields the announced estimates on I. In order to deal with III, we consider the two
disjoint cases: |s1 — sa| > (r — 51V s2) and |s1 — s2| < (r — s1 V s2). In the first case, from the n-Holder
regularity of x — a(t,z, ) and the space-time inequality (|1.4)), we directly obtain

V6 € [0,1], I < K g(e(t — ),z — ) < o1 =52l
s L]y - (t*r)l—%g ; = (t*T)l_%(T*.Sl\/SQ)

In order to obtain the other part of the estimate, we directly use ([5.93)

ﬁg(c(t —r),z—x).

|s1 — s2/7
(t—r)(r—s1Vs)’~

We thus derive the announced estimate on IIT in the case |s; — s3] > (r — 51 V $2). We importantly
observe that ([5.100)) is still valid in the case |s1—s2| < (r—s1Vs2). Now assume that |s1—s2| < (r—s1Vss).
Then, from the mean-value theorem, one gets

h(z) := a; j(r, @, [X3V526 m)]) — ai j(r,z, [X 11526 (m)1])

/ /Rd)2 5m 6&’”’:‘ )( )A81,82p7n (/’['7 8’ T’ x/’ y”) dy,//’[’(dx/)

(5.100) Vg e [0,1], III] < K Tg(c(t —r),z —x).

5 i m da; j m /
/ [ 15 000w = 5 2, 00w Ay a5, 1) )
(R4)2 m

where we used the notation G(m) = A[X51Vs2) —i— ( — A)[X51752]. The previous identity together with
the n-Holder regularity of « — [6@1 i/6m](r,z, p1)(y) and (5.91) yield

|51 — s0|”
V3 € [0,1], |k <K(y—z"Al)—r 22
5. € 10.1] 1h(@) — hiw)] < K(ly = ol A ) =2,
which, combined with the space-time inequality (1.4 directly imply
|s1 — s2|”

(t—7)'"2(r — 51V s9)B

This concludes the proof of the announced result on ITI. Gathering the previous estimates allow to con-

clude that (5.98) holds. With the previous result at hand, we derive an estimate for the second term ap-
pearing in the right-hand side of (5.97). More precisely, from (5.98)), one gets |Ag, s, Hm+1(p, 8,7, 0,2, 2)| <

Kls; —s2|P(v — 1)~ 3 (r — 81 Vs2) Pg(c(v —7), 2 — x), so that, after some standard computations, we
get

Vg e [0,1], II| < K glc(t —r),z —x).

|51 — 52|°
(t—r)t=n(r —s1 V s2)

t
[ [ B Horeaesr v 2@ (1 Vszot ) dody] < K S glelt = 1),y —a),
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which in turn, from the identity (5.97)), the estimate (5.98]) and a direct induction argument, yield

|51 — 52/
(t—r)1"2(r — s,V s9)

(5101) Vﬁ € [051]? ‘Asl,szq)mr‘rl(:u‘?57T7t7xay)| S K 8 g(c(tir)ayfx)'

From (|5.38) we obtain the following decomposition

Agy 5205 [0u a1 (1, 5,75t 2, 2)[(y) = T+ T+ T+ 1V + V,

with

d t
o Z A51752ag[8ﬂbi(ra x, [Xﬁ’g’(m)])}(y)H{ (/ a(v, z, [XSIVS27£7(m)]) d’U, z = £C> ﬁm+1(:u’7 S1 V 52, 'I’,t, &€, Z)
i=1 T

d

t
- Z a;l[aﬂbl(rv z, [Xfl/\S%&,(m)])](y)ASLSQH{ </ CL(’U, 2, [X57£7(m)]) dU, = .’E) I/?\erl(M’ 51V 82,7, t,x, Z)

=1

d t
= O [0ubi(r, a, [ X)) (y) HY (/ a(v, z, [ X525 do, 2 — x) Asy soDmt1(ps 8,7, 7, 2)
i=1 r

=1 + I +1s,

d t
= Z Ashszbi(r, T, [X?f’(m)])ag [8NH{ (/ a(v, Zy [Xil\/S%&’(m)]) dv,z — x)](y) ﬁm-‘rl(:ua 51V sy, 1.t z)

i=1

d t
— Zbi(r,x, [Xhs28 M)A 51,820y [0, H Hi (/ a(v, z, [ X3 M)]) dv, z — x)](y)ﬁmﬂ(u, s1V s, 1t x, 2)

i=1

d t
o Z bi(?", €, [Xil/\S%E’(m)])a;[aﬂH{ (/ (U 2, [XSl/\SQ,E ]) dU e x)](y) AS1,52ﬁm+1 (/”'a S, T, t) Zz, Z)
=1 r

=11, + II, + I3,

d t
1 .
0= 5 5 Ay ea03 0oy o X)) g XN 7 ( [ a2, D05 oz = o)

i,j=1

X ﬁm+1(u7 81V 82, T,t,ﬂ?, Z)

t
s Z@ s (o (X560 gy (2, (XA () Ay, oy HE (/ a(v,z,[xsw>]>dv,z—x)

3,j=1
X pm+1(u, s1V sg, 1tz 2)

+t3 Z 8, [0l g (ry, [ X290 — ay (i, 2, [ X2 0))]) (y) Hy? (/ a(vvz,[XilA”’&(m)])dv,z—x)
3,j=1 T
X AS],Szﬁm+1(/’L7 87 T, t7$7 Z)

=: T11; + 1 + I115,
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d t
1 s m s m n 1,7 s1Vs
IV = ) Z Asy s, [ai7j(r,$7 [X;jf’( )]) - ai,j(T,Z, [X(ré’( )])]ay [aNHQJ (/ a(v 2 [X vezbim ]) dv,z — .73)](:(})
i,j=1 T
X Dm+1(H, 81V 82,7,t, 2, 2)
d t
1 1,] s m
+ 3 Z [ai,j(h% [Xﬁl/\szxfx(m)}) —aij(r 2, [XflASQ,5,(m)mAshszag[aﬂqu (/ a(v, z, [Xv’f’( )D dv, z — x)](y)
i=1 r

X ﬁm+1(/’['a s1V 827rata z, Z)

d t
1
b5 D0 onran XA = a2 X N0, 5 ([ oy X5 v 2 )
ij=1 r
X A51752ﬁm+1(/’b7 s,1,t,x, z)
= IVl + IVQ + IVg,

and finally

t
ZAsm roa, (XS] HY (/ a(v, z, [Xilv”’g’(m)])dvazI)]aﬁ[aﬂﬁmﬂ(um Vsa, 1t @, 2)](y)

d t
+ = Z Aq, sl (rz, [X3SM)) — a5 (r, 2, [X2S0)) HY (/ a(v, z, [ X35 M) do, z — x>]
i,j=1 r
X 8:;7[8,uﬁm+l(,u7 S1 V S2,T, t7 x, Z)](y)

d t
+{—Zbi<r,x, e o€ ([ a0 o - )

i=1
1 & YA
43 D0 lonslran DA Em)) = a2 XL ([ oo,z [0 40) doz — o
i,j=1 r
X A31732 8@7 [auﬁm-‘rl(:u) S, T, t7 Zz, Z)](y)
=:Vy+Vy+ V3.
From similar arguments as those employed for the proofs of the estimates appearing in the decompo-
sition of A, 07 [0 Hms1 (1, 5, t, z, 2)](v), we obtain the following bounds:

1 1
|I| S K 1 14+n—n +
(t—7)2(r—sVsy) =2 8 (t—r)2

—uy (31,82,r)} |s1 — 82|'8 gle(t—r),z —x),

1 1 .
|II‘ S K { (t 7“)%(7’ s1 Vs )1+7‘2Lfn+5 + (t T‘)% / um(51a827v) dv} |81 _82|Bg(c(t —’I"),Z —l‘),
_ — 81 2 — r

1 1 U;nn(slaSQ,r) A u?n(slas%r)}

n

I < K : A _
(t—r)=F(r— sy V) 5+ (t—r)(r—sg Vsy) = 81 (t—r)t~3 t—r
X sy — sol? gle(t — ), 2 — ),

1 1 ¢
V| < K — + / u (s1,89,v) dv 3 |s1 — s2|? gle(t — ), 2 — x),
| (t—r)"3(r—s V) 7 8 (t—r)?3 ), |
and
V<K 1 by [ s du o sl glele 1), )
< - — — [ ul,(s1,82,0)dv ¢ |s1 — so|” g(c(t — 1),z —x
(t—r)"E(r—s V) T (=) E ), '

where 8 € [0,1] except for III where 5 € [0,(1 4+ 7)/2) for n = 0 and 8 € [0,1n/2). We only prove
the estimates on I and III. The estimates on II, IV and V follow from similar lines of reasonings and



WELL-POSEDNESS OF NON-LINEAR SDES AND PDE ON THE WASSERSTEIN SPACE 67

technical details are omitted. In order to prove the announced estimate on I, we proceed as follows. For

11, we use the decomposition
Agy 0,00 [0,bi(r, 2, [ XS] (y) = A+ B+ C+D,

51,827y

with

561 S m n
Aim [ B 5 XN B 1 V2,1

ob; $1A89.E (m ob; s1A82." (m n
B==/(fsm(r,x,[Xr1A M) (y") — 5m(?ﬁx7 [X5rrezE )])(y)).Asl,sﬁiJr P (i, 8,79, y") dy”
C— / / s g 2 (1, [X3EDN) () OB (1 51 V 5207275 (9) dy” (e,

m

L 5b1 s1As2,&7,(m) " 5b1 51A82,&",(m) / n N " /
Dim [ [ (§hnalx; D) — 5, X D)) By s B 5,7, 9] (9) i ().

Similarly to (5.93) with the map [0b;/dm] instead of a; ; and (5.6]), we get

|s1 — so|”
1+g—n+6'

Al < K

(r—s1Vsa)

For B, we combine (5.18]) with the uniform 7n-Holder regularity of z — [6b;/dm](r, z, u)(2)

B < K 51 — 52"

T (r—s Vsg) Tt
For C, similarly to A, using (5.12]) instead of (5.6]), we get
o<k =l

(r—syVsg) 2 t8-n

Finally, for the last term, from the uniform n-Hoélder regularity of z — [0b;/dm](r, z, 11)(z), one has

D| < K / / (" — 27 A 1) Ay g0 B (s 5, 7,27,y (9) dy” ().

Gathering the previous estimates and using the induction hypothesis, we finally obtain
1
(r—s1Vsa)

1By 20 001, 2, X E)) ()] < K

s1,52Yy 1+tntB—n + U;Lm(slv 52, T)) |81 - 52|ﬁ7
2

so that

1 1
L| <K T s T
(t—r)2(r—s; \/82)1+2 +8 (t—r)%

From the mean-value theorem and (5.93), we get

up (81, 52,7“)} [s1 — sz\ﬁg(c(t —r),z—x).

t
Ay H] ( [tz XS oz x)ﬁmﬂw,sl Vo r )
T
< K|s1 — so|?(t — T)_%(T — 51V sg) Pt Igle(t — 1),z — x),
which with (5.30]) imply
L <K o1 — 5al”
T (t—r)3(r— sy Vsg) T A
Finally, from the mean value theorem and (5.93)), one gets |Ag, s, Pmt1(1, 8,7, t, 2, 2)| < K|s1—s2]?(r—
51V 89) Pt/ 2g(c(t — 1), z — ) which with (5.30) in turn imply
|51 — 52/
(t—71)3(r — 81V s) 2 T8

Gathering the previous estimates, we obtain the announced estimate on I. In order to deal with III;,
we make use of the decomposition

Ay 5,00 [0lai(r 2, (XSS ™]) — a (r, 2, [ XSS (y) = Asj + Bij + Cij + Dy

n
Y

glc(t —r),z —x).

I3 < K glc(t —7r),z —x).
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with
da;,; 5,&,(m da; j 5,&,(m / n / /
Aiaj = /A51752 {Tﬂj(r’x’ [XT’&( )D(y/,) - T,n:;(r7 2, [Xr’g’( )])(y/ )i| 8313+ pm(ﬂ, s1V 527T7yay, ) dy /7
L 5ai,j s1As2,€,(m) " 5@1‘7]' 51/As2,&,(m) "
By = [ (G2 tran (XA ) = T8 — s, (X226 )
oa; 1,J s1As2,€,(m) 5ai7j s1/As82,€,(m) 1+n 7 "
[ ( [X ’ ])( ) 5m (’I“,Z, [Xr ” ])(y)]) ASl,Szaz pm(Ma&T’y,y )dy ’
oa;,; 5,6,(m n
,J . //A81732 ’J T, [Xi7f7(m)])(y//) - Tﬂf(r’ 2 [Xré’( )])(y//)} ay [aﬂpm(uv 51V 82,7, xl’ y”)](y) dy// ,u(da?'),
D= [ [ [B i, [xos ) — S (1, s )

da; S1AS (50,1'7' s1As2,E,(m / n
= (20 g g€ ) ) — O g (XA ) 0] Ay, O 05,7 )] 0) ).

In order to handle A; ;, by the mean-value theorem

50% $1Vsa,&,(m 50’1'»' s1A82,8,(m
() 1= 20 (1 [xven ) ) — 20 g g )
(5.102) / /Rd (5m2 (r, 2,0, 2) (", 2") Agy saDm (8,7, 2" ) dz" d.

where we introduced the notation O, := )\[Xflvsz’g’(m)] +(1- A)[XflASQ’E’(m)]. We now make use of
(5-91) and the uniform n-Hélder regularity of z — [62a; ;/0m?](r, z, pu)(y", ")

|1 — s2|”

1 — < K|z — 2"
(5108) ) = ()] < Kl = 2 =2,
so that with (5.06)

" |51 — s9/”

A | < Kl|x— .
|Aijl < Klo — =z (r—s)HTn"'ﬂ

From (5.102),

P 5%a;
D= [ 000 ) = 1,000 a1, 2) ) i
R

so that the n-Hélder regularity of 2 — [0%a; j/0m?](r,z, 0, )(y",z") and (5.18)) imply

|Asy 0 0ai,j /0m](r,y, [X2S])(2)] < Klsy — s2]P (r — 51V s2) P12

for any y, 2 € R?, which in turn yields

W3, 1)

L | < K————F—.
‘ 2,]| — (’I“ . S) 1+72L—n+5

From the two previous estimates and the space-time inequality (1.4)), we thus obtain

t
V3 e [0,1], |A; ;Hy’ (/ a(v, z, [X;flvs""&’(m)]) dv, z — x) Dm41(ft, 81V 82,7, 1,2, 2)|
T

(5.104)
S K 1 14n /\ 1 1+n—mn
(t—r)'"2(r—s Vsy) 2 1P (t—7)(r—sVsy) 2z P

From ([5.18) and the uniform n-Hélder regularity of « — [0a; ;/0m|(¢, z, 1) (y), we get

} ls1 — 52|’8 gle(t—r),z —x).

|51 — 59"
(r—s1 Vv SQ)HTHJ'_B’

while employing the n-Hoélder regularity of y — [0a; ;/0m|(t, z, pu)(y), we get

IBijl < K(ly—2z[" A1)

|51 — s9|°

(r—s1Vv 32)7“757"“3’

Bijl < K
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so that

t
B, Hy”’ (/ a(v, z, [X51V32’5’(m)]) dv, z — m) Dm+1(t, 81V 82,7, t, 2, 2)|
T
1 1
< K 1—-1 Hin_;,_/g A 1+n777+6
(t—r)t7z2(r—s1Vsy = (t—r)r—sVs) =z

We deal with C; ; similarly to A; ; except that we use the estimate (5.12) instead of (5.6]). Skipping
some technical details, we obtain

} |s1 — 82|'8 gle(t—r),z —x).

t
Cyy HE ( / a0, 2 XV Em]) dy 2 ) Bst (51 V 83,7 ,2, 2)|
T

1 1
<K 1_1 Tin A Tin_n
(t—r)"2(r—s1Vs) 2 P (t—r)(r—s Vsy) =2 P

} [s1 — sz\ﬁg(c(t —r),z —x).

For D;;, on the one hand, from the n-Holder regularity of « + [0a; ;/dm|(t, z, 1)(y), one gets
ID; ;| < K|s1 — s2|?|z — @|"7 (51, s2,7) while, on the other hand, from the n-Hélder regularity of
y = [a;;/6m](t,z, 1) (y), one gets |D; ;| < Kl|s1 — sa|’u (s1,s2,7). Hence, from the space-time in-
equality , we conclude

t
D, ; Hy? (/ a(v, z, [X51V32’5’(m)]) dv, z — :c) Dma1(p, 81V 89,7, 8, x, 2)]|
T

n n
< K{Um(31752;’r) A Um(31752a7')} |81 _ 82|5g(c(t —’I“),Z —33).
T

(t—r)t—2 t—
Gathering the previous bound, we thus obtain
| < K ! A 1 vp(s1,52,7) (51, 52,7)
- (t=1)""3(r — 51 Vsg) 2P t—r)(r—s \/32)1+§_"+5 (t—r)—2 t—r

X |s1 — so|? gle(t — 1),z — x),

with 8 € [0,(14+1n)/2) of n =0 and 8 € [0,7/2) if n = 1. In order to deal with III; and III5, we employ
(5.46) (note that we can bound (r—s)(T7=m/2y" (5 1) and (r—s)+™/2y" (s, 1) by a positive constant K
independent of m) to bound the quantity 9;'[0,[a; ;(r, , [Xfmsz’g’(m)]) —a; ;(r, z, [X51A32’5’(m)])]](y) =
Ji.j(y) as well as the mean value theorem and (5.93) to bound A, , Hy” (f: a(v, z, [ X35 dv, 2 — x)

and Ay, s,Pm+1(, 8,7, t,z, z). For both quantities, we obtain

1 1
IIIL,| + [IIL,| < K A -
(t—r) "2 (r—s1Vsa) "5 (E—r)(r— 51 Vsp) E A

X sy — salP gle(t — 1), 2 — ),

for all 8 € [0,1]. Gathering the three previous estimates on III, III; and III3 completes the proof of the
announced estimate on III.
The induction hypothesis then allows to conclude

|A81,52 0y [auHerl (e, 8,7, t, 2, 2)](v)]

1 1
S K ( n 14+n A l14n—n )
(t—r)"2(r—s1Vsy) = P (t—r)(r—sVsy) =z tF°

t
(5.105) X(1+ Crmn(s1Vs2,7)) + - / Crn(s1V s2,v)(v—81Vs2)~ G5 —p+n dv}
2 T

1
(t—r)2~
X |81 — 52|B gle(t—r),z —x).

With the above estimates at hand we can now provide upper-bounds for the different terms appearing
in the right-hand side of (5.92)). The first estimate is given by (5.96). We thus consider the quantity
Ag, 5, [000uDm+1] @ Prpy1](p, 8, ¢, @, z) and use the following decomposition

Asusz [agaﬂ [ﬁm+1] & @7n+1](ﬂa s, t,x, Z)(’U) =I+11+ III;
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with

t
Uim [ [ 80P o5 ) (Vo502 9.2) dy
s1Vsa
t
II:= / /ag[auﬁm+l(u? S1 A S2,T,T, y)](v)Asl,Sz (I)m+1(/,6, S, T, t7 Y, Z) dy d?”,
s1Vsa

s1Vsa
I := —/ /33[%@;@“(% 51N 82,7, 2, Y)] (V) Pruy1 (1, 51 A 82,7, 1, y, 2) dy dr.

1A\S2
From ([5.96) and using the fact that v +— Cy, (51 V S2,v) is non-decreasing, we derive
|s1 — 50"
(t - 51V 82)%+5777
t
C s1V Sg,T
+K|81 — 52|ﬁ/ Jn,n( ! 2 )1+n
sivey (E—1)1 73 (r — sy Vsp) T2 TA

From (5.101)) and (5.41)), one gets

I < K glc(t —s1 N s2),z —x)

dr g(c(t — s1 A s2),2 — x).

|51 — 52|
(t— 51V s9) 56

Finally, using (5.41]) together with the fact that 5 € [0, (1 4+ n)/2) if n =0 and 8 € [0,7/2) if n = 1, one
obtains

vge0,1], <K gle(t — s1 A s2),2 — ).

1—ntn
S1 — S 2

Wg(c(t— s1Ns2)z—1) <K
— 91 2

|51 — so/”

III| < K —~
| | - (t — 81 \/52)%+ﬁ77]

g(e(t —s1 N s2),2 — ),

where we used the fact that |s; —sa| < t—s1V sg for the last inequality. Gathering the previous estimates
finally yields
|s1 — s9]°
(t -5V SQ)H—TTLJ'_ﬂ_n
Cm,n(sl V S2, 7’)

5.106 +Klsy —s ﬁ/ &
(5.106) |51 — sa wves (E— 1) R (1 — 51V s9) 52461

|A51’52 [3773“[]3m+1] ® (I)erﬂ(/h s,t,x, Z)(U)| <K

t

glc(t —s1 N s2),z—x)

dr g(c(t — s1 A s2),z — ).

We now turn our attention to the term Ag, s, (Pm+1 ® 03[0, Hm+1]) (1, 8, ¢, ¢, 2)(v) and make use of a
similar decomposition, namely

A51,52 (perl ® aﬁ[a,u’HﬂH*l])(/iv S, tv z, Z)(’U) =I1+1I+ III?
with

t
I:= / / A81,32pm+1(p’a 5,1, T, y)ag [aHH’VVH-l(:Uﬂ §1V 82,1, t7 Y, Z)](’U) dy drv
s1Vsa

t
IT:= / /Pm+1(lh S1 A\ 82,7, T, y)A51,82 81? [8M/Hm+1</% S, T, t, Y, Z)(U) dy d?‘,
51Vsa
and

51Vsa
III = — / /pm+1(ﬂ7 s1 A 52,1, T, y)ag[aﬂﬂm-i-l(,u‘v s$1 A 52, T, ta Y, Z)](U) dy dr.

1/\S2

From (5.47) (bounding C,, , by a positive constant K independent of m) and (5.91), breaking the
time integral into the two intervals [s1 V sa, (t + s1 V s2)/2) and [(t + s1 V $2)/2,t] to balance the time
singularity, after some standard computations, we obtain

|s1 — 52|
(t— 82)““"%#3

|51 — 52|

—————g(c(t —s1),z2 —x) +
(t_81)1+é n+5g( ( 1) )

VBE[Oal]v |I|§K{ g(C(t52)7Zl‘)}.
To deal with II, we employ the estimate (5.105)). For the first term appearing in the right-hand side
of (5.105)), we break the time integral into two intervals similarly to the previous estimate in order to

balance the time singularity. For the second term, we bound the minimum of the two terms by the first
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one, namely (t — )~ 11/2(r — 51V 55) (1 +F7=1/2=8 while for the third term we use Fubini’s theorem.
After some standard computations, we obtain

1 t C v
(t_sl \/SQ)T—’_B s1Vsa (t—r)l_f(r—sl \/52)T+B—n

X |81 — 52|Bg(c(t — 81 A S2),z —x),

where 8 € [0,(1+7)/2)if n=0and 8 €[0,1/2) if n = 1.
Finally, using (5.47) (bounding again C,, ,, by a positive constant K independent of m), we get

1—n+4n
_ 82‘72

_ B
11| < K'Si [51 — 52|

gle(t—s1 ANs3),z—x) < K —
— 51V 82 (« ) ) (t_51v52)1+2 1+p

g(c(t —s1 N s2),z —x),

where 8 € [0, 1%) if n=0and 3 € [0,4) if n = 1. Gathering the three previous estimates finally yields
|A81752 (perl ® 6:/L [aMHm+1D(lu’a s, b, Z) (U)|

|1 — so|°

c(t—s1),z2—2)+ ———
g( ( 1)7 ) (t—82)1+2 n44

T
(5.107) <] Az ml
(t—sﬁfn*ﬁ

g(c(t — s2),z — x)}

¢ Crn(s1V s2,7)

+ Kls1 — s2 5/ m
| | sivss (E— 1) 178 (r — 51V sp) 2 TA-

For the last term, namely Ay, s, ((Pm+1 ® Oy [0 Hmt1]) @ Prmy1) (1, 8,t,,2)(v), as previously done,
we decompose it as the sum of three terms in a completely analogous way as for the previous term. We

then make use of ((5.107)), (5.101) and (5.48]). Skipping some technical details, we obtain
|A31,52 ((pm+1 & a;}[ay%m—i-l]) oY q)m-i-l)(,uv 5, t, €L, Z)(’U)‘

dr g(e(t —s1 A s2),z — x).

|51 — s2|°

_ B
(5.108) L VO S S L Sk i
(t _ sl)T—H?—n (t — SQ)T"FB—W

glc(t —s2),z — :C)}

t

C S1V Sg, T
+K|81—$2|ﬁ/ - Um,n( 1 2 )1+n
sivsy (E—7)173(r — 51 Vsg) T2 T

Coming back to (5.92) and gathering the estimates (5.96)), (5.106]), (5.107) and (5.108) finally yield

|Asl,32 817 [6Mpm+1 (/’L’ s, t, @, Z)](”)'

<K([ |s1 — s2|° B /t Crn(s1V s2,1)

- (t_31)1+g_n+ﬂ (t—s1)% Js,vss (t—r)'=3(r—s \/32)%+ﬁ*n

BT _sylB y
[l el Ol V52D ] glelt — 52), 2~ ),
(t - 52) 18 (t - 52)5 51Vsa (t — 7‘)1_5(7‘ — 51V 52)T+5—7l
so that by the space-time inequality (|1.4)

1 ¢ Crn(s1V s2,7)
upr (81, 82,t) < K( _ _|_/ ) J _ d7‘>
m (t— 51V s2) 280 Jove, (t—1)13(r — sV sg) B

K nl—n
< n B 97 -0+
N (t—sl\/SQ)%*'ﬁ_" { (2 2 v 77)

k+1

m . nl—-n+n . n ko
+I;1C r[B(272 ﬂ+(21)2>(t81\/82) }

drg(c(t —s1 A s2),z —x).

dr} g(c(t —s1),z — x)

and similarly

K nl—n
” 1) < B = — B+
vm+1(817527 ) o (t - 51V 52) 1+72Li"+5 { (27 2 B 77)

vl

+§:ck’ﬁ13 (’7 Lontn_g 1)”) (t— 51V )" }
k=1 i=1 2’ 2 2 L

In a completely analogous manner as for the previous estimates, we thus derive that the induction
hypothesis remains valid at step m + 1. Coming back to and bounding each term using our
estimates combined with the two previous bounds, from the asymptotics of the Beta function, we deduce

that (5.19) is valid at step m + 1. The proof of the proposition is now complete.
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6. SOLVING THE RELATED PDE ON THE WASSERSTEIN SPACE

This section is devoted to the proof of Theorem [3.11] Thanks to the regularity properties provided
by Theorem [3.10}, we are able to tackle the Cauchy problem (|1.2) on any strip [0, 7]. We first start with
the following Proposition.

Proposition 6.1. Under the assumptions of Theorem |3.11} the mapping [0, T]| xR x Po(R%) > (t, z, p)
U(t,, u) defined by (3.26)) is continuous, belongs to C1:22([0,T) x R% x P2(R%)), satisfies ([3.27) and for
any (2,v,11) € [0,T) x (R%)? x Py(RY)

(6.1) 02100t ) )| < T = 05 exp(*EL) 1 4 o2 + 2g), m = 0,1,
and

T 2
(6.2) 0.0t )| < K(T ) F exp(") (14 1)), = 0.1,

where C' := C(T,b,6b/dm,a,0a/ém,\,n), K .= K(T,b,a,\,n) and k := k(\, ) are positive constants.
Moreover, U is a solution to the Cauchy problem (1.2)) on the strip [0, 7.

Proof. We first remark that if (1, )n>1 is a sequence of Po(R?) and if (¢,,),>1 is a sequence of [0,7) both
satisfying lim,, |t,, —t| = lim,, Wa(p,,, 1) = 0, for some (¢, u) € [0, T) x Po(R?), then, by weak uniqueness,
([Xf,?’gn])nzl weakly converges to [X4], where [¢,] = p,, and [¢] = p, so that, passing to the limit in the
parametrix infinite series (3.11)) and using the relation , we deduce that f]Rd 1212 (s tn, T, 2) dz —
Jza l21?p(p, t, T, z) dz which in turn yields lim,, WQ([X;’&L], [X;g]) = 0. By continuity of h, f, we deduce
that the two maps [0,T] x Po(R%) 3 (t, 1) — h(z, [ X)), [0,5] x Pa(RY) 3 (t, 1) — f(s,2,[X14]) are
continuous so that the mapping [0, 7] x R? x Po(R%) > (t,z, u) — U(t,z, ) is also continuous.

We now prove that P2(R?) > (z,pu) — U(t,z,u) € C*3(R? x Po(R?)), for t € [0,T) and that
[0,T) x R? x Py(R?) > (t, 2, ) = LU(t,x, 1) is continuous, where the operator L; is defined by .

From Theoremand the relation (3.15)), the map P2(R?) 3 pu — p(p,t, T, 2) is partially C*(P2(RY))
(see Chapter 5 of [CDI8] for a definition of partial C?(Py(R?)) regularity) with derivatives given by

Oy [0up(pt, T, 2)](v) = 0y "p(p, t, T, v, 2) +/ NOup(p,t, T, w, 2)](v) p(dx), n=0, 1.
Rd

From Proposition we thus deduce that the two maps Po(R?) > u + h(z, [Xl}’g]), Pa(RY) 2 p
f(s,2,[X5E]) are partially C2(P2(R9)) for any fixed T' > 0, s >t > 0 and z € R%. Moreover, by Fubini’s
theorem, their L-derivatives are given by

5h

O 10h( XEDI) = [ |5 e X0 (1) 0"t T2 013 d
(63 o D 0000 T, )]0y )
and
010, (5. XD = [ [ s - s xep@)] o ptunt v ay
(6.4 # s XD bl 2,0 dy ().

We may break the integral appearing in the right-hand side of into two parts J; and Jo by
dividing the domain of integration into two domains. In the first part J;, the dy-integration is taken
over a bounded domain D containing v such that |y —v| > 1 if y ¢ D. Using the n-Holder regularity of
Yy %(s, 2, [X5])(y) on D, and the space-time inequality (1.4), we get

—1l—n+n

‘J1| S C(S — t) 2
As for Jy, for a < ¢ := ¢(A), where c is the constant appearing in (3.13)), from (3.25]), the space-time
inequality (T.4) and noting that Ma([X%]) < C(1 + My (u)), we obtain

> 2
< Com(alfe) [ o070k MEW) ales 0, 0)dy

2 —1—n4n
< Cexp (al1) (o= 07F = 0 b+ g0



WELL-POSEDNESS OF NON-LINEAR SDES AND PDE ON THE WASSERSTEIN SPACE 73

Also, from and ( -, we derive
||

‘ /(Rd ) %(8, 2, [ X59)) (y) Oy [0up(p, t, s, 2, y)](v) dy u(dm)’ < Cexp (aTz) (s — t)

(1 MY (1),

Gathering the previous estimates, we obtain

z 2 —1l—n+n
(65 010,15, XN < Conp (alZ0 ) (6= 0722 0 o + 2ag)
From (6.3)), (3-13), (3.2) and similar computations
2 _(4m)
(6. 20, [XEDI )] < Coxp (a5 ) (7= 07 (14 bl 4 M)

The estimates (3.13)), (3.16]) and (6.5]) allow to conclude that the map (z, i) > U (¢, x, 1) is in C>2(R% x
Py(R?)) with derivatives given by

OOt wl(0) = [ W IXFD O 0plo0 6 T )(0) o+ [ 0010, M [XFDI(0) ot T, 2)
(6.7) / / M0, f (5,2, [XED)(v) p(s t, 8,2, 2) dz ds

- / £ (5,2, X)) 010,11 1. 5.3, 2))(v) d d
t Rd

forn =0, 1 and

02Ut 0) = [ B [X5]) O2p(p,t, T, 2) s
Rd

T
(68) - /t /Rd[f(&za [X;’g]) - f(83m7[X£’§])] agp(,uvta S,.Z‘,Z) dzds

for n = 0, 1, 2. Note that we may break the last integral appearing in the right-hand side of into
two parts by dividing the domain of integration into two domains as we did before. Then, using the local

Holder continuity of z — f(s, 2z, u), (3.24), the estimate (3.13)), we get

|52 XD = o XTI 0Ll 5.0, 2) ]

2|2 [E1

SC’(s—t)_l_?nJﬂ7 {/Rdeo‘ T g(e(s—t),z—x)dz+e* T 7 }(1+Mq( ))

—1— 7L+71 kl

<C(s—t) T (1 + M)

for some positive constant k := k(c, ), a — k(c, @) being non-decreasing, where we used the fact that
the constant « is sufficiently small, namely o < 1/(2¢), ¢ being the constant appearing in and
the inequality: for any positive constants o and ¢’ satisfying 0 < « < ¢/, there exists a positive constant
C:=C(d,a) (take e.g. C = c'a/(c’ — a)) such that for any (z,z) € (R%)2,

(6.9) alz|? = |z —x)* < Clz)?.

The previous estimate as well as (6.5)) and (3.16)) ensure that the integrals appearing in (6.7)) and
are well defined if o is sufficiently small. We thus conclude from (6.7)) and that [0, T) xR*x Py (R?)

(t,z,pu) — LU(t, x, 1) is continuous.
Finally, from (3.12)), (3.24) and , we get
|22

|U(t,z, 1) < C’{/Rd exp (a%)g(c(Tft),zfx) der/tT /]Rd exp (a?)g(c(s —t),z— ) dzds}

x (14 Mg(p))
|z

T ) @+ Mg )

and the proof of (6.2) follows similarly from (3.13) (with n = 1), (3.24) and (6.9). The proof of (6.1)) is
a consequence from (6.5 and .

< Cexp (k
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Let us now prove that U is in C1%2([0,T) x R? x Py(R%)). From the Markov property satisfied by the
SDE (1.1)) (which is inherited from the well-posedness of the associated martingale problem) we obtain
the following identity

t
Ut — h,a,u) =E {U XX — [ f X [ XERE A, b 0.
t—h

The chain rule formula of Proposition (with respect to the space and measure variables only)
together with the estimate (6.1]) yield

Ut X, M50 (X)) = Ut 2, 1) / LU, X (X)) dr
+ / U (t, XI—hmm [ XI=hE)) o(p, XETMmr [ X8 aW,.
h

From (6.2) and (3.12)), it follows that the last term appearing in the right-hand side of the previous
equality is a square integrable martingale if « is sufficiently small. Hence,

E[U( £, X (X hf])} Ut,z, +E[/ LUt Xt (Xt hE])d}

and

1 1 ¢

(U= Do) = Ultea) = B | [ {£U( XM, X)) 1l X020, X)) ar
t—h

so that letting h | 0, from the boundedness and continuity of the coefficients, we deduce that U is left

differentiable in time at any time ¢ € [0,7). Still from the continuity of the coefficients and f, we then

conclude that it is differentiable in time with

atU(ta &€, /.t) = _‘CtU(t7 €, :u) + f(ta z, :U’)
Hence, the map U solves the PDE ([3.26)). O

In order to get the uniqueness result, first fix any 0 < ¢t < s < T and consider any solution V to
the Cauchy problem satisfying on any interval [0,7"], with T/ < T, as well as (3.27). We
apply the chain rule formula of Propositionto {V(s7 Xbton [XEE]), t<s < T} and use the fact that
(0 + L)V (t, 2, 1) = f(t,z,p), for (t,z, 1) € [0,T) x R? x Py(R?) to get

V(s, XbH [XDE)) = V(t,x, 1) + /ertW [XE4]) dr

/ Zzam r Xl [XEE)) 0, V (r, X0 [ XEE))dBY.

=1 j=1

The local martingale appearing in the right-hand side of the above equality is in fact a true martingale
since V (s, Xb®# [XLE]) and [)7 f(r, Xb®#, [ X1€]) dr are both square integrable if the constant « and k
appearing in the two conditions and (3.27)) are small enough, that is, @ and k strictly less than
1/4e, ¢ := ¢(\) being the constant appearing is sufficient.

Hence, taking expectation in the previous equality, then passing to the limit as s T T and using the
continuity assumption at the boundary, we obtain

T
V(t, 7, ) = EIR(X55, [X5E)) - / F(r, Xt2 [X5€]) dr]

which completes the proof of Theorem [3.11]
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