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REGULARIZATION EFFECTS OF A NOISE PROPAGATING
THROUGH A CHAIN OF DIFFERENTIAL EQUATIONS: AN
ALMOST SHARP RESULT

PAUL-ERIC CHAUDRU DE RAYNAL AND STEPHANE MENOZZI

ABSTRACT. We investigate the effects of the propagation of a non-degenerate
Brownian noise through a chain of deterministic differential equations whose
coefficients are rough and satisfy a weak like Héormander structure (i.e. a non-
degeneracy condition w.r.t. the components which transmit the noise). In
particular we characterize, through suitable counter-examples, almost sharp
regularity exponents that ensure that weak well posedness holds for the as-
sociated SDE. As a by-product of our approach, we also derive some density
estimates of Krylov type for the weak solutions of the considered SDEs.

1. INTRODUCTION AND MAIN RESULTS

In this work we are interested in studying the weak regularization effects of a
Brownian noise propagating through a chain of n d-dimensional oscillators. Namely,
we establish weak uniqueness for Stochastic Differential Equations (SDEs in short)
of the following type:

dX} = Fi(t, X}, ..., XM)dt +o(t, X}, ..., X)dWy,
dX? = Fy(t, X}, ..., X)dt,
(1.1) dX} = F3(t, X7,..., X[")dt, £>0.

dX = F,(t, X1, X" dt.

In the above equation, (W});>o stands for a d-dimensional Brownian motion and
the components (Xf)ie[l,n]] are R%-valued as well. We suppose that the (F)ief2.n]
satisfy a kind of weak Hormander condition, i.e. the matrices (Dzi_lFZ-(t7 '))16[2,74]
have full rank. However, the coefficients (F});c[2,n] can be rather rough in their
other entries. Namely, Holder continuous or even in a suitable L? — LP space for
F1, where the parameter ¢ relates to the time integrability and p to the spatial one.
We assume as well that the diffusion coefficient ¢ is bounded from above and below
and spatially Holder continuous.

We emphasize that, under these conditions, the Stroock and Varadhan Theory for
weak uniqueness does not apply. This especially comes from the specific degenerate
framework considered here: the noise in the i*" component only comes from the
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(i — 1)*" component, 2 < i < n, through the non-degeneracy of the gradients
(Dg,_, Filt, ~))i€ﬂ2,n]] (components which transmit the noise). We nevertheless show
that the system is well posed, in a weak sense, when the drift of the first component
is Holder continuous or bounded in supremum norm or in suitable LY — LP norm
and the drift functions of the other components are only Hélder continuous with
respect to the variables that do not transmit the noise. Denoting by (3 )2<i<j<n
the Holder index of the drift of the ™ component w.r.t. the j* variable we assume
B! e ([(20 —3)/(2j —1)],1]. We also show that these thresholds are (almost) sharp
thanks to appropriate counter examples.

Also, as a by-product of our analysis, we prove that the density of the unique
weak solution of the system satisfies Krylov-like estimates.

Weak and strong regularization by noise. Strong and weak well posedness of
stochastic systems outside the classical Cauchy-Lipschitz framework have motivated
a lot of works since the last past four decades’.

Concerning the strong well posedness, the first result in that direction is due to
Zvonkin [Zvo74] who showed that one-dimensional non degenerate Brownian driven
stochastic differential equations with bounded and measurable drift and Hélder
continuous diffusion matrix are well posed for Holder index strictly greater than
1/2. Then, Veretennikov [Ver80] generalized the result to the multidimensional
case for a Lipschitz diffusion matrix. These results have been recently revisited in
the work of Krylov and Réckner [KR05], where SDEs with additive Brownian noise
and locally integrable drift are shown to be strongly well posed and Zhang [Zhal0]
who extended the Krylov and Rockner result to SDEs with multiplicative noise
and weakly Lipschitz diffusion matrix (i.e. in Sobolev Sense). Similar issues are
handled as well in [FF11]. Also, we can mention the recent work by Davie [Dav07]
in which path-by-path uniqueness is proved for non degenerate Brownian SDEs with
bounded drift and the approach of Catellier and Gubinelli [CG16] (which also relies
on path-by-path uniqueness) where SDEs with additive fractional Brownian noise
are investigated. Finally, let us mention the work [GO13] where the strong well-
posedness of a particular one dimensional system with singular inhomogeneous drift
is proved. We refer the reader to the Saint Flour Lecture notes of Flandoli [Flall]
where a very interesting and general account on the topic is given.

On the other hand, and still in the Brownian framework, it has been shown
that non degenerate stochastic systems are well posed in a weak sense as soon
as the drift function is measurable and bounded and the diffusion matrix only a
continuous (in space) function. This is the celebrated theory of the martingale
problemma put on complete mathematical framework by Stroock and Varadhan,
see [SVT79]. Weak well posedness results for non degenerate SDE with additive noise
have also been explored recently: Flandoli, Issoglio and Russo showed in [FIR17]
that multidimensional non degenerate SDEs with non-homogeneous distributional
drift are well posed as soon as the regularity index is strictly greater than —1/2.
At the same time, Delarue and Diel proved in [DD15] that the result still holds
when the regularity index is strictly greater than —2/3 in the one-dimensional case.
This last work has then been generalized by Cannizzaro and Chouk [CC18] to the

n the presentation below, we will mainly focus on Brownian driven SDEs. We can refer to
the recent work of Priola [Pril8] for the more general Lévy driven case in the non-degenerate
framework.
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multidimensional setting. Note however that, in the two last mentioned works, the
Authors assumed that the drift can be enhanced into a rough path structure.

All the above strong and weak results deeply rely on the non-degeneracy as-
sumption imposed to the noise and illustrate what is usually called, following the
terminology of Flandoli, a regularization by noise phenomenon. Here, the regular-
ization has to be understood as follows: while an ordinary differential system could
be ill-posed when the drift is less than Lipschitz (or weakly Lipschitz [PL89]), the
analogous non degenerate stochastic system is well posed (in a strong or a weak
sense). To obtain this kind of result, the noise plays a central role. A striking exam-
ple to understand the phenomenon is the Peano Example : while the deterministic
scalar ODE

(1.2) Y, = sign(Y;)|Y|%dt, Yo =0, ae(0,1),

has an infinite number of solutions that could still be trapped in the singularity for
any given time, the corresponding Brownian SDE is strongly well posed. In [DF14],
Delarue and Flandoli put the phenomenom in light: in short time, the fluctuations
of the noise dominate the system so that the solution leaves the singularity and in
long time, the drift dominates and constrains the solution to fluctuate around one
of the extremal solutions of the Peano Example. Hence, there is a strong competi-
tion, in short time, between the irregularity of the drift and the fluctuations of the
noise.

Here, our result mostly emphasizes a regularization phenomenon coming from a
degenerate noise (i.e. when n > 2 in (1.1)). In view of the above discussion, it
is clear that the degeneracy may dramatically damage the regularization by noise
properties and, in order to preserve some regularization effect, the noise still needs
to have a way to propagate through the system. Such kind of behavior will typically
hold when the system satisfies a so-called Héormander condition for hypoellipticity,
see Hormander’s seminal work on the topic [Hor67].

In our case, we suppose the drift of each component to be differentiable w.r.t.
its first variable and the resulting gradient to be non-degenerate, but only Hélder
continuous in the other variable. This last non-degeneracy assumption is the reason
why this kind of condition is called weak Hérmander condition. Namely, up to
some regularization of the diffusion coefficient, the drift is needed to span the space
through Lie Bracketing. Also, in comparison with the general Hormander setting,
the specific drift structure we consider here is such that at each level of the chain
we only require one additional Lie bracket to generate the corresponding directions,
up to some regularization of the diffusion coefficient again. This setting allows us
to recover some regularization effect of the noise at each level of the chain. We also
refer for similar issues to Section 2 in [LP94].

Concerning the strong regularization effects of a degenerate noise in a weak
Hormander setting, one of the first result has been given by Chaudru de Raynal
in [CdR17] and concerns strong well posedness of the above system (1.1) when
n = 2. It is shown in that case that the system is well posed as soon as the drift
coefficients are Holder continuous with Hélder exponent strictly greater than 2/3
w.r.t. the degenerate variable and when the diffusion matrix is Lipschitz continuous
in space. This result was then extended by Wang and Zhang [WZ16] under Holder-
Dini conditions with the same critical Holder threshold 2/3. We also mention, again
for two oscillators and when the degenerate component only depends linearly of the
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non-degenerate variable and not on the degenerate component, the recent work by
Fedrizzi, Flandoli, Priola and Vovelle [FFPV17] who address the case of a weakly
differentiable non-degenerate drift with order of weak differentiation strictly greater
than 2/3. The critical case corresponding to the exponent 2/3 has been discussed
by Zhang [Zhal8].

From the weak regularization by noise viewpoint, in our current weak Hérmander
setting, one of the first results is the work by Menozzi [Menll]. The key-point
there is to exploit some smoothing effects of a suitable parametrix kernel, associ-
ated with a Gaussian linearization of (1.1), which had already been used by Delarue
and Menozzi in [DM10] to derive heat-kernel bounds for the solution of (1.1). In
[Menl1], it is shown that the system (1.1) is (weakly) well posed for a spatially
Lipschitz continuous drift satisfying the previously mentioned non-degeneracy con-
dition, and a spatially Holder continuous diffusion coefficient. The result was then
extended in [Men18] for a spatially continuous diffusion coefficient, following the
martingale problem approach establishing some suitable Calderén-Zygmund esti-
mates for a degenerate Gaussian kernel and appropriate non-standard localization
arguments. Also, in the case of two oscillators, Zhang showed in [Zhal8] that when
the degenerate component only depends linearly on the non-degenerate variable
and not on the degenerate component, the system is weakly well posed as soon
as the drift of the first component satisfies some local integrability conditions and
when the diffusion coefficient is continuous. At the same time, Chaudru de Raynal
showed in [CdR18] that when n = 2 the system is well posed in a weak sense as soon
as the drift of each component are at least 1/3 Hélder continuous in the degenerate
variable and showed that this result is (almost) sharp for the drift of the second
oscillator thanks to an appropriate counter example.

Hence, the minimal threshold obtained for the Holder regularity of the drift is
not an artefact: this can be seen as the price to pay to balance the degeneracy
of the noise. Especially, in view of the previous discussion on the Delarue and
Flandoli work, it is related to the fact that the fluctuations of the degenerate noise
are not strong enough to push the solution away from the singularity if the drift
is too irregular. As said above, this is illustrated in [CdR18] where a counter
example is built thanks to this observation. Namely, it is shown that any stochastic
perturbation of the Peano Example (1.2) has to have (at least) fluctuations of order
strictly lower than 1/(1 — «) in order to restore (weak) uniqueness. Hence, for two
oscillators, assuming that the dynamics of the degenerate component is driven
by (1.2) perturbed by the integral of the Brownian source plugged in the non-
degenerate component in (1.1), we have that the typical variance of the noise is of
order t3/2 at time ¢. From the above condition, we indeed find 1/(1—a) > 3/2 <=
a>1/3.

Organization of our paper. The paper is organized as follows. Our assumptions
and main results are stated at the end of the current Section. We present in Section
2 the main tools that allow to derive our results. Namely, a suitable Gaussian
linearization of the initial model (1.1) around a deterministic Cauchy-Peano flow
of the initial system of ODEs (corresponding to (1.1) taking o = 0). In particular,
since we consider rough coefficients, we establish therein measurability properties
and bi-Lipschitz like regularity for such flows. The well posedness of the martingale
problem for the operator associated with (1.1) is then obtained in Section 3. Section
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4 is eventually dedicated to a class of counter examples which emphasize the almost
sharpness of our results.

Assumptions and main result. Our assumptions are the following:
(UE) There exists k > 1 s.t. for all (t,x) € Ry x R", 2z € RY,

K2 < (00" (t, %)z, 2) < k2],

where | - | denotes the Euclidean norm, (-,-) is the inner product and * stands for
the transpose.
(S) The coefficients o (t, ), (F;(t, O))ie[[2.n]]
in time. Also, the diffusion coefficient o(t,-) is uniformly n-Hélder continuous in

space, for some 7 > 0 uniformly in time. The drift entries (F;(t, '))ie[p np are s.t.

for all (z;,---,2,) € RU"=G=1) the mapping z € R? — Fj(t, 2,2, - ,2,) is in
CHH1(R4, R?) uniformly in time? and w.r.t. (2;,...,2,). Moreover, D,. , F(t,-) is
bounded . Eventually, the mappings (z;, - - , z,) € R0 s Fy(t, 2, 2, , 2)
are, for j € [i,n], Bg -Holder continuous in the variable z;, with Bg > 0, uniformly
in time and in z € R%.
(D) The first entry of the drift F; is supposed to satisfy one of the following as-
sumptions:

(a) The measurable mapping t € Ry +— Fj(t,0) is bounded and Fi(t,-) is
Holder continuous in space® uniformly in time.

(b) The measurable mapping (t,x) € R, x R"® s Fy(¢,x) is bounded.

(c) Fi € LRy, LP(R™)), 24 + 2 <1,p>2,g>2.

Observe that case (b) can be viewed as a particular case of (c), corresponding to
p = q = oo. Since the techniques used to address those two cases are rather different
(see Section 3.2), we prefer to consider them separately.

(H) There exists a closed convex subset £_1 C GL4(R) (set of invertible d x d ma-
trices) s.t., for all ¢ > 0 and (z;_1,...,2,) € R(n—it+2)d D, Fi(t,zi—1,...,2,) €
Ei—1. For example, &;, i € [1,n — 1], may be a closed ball included in GL4(R),
which is an open set.

We say that assumption (A) is in force whenever (UE), (S), (H) and at least
one of the three items in (D) hold.

are assumed to be bounded measurable

Theorem 1 (Weak Uniqueness and Hélder continuity indexes). Assume (A) and
that the following conditions hold:

; 2i—3
(1.3) vie[2n], jelin],fl e 1|
25 —1
Then, the martingale problem associated with (Ly)i>0 where for all ¢ € CZ(R™ R),
x € R,

(1.4) Lip(x) = (F(t,x), Dxo(x)) + %tr(a(t,x)Dil(ﬁ(x)), a:=oo*,

2For the sake of clarity we chose the same regularity index for o and (Dg,_, Fi)ieﬂg’nlh but the
result remains true for any 7, Hélder continuous o and ng ; Holder continuous D, _, F;, provided
7o and ng ; belong to (0, 1].

3Actually one can assume that F} is B{ Holder continuous in the j*! variable for any B{ in
(0,1].
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is well posed, i.e. there exists a unique probability measure P on C(R4,R") s.t.
denoting by (X;)i>0 the associated canonical process, for every ¢ € C&’z(RJr X

R"¥ R) and conditionally to X; = x for t > 0, (gp(s,XS) —o(t,x) = [7(0u +
L,)e(u, Xu)du) N is a P-martingale. In particular weak uniqueness holds for the
s>t
SDE (1.1).
The transition probability P(t,s,x,-), determined by (Ls)s>0, is s.t. for a given
T >0, almost all s € (t,T] and all T € B(R"): P(t,s,x,T) = Jrp(t, s, x,y)dy.
Furthermore, we have the following Krylov-like estimate: for all fired T > 0 and

every f € L7 ([0, T], L? (R")) with ";,d-i-% <2,p' >1,¢ >1, (t,x) € [0, T] xR":

T
(15) [EFex| / £(5,X)ds]| < Ol o120 oy

where EFt> denotes the expectation w.r.1.
Py x| :=P[Xy =x] and C:=C((A),p',q¢,T).

Hence, our Theorem allows to recover almost all the previously mentioned works
on weak well posedness and provides an extension for the full chain. It also permits
us to avoid any regularity assumption on the drift of the diffusion component so that
we recover the Stroock and Varadhan result in the case n = 1 up to an arbitrary
small Holder exponent on the continuity of the diffusion matrix. Concerning this
last point, we feel that using the localization strategy proposed by Menozzi in
[Men18] we may be able to get rid of this assumption and only assume the diffusion
coefficient to be continuous in space. Indeed, using our results (say Lemma 5 below
together with condition (1.3)) should allow one to adapt the approach of [Men18]
and extend Theorem 1 to continuous diffusion matrix.

We also underline that our result allows to deal with a large class of different
drifts for the non degenerate component: the system can be globally with sub-linear
growth (Assumption (A)-(a)), rough and bounded (Assumption (A)-(b)) or only
suitably integrable and rough (Assumption (A)-(c)).

Moreover, the following result shows that Theorem 1 is almost sharp. By almost,
we mean that the critical lower thresholds in (1.3) and in (D)-(c) are not yet
handled. Namely we have:

Theorem 2 (Almost sharpness). There ezists F satisfying (UE), (S), (H) and
such that:

i 21-3
L Jic[2 e i J
(1.6) i€2nl, jelinl, 8 < 5=
or
d nzd 2
(1.7) Fy € L9([0,T), LP(R™®)), e +5>1, p>2,q>2

for which weak uniqueness fails for the SDE (1.1).

We first emphasize that there are already some results in that direction: in
[BFGM19] the Authors show that when n = 1 and when the integrability condition
(1.7) is not satisfied (i.e. in the supercritical case) equation (1.1) does not have
a weak solution. Another counter example to that case can be found in [GO13].
Note that in comparison with the results in [FIR17], [DD15], [CC18], the almost
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sharpness of the integrability condition (1.7) has to be understood for drifts assumed
to be functions and not distributions.

Secondly, it has been proved in [CdR18], that for all ¢ in [2,n] the Holder ex-
ponents 3¢, are also almost sharp, thanks to a class of counter examples based on
stochastic perturbations of the Peano example (1.2).

Thirdly, we feel that the Holder continuity assumption assumed on D, , F;(¢,-)
is a technical artefact. Nevertheless, relaxing this assumption to consider the
(Dmi_lFi(t, ))z ez € just continuous functions of x;_1 is definitely more tricky.
Indeed, in that case, our approach based on parametrix fails and the natural ap-
proach, relying on harmonic analysis techniques, seems very involved.

And last, but not least, let us notice that the two thresholds for the drift com-
ponent (say (1.3) and condition (A)-(c)) will appear many times throughout this
work as a minimal value for making our proof work (see the proofs of Lemmas 5,
6, 9 and 11). This underlines the sharpness of the exponent for the strategy we
used and explains why the critical case of these conditions is not investigated here.
It seems indeed clear for us that the critical case requires different tools as those
presented here.

Remark 1. Before entering into the proof, we indicate that, from a more analytic
viewpoint, the techniques we develop in the current work could also be used in
order to derive well-posedness results in the mild sense (see [SV79], [Kolll]) for
the corresponding degenerate parabolic PDE, which involves rough coefficients in
a weak Hormander setting, when the source term belongs to appropriate Lebesgue
spaces.

2. STRATEGY AND KEY TOOLS

Our strategy relies on the martingale problem approach. Hence, we face two
difficulties: firstly, we have to show the existence of a solution to the martingale
problem in our current setting, which becomes quite tricky under (D)-(c) while it is
quite obvious under (D) - (a) and (b); secondly we have to show that the solution
is unique which is the real core of this paper.

About uniqueness. Usual approaches to uniqueness for the martingale prob-
lem associated with a given operator are based on a perturbative method. Let us
detail two of the main strategies developed in the literature. The historical one
due to Stroock and Varadhan [SV79] consists in exploiting some LP controls on
the derivatives of a suitable Gaussian heat kernel (parametriz). It allows, in the
non-degenerate diffusive case, to establish well posedness provided the diffusion
coeflicient is solely continuous. As a by-product of this approach, Krylov like esti-
mates of type (1.5) are obtained, emphasizing that the canonical process associated
with the solution actually possesses a density which enjoys integrability properties
up to a certain threshold. Extensions of these types of results to the chain (1.1)
are available in [Men18].

On the other hand, a more recent approach is due to Bass and Perkins [BP09].
In the non-degenerate setting, under the stronger assumption of Holder continuity
of the diffusion coefficient, it only requires pointwise controls of an underlying
parametriz kernel. This approach has then been successfully extended under the
considered weak type Hormander setting to a chain of type (1.1) in [Menll1] in the
diffusive case and in [HM16] for more general stable driven degenerate SDEs of type
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(1.1) with dimension restrictions. It is actually more direct than the approach of
Stroock and Varadhan. However, its drawback is that it does not provide a priori
information on the density of the underlying canonical process.

Let us underline that in both cases, the parametriz plays a central role. This
approach consists in expanding the generator of a given stochastic process around
a suitable prozry generator which can be well handled. The point is then to control
in a suitable way the associated approximation error. In our current degenerate
diffusive setting, since the SDE is Brownian driven, the difficulty is to exhibit an
appropriate Gaussian process that fulfills the previously indicated constraints.

When the drift F is smooth in addition to (A), say globally Lipschitz continuous,
it has been shown in [DM10], [Menl11], [Men18] that a good proxy is provided by
the linearization around the deterministic flow associated with (1.1) (i.e. when
o = 0 therein) leading to consider a multi-scale Gaussian process as parametrix.
It is therefore a natural candidate for the current work. Anyhow, under (A), we
do not have anymore a deterministic flow in the usual Cauchy-Lipschitz sense. A
first difficulty is therefore to deal with non-smooth and non-unique Cauchy-Peano
flows. It actually turns out that any measurable flow solving (1.1) with o =0 is a
good candidate to make our machinery work. The specific controls associated with
those objects are presented in Section 2.2.

Also, in order to handle very rough drifts for the non degenerate component,
from (D)-(c) Fy € L([0,T], LP(R™?)), we are led to apply the Girsanov transform
to the equation with F; = 0. To do so requires to have some a priori knowledge
of the corresponding density. This is why, to achieve our goal, the Stroock and
Varadhan approach leading to estimate (1.5), seems to be the natural framework.

In comparison with the approach based on the Zvonkin Transform initiated in
[CAR18], our approach allows to obtain a clever analysis of the chain in the sense
that we are here able to enlight the almost sharp regularity needed for each com-
ponent of the drift and w.r.t. each variable. This last point is not possible via
the Zvonkin Transfom which is more global and does not permit this distinction.
Accordingly to the works [CdR17], [FFPV17], the Zvonkin approach seems more
suited to derive strong uniqueness. In that case a global threshold appears for each
variable at each level of the chain.

About existence. Concerning the existence part, our proof consists in adapt-
ing to our degenerate setting the idea introduced by Portenko [Por90] and used
by Krylov and Rockner [KR05] as well to build local weak solutions in the non-
degenerate case.

Usual notations. In what follows, we denote a quantity in R”? by a bold letter:

i.e. 0, stands for zero in R™ and we denote by (X},..., X[);>o the components
of (X;)i>0. Introducing the embedding matrix B from R? into R™ ie. B =
(Iaxd,0,...,0)*, where “«” stands for the transpose, we rewrite accordingly (1.1)

in the shortened form
dX: = F(t,X;)dt + Bo(t, X;)dWy,
where F = (F}, ..., F,) is an R"-valued function.

The deterministic backward flow. In the following, we will first assume for
the sake of simplicity that assumption (D)-(a) is in force. The extension to cases
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(b) and (c) will be discussed later on. Introduce now, for fixed 7' > 0, y € R™ and
t € [0, 7] the backward flow:

(2.1) 0.7(y) = F(t,0,.1(y)), Or.r(y) =y

Remark 2. We mention carefully that from the Cauchy-Peano theorem, a solution
to (2.1) exists. Indeed, the coefficients are continuous and have at most linear
growth.

2.1. Linearized Multi-scale Gaussian Process and Associated Controls.
We now want to introduce the forward linearized flow around a solution of (2.1).
Namely, we consider for s > 0 the deterministic ODE

(2.2) ¢, =F(5,0,1(y)) + DF(5,0,.1(y)) (¢, — 0s7(¥)],

where for all z € R™?,

0 .. .. .. 0

DZ1F2(87Z) O e O

DF(s,z) = 0 D, Fs(s,z) 0O 0 :
: 0 . :

0 0 D, ,F.(s,z) 0

denotes the subdiagonal of the Jacobian matrix DEF(S, -) at point z. Introduce
now for a given (7, y) € Ry, x R™ the resolvent (R (t,s))s¢>0 associated with
the partial gradients (DF (¢, 0, 1(y))):>0 which satisfies for (s,t) € (Ry)?:

(23) a?RT’y(Sv t) = DF(Sv OS,T(y))RT’y (57 t>7 RTﬁy (ta t) = Indxnd-

Note in particular that since the partial gradients are subdiagonal det(RT"Y (¢, s)) =
1.

We consider now the stochastic linearized dynamics (X7¥ )selt, 1)

dXTY = [F(s,0,1(y)) + DF(s,0,7(y))(XJY = 0,,0(y)))ds + Bo(s, 0,,7(y))dWs,
(24) Vselt,T], X]¥ =x.

From equations (2.2) and (2.3) we explicitly integrate (2.4) to obtain for all
v e [t,T]:

(2.5)
XSy = RTﬁy(U7 t)X + /f RTJ(U’ 5) (F(Sa 087T(Y)) - DF(Sa OS,T(y))as,T(Y)>dS

+/ R™Y (v, s)Bo(s,0s1(y))dWs.
¢

~T, a1
Denoting by 037'ty(x) the solution of (2.2) with starting point 0t7ty(x) = x we
rewrite:

(2.6) Xy — éfjty (x) + / RTY (v, 5)Bo(s,0s1(y))dWs, v € [t,T).
t

An important correspondence is now given by the following Proposition.
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Proposition 3 (Density of the linearized dynamics). Under (A), we have that,
for all v € (¢,7] the random variable XZ'¥ in (2.6) admits a Gaussian density

ﬁT’y(t7 v, X, -) which writes:
(27) VZ c Rnd’ ﬁT’y(t7 v, X, Z)
1 1 T —1 ~T.y ~T.y
= - - exp —*<Kvy 2] X)—1z),0 x_z>)7
(27T)7d det(KZ”ty)% ( 92 (K7™ (0, (%) ),6,; (x)
where

KTY = / RTY (v, 5)Ba(s, 0, 7(y)) B"RTY (v, 5)" ds,
t

a’<87 GS,T(y)>::UU*<S7 HS,T(y)>'
Also, there exists C := C((A),T) > 0 s.t. for all k € [0,2], i € [1,n],
|D§iﬁT’y (ta Ta X, Y)I

: (T t)k((ic_vl)_t,-é)_;,_nid eXp (_C_l(T — )| T, (x — Oe.r(y)) ’2)
C —
e (T - t)k(<i—1>+%)pc_l(t’ 1x3)

where for all u > 0, we denote by T, the important scale matrix:
ulaxa  Oaxa -+ Odxad

(2.9) T. — Oaxa u?lgxa O

Odxd s 0 u"lgxa

Proof. Expression (2.7) readily follows from (2.6). We recall as well that, under
(A), the covariance matrix Kvty enjoys, uniformly in y € R" a good scaling
property in the sense of Definition 3.2 in [DM10] (see also Proposition 3.4 of that
reference). That is: for all fixed T > 0, there exists Co.19 := C2.10((A),T) > 1 s.t.
forall0 < v <t <T, for all y € R™:

(2.10) V€ € R™, Cyiy(v — 1) M Ty i€]? < (KLYE.€) < Caiolv — 1) Tuoe]*

Remark 3 (On the Hormander like non-degeneracy assumption and the good scal-
ing property). We carefully point out that the boundedness and non-degeneracy
conditions expressed on the derivatives (D, _, Fi(t,))ie[2,n], @5 well as on the dif-
fusion coeflicient o (¢, ), in assumptions (S), (H) and (UE) are precisely explicitly
used to derive this bound. The natural analogue bounds of (2.10) also hold for the
inverse matrices, see again [DM10], Definition 3.2 and Lemma 3.6 therein as well
as the proof of (2.12) below.

Rewrite now from (2.5) and (2.6):
-7 yv—1,7T T,
((RTY) (07 () ~ ), 07 (%)~ ¥)

(211) = (R™Y (T (KLY R (T,0(x~ 8,5 (),x ~ 0,7 ().
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where, accordingly with the previous notations for the forward linearized flow

é;f (x), we denote:

o’y RTY "R Ty

0,7 (y) = R™(t.T)y — [ R™(t,5)(F(s,0,,r(y)) ~ DF(s,0,,r(y))0,.r(y) ) ds.
t

for the corresponding linearized-backward flow starting from y at time 7.
Observe now that étT%'(y) =0, 7(y). Indeed, from (2.3):

90,7 (y) = DF(t,00,0(y))00 (v) + (F(t, 8,0(y)) = DF(t,6,0(3))61.r(y)),

so that:

%017 (v) = D01 (y) = DF(t,0,7(v)) (8.7 (v) - 61.0(x))-

Since é;;(y) =07 7(y) =y, we deduce from Gronwall’s Lemma that étTj'Y(y) =
0, 1(y) for all t € [0,T].

We carefully point out that, even though the solution to the ODE (2.1) is not
unique, once we have chosen a solution and consider the associated flow to construct
our linearized Gaussian model, we precisely get the identification étTTy (y) =0:7(y)
for all ¢ € [0, T] with the chosen flow.

We thus get from the previous identification, equations (2.11), (2.10) and Remark
3 that there exists C':= C((A),T) > 0, s.t. for all t € [0,T),

(212) C7HT = DITZL (x —~ 8ur(v) < (KTY) (07 (%) ~ ), 073 (%)~ ¥)
< O(T = IT7L (x = Oer(y))

~TtTy
Indeed, from (2.10) it is easily derived that the spectrum of K, = (T -
N > Tt Ty
t)T;itK%ZT;it lies in [C5{y,C2.10]. So does the spectrum of (K; )7t =

(T — t)_l']I‘T,t(f{%f)_lTT,t. From Lemma 3.6 in [DM10] (see also Lemma 6.2 in

[Men18] for notations closer to the current framework) we can also write R™¥ (T, t) =
~TtTy ~Tt Ty
Tr_:R (1,0)T;', where R (1,0) is a non-degenerate bounded matrix
~T,t, T,y
whose bounds do not depend on ¢,7T, i.e. R (1,0) is a non-degenerate macro

matrix. Therefore, introducing ﬁ;f =RTY(t, T)f{;sz{T’y(u T)*, we can rewrite
from (2.11) that:

o 1,50y ~Ty
(KT (077 (%) =), 07 (x) v
= (B (= 0ra(y), x — Ora(y) )
(Hz}) ™' =R"(T,0)"(Kz)) ' R™ (T, 1)
1 ~T,t, Ty " ~Tt T,y 71/~\T,t,T,y 1
(2.13) = (T -nTL R L0)(K, TR (LOTLL,

=TTy ~TtTy
The previous non-degeneracy properties of (K; LR (1,0) then readily

give (2.12). Put it differently, the matrix ﬂ;%’ also satisfies a good scaling property.
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We now deduce from (2.13) and (2.10) that (2.8) holds for k£ = 0. We now write
from (2.7):

D, 5" (t,T,x,y)

nd

(2m)2 det(f(%t
We thus derive from (2.12) and (2.13):

C
(T — £)-D+3+25¢

D2 57 (8T, %,3)] < exp (~C7HT = 1) [Tz, (x = 000 ()]

which proves (2.8) for £ = 1. The case k = 2 is derived similarly. O

2.2. Regularity and measurability of the Cauchy-Peano flow. Let us recall,
as indicated before equation (2.1), that we work first under assumption (D)-(a).
In this setting, we mention that the delicate part here consists in dealing with the
nonlinear flow 8, ;(y). Because of our low Hélder regularity, we face two problems:
one has to choose a measurable flow of (2.1) (which is very important to make licit
any integration of this flow along the terminal condition) and this flow must have
the appropriate regularity to deal with our parametrix kernel, say e.g. bi-Lipschitz
as in [DM10], [Men11], [Men18].

The first issue is addressed by Lemma 4 below. The second problem is quite
involved and requires also a careful analysis. Indeed our approach, based on
parametrix kernel, makes an intensive use of the gradient estimate of the frozen
transition density p7¥ given in (2.7). This leads us to study the space integral
of the Gaussian like function po-1 defined by (2.8) w.r.t. the backward variable
y. The crucial point is that such an integral then involves the backward flow with
argument the integration variable. In a smooth setting, such a problem is easily
handled through a change of variable. When working with non-continuously dif-
ferentiable coefficients, one may also use the bi-Lipschitz property of the flow to
change its argument from the integration variable to the fixed initial one (see e.g.
[DM10] where F is Lipschitz in space). In the current setting the flow is not smooth
enough either to perform a change of variable nor to use the bi-Lipschitz estimate.
Nevertheless, using a careful regularization procedure which precisely works under
the condition (1.3) on the Holder continuity exponents, we show in Lemma 5 below
that the chosen flow satisfies an approximate bi-Lipschitz estimate. This approxi-
mate bi-Lipschitz estimate is sufficient to deal with our parametrix kernel.

Lemma 4. For a given T > 0, there exists a measurable mapping (s, t,x) € [0, T]*x
R™ 5 0, (%) 5.t 0,4(%) =x + [IF(v,0,(x))dv.

Proof. The proof follows from the result of [Zub12] and usual covering arguments.
O

From now on, we choose by simplicity to work with a given measurable flow
0, s(x) which exists by the previous lemma.
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Lemma 5. There exist constants (C5,C%t) = (Cs5,CE)((A),T) > 1 s.t. for all
0<t<s<T small enough:

C5 (s = OITL,(054(x) = ¥)|* = C5 < (5 = )T (x — 0r.(y)
(2.14) < Cs(s — 1) T2, (05,4(x) —y)|* + Cs.

Also, for any measurable flow és,t satisfying the integral equation in Lemma 4 and
possibly different from the chosen one 04, it also holds that:

C ' (s = )T, (Bau(x) —y) P = Cf < (5 — )| T, (x — Ors(y)?
(2.15) < Cs(s — )| T2 (0,.4(x) — y) > + CL.

Lemma 5 is a key tool for our analysis. It roughly says that, even though the drift
coefficient is not smooth, we can still expect a kind of equivalence of the rescaled
forward and backward flows (which has been thoroughly used in the papers [DM10],
[Menl11], [Menl8] for Lipschitz drifts) up to an additional constant contribution.
This is precisely the result of equation (2.14). Also, since uniqueness here possibly
fails for the flows, equation (2.15) gives that the bound still holds for two arbitrary
measurable flows. This specific property will be used later on in the proof of Lemma
6 below in Appendix A.

It turns out that, the new contribution in (2.14), (2.15) does not perturb the
analysis of the parametrix kernels associated with the density of X?y starting from
x at time ¢t € [0,7) given in Proposition 3. We refer to Section 3.1 for details.

Proof. We focus on the proof of (2.15). Indeed, (2.14) is derived as a special
case taking the same flows, i.e. 8 = 8. Considering now two measurable flows 6,0
provided by the integral equation in Lemma 4, we write from the integral dynamics:

(s =) T (x = 01,5())

— (s = 03T, [(0nr) ) — [ (Bl Bu() = Pl 000 (3)) ]
(216) = (s = )T T2, (0.0(%) = ¥) ~ Lou(x,),
Lseoy)mto = DV [ (Pl 0u) — B, 00 )

We aim at establishing that
@17) [Zuaxy) < {1+ =07 [ (5= O}, Bua(x) — Bucly)ldu},
t

which together with (2.16) and the Gronwall lemma gives the r.h.s. of (2.15). The
Lh.s. could be derived similarly to the analysis we now perform.

Since the function F is not Lispchitz, we will thoroughly use, as crucial auxiliary
tool, some appropriate mollified flows. We first denote by 4 € R™ @ R™, a matrix
whose entry d;; is strictly positive for indexes ¢ € [2,n] and j > i. We then define
for all v €[0,T], z€ R, i€ [2,n],

(2.18)  FP(v,2"""") == Fi(v,-)  ps, (2)

:/ Fi(v7zi—17zi — Wy, -~ ,znfwn)p(;iy_(w)dw.
Rd(n—(i—1))
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Here, for all w = (w;, -+ ,wy,) € R(n—(i-1))
pi () i= ot (S )
i, = n 4 s s , ,
Hj:i 5;1]‘ 6ii 5i(i+1) 5m

where p; : RAn=(-1) _, R is a standard mollifier, i.e. p; is smooth, has compact
support and [pa—i-1) pi(z)dz = 1. We denote

Fo(v,2) = (F1(v,2), FS(v,2),--- , F2(v,2)).

Note carefully that, under the considered assumptions (A), the (Fié)ie[[Q,n]] are

thus Lipschitz continuous functions, with explosive Lipschitz constant w.r.t. the
mollifying procedure in the variables (x;,--- ,z,). More precisely, standard argu-
ments from approximation theory give that, under the current assumptions, the
Lipschitz constant of Ff w.r.t. its j*® variable blows up at rate 5i_jl+ﬂ’].
Controls associated with the mollification procedure. The first key point is
that the regularized drift FO only appears in a time integral for our analysis (see
equations (2.16) and (2.23)). So, the parameters d;; only have to satisfy that there
exists C := C((A),T) > 0 such that for all z in R, for all v in [, 5]:

(2.19) ‘(s — )3T, (F(u,z) —F(u, z))‘ <C(s—t) 1.

From the definition of our regularization procedure in (2.18) this means that ¢;;
must be such that

(2.20) S (s — )i zn:(sfj <C(s—1)\.

i=2 j=i

; 3y 1 N
Hence, one can choose §;; = (s —t) ~ # which yields (s — t)%_iég’{ =(s—t)~ L
This choice of 9;; will be kept for the rest of the proof.

The second key point relies on the fact that, for this choice of the regularization
parameter, the rescaled drift F? satisfies an approzimate Lipschitz property whose
Lipschitz constant, once the drift is integrated, does not yield any additional sin-
gularity. Namely, there exists a C' := C'((A),T') such that for all u in [s, ], for all
z,z in R™?

(2.21) ((s — T, (F5(u, z) — F(u, z’)) ]

< C((S — ) (s =) (s — )2 T (7 — Z')|>~

Indeed, as already underlined at the end of the previous paragraph, the (Ff)ieﬂgmﬂ
are Lipschitz continuous functions (with potentially explosive Lipschitz constant
in the variables (x;,---,x,) for F because of the regularization procedure) and
F is 6{ > 0 Holder continuous in the j*' variable for arbitrary (5{)3‘6[[1,»@]] in

(0,1]. The Young inequality then yields that there exists C ;> 0 s.t. for all
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x € R, |x|5{ < Cﬁ{-(l + |x|). Hence,
(s = 312, (F(0,2) - F(0,2))|

< oG-0tatiE-2))
+Z<s—t>%—i(<z—z'>i1+zl<zl—zg>ﬂ)>
i=2 = 5” i

(s —t)i~¢
(1+ 60" z;z = ))
Hence (2.21) follows from the fact that, from our previous choice of d;;, one gets

— )it G-)—(i—2)L1-8))
Co IR g
5 P

ij
since from the assumption (1.3) on the indexes of Holder continuity:
P 2i—3 , 3
B> 022 s (i) - - - 88 >

Derivation of the final bound. We are now in position to bound the term
Zs +(x,y) defined in (2.16). Under (A) we have:

s, y)] < /tsdu(S—t)éTs1t(F(u,9u,t(X))—F(u,(’u,s(.V)))I

/tsdu’(st)

[ s = 04 (P08 0) — B (101(9)))

(2.22)

=

T2 (F(u, 0,4(x)) — F (0, 80,4()) )|

IN

+/tsdu‘(s_t)%1r (F‘s(u Ou.s(y ))—F(u,Gu,S(Y)))‘

(2.23) =: Isl’t(x, y)+ If’t(x, y)+ Iit(x, y).
Using (2.19), we obtain that there exists C := C((A),T) s.t. forall 0 <t < s <
T, x,y € R

(2.24) |Z5.0(x,¥)| + |22, (x,3)| < C.
Finally, one can use (2.21) to derive that for all 0 <t < s < T, x,y € R™®:

2, (xy) < C [(8 — )% + /:(8 =) (5 = 02T (B (x) — 0u,s(y))l)du]

IN

{1 =07 [ 0T 060~ Bualy)ldu}

up to a modification of C := C((A),T) for the last inequality. From this last
equation together with (2.24), we therefore derive (2.17). The proof is complete.
(]
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2.3. Frozen Green kernels and associated PDEs. In this paragraph we intro-
duce useful tools for the analysis of the martingale problem. Namely, we consider
suitable green kernels associated with the previously defined frozen process and
establish the Cauchy problemma which it solves.

For all f € C3%([0,T) x R" R), and ¢ > 0 meant to be small, we define the
Green function:

T
(2.25) Y(t,x) € [0,T) x R™ G f(t,x) :/ ds/ dyp*Y (t,8,%x,¥)f(s,¥)-
(t+e)AT Rnd

We point out that the measurability of the flow in (s,y) established in Lemma 4
precisely gives that p*¥(t, s,x,y) is a measurable function of these parameters and
ensures that the above Green function is properly defined. Denote by (if’y)te[o,s]
the generator of (X;¥),c(o,s, i-. for all ¢ € Cg°(R",R), x € R,

LiYo(x) = (F(t,0:4(y)) + DF(t, 0, 4(y))(x — 0,,4(¥)), Dxp(x))
(2.26) Jr%tr(aa* (t,0,.(y)) D2, p(x)).
One now easily checks that:
(2.27) V(t,x,2) € [0,5) x (R™)2, (at n [N/f’y>]557y(t,s,x,z) —0.

However, we carefully mention that some care is needed to establish the following
lemma, whose proof is postponed to Appendix A, which is crucial to derive that
Gf:= G°f actually solves an appropriate Cauchy like problem.

Lemma 6 (Dirac convergence of the frozen density). For all bounded continuous
function f:R"™ — R, x € R, setting for all (e,t) in (Ry\{0}) x [0, T, for(x) :=
Jgna FY)PTEY(t,t 4 €,x,y)dy, we have:
(2.28) sup |fe¢(x) — f(x)] — 0.
te[0,T] el0

We emphasize that the above lemma is not a direct consequence of the con-
vergence of the law of the frozen process towards the Dirac mass (see e.g. (2.27)).
Indeed, the integration parameter is also the freezing parameter which makes things
more subtle.

We also have the following related result again proved in Appendix A.

Lemma 7 (LY — L*' convergence for the mollification with the frozen density).
For all f € Lq/([O,T],L”,(R”d)), q,p < oo, setting, for any e > 0, fo(t,x) :=
fRnd f(t +e, Y)HtE[O,Tfs]ﬁt—‘rE’y (ta t+ €, X, Y)dy7 we have fOT all p/7 q/ > 1:

(2.29) 1fe = fll Lo (o, 1,10 (mnay) T 0.

Introducing for all f € C3(10,7) x R*,R), ¢ > 0 and (t,x) € [0,T) x R™ the
quantity:
T

(2.30) M f(t,x) = / ds dy LY pY (t,5,%,y) f(s,¥),
(t+)AT Rnd

we derive from (2.27) and Proposition 3 that the following equality holds for all
€ > 0 small enough:

(2.31) GEf(t,x) + M f(t,x) = — f-(t,x), ¥(t,x) € [0,T) x R,
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denoting by fe(t,x) = [pna f(t +&,¥)icjo,r—p' =Y (t,t + £,x,y)dy, i.e. the time
argument of f is also shifted and truncated above T' — e. Observe here that the
localization w.r.t. ¢ is precisely needed to exploit directly (2.27) and derive (2.31),
for a given fixed € > 0, by usual domination arguments. We mention that when
e = 0, it follows from the definition (2.25) of our Green kernel that the smoothness
on f is not a sufficient condition to derive the smoothness of Gf = G°f. This
comes from the dependence of the covariance matrix in p®Y w.r.t. the integration
variable (see (2.7)).

Proposition 8. Pointwise control of the Green Kernel. There exists C(T) :=
C((A),T) — 0s.t. for all (t,x) € [0,T] x R™ and all f € L7 ([0,T], L (R"))
—

s.t. ”;,d + % <2,p>1,4d>1,e€[0,T—1:

(2.32) |C~1‘5f(t,x)| < C(T)”f”Lq'([O,T},LP/ (Rnd))-

Proof. From (2.8) with k¥ = 0 and Lemma 5 we have that for all € € [0,T — ],
(2:33)  |G<f(t,x)]

< C/tTds/nd dy|f(s,y)Ipc-1(t, 5, %, y)

T exp (—C~ (s — t)|T 1 (x — 0:.5(y))[?)
< cf i ayirey) o

r exp (~C (s = T 40,0(x) ~ y)? + 1))
< C/t ds/WdYIf(s,Y)l P )

up to a modification of C. So, the result follows from the Holder inequality and the
condition on the exponents p’ and ¢’. Denoting by 7', ¢’ the conjugate of p’ and ¢’
respectively we indeed have

T —C- ¢ — 2 p P
[Tl o exp (~C7'(s (><|; ((01:(x) = )1)
t Rnd
T 29(5 ~! 2
1 dip —1 1
< C ds — — <tooe L 4 )q7< & +-=<1
224G -1(F) 2 20 ¢
t (S t) 2 B p
(]

3. WELL POSEDNESS OF THE CORRESPONDING MARTINGALE PROBLEM

We have now given the main tools needed to prove our main results: the well
posedness of the martingale problem associated with (L;);>o defined in (1.4) and
the corresponding Krylov-type estimates. This section is organized as follows: we
first investigate the well posedness under Assumption (D)-(a). In that case, the
existence part is not a challenge, since it readily follows from previously known
results based on compactness arguments that exploit the sublinear structure of the
drift F', while the uniqueness part is quite more delicate. As a by-product of our
approach to uniqueness we derive the Krylov like estimate.

The scheme used for proving uniqueness under (D)-(a) will be a major tool
to extend our result for uniqueness under (D)-(b) (the existence part under that
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assumption being a trivial application of the Girsanov Theorem) and then for ex-
istence and uniqueness under (D)-(c). Indeed, under this last assumption, even
the existence part requires to derive first some Krylov type estimates. We will
precisely exploit those established under (A)-(a) considering first F; = 0 and then
cope with the true LY — LP drift through a Girsanov argument. The approach
is in some sense similar to the one of Krylov and Rockner [KRO05] or Fedrizzi et
al. [FFPV17] for the Girsanov part. The main difference is that in the quoted
work the required Krylov like estimate readily followed from the explicit density
of the unperturbed process at hand. The Brownian motion in [KRO05], the joint
density of the Brownian motion and its integral in [FFPV17]. We here precisely
show that, first under (A)-(a), the solution to the martingale problem has a density
which satisfies a similar Krylov type estimate. We actually prove that any solu-
tion to the martingale problem satisfies such an estimate (see equation (3.5) below).

It is precisely to deal with L? — L? drifts (under Assumption (D)-(c)) that we
have chosen an approach inspired by the Stroock and Varadhan original arguments
which explicitly provides the required Krylov like estimates. Before going into
the proof, let us briefly explain the main differences between our analysis and the
strategy of [SV79]. In particular, our approach differs from the original one because
of the specific structure of our problem.

In the original non degenerate setting with bounded drifts considered by Stroock
and Varadhan, the Girsanov Theorem allows them to deal with the diffusive part of
the equation only. Their main idea to obtain the desired control on their perturbed
kernel goes through regularization arguments. The key point allowing them to get
the estimation at the limit are: the strong convergence of the driftless Euler scheme
(to keep track on pointwise estimate) and a localization argument.

In our current setting things are a bit different: we are not allowed anymore to
get rid of the drift, because of our degenerate structure.

Thus, our strategy is the following. In the Holder framework of case (D)-(a), we
manage to prove directly the existence of the density of the canonical process for
any solution to the martingale problem through the associated Krylov-type esti-
mate, for f € Lq'([O,T], v’ (R")) and p', ¢’ large enough. This is a consequence of
the pointwise controls established in Lemma 9 below. This is enough to derive the
well posedness of the martingale problem. In a second time, we complete the proof
of the Krylov estimate (1.5) on the indicated range for p’, ¢’ through a regulariza-
tion argument. Namely, we regularize the drift coefficient F through convolution.
For the regularized drift, it follows from [DM10], [Menl1] that the corresponding
process has a density. It then follows from the previous analysis that the process
with mollified coefficients satisfies uniformly w.r.t. the mollification parameter the
Krylov estimate. The final statement then follows letting the mollification parame-
ter tend to zero from the well posedness of the martingale problem. Cases (b) and
(c) are handled from case (a) through an additional Girsanov type argument.

3.1. Well posedness with full Hélder drift, Assumption (D)-(a).

3.1.1. Existence under Assumption (D)-(a). The first step is to establish that there
exists a solution to the martingale problem defined in Theorem 1. From the def-
inition of (L;)¢>0 in (1.4) it is easily seen that, under (A), existence is obtained
adapting to our current framework Theorem 6.1.7 in [SV79]. The strategy is clear.
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An Euler like scheme can be considered. Fix first T' > 0 and consider the grid
Am([0,T]) :== {(t; := ih)icjo,m)},h = T/m, m € N. Introduce the corresponding
“discretization” scheme:

S
(3.1) Xm = X4 / (F(ti,XZF) + DF(t;, X")(XT — x;*;))du
t;

+BO’(ti,XZL)(WS — Wti), ENS [ti,ti+1].

This scheme defines a sequence of measures (P™),,,>1 on C([0, T], R"?) which is tight
and for which the continuity assumption on the coefficients and the sub-linearity
of the drift allow to identify that any limit P solves the martingale associated with
(L¢)t>0 on [0,T]. We refer to Section 6.1 of [SV79] for details. To derive the ex-
istence of a solution to the martingale problem on the whole positive line, we can
rely on a usual chaining in time argument, see e.g. Chapter 6 in [SV79].

3.1.2. Uniqueness under Assumption (D)-(a). To establish uniqueness and the
Krylov type control of Theorem 1, the key ingredient is to prove that an oper-
ator involving L and a suitable associated perturbation (based on the frozen pro-
cess/generators of Section 2) satisfy appropriate estimates. Namely, for ¢ > 0
introduce:

(32) Rf(t,x) = (LG°f— M;f)(t,x)
T
_ / ds [ dy(Li— Ly¥)5Y (t,5,%,y) f(5,¥),
(t+e)AT R7d

with G¢f, M®f and p*¥ defined in (2.25), (2.30) and (2.7) respectively. From now
on, we also set Rf(t,x) = R°f(t,x). The aforementioned estimates are summarized
in the following general Lemma whose proof is postponed to the end of the current
section.

Lemma 9 (Pointwise and LY — L?" Control for R?).

There exists ¢}y := q(((A)), ph = pp((A)) s.t. for ¢ > ¢}, p" > pj, it holds that for
all (t,x) € [0,T] x R" and R® as in (3.2):

(3-3) [Bf(t,%)| < Cllfll o 0,7y xna, " (R

with C := C((A), T’ po, 4)-

Also, for ¢',p' > 1 s.t. ’;:,d + % < 2, we have that for all f € LY ([0,T] x

R [P (R™)), uniformly in e € [0,e0], €0 small enoughs:

(3.4) ”Ref”Lq/([O,T]x]R"d,LP/ (Rnd)) < CHf”Lq’([O,T]X]R"d,LP’(]R"d))?
with C := C((A),T,p',q") = 0. In particular, equation (3.4) implies that the
—

operator I — R? is invertible, with bounded inverse in LY — LP", provided T is small
enough.

Having this result at hand, we are now in position to derive uniqueness of the mar-
tingale problem.

The first step of our approach consists in showing that any solution to the mar-
tingale problem satisfies the Krylov like density estimate of Theorem 1 for p’ and
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q' therein large enough but finite. Indeed, the first condition on p’, ¢’ precisely
allows us to take benefit from the pointwise control (3.3) in Lemma 9. Note that in
this setting, thanks to an approximation argument, the Krylov type estimate (1.5)

reduces to
T
Eﬂ”[/ f(s,X4%)ds
t

(3.5)

To establish the above control, we apply the It6 formula on the Green kernel Ge f,
for f in C5°([0,T) x R4 R), for ¢ small enough (depending on the support of f)
and the process X%*:

VfeCr([0,T) x R™, R), S CD Sz o,m), 0’ @nay)-

Gef(t,x)+E

T
/ (83+Ls)éaf(s,X?x)ds]
t
T
= G°f(t,x) + /t /Rnd(ﬁs + Ly)G f(s,y) Pyt x(dy)ds = 0,

where Py:.x denotes the law of X4, We exploit (2.31) to write:

39 @St [ LRy

Rnd

T
+/t /Rnd (Lséﬁf - M;f)(s,y)ng‘x (dy)ds —0,

where f. is defined in Lemma 7. Recall that thanks to Proposition 8 we have that
there exists C(T) := C((A),T) Pt 0 s.t. for all (t,x) € [0,7] x R™ and all
—

f e L7(0,T], L¥ (R"):

(3.7) G=£(t, %) < CONS Nl (o,17,L7 Rry)-

As we assume that p’, ¢’ are large enough, the pointwise control (3.3) of Lemma
9 holds. From (3.6), (3.7) and (3.3) we hence readily get:

T
(3.8) | / BIf. (XE)]ds| < Cllf | (o.11.00" vty
t

Letting € go to zero, we thus derive from Lemma 6 that, for any solution P of the
martingale problem, provided p’, ¢’ are large enough, inequality (3.5) holds.

We are now in position to prove uniqueness to the martingale problem. Let P
be a solution and denote, thanks to the Krylov type estimate established above, its
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density by p(t, s,x,y). We have from (3.6) that: for f in C5°([0,T) x R"¢ R)

—GEf(t,x)
T
/ R f(s, Xi’x)ds]

T
/ fo(s,X0®)ds| + EF
t
T T
—/ fg(s,y)p(t,s,x,y)dyds—i—/ / R f(s,y)p(t,s,x,y)dyds
t Rnd t Rnd

= _—EP

(3.9)= / /R } (5,3)p(t, 5, %, y)dyds,

denoting by I¢ f(s,y) := fe(s,y). It thus easily follows from Proposition 8, Lemmas
7 and 9 eq. (3.4) that both sides are continuous with respect to L¢ — L?’ norm,
uniformly in e. In particular, (3.9) holds for all f € LY — L*'. From Lemmas 7 and
9 we can apply (3.9) to (I° — R°)~!f and deduce, still from these Lemmas, that

T
(3.10) EF [/t f(s,Xt%)ds| = Go (I —R)“ f(t,x),

by letting € go to zero. This gives uniqueness for 7' small enough. Global well-
posedness is derived from a chaining in time argument.

To conclude the proof of Theorem 1, it now only remains to derive the Krylov
like density estimate (1.5) in full generality i.e. for any p’, ¢’ satisfyin n’d
(whence not assuming that they are large enough and finite).

Assume first that both p’ and ¢’ are not large enough. We now consider, for
a parameter § > 0, the SDE (1.1) with drift Fo(¢, x) = (F(t,-) x ®s)(x), where
Ps(-) == 67 "P(-/6) with ® € C°(R",RT), [o.. P(z)dz = 1. It is known that,
denoting by P° the associated solution to the martlngale problem, the canonical
process enjoys two-sided multi-scale Gaussian bounds similar to those of (2.8) (with
k = 0), see indeed again [DM10], [Men11], with constants possibly depending on 4.

Denoting by p°(t,s,x,y) its density, similarly to (3.6) we get for any f in
C3°([0,T) x R™, R),

T
(311) G f(tx) - / Fo(5,9)9° (2, 5, %, y)dyds

]Rnd
T
+/ / (L3GEf — M2 f)(s,y)p° (¢, 5, %, y)dyds = 0,
Rnd

where in the above equation, G%€ f, LS, M 5:¢ denote the frozen Green kernel, gen-
erator and frozen generator with molhﬁed drlft. Importantly, the pointwise bound
(3.7) on the Green kernel and the controls of Lemma 9 are uniform with respect to
this additional mollifying parameter.

Then, from (3.11) and Lemma 9, we deduce that

COONS N Lo o1, 20 (mnay) (1 + ||p5||L‘?'([0,T]7Lﬁ/(R"d)))

T
> ‘ / J- (s, y)P (1, 5,%, y)dyds|,
t Jrnd

where ¢',p’ are the conjugate exponents of ¢, p’ respectively.
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Using now Lemma 7 we get, for any f € C5°([0,T) x R"¢ R)

T
‘ / f(8,¥7)P°(t, 8,%,y)dyds
t Jrna

SCDN fl par (o, 17, L7 (Rna) (1 + HP6HL@’([o,T],Lﬁ’(Rnd)))
+11f = Fell por o.20, 20" @man 12| L (o, 77, 17" ey

SCDN fl par (o, 17, L+ (Rna) (1 + Hp6HL‘i/([O,T],Lﬁ’(]R”d))>

1
+ §||f||Lq’([o,T],Lp’ (R7d)) ||p5||L‘7'([O,T],L1"’(R"d))

as soon as ¢, possibly depending on f, is small enough. Up to an additional
density argument, this yields in particular from the Riesz representation theo-
rem that, for T small enough, ||p6||L5/([0’T]’L:5’(Rnd)) < C(T). Thus, for any f

in L9 ([0, T], L*' (R"?)):

T )
- / B [f (s, X1%)]ds

t

T
/ F(s,y)P°(t, 5,%,y)dyds
t Rnd

SO(T)”JcHLq’([Q,T])Lp’ (Rnd))

Estimate (3.5) is then obtained letting § go to zero from the well posedness of the
martingale problem and Theorem 11.1.4 in [SV79].

Next, the case when ¢ = p’ = oo is direct and the remaining cases are thus
¢ < +oo,p’ = 0o and ¢’ = oo, p’ < +oo. The first one is again direct. The
second follows from the fact that for any ¢’ € (2 + ool, |||z (o, 79,00 mray) <

||f||L°C([07T],Lp’(Rnd))Tl/q . O

Proof of Lemma 9. We focus on the proof for Rf = R°f. The parameter £ does
not play here any role for the estimates. We have, by definition

T
Rf(t,x) = / ds/]R ) dy(Ly — Ly)p*Y (¢, 8, %,y) f(5,Y)
t n
T
(3.12) = [ as [yt s xyrsy)
t Rnd
Here, the operator H is the so-called backward parametriz kernel, see [MS67]. It

already appeared, in a similar form but under stronger smoothness assumptions in

[DM10, Menl1].
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The bound (2.8) of Proposition 3 now yields that there exists C' := C((A)) such
that:

|Rf(t,x)]

T

ds d. s _ 0, . 7Y (L, 5, %,
S/t /Rnd Yf(’y”{‘Fl(tvx) Fi(t,00,5())||De, 5™ (¢, 5,%,¥)|

o3 s

=2

x | Dy, p™ (8, S’XJ)} +la(t,x) —a(t, 04.+(y))I1D7, 5™ (t, s7x,y)l}

gc/tTds/Wdylf(&y){<1+|(X etls ) +Z{[

(i1, 000(9)"™) = (Fi(1004(3)) = Dy Filt, 01,4(9)(x = 00 (3))i1 )|
N } L x—6.) } exp (~C 71 (s ~ OIT L (x ~ 81,.(v))I?)

(s —t)i-D+3 s—t (s —t)" 2a

— (Flt00()) = D Filt, 01, (3))(x = 00.(9))i1 )|

Fi(t,z;— 1,0255( )”L)

)

where we have denoted for z € R™, z"" = (z;,--- ,2,) € RO=0=D) From (A)
and (1.3) we thus derive, up to a modification of C":

Retxl<C [ " /. dy|f<s,y>|{ (=072 + (s = T (x — 00:(9))])

ts j A -1
AL (Y e
. (|<>(<S_ 0,5’2(’?)”;1')1% =D (_;}
+ (<s—t>%qr;lt<x—ot,s(y>>|)”}exp (=07 s = OIT 0 (x = 80, 0))P)

(513 (51"

In the above equation we put each contribution coming from the difference of the
generators at its intrinsic scale w.r.t. exponential bounds. In other words, the
terms:

(s — T (x — 8. ()™

IN

(I(x< Ot,s(y))ﬂ)ﬂi

5 — t)j’%

A

<|()(( B gt,s(y))i71|>1+n < ((S _ t)% ‘T;jt(x _ et,s(y))|)(1+n)7

s—t)(i=D-z
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can be absorbed by the exponential. Therefore,

[Rf(Lx)] < C{ZZ/ T )/Rnddyz‘)cfl(t,s,xw)\f(s,y)l

=2 j=1

T
ds B
+/ 71_ﬂ/ dypc-1(t, s, x,y)|f(s,y)]
t ( 2 Rnd

s—1)

(3.13) +Z/ P W_f) - dypc—l(ts,x,y)lf(&y)l}-

Note carefully that the condition (1.3) precisely gives that for all i € [2,n],j €
[i,n], 1={(i—1)+ 3 — B/(j —1+4 3) > 0 so that all the above time singularity are
integrable. Note also that, thanks to Lemma 5 (almost equivalence on the flows):
(3.14)

~ exp (—C (s —t ']I‘:1 —05(y))?
/ dpr—l(tvst»y):/ dy ( s~ b niﬁ ) < 314
Rnd Rnd (S—t)

The results in (3.3) and (3.4) now follow from (3.13) and the following key
Lemma.

Lemma 10 (Lq, — L' Controls for the singularized Green kernel). Introduce for
J€ Lq,([O,T],Lp' (R")), with p',q' > 1 and some ~ € [0,1) the quantify:

a15)  Nfex) = [ B [ dynen s x )iy

There exists qf := qy(y) > 1, py == po(y) > 1 and C := C((A),T,p,q,) s.t. for
q > q,p’ > ph, it holds that for all (t,x) € [0,T] x R"4:

N, f(t,x) < CHf“Lq’([o,T]XRnd,Lp’(Rnd)y

Also, there exists C(T') :== C(T, (A),7) P 0 s.t. forall f e LY ([0, 77, L (R"4)),
—

N5 Fll Lo o, 77,10 (mnayy < COS N o 0,77, 0" Rty -
O

Proof of Lemma 10. Let us first start with the pointwise estimate. For all (¢,x) €
[0,T) x R™, denoting by 7, ¢ the conjugate exponents of p’, ¢, write:

’ 1

T
ds _
Nyf(t,x) < (/t m( - dypc-1(t,s,%,y)P ) ) 1Nl o (0,79, 7" (e

»m

<cf = I
- to(s— t)‘f'(’v+%(l—ﬁ)) L7 ([0,T],LP" (Rnd))-

It is thus clear that the pointwise statement of the lemma is fulfilled if p’, ¢’ are large
enough, in order to guarantee that, for (5')~"' + (p')"' =1, (§)" '+ (¢)" ! =1,
p’,q are sufficiently close to 1 to have ¢ ( ”T(l — ﬁ)) < 1.

Let us now turn to the estimate in L7 ([0, 7], L' (R"?)) norm. Setting

1 _
/]Rddypc—l(tys,x,y)f(s,y)dy,

Kisqy* f(s,%x) 1= Goo
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we derive from (3.15) and the triangle inequality:
(3.16)

T
v, 762, < [ sl 6

T
= H/ dSKt’S’ry*f(S7')‘
t

L' (Rnd) L¥' (Rnd)

From usual L! — L?" convolution arguments we also get:

C
[ Kt sy % f(5) | Lo mnay < Wﬂf(s’ N e @nay-

Plugging this estimate into (3.16) and using the Holder inequality with exponents
q,q >1st. (¢)"1+(¢)~* =1 we obtain:

/OTdtan N sy < C / at / )Hf M)’
Cr / at / s 1

where Cp := C((A),p',¢',T) denotes a constant which is small as T is. From the
Fubini Theorem we eventually derive

IN

T T s C
< -
|t ey < O [ sy [
q/
< CTHfHLq'([O’T]’Lp’(]Rnd))7
up to a modification of Cr in the last inequality. (]

Hence, using the above control in (3.13) yields:

”RfHL‘I'([O,T],LP'(R”d)) < CT”fHL‘Z'([O,T],LI"(R"d))'

This concludes the proof of Lemma 9. (]

3.2. Existence and uniqueness under (D)-(b) and (c). Since in that setting
no continuity is assumed on F; we will derive the well posedness through Girsanov
arguments. It therefore clearly appears that the dynamics with 0 drift on the first
non-degenerate component, and its associated linearization, plays a key role. We
first introduce some notations used throughout this section.

We first define for all x € R™ F(t,x) := (0, Fy(t,x), - - , F,(t,%)), where F
satisfies (S) and (H). Recall from Theorem 1 that, under (A)-(a), weak uniqueness
holds for the SDE:

For fixed (T,y) € Rt x R™ we consider the following deterministic system to
define our Gaussian proxy:

(3.18) 0:7(y) = F(t,0,7(y)), Orr(y) =y,

and

L6 = F(1.0,7(y) + DF(t, 000 (v))[y — Our(v)], 120,

Q.‘Q‘
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Again, in (3.18), we consider a Cauchy-Peano flow furnished by Lemma 4 and which
also satisfies the equivalence of rescaled norms of Lemma 5. The dynamics of the
linearized Gaussian process associated with (3.17) writes:

(3.19)

aX[¥ = (F(t, 0,7 (y)) + DF(t,0,0(y))(X]¥ = 81.0(y)) )dt + Bo(t, 8,,0(y))dWs,

and we denote the associated generator by (_I:JtT’y)te[mT} and by p¥(t,s,x,-) the
corresponding density at times s > ¢ when the process starts in x at time ¢.

We point out that, with respect to the previously used notations, we choose to
keep track of the driftless dynamics for F; adding bars on the associated objects:
dynamics, generators, density.

For our strategy, recall that we aim at proving uniqueness for the initial SDE
(1.1) through the well posedness of the martingale problem associated with (L;):>o.
Once existence is known, the point is that we use a different Gaussian proxy than
previously, namely the one considered in (3.19) associated with the driftless dy-
namics on the first component.

3.2.1. Emistence and Uniqueness under Assumption (D)-(b). Under (b) (bounded
measurable drift F; on the non-degenerate component), existence is a direct conse-
quence of the Girsanov theorem. We thus now focus on uniqueness.

Repeating the previous approach (see subsection 3.1.2), using the family of ran-

dom variables (X5 ) ¢(:,7] defined in (3.19) with XY = x as Gaussian proxys, we
have to bound analogously to the estimate of Lemma 9:

T
(3.20) Rf(t,x) = /tds [y = L) sy (5.)

d dyd (Le — L) + (L, — L3Y) Lo (¢, s, x, »

_ S/R"d _y{( )+ ( )}p (t,5,%,y)f(5,5)
= Rf(t,x) + Rf(t,x),

where
t X = / dS/Rnd dy Lt ) Sy(t S Xay)f(say)7

and

— — T —
(3.21) Rf(tx) :=(R — R)f(t,x) :/t ds/ﬂw dy(Le — L5 (¢, 5,%,7) £ (5,3)

T -~
- / ds / dy (Fy(£,%), Dy 57 (1, 5,%,3)) £ (5,7):
t Rnd

From Lemma 9, we have already shown that Rf(t,x) is controlled in L¢ — L¥'
norm. It thus suffice to investigate the behavior of the L4 — L¥’ norm of Rf (t,x)
defined by (3.21). Namely, our goal is to prove that

(3:22) RSl per o1y, 10" rayy < COFll Lo (o,7), 10" @nayy» With C(T) 0

Since from (2.8) and (3.21) we have for all (¢,x) € [0,7] x R"¢:

exp (—C~1(s — L(x—0,, 2
L e e &

The estimate (3.22) then readily follows from Lemma 10.
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3.2.2. Emistence and Uniqueness under Assumption (D)-(c). We choose in this
paragraph to address first the uniqueness, which is a rather direct extension of our
previous approach, whereas the existence is a bit involved and requires to exploit
the Krylov like inequality (1.5) that has been established for the process (X;)i>0
with 0 drift in the non-degenerate component introduced in (3.17).

Uniqueness under Assumption (D)-(c). With the notations of the previous
paragraph it remains to control, in LY — ¥ norm, the contribution R f introduced
in (3.21). The term Rf in (3.20) is again controlled as under assumption (D)-(a).
Similarly to the previous paragraph (see also (2.8) and (3.21)), we have:

. c -1 B _
D sl € e xew (e 0T 0P
S — 2 2
c
(3.23) < mpc—l(@S,XaY)-

Uniqueness then follows from the following lemma which can be viewed as a re-
finement of Lemma 10 and explicitly exploits the condition on p and ¢ stated in

(D)-()-
Lemma 11 (Refined L? — L? control of singularized Green kernels).

Introduce for all f,Fy € L1([0,T], LP(R™)) and (t,x) € [0,T] x R™,

(3.24) i (%) = F (,%) / : ds

7;/ pC’l(t7s7XaY)f(87y)dy'
s —1)2 Jrna

Then, for allp > 2,q > 2 s.t. % +§ < 1, there exists C(T) := C(T,(A),p,q) =
—

0 s.t. for all f,Fy € L9([0,T], LP(R"%))

lur, | Lo, 17,20 @®ray) < C(T)F1ll Lago,m, e @nap) | fll Lao,), Lr (r7a))-

Proof of Lemma 11. With the notations of Lemma 10 rewrite:

T
d
Up, (t,X) = Fl(t7x)/t ﬁ /Rnd pC’l(tﬂsvan)f(&y)dy
T
(3.25) =: Fl(t,x)/ dsky ;1 % f(s,%).
t

The triangle inequality yields:
(3.26

) T
| [ asrute = 6500 3% £(5 ) maanay-
t

T
< ds||Fi(t, ) K
ey < | BRI

The idea is here to reproduce the computations of Lemma 10 integrating directly the
singularized heat-kernel, i.e. K, L in the y variable when performing the Holder
inequality in order to make the product of the norms || f(s, )|/ Lo (rna) | F1 (2, )| Lr (mn )
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appear. Precisely:

[EL () 1 % f ()| Lo (rna)
1

=( [ axmexr] [ avkeoensioy)])
S(/Rnd dx|F1(t,x)|p{ /Rnd dy|f(s,}’)|p}{ /Rnd dy|K, 5 1 (%, y)‘ﬁ}%>%’

where again p~! + (p)~! = 1. Observe now that usual Gaussian calculations give

that there exists C,, > 0 such that, for all x in R"%:

1
dyK 11X,y ﬁ}p S Qs -
{ s VKt 059 (s—t) = st2

Thus,
(3.27)
C
[F1(t, ) K o1 % f(s5)lpo@nay < I1FLQE ) Lo @nay 1 (s, )l e gna) T
(s—t)z »tz

3

which yields from (3.26) that:

T
H /t dSFl(t7 ')Kt,s,% * f(87 )‘ Lp(Rnd)
T ds
<Gy | —— I ) @) £ (5 ) || Lo gnay.-
t (S _t) 7 pt3

From the definition in (3.25) we eventually derive that:

T
| dthur, .90 g
<Cq T F t p T dS q Td q
<0 ; || 1(’-)||LP(RM) ) m ) st(sy‘)”LP(]Rnd)

(3.28)
T
< CZHFlHqu([o,T],Lp(Rnd))Hf||qu([0,TLLp(Rnd)) </t (s B t) EF

with ¢! + (§)~! = 1. Let us now show that the remaining time integral in the
above equation gives a small contribution in times. To do so, it suffices to show

that (%% +3)¢ < 1. Since (q)~' =1- %, we have that:
n?d1 1\ n?d1 1 1 n%d
(—f+f)q<1 = ——+-<l-- = —+-<1,
2 p 2 2 p 2 q poq
which is precisely the condition appearing in (D)-(c¢) and assumed in the current
O

Lemma.
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Existence under Assumption (D)-(c). We here consider a function F; € L2([0,T7,
LP(R"™)), where p, q are as in (D)-(c). To prove the existence, the strategy is to
exploit the idea introduced by Portenko [Por90] and used by Krylov and Rockner
[KRO5] as well to build local weak solutions (before they also establish that they are
actually strong solutions) in the non-degenerate case. We also refer for perturbed
degenerate Ornstein-Uhlenbeck dynamics to [FFPV17] and [Zhal8]. We adapt a
bit this approach.

Recall that for the process (X;);>o introduced in (3.17) we have from Theorem
1, equation (1.5), the following density estimate.

Denoting by P(t,s,x,-) the transition probability determined by (L, )5>0, it is
s.t. for a given T > 0, almost all s € (t,7] and all T' € B(R"?): P(t,s,x,T) =
Jrb(t,s,x,y)dy. More specifically, for any f € Lq/([O,T},Lp'(R”d)) n? l, <
2,p' >1,¢' > 1, and (t,x) € [0,T] x R
(3.29)

] T
‘]E]pt’x [/t f(s,Xs)ds” < Cs.29)| fll Lo (o,7), 107 (mray)ys C3.20 = C3.20((A), 9, ¢', T).

We now state an exponential integrability result for the unique weak solution of
(3.17). Such types of estimates were first proved by Khas’minskii in [Kha59] for the
Brownian motion. We can also refer to Lemma 2.1 in Chapter 1 of the monograph
by Sznitman [Szn98]. Since the proof only relies on the Markov property, it readily
extends to the current inhomogeneous and non-Brownian framework.

Lemma 12 (Khas'minskii’s type exponential integrability). Let (X;)¢>o0 be the
(unique-weak) solution to (3.17). Then, for any fited T > 0 and a positive Borel
function f:[0,T] x R" — R, s.t.

_ T
ar = sup EFox [/ f(s,Xy)ds
0

x€ERnd

T 1
exp (/0 f(s,XS)ds>1 < an

As a corollary to the previous Lemma we obtain the following proposition which
will allow to apply the Girsanov Theorem to derive the existence of a solution to the
martingale problem under the assumption (D)-(c) through a change of probability.

one also has:

sup EFo.x
xG]R”d

Proposition 13 (Exponential integrability). Let (X;);>o be the (unique-weak)
solution to (3.17). Let Fy € L%([0,T], L?(R™%)) with "szd —|—% <1l,p>2q>2.
Then, for any A > 0, there exists Kp, » := Kp, A((A),T) s.t.

T
exp ()\/0 (olFl)(s,Xs)2d3>] < Kp, A

The constant Kp, » depends continuously on ||F||pe([o,77, e (rray) and A.

(3.30) sup EFox

x€Rnd

We point out that in the above Proposition, the case p = 2 can only be considered
in the scalar non-degenerate case d =n = 1.
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Proof. Observe that for a > 1 s.t. a(% + %) < 1, setting p’ = £, ¢’ = 4L, so that

2a’

. 2
indeed ”p—,d + % < 2, one has:

o™ P oy ooy = ([ " / ax(((e Rt x) ) )
o 0 Rnd

2a

T 4q . 2a
< léja</0v dt{ i ddX|F1(t7X)|p}P) q < HaHFl||%[Z([O,T],LP(]RHUZ))-
From equation (3.29) we thus derive that for all x € R™%:
_ T B
(3.31) ’]EIP’O,X[/ ‘UﬁlFl(S,Xs)FadS]‘
0

< Cazll [0 Ful* Nl por po.17,20 ey) < Ca.205° | FLllZo 0,17, 10 Rty -

For a as above, write now for € € (0,1) and from the Young inequality:

T
exp <)\/O (UlFl)(S7XS)2dS>]

~ T
< EFox [eXp (A/ |(01F1)(57Xs)|2a2d8>
0

The statement now directly follows from the above equation, (3.31) and Lemma 12
taking e := (2AC3.29K%|| F1||%‘fl( -1 O

EPO,X

C(T,a,ce,\).

[0,7],Lv (Rn)))

Proposition 13 ensures that the Novikov condition is fulfilled in order to prove
existence for the martingale problem associated with (L;)¢>o for Fy satisfying (D)-
(c) starting from Py x and the associated dynamics (3.17) of the canonical process.
Set,

t
Wt = Wt —/ (U_lFl)(S;Xs)dsv te [OaT]
0

From Proposition 13, we derive that:

M, := exp (/t (07 F)(s, X ) dW, — ;/Ot |(01F1)(5,Xs)|2ds) , t€[0,7]

0

is a P-F; martingale (here (Fy)se(0,7] stands for the natural filtration associated

with the canonical process (X;)se[0,7] under P). It follows from the Girsanov theo-
rem that (Wt)tE[O,T] is a Wiener process on (Q, Fr, (Fs)sefo,7], P) where [dP/dP

7,
:= My. The dynamics of (X;)e[o, 1], Writes under IP:

dX, = (BFl(t, X,) + F(t, Xt))dt + Bo(t,X,)dW, = F(t,X,)dt + Bo(t, X,)dW,,
that is (X¢)se[o,7] solves (1.1) under P.

3.3. Krylov bounds under (D)-(b) and (c). We aim here at proving estimate
(1.5) under assumptions (D)-(b) and (c). We mainly focus on case (c¢) which is the
more involved. Case (b) can indeed be derived from the methodology developed
under (D)-(a) and the controls obtained in Section 3.2.1 or alternatively following
the approach presented below for (D)-(c) which remains valid for a bounded drift
on the non-degenerate component.
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Thanks to Proposition 13, the proof of the Krylov bound (1.5) is similar to the
proof of Lemma 3.3 in [KR05]. We provide a complete proof in our context for the
sake of completeness.

Write now for f € qu([O,T],Lp/(R"d)), % + % <2,p >1,¢d > 1, (t,x) €
[0, T] x R™ with the notations of the previous paragraph:

|1Eﬂ”ux[/tTf(s,Xs)ds] _ }I‘Eﬂ”m[]‘]\g/ff(s,xs)ds”

e[ (MY} (e [ 0% P5])

where a=! + 37! = 1,a > 1,8 > 1. We have from Proposition 13 that the
exponential martingale has moments of all orders so that there exists C'r > 0, with
Cr — 0 when T' — 0 such that:

IN

|EFe [/tT f(s,Xs)ds]| <Cr (Ept‘x [/tT \f(SvXSNBdSD%

S CT”‘f|ﬁ||§q”([O,T],LP”(]R"d))
< CT||f”Lq/’ﬁ([O’T]’Lp”B(Rnd)),

if p”,q" € [1,4+00] are s.t. n?d/p" +2/q" < 2. Taking 3 > 1 sufficiently close to
1 s.t. the previous condition holds for p” = p’'/8,¢"” = ¢'/B eventually yields the
result.

4. COUNTER EXAMPLE

This section is devoted to the almost sharpness of the thresholds appearing in
Theorem 1. This is the purpose of Theorem 2 which we now prove. We only focus
here on the statement concerning the almost sharpness of the Holder exponents 37,
i < jin [2,n]? in (1.3). Indeed, as emphasized in the introduction, the sharpness
of LY — LP integrability conditions on the first component Fj of the drift follows
from Example 69 of [BFGM19] (see also Proposition 3.3 of [GO13]). We eventually
recall that, the almost sharpness of the coefficients 3¢, i in [2,n], has been already
proved in [CdR18].

Let us first introduce the main idea of our counter example. As we already
discussed, the Peano system (1.2) is ill posed as soon as « is in (0,1) and Y starts
from 0 and well posed (in a strong sense) as soon as it is suitably perturbed. In
[DF14], the authors show that, in order to regularize, there must exist a transition
time strictly less than one such that, before this time, the noise dominates in the
dynamics of the system and therefore allows the solution to leave the singularity.
This competition can be written explicitly and gives the following (heuristic) rule:
the fluctuations of order « of the noise added in the system has to be strictly lower
than 1/(1 — «). We formalize these facts with our Proposition 14 below.

This proposition will be the key tool to handle each Holder threshold which
depends on the component and the variable. Hence, in order to exhibit the (almost)
optimal threshold for the drift of the i*? component with respect to the j** variable
we need to build an ad hoc Peano-like example. Focusing on the i*® component
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and the j*I variable, for i € [2,n] and j € [i,n], we consider:

1 a2 i1
Ty =2 =...=a, =0
i G\[.9 18]
@y = sign(zy )|z
t>0,
sit+l Jo_ g1
T = , Ty = Xy
g+l g2 _an
Ty =ay  =...=a =0

and zf, = 0 for all  in [1,j]. Each entry (z});>0,ke[1,n] Of the above dynamics is
scalar. It is well seen that the global well posedness of this system relies on the well
posedness of the i*" equation whose extremal solutions write icgj HG=DBI+1/(1=5])

i

for some positive cijj. For the considered initial point xg = (2§, ,2%) = (0,---,0),

the above dynamicé can be rewritten in short as:
0 -+ -ov oo 0
1 0 --- 0

dx; = [Axi + Fl(x)ldt, A= o 1 o = |,
o --- 0 1 0
where F/(x) = e;sign(z;)|z; 5] and e; is the itP vector of the canonical basis of R™.
In that case, the corresponding stochastic perturbation has the form

(4.1) dX; = [AX, + F/(X,)|dt + BdW;,

This in particular means that the perturbation of the i*" component is done by
the (i —1)'" iterated integrals (in time) of Brownian motion. Thus, focusing on the
it? level of the chain and the j*" component this means that we are interested in
the following type of SDE

(4.2)
Z =4+ W
B

t s Sit2 o s Si42 L
+ / sign / .. / Z;;ild8i+1 ...ds; / . / Z;;‘ildsl'_‘_l ...dsj| ds
0 0 0 0 0 )

where W' will be chosen as the (i — 1)*® iterated integral in time of Brownian
motion. The non-uniqueness in law for equation (4.2) will then follow from the
next proposition.

Proposition 14 (Failure of the well posedness for the regularized Peano system).
Let W be a random process with continuous paths satisfying, in law, an invariance
by symmetry and a self-similarity property of order v > 0. Namely:

law law
Wi, 2 0) )Wy, 2 0), Vo> 0, Worezo = (07 Wh)0-
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Suppose moreover that E[sup,cfo1) [Ws|] < 400 and that W and o < 1 are such
that there exists a weak solution to the following SDE:

(4.3)
t s EP) s 82
Zt:ac—l—/sign // Zs,dsy...dsk // Zs,dsy...dsg
0 0 0 0 0

for any initial condition x > 0 where & € N is given and that it satisfies the
Kolmogorov criterion.
Then, if a < (v —1)/(k + ), uniqueness in law fails for (4.3).

«

dS+Wt7

Turning now to our claim, it is clear that for 6f > 0 (4.2), admits for all initial
condition £>0 at least one solution which satisfies the Kolmogorov Criterion. Our
statement concerning the non uniqueness in law for the solution of (4.2) then readily
follows from Proposition 14. Taking o = f , W = W?, which corresponds to the
(i — 1)™ iterated integrals (in time) of Brownian motion and therefore induces to
take vy =1 — %, and k = j — ¢, we deduce that weak uniqueness fails as soon as

23
Bl <o

27 —1°
It now remains to prove Proposition 14.

Proof of Proposition 14. Consider the extremal solutions of the deterministic so-
lutions associated with (4.3), that correspond to the case W; = 0 and write
+c, gt FeFD/(1=2) " The crucial point consists in comparing the fluctuations of
the noise in the dynamics of (4.3) with the extremal solution of the associated
Peano Example. The proof follows the lines of [CdR18] but we decide to reproduce
it here for the sake of completeness.

For a given parameter 8 € (0, 1), we define for any continuous path Y from R*
to R the variable 7(Y) as

(V) =inf{t >0 : V; < (1= B)eq ot/

The stopping time 7(Y") then corresponds to the first passage of Y below a threshold
related to the (positive) extremal solution of the deterministic Peano system. Then,
the key point to the proof of Proposition 14 is the following Lemma.

Lemma 15. Let Z be a weak solution of (4.3) starting from some x > 0 and
suppose that o < (v —1)/(k + ). Then, there exists a positive p, depending on «,
B, v and E|W,| only, such that

(4.4) B.((2) > p) > 3/4.

Roughly speaking, the result tells us that, when the noise in the system is not
strong enough, the solution from above the (positive) extremal solution will remain
above with great probability. If weak uniqueness holds, the symmetry property
implies that any solution from below the (negative) extremal solution will remain
below with great probability. Letting the starting point tend to 0 (i.e. to the sin-
gularity) this leads to a contradiction. Together with the above Lemma, this last
fact will allow us to conclude our counter-example.

Let (Z,W) be a weak solution of (4.3) with the initial condition x = 0. Then,
(=Z,—W) is also a weak solution of (4.3) so that, if uniqueness in law holds, Z
and —Z have the same law.
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Let Z™ be a sequence of weak solutions of (4.3) starting from 1/n, n being a
positive integer and (Py/,,)n>0 its law. Thanks to Kolmogorov’s criterion, we can
extract a converging subsequence (P, )x>0 that converges to Py, the law of the
weak solution Z of (1.2) starting from 0. Since the bound in (4.4) does not depend
on the initial condition we get that

Po(7(Z) = p) > 3/4,
and, thanks to uniqueness in law
Po(r(~2) > p) > 3/4,

which is obviously impossible.
O

Proof of Lemma 15. Let Z be a weak solution of (4.3) starting from = > 0. Since
it has continuous path, we have almost surely that 7(Z) > 0. Then, note that for

t € [0,7(Z)] we have:

t s S2 s S2

x—i—/ Sigﬂ(/ / Zsldsl...dsk> / / Zs,dsy ... dsy
0 0 0 0 0
> (1= B) Tt Fo 0= gy,

for some positive constant ¢, . Indeed, from the very definition of 7(Z), one
gets Zs, > (1 — B)c%ks(lkaﬂ)/(l_a), which once integrated in time and taking the
o' power yields a lower bound of the form (1 — 5)acg,kcg,kt‘l(’“*(m“)/(l*a)) =
(1- B)acgvkcgykt“(k“)/(l_“) for some additional constant ¢, > 0 related to the
iterated time integration, recalling that o < 1 and that ¢ is small for the last
inequality. One sets eventually ¢o j := cfy ¢q k-

Hence, choosing 7 such that (1 —n) = [(1 — 8)* + (1 — B)]/2, we observe that
B—n+1—n=(1-p)* and we get that:

«

d8+Wt

Z

Zy > (1 — n)éa,kt(ka+l)/(1_a) + (6 _ n)éa,kt(ka+1)/(l_a) +W,,

for all ¢ in [0, 7(Z)].
Let now p be a positive number to be specified later on. Set éqr = (8 — 1)Cak
and define

A= {Ea,kt(kaﬂ)/(l_a) +W; >0 for all t in (07p]} )

The event A allows us to compare the fluctuations of the noise and those of the
(positive) extremal solution. More precisely, it is the set of realizations for which
the amount of noise in the system is lacking. Note that on A we have

Zt > (1 _ n)éa,kt(ka+1)/(lia) > (1 - IB)EO[?kt(koﬁLl)/(lfa)

for all ¢ in [0, p], recalling that «,8 € (0,1) for the last inequality. But this is
compatible only with the event {7(Z) > p} so that A C {7(Z) > p}. Hence

(4.5) P(r(2) > p) > P(A).
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It remains to choose p > 0 such that P(A) > 3/4. Write:
P(A) =P[Vt € (0, p], Caxt =5 + Wi > 0] =PVt € (0,1], Zar(pt) o + Wy > 0]
=P[t € (0,1], Gar(pt) e + pwvt > 0]

ka+1

=PVt € (0,1], Carp - T+t = aWt>0]

from the self-similarity assumption on W. Since by assumption a < % —
% — v < 0, the statement will follow taking p small enough as soon as we

prove the process R; : =t~ e W, t € (0,1], which is continuous on the open set
(0, 1] can be extended by continuity in 0 with Ry = 0. Observe that E[|R,|] =

A= EHW1|] S 0. Setting & := y— 2L > 0 and introducing t,, := n =190+,
n > 0, we get that for all e > 0,

P[Re,| > ¢] < e'E[[Re,[] = e HoE[WA]] = et~ CFPE[IW ).

We thus get from the Borel-Cantelli lemma that R;, — 0. Namely, we have

n, a.s.

almost sure convergence along the subsequence t,, going to zero with n. It now re-
mains to prove that the process R; does not fluctuate much between two successive
times t,, and t,,41. Write for ¢ € [t,11, L]

ka

1
|Re| := |t~ = Wt| <t <|th+1| + sup (Wi —th+1|>

sE [tn+1 7tn]

ka+1
(4.6) <t ” (2l + s ).
s€[0,ty]

The first term of the above left hand side tends almost surely to zero with n.
Observe as well that, from the scaling properties of W, for any € > 0:

_ ka+41 _ka+41
Plt, 7% sup [Wi|>el=P[t, T°t) sup [W,| > ¢]
s€[0,tn] s€0,1]
ty _
e M0 () TR E sup W] < Ce~tn OHIE] sup W],
Int1 s€[0,1] s€[0,1]

which again gives from the Borel-Cantelli lemma the a.s. convergence with n of the
second term in the r.h.s of (4.6). We eventually derive that R, R 0. Again,

—0, a.s.
the key point is that we normalize the process W at a rate, t Ee , which is lower
than its own characteristic time scale, ¢7. This is precisely what leaves some margin
to establish continuity.
O

APPENDIX A. PROOF OF THE TECHNICAL LEMMAS 6 AND 7

A.1. Proof of Lemma 6 (Dirac convergence of the frozen density). For
the proof of this Lemma we are somehow faced with the same type of difficulties as

for Lemma 5. Namely, recalling the expression of p'*&¥ (¢,t + ¢,x,y) derived from

(2.7), we have a dependence of the covariance matrix Ktiif and of the linearized

t+e, . . . .
flow Btis ; (x) in the integration variable y.
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Let (Ou,t(x))ue[t be] be the forward flow provided by Lemma 4. To study the
sensitivity of the covariance matrix w.r.t. the flows we now introduce, for a given
point x € R™?, the linear Gaussian diffusion (Xu)uet,t+<) With dynamics:

(A1) dX, = DF(u, 0, (x))X,du + Bo(u, 0, (x))dW,.

The associated covariance matrix between ¢ and ¢ + & writes:
(A.2) KiY., = / R (t 4+ e,u)Boo* (u, 0,.+(x)) B*R"™(t + ¢, u)*du,
t

where (R"*(v,u))i<u,v<t+e stands for the resolvent associated with
(DF(u7Buﬂf(x)))ue[t,ﬂré]'

We point out that (R**(v,u))i<uv<ire and (RSY (0, u))i<uo<ise are similar

resolvents, in the sense that they actually only differ in the flow considered in the

linear dynamics. The flow is forward for R** and backward for R!*5Y.

Observe now that, from (H), Kﬁf&t satisfies the good scaling property (2.10).
Write now:

[ e exy )y
R’Vl

~ e y\—1/ptte ~t+e,
l [ {exp (2 (K2 1O 00— ).0427 () — )
Rnd

(2m)% det(Kj12Y)z

e (_% <(Kfi§j¥)_l(9t+f’t(x) —¥), 0tict(x) — y>) }f(y)dy]

nd 1

(2m)%" det(K/T2Y)2
exp (—% <(K§iz:¥)*1(0t+e,t(x) - Y)y 0t+s,t(x) - Y>)

L. o F da(RIT)?
_exp (—% <(K§r&7t)_1(0t+57t(x) - y)7 0t+6,t(x) - Y>) }f(y)dy]

_|_

1

(2m) % det(K7 )2

/ exp (—3 <(K§fs7t)_1(0t+57t(x) —¥):0rict(x) —y))
Rnd (2m)% det(KyJ ;)3

f (y)dyl

3
(A.3)=: Z E5(t, x).

It is directly seen from the dominated convergence theorem that Z5(t,x) — f(x).
3 el0

It remains to prove that 2 (¢,x), E5(¢,x) can be viewed as remainders as ¢ | 0.
Let us write

1
A =60 S Wl [ Gy [ A O

% det(Ki{2)
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where A € [0,1]:

Gy = o (= {{RHED) ™ Orcs ()~ ¥).1ace) — )+
MR 02 () = ), 00127 () — v)
~(KITED) " Orsea () = ¥), 001ea¥) = )] })

()N < R {(Brrea(0) — ) + O127 () - ) }
(A.5) X (R { Orre) = y) = 01227 () = 3) | 65y V),

using the Cauchy-Schwarz inequality for the last assertion. A key quantity to con-

trol for the analysis is now the linearization error |(I~(§i§f)_% (O11c1(x) —éiizf(x)) |

From (2.10) we readily have:

(A.6)
Srte,xy— L ~ttey 1 ~tte,y
(Ki2i) "2 (Orsen(x) = 0,0y (X))‘ < CeZ T (Orye4(x) — Oy (%))]-

To bound the above r.h.s. we first introduce for z € R*, u € [t,t + €],

FIoY (u,2) i= (F1(u, 042 (y)), Fau, 21, (Ou12(y))>™),

(A7) F3(u7 22, (eu,t+E(Y))37n)v T 7Fn(3’ Zn—1, (eu,t+E(Y))n))'
We then write:
~t+e,y

EXTZ (Oppe (%) — Oy pey (X))

= ot { /t vy KF(U 0..4(x)) — I+ (4, au,t(x))>
(DB ) 6,400 - 877 )
+ ( /O 1 A\ (DF Y (4,0, 14c(y) + M0y t(X) — 04 i42(¥)))

CDF (1,0, 14 (y))) (Bus(x) — eu,ﬁe(y)))} }
(AS) = (Itl—i-a,t =+ It2+£,t + I?—i—a,t)(xv Y)a

where, according to the notations of (A.7), for (u,z) € [t,t+¢] x R*? DF*eY (u, z)
is the (nd) x (nd) matrix with only non zero d x d matrix entries (DF'*<¥ (u, z)); ;4
=Dy, Fj(u,2j-1,0u,4:(y)""), j € [2,n]. In particular DF'Y (4,0, ,1.(y)) =
DF(U, gu,t-i—e (Y))

Observe now that, from (S):

n t+e )
‘I?JrE,t(XVy)‘ < CZ/ dug_(l_l/m‘(eu,t(x) - eu,t+8(Y))i*1|1+n
=27t

IN

t+e 1+
C [ dus (SR 6,0(0) ~ Burs9))
t
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From Lemma 5 (almost equivalence of the flows) we now derive:

t+e 1+n
Tyl < O [ due (ST Brna() 3] 1)
t

1+n

(A.9)

IN

=2 (12 T (O 0(x) — y) [ +1)

Let us now deal with Z}, _ ;(x,y). From the previous definition of F**¥ in (A.7),
the key idea is to use the sub-linearity of F and the appropriate Holder exponents.
Namely, using the Young inequality we derive:

n ) n t+e ;
‘Itl-l—e,t(xv y)l<C Z5il+1/2 Z/ du|(6u,t(x) = Out4e (Y))j‘ﬁi'
i=1 j=i ’t

<c <51/2 /t " u([(8u4(x) — Buise(y)] +1)

n n £ J 53
eyeney [T (O = Oussctl) , 475 })
i=2 =i 7t gl

?

for some parameters %j > 0 to be specified below. Hence,

t+e
Zh . (x,y)| < C ( / due | T2 (0,1 (x) — Oy i (y))| + 1/
t

n n

t+e ) _ ) i i Pl
n Z Z/t du{sfwjﬂg (|((eu,t(x)gjj%tﬂ(}’))ﬁ|) te +1/2+; P })

i=2 j=i

t+e
<c< [ T 00 0uiely )]+
t

n o n t+e o —i41/247) ﬁ{j
e3[R (010 = 0+ )

i=2 j=i
We now use Lemma 5 to derive
e 2 TN (00 (%) — Oupse(y))| < CEV2T (Orpen(x) —y)| +1).

We emphasize here that in our current framework we should a priori write

01 4(0,:(x)) in the above equation since we do not have a priori the flow prop-
erty. Anyhow, since Lemma 5 is valid for any flow starting from 6, .(x) at time u
associated with the ODE (see equation (2.15)) we can proceed along the previous
one, i.e. (0y,(X))vefu,t+e- This yields:

(A.10)

|Itl+s,t(xa Y)|
G —i+1/249] 2

<[+ (P Orrea() = y) |+ V(14D {9l 4 Dl

i=2 j=i
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Choose now for i € [2,n] and j € [4,n],

5 1 :
g = v =0-350-8),

to balance the two previous contributions associated with the indexes ¢, j. To obtain
a global smoothing effect w.r.t ¢ in (A.10) we need to impose:

2i—3

2j — 1

—it -l =i 1/2+44]

—i+j—7l > -1 <= gl >

Hence, under (1.3), we have that there exists ¢ := (((A), (ﬂg)ie[[l,n]],je[[i,n}]) €(0,1)
s.t.:

(A.11) [T e 1 (6, 3)] < O (14 V2T (e (x) — ).
We now get from (A.6), (A.8), (A.9), (A.11) and the Gronwall lemma that:

~t+ey

[ R A R )]

~t+e,y

<O [T (Or4ea () = 0,22 ()]
(A.12) SCﬁn/z/\C(l + 51/2‘T;1(0t+6,t(x) -yl + (51/2‘T;1(9t+6,t(x) - Y)‘)1+n)~
Hence, recalling from (2.12) and Lemma 5 that

St vy_1,ntTEY ~t+e,y _ _
(Kee?) ™ (Brpery (%) = ¥), 81y (%) —y) = O e T2 (% = Opi4e(v)

>C7H ([T (Brgen(x) —¥)* = 1),
we get from the definition in (A.5) that for all A € [0, 1]:

ixy(A) < Cexp(—C'e|T 7 (Braet(x) — y)I?).
We finally obtain from (A.5) and (A.12) that there exists Cy := Co(T,(A)) > 1
s.t.:
(A13)  [(Pixy) N < Coe™?Cexp (=Cy el T Orpen(x) = ¥)I7) -
Plugging Equation (A.13) into (A.4), we derive that, since Kiiit satisfies (2.10),
=i (0] 0

Let us now consider the term E5(¢,x) in (A.3). Write first Z25(¢, %) := (B, +
B55)(t,x) where:

—_c dy f(Y) ! £ !
= = = dA A
21(t7X) /]R"d (27r)n7d det( ?j:s,t)% /O (wt,x,y) ( )7

WA E 101, Gy O) = o (5 { (ORI )7 B = 9).001ca(0) - 3)

+ A [((Kﬁig)_l(@ﬂ,t(x) —¥),0t4c:(x) -y

)
7<(K§fe,t)71(0t+s,t(x) —¥), 0i1ct(x) — W} }) )

(A1) )= [ dyndﬂy)[

1 1
(2m)= :

det(K{12Y)?  det(
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Observe that for all A € [0, 1],
‘(lpf,x,y)/()‘” < ‘(((Ki—t?%’)_l - (K?J):e,t)_l)(aﬂr&,t(x) - y)7 0t+5,t(x) - Y>’ th,X,y()‘>'

Equation (2.10), which holds for I_(i’f:m as well, yields:

Wiy V] < ORI ™ = (R ™)(O11ea(%) = ¥), Bu4ea(X) — ¥)|
x exp(—Ce| T (Bppci(x) — y)I°)
(A.15) = C|Qc|exp(—Ce|T: ! (O4c0(x) = ¥)I?),
for C:=C((A),T).

Now, the covariance matrices explicitly write

B t+e N B
K2} = / duR™ =Y (t + €, u) Ba(u, 0y 142 () BRI (¢ + £, u)",
t

t+e
K>, = / QR (1 + 2, u) Ba(u, 0, (x)) BRI(t + 2,u)",
t

where Ri+eY,| REX respectively denote the resolvents associated with the linear
parts of equations (2.2) and (A.1). Thus, setting:

S tiey ., Sttetttey i x 1 StFettx
(A.16) K27 =¢'T.K, T., Ky, =¢ 'TK, T,

we write:

(RIEY — R Or(0) = ¥), Osc(x) = ¥)

o ttetttey ~t+te,t,t,x

= ((K; -K; N PTe(Orse (%) = y)), e /2 Te(Brse (%) — y))
~t+te,ttte,y ~t+e,t,t,x 1 9
S C’|I<1 *Kl |X5 |Ts(0t+a,t(x) 7Y)| .

It remains to control the term
~ttetitey ~t+e,t,t,x
Kl - Kl = (A?—E’t - Ag+87t)(x7 y)?
t+e N N
Altlxy) =« duTZ 'R™TY (t + e, u) BAa(u, t +¢)(x,y) B*R™Y (t + ¢, u)*T !,
t

Aa(u,t+¢)(x,y) = (a(u, Oui1e(y)) — alu, Bu,t(X)))a

t+e ~ e utx,y
Al (xy) =« duT-'AR

t

(t +&,u)Ba(u, 0, (%)) B*R"(t + ,u)*T. !

~tte,utxy

t+e _
- 5/ du{']I‘ElRHE’y(t +¢,u)Ba(u, 0, .(x))B* (AR
t
(A.17)

~t+te,u,t,x,y

(t+ 5,u))*'ﬂ‘51},

(t+eu) = (Rt”‘(t teu) - RV (4 6,u)).

From the scaling properties of the resolvent, see e.g. Lemma 6.2 in [Menl18] for
details, we have that:

~t+te,u,t,x ~tte,u,ttey

(A.18) R"*(t+e,u) =TR, T, RYSY(t 4+ e,u) = T.R, T !,

€
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~tt+eut,x  otteuttey . . .
where R , Ry are non-degenerate bounded matrices, uniformly in

u € [t,t +¢]. Hence, from (A.18) and the definitions in (A.17):
AT (x,y)]

t+e t+e
(A.19) <Ce ! / |Aa(u,t + ¢)(x,y)|du < Ce ! / [04.4(X) — O t1e(¥)|"du
t t

t+e
SCEU/2—1/t du\el/QTg_l(@u,t(X) = Ou ()]

<Ce"2(|e VAT (O hep(x) — y)|7 + 1),
using again Lemma 5 for the last inequality. Still from (A.18), the definitions in
(A.17) and recalling as well that T ' Ba(u, 0,,:(x))B*T-! = e72Ba(u, 0,.+(x)) B*,
we now write that:

~t+te,u,t,x,y

t+e
(A.20) |A§+E’t(x,y)\§05_1/ AR (4 e u)T. |du.
t

Note then:
~t+te,u,t,x,y

IT-'AR 77 (t 46, u)T|

t+e i
T, / (DF(U, 0,.:(x))R"*(v,u) — DF(v,0, ++-(y)) R (v, U))dv’]l‘s

~t+e,u,t,x,y

t+e
g/ IT-'DF (0,0, (x)T||T-'AR 7 (v, u)Te|dv
u

t+e
/
u

t+e
< C/ 5*1|DF(v, 0,:(x)) — DF(v,0,+1:(y))|dv,

T RIY (0, 1) T, |dv

T2 (DF(0,0,4(x)) ~ DF (0, 0,1-(y)) )T

using the Gronwall lemma and the structure of the resolvent for the last inequality.

Pay attention that we only know from (S) that for all i € [2,n],Vzi" =
(Zi, s 2n) € ROTHDA 5 s D, Fi(zi_1,2"") is C"(R% R? @ R?)-Holder
continuous for n > 0. We thus have to handle the above term with some care.
Write with the notations of (A.7):

= t+e,u,t,x,y

IT-'AR (t +¢e,u)T,]|
t+e n
= C/ < Z <|Dzi—1Fi(v’ 0,,:(x)) — Dxi—lFit+€’y(v70’U,t(X))|
“ i=2
+|Da:ri—1Fit+67y(U7 0v7t(x)) - Da:i,lFi(U, ev,t—i—a(y))‘)d’l}
t+e n |
< C/ 5_1 Z (|Dxi—1Fi(U7 9v7t(x)) - Dm—1Fi(U, 0v7t(x)i_1) (0v7t+a(y))lm)‘
¢ i=2

+|(0v,t(x) - av,H*s(Y))ifl'n)d(U = (Rl + RQ)(t =+ Eauat7x7Y)'

We get |Rao(t + &,u,t,x,y)| < C’f5+s e710,,1(x) — 0y t1c(y)|"dv which can be
handled similarly to (A.19). This yields:

|Ro(t +&,u,t,x,y)| < Ce/? (51/2|’]1“;1(0t+57t(x) —y)|+ 1)
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On the other hand, using a reverse Taylor expansion, for positive parameters
(0i)ie[2,n] to be specified:

|R1(t +e,u,t,%,y)|
SC/ 712 (‘{F 1)t z 1+5m( 1)t(x))i:n) 7Fi(U70U7t(X))}

—{Fi(0,00,¢(x)i-1 + 05, (00142 (y))"™) = Fi (v, 00,6(x)i—1, (Bu 112 (y))"™)

n

<C /UH_E et Z (i [(00,t(x) = 00,01:(y));
<C{ Z Z (|51/2 'Or1ei(x) —y))

1=2 j=t

- +(5;7)dv

1671 4 52)

,837+1) G=1/28 571 4 max 577}
i€[2,n]

using again Lemma 5 for the last inequality. For this contribution to be a re-
mainder it therefore suffices to choose ¢; = max;c[; ] eU=1/2Bi=7 for v >0
small enough. From the above computations we eventually derive that there exists

¢ = C((A), (B)ien nl.jelin) € (0,1) .t

~the,u txy

T-'AR (t+eu)T| < Ce¥ (3TN (Brien(x) —y) +1).

Plugging this bound into (A.20), we then derive from (A.19) and (A.17) that:

sttetitey ~ttettx PN
(A-Ql) |K1 - K1 | < (Ce2 (52 |T5 (0t+e,t(x> - Y)l + 1)'

ottetttey  ~tettx
Recalling now that K; , K, are because of (2.10) and (A.16) non-

degenerate uniformly w.r.t. the parameter €, we deduce that the inverse matrices
~ttett+ey\ —1 ,~tte,t,t,xy\ —1
(K1 ) , ( 1 ) have the same Holder regularity. Indeed,

~ttetttey\ —1 ~tte,t,t,x\ —1
& ) &)

~tt+e,tt,x\ —1 [ ~t+e,t,t,x ~tte,t,tt+ey ~tte,t,t+e,y\ —1
:(Kl ) K, -K; (K1 ) )

and we eventually conclude from (A.21). Hence, from the definition in (A.15)
Q= (KD ™ = (R ™) Bea(3) = ¥), Brea () — )|
~ttettte,y\ 1 ~tdettx, g B

—%(Kl ) T B - v)

2T (Brrea(%) ~ )|

<Cen/2n (51/2\T;1(9t+s,t(x) =¥l + DTN (O4c4(x) — y) I,
C:=C((A),T).
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We eventually get:
=51 (¢, x)]

/ d —

<O [ T Brres () = ¥l + D exp(—CelT Bric() — ¥)P)
Rnd g 2

(A.22)

<Cce"?' = C((A),T).

This yields |25, (¢, x)| e 0. Arguments similar to those employed for =5, (¢,x)

E—r
can be used to prove that for the term Z5,(¢,x) defined in (A.14). Namely,

dy 1 1

Etx) < [l / - W) ()

Rnd (277)T et(K zizf)f det(K t+e )2 Y

det(KLEEY)
< cnfuoo/ dy|t— St (2 x,y)
Rnd d t(Ki-i-E t)%
) |

(A.23) < C||f\|oo/ddylfdet<Ki§{(K§+Et) ) Po-i(t,t+2,%,5).

Using again (A.16), we now write:

. _ ~ttetttey ~ttett,x
t+e, t, -1 HLX 1
det (Kt Y (RYE) ) —  det (Kl (K, ) )
ottetttey ~ttettx sttt ttx g
= det (I + (K, - K, )(K, ) )

Plugging this identity into (A.23), we thus derive from (A.21) that 25, (¢, x) = 0.
E—

The proof is complete.

A.2. Proof of Lemma 7. Up to approximation argument, we can suppose without
loss of generality that f € C’é’Q([O, T) x R™ R). Write for p/, ¢’ > 1,

T
e = W oy = [ 16 = O gy

Note that, up to a middle point type argument, the indicator part in the very
definition of f. can be easily dealt. With a slight abuse of notation, we thus start
from the following expression for f:

V(t,x) € [0,T] x R™, ft+e,y)p =Y (t,t+e,x,y)dy.
Rnd
Now,
1t ) = £
p/
:/ flt+e,y)p" oY (tt+e,x,y)dy — f(t, X)‘ dx
Rnd Rnd

’

4
fE+ey)p ™oV (tt+e,x,y)dy — f(t+&,0p4c:(x))| dx

<or'—1 (/
- Rnd Rnd

b [ 1 Bl = F(E 2 dx) =25 + 15 (0.
Rnd
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Recalling that f is smooth and has compact support in time and space, we readily
get I5(t) — 0. Let us now turn to I{(t). Write:

e—0

I (1)

<or'~1 (/
- Rnd

[ Jrerebiae [
=17, (t) + I55(t),

p/
/ (f(t +ey)— flt+e, 0t+€’t(x))ﬁt+e’y(t, t+e,x, y)dy’ dx
Rnd

~ttey 5 4
(p (t,t+e,x,y) p(t,t+5,x,y))dy dx

EXp(fé<(Kirg,f,)_1(9t+a,t(x)7§')s9t+a,t(x)7y>)
(2m)% det(RL% )2
in y and already appears in the term =5 defined in (A.3) in the proof of Lemma

6. The previous analysis of this term readily gives If,(t) = 0. On the other
E—

where p(t,t +¢e,x,y) := is a true density

hand, from the good scaling property of equation (2.10), Lemma 5 and the Holder
inequality, there exists C':= C(p/, (A)) s.t.:

p/
Ilsl(t) SC/ d/ B f(t+€7Y) - f(t+570t+€,t(x))‘ ﬁc—l(t,t+€,x, Y)dydx
R’Vl Rn

= /Rnd (Hd(0t+s.t(x)vsuPp(f(t-‘rE,')))Sé + ]Id(OHE,t (X)7Supp(f(t+g7.)))>§)

p
<[ ey) = B e bt 2 xy)dyx
R’Vl
SC(ﬁp ”HDfHoo+/R (o c o) supp(f(t+2,))>5
< [ 15 ey et + ek y)dydx)
Rnd
' /2 152
<C (#2101 + oo (=€) [ Tycummisiesen
X/ pcfl(tvt*'saXv}I)dXdy)
Rnd

gc(ep//QHDfHoo + ([ flloo exp ( - C_l(i:))’

where in the above computations we recall that po-1 introduced in (2.8) is actually
a density w.r.t. x. We conclude the proof from the above convergence of I5(t),
I5(t) thanks to the dominated convergence theorem.
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