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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 Stéphane Menozzi'

October 9, 2017

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
Hormander 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 associated 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.

Keywords: regularization by noise, martingale problem, Kolmogorov hypoelliptic PDEs, density esti-
mates, parametrix.
MSC: Primary: 60H10, 34F05; Secondary: 60H30.

1 Introduction and Main Results

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

dth = Fl(ta Xt17 . 7X121)dt + U(t7 th’ U ’le)th’
dX? = Fo(t, X}, ..., XMdt,
dX} = Fy(t, X2,..., X)dt, t>0. (1.1)

dX] = F,(t, X1 X dt,

In the above equation, (W;);>o stands for a d-dimensional Brownian motion and the components
(X{)ie[,n] are Re-valued as well. We suppose that the (Fi)ie[2,n) satisfy a kind of weak Hérmander

condition, i.e. the matrices (Dy,_, Fi(t,-)), 2] have full rank. However, the coefficients (F});c[2,n]
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can be rather rough in their other entries. Namely, Holder continuous or even in a suitable LY — LP
space for Fp, 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 (i — 1)th component, 2 < ¢ < n, through the
non-degeneracy of the gradients (DxFlFi(t, ))1 2] (components which transmit the noise). We
nevertheless show that the system is well posed, in a wealk 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 Holder continuous with respect to the variables that do not transmit
the noise. Denoting by (8/)2<i<j<n the Holder index of the drift of the ith component w.r.t. the ;%
variable we assume Bf € ([(2i — 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 estimate.

Weak and strong regularization by noise

Strong and weak well posedness of stochastic systems outside the classical Cauchy-Lipschitz frame-
work 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 Holder continuous diffusion matrix are well posed for Holder
index strictly greater than 1/2. Then, Veretennikov [Ver80] generalized the result to the multidimen-
sional case for a Lipschitz diffusion matrix. These results have been recently revisited in the work of
Krylov and Rockner [KRO05], 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 problem put on complete mathematical framework by Stroock and Varadhan,
see [SV79]. 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

'In the presentation below, we will mainly focus on Brownian driven SDEs. We can refer to the recent work of Priola
[Pril7] for the more general Lévy driven case in the non-degenerate framework.



degenerate SDE 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 [CC15] to the multidimensional
setting.

All the above strong and weak results strongly rely on the non-degeneracy assumption imposed to
the noise and illustrate what is usually called, following the terminology of Flandoli, a regularization
by noise phenomenon. Here, the regularization 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 example to understand the phenomenon
is the Peano Example : while the deterministic ODE

Y, = sign(Y;)|Y;|%dt, Yy =0, ac(0,1), (1.2)

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 extreme solutions of the Peano Example. Hence, there is a strong com-
petition, in short time, between the irregularity of the drift and the fluctuations of the noise.

Here, our result mostly emphasizes a reqularization 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 dra-
matically 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 Hérmander condition for hypoellipticity, see
Hoérmander’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 Holder continuous in the other variable. This
last non-degeneracy assumption is the reason why this kind of condition is called weak Hérmander
condition. Namely, 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
stage of the chain we only require one additional Lie bracket to generate the corresponding directions.
This setting allows us to recover some regularization effect of the noise at each stage of the chain.

Concerning the strong regularization effects of a degenerate noise, 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
Hélder continuous with Holder 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 non-degenerate variable and not on the degenerate component, the recent work by Fedrizzi,
Flandoli, Priola and Vovelle [FEPV17] 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 [Zhal6].



From the weak regularization by noise viewpoint, in our current weak Hormander 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, associated 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 solu-
tion of (1.1). In [Menll], it is shown that the system (1.1) is (weakly) well posed for a spatially
Lipschitz continuous drift satisfying the previously mentioned non-degeneracy condition, and a spa-
tially Holder continuous diffusion coefficient. The result was then extended in [Menl7] for a spatially
continuous diffusion coefficient, following the martingale problem approach establishing some suit-
able Calderén-Zygmund estimates for a degenerate Gaussian kernel and appropriate non-standard
localization arguments. Also, in the case of two oscillators, Zhang showed in [Zhal6] that when the
degenerate component only depends linearly of the non-degenerate variable and not on the degener-
ate 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 [CdR16] 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 Holder 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 [CdR16] 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 3/2 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 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 £ > 1 s.t. for all (¢,x) € Ry x R™, 2 ¢ R?
K 2)? < (00" (t,%)2, 2) < K2

where | - | denotes the Euclidean norm, (-,-) is the inner product and * stands for the transpose.
(S) The coefficients o(t,-), (Fi(t, '))z‘e[[Q,n
diffusion coefficient o (¢, -) is uniformly n-Ho6lder continuous in space, for some 7 > 0 uniformly in time.
The drift entries (Fi(t, '))ie[[2 o] AT s.t. for all (z;,---,2,) € RU"=(=1) the mapping z € R% —
Fi(t,z, zi, -, 2y) is in CT1(RY, RY) uniformly in time?. Eventually, the mappings (z;,---,2,) €
RI=G=0) s Fy(t, 2,2, ,2,) are B]-Holder continuous, with 4/ > 0, uniformly in time and in
z € RY,
(D) The first entry of the drift F} is supposed to be bounded measurable in time and to satisfy
spatially one of the following assumptions:

] are assumed to be bounded measurable in time. Also, the

(a) to be such that Fy(t,-) is Holder continuous in space® uniformly in time.

(b) Fi(t,-) is measurable bounded uniformly in time.
(c) Fi € LI(Ry, LP(R™)), 4 + 2 <1 p>2.q> 2.

Observe that case (b) can be viewed as a particular case of (c), corresponding to p = ¢ = co. 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 matrices) s.t., for all
t>0and (x;_1,...,%,) € RO—i+2)d, Dy, Fi(t,xi—1,...,%y,) € &—_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.

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

vie[2,n], j € [i,n], B € (;:H (13)

Then, the martingale problem associated with (L;)¢>0 where for all ¢ € CZ(R™,R), x € R,

Ligp(x) = {F(t, %), Dx(x)) + 3 tr(alt, x) D3, 6(x) (14)

is well posed, i.e. there exists a unique probability measure P on C(Ry,R™) s.t. denoting by (X¢)i>0
the associated canonical process, for every ¢ € 03’2(R+ x R"™ R) and conditionally to X; = x

fort >0, (cp(s,Xs) —o(t,x) — [7(0u + Lu)go(u,Xu)du> N is a P-martingale. In particular weak
s>t
uniqueness holds for the SDE (1.1).

2For the sake of clarity we chose the same regularity index for ¢ and (Dx;_1 Fi)icfz,n], but the result remains true

for any 7, Holder continuous o and 7 ; Holder continuous D, , F;, provided 7, and ng,; belong to (0, 1].

3Actually one can assume that Fy is ,8{ Hélder continuous in the 5" variable for any ﬁ{ in (0,1].



The transition probability P(t,s,x,-), determined by (Ls)s>0, is s.t. for a given T > 0, almost all
t € (s,T) and all T € B(R™): P(t,s,x,T) = Jrp(s,t,x,y)dy.
Furthermore, we have the following Krylov-like estimate: for all fixed T > 0 and every f €

L7 ([0, T], L¥ (R")) with ”;/d +2 <2, >1,¢d >1, (t,x) € [0,T] x R":

T
| EFtx [/t f(s,Xs)ds]| < C”f”Lq’(([o,T],Lp’(Rnd))a (1.5)

where EFtx denotes the expectation w.r.t. Pyy[] := P[|X; = x] and C := C((A),p’, ¢, 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 Hélder exponent on the continuity of the diffusion
matrix. Concerning this last point, we feel that using the localization strategy proposed by Menozzi
in [Menl7] 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 2 below together with condition (1.3))
should allow one to adapt the approach of [Menl7] 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)-
(<)).

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

Theorem 2 (Almost sharpness). There exists F satisfying (UE), (S), (H) and such that:
2t —3

Ji e [2,n], jelin], B < TEL (1.6)
or
nd Tl2d 2
F1 GLq([OaT]va(R ))7 7"—& > 17 pZQaq>2 (17)

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

We first emphasize that there are already some results in that direction: in [BFGM14] the Au-
thors 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], [CC15],
the almost 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 [CdR16], that for all i in [2,n] the Hélder exponents 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;(t,-) is a technical

artefact. Nevertheless, relaxing this assumption to consider (DxFlFi(t, )) are just continuous

i€[2,n]



functions of x;_1 is definitely more tricky. Indeed, in that case, our approach based on parametrix
fails and the natural approach, relying on harmonic analysis techniques, seems very involved.

And last, but not least, let us notice that the two thresholds for the drift component (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 2, 3, 4 and 6). 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.

2 Strategy and key tools

Our strategy relies on the martingale problem approach. Hence, we face two problems: 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 problem associated with
a given operator are based on a perturbative method. Let us detail two of the main strategies devel-
oped 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 coefficient is solely
continuous. As a by-product of this approach, Krylov like estimates of type (1.5) are obtained, em-
phasizing 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 [Men17].

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 to a hypoelliptic chain of type (1.1) in [Menll] in the diffusive case and in
[HM16] for more general stable driven degenerate SDEs of type (1.1) with dimension restriction. It
is actually more direct than the approach of Stroock and Varadhan. However, its drawback is that it
does not provide a priori informations 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 prozy process 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], [Menl1], [Menl7] 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 ¢ = 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) F} €
L4([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 [CdR16], our ap-
proach 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 component 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 distinc-
tion. 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 stage of the chain.

About existence. Concerning the existence part, our proof consists in adapting to our degener-
ate 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 the solution (X},..., X/");>0 to (1.1) is denoted by (X;);>o. Introducing the
embedding matrix B from R? into R™, i.e. B = (Ijx4,0,...,0)*, where “«” stands for the transpose,
we rewrite (1.1) in the shortened form

dXt = F(t, Xt)dt + BO’(t, Xt)th,
where F = (I, ..., 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 (b) and (c) will be discussed
later on. Introduce now, for fixed 7' > 0, y € R" and t € [0, T] the backward flow:

0.7(y) =F(t,0,7(y)), Orr(y) =y. (2.1)
Remark 1. 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

¢, =F(s,051(y)) + DF(s,051(y)) (¢ — 0s7(y)], (2.2)



where for all z € R,

0 0

D, F>(s,z) 0 0

DF(s,z) = 0 D,,F3(s,z) 0 0 :
: 0 - :

0 0 D, Fu(s,z) O

denotes the subdiagonal of the Jacobian matrix D,F(s,-) at point z. Introduce now for a given
(T,y) € Ri.xR"™ the resolvent (RTY (¢, 5))s >0 associated with the partial gradients (DF (¢, 8, 7(y)))i>0
which satisfies for (s,t) € (Ry)%:

OsRTY (s,t) = DF(s,0,7(y))RTY (s5,1), RTY(t,1) = Liaxnd- (2.3)
Note in particular that since the partial gradients are subdiagonal det(RTY (¢, s)) = 1.

We consider now the stochastic linearized dynamics (X2¥) selt,T):

dX1Y = [F(s,057(y)) + DF(s,051(y) (XY = 05.1(y)))ds + Bo(s, 057(y))dWs,
Vs e [t,T], XY =x. (2.4)

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

XY = RO (0, 0x [ RO (0,5) (P(s.0uir(3) — DF(5,8.(3)6.(y) ) s

v (2.5)
+ [ RIY(0,9)Bo(s, 0. ()W
t
Denoting by ésTty (x) the solution of (2.2) with starting point étTty(x) = X we rewrite:
XIY =6, 00 + [ RIS (0,9)Bo(s. 0.()dW., v e [1.7], (2.6
t

An important correspondence is now given by the following Proposition.

Proposition 1 (Density of the linearized dynamics). Under (A), we have that, for allv € (t,T] the
random variable X3¥ in (2.6) admits a Gaussian density p*¥ (t,v,x, -) which writes:

1

> T,y ~T7y
m - exp (— <(K ,
(2m)*5 det(K1Y)2 2\

RCHERPHE R

vz € R, Y (t,v,x,2) =

where

K,7 32/ R (v,5)Ba(s, 057(y)) B R (v,5)"ds, als,051(y)) := 00" (s,057(y))-
t



Also, there exists C := C((A),T) >0 s.t. for all k € [0,2], i € [1,n],

. C - _ 2
IDE Y (8, T, x,y)| < I T (~CHT =0T (x - 00 () )

C
= - l_)C_l(taT,XaY)’ (28)
(T _ t)k((z—l)-i-%)

where for all u > 0, we denote by T, the important scale matriz:
ulgxda  Odxa  *++  Odxd

T, = Od'><d u*Igxa 0

(2.9)
Odxd s 0 u"lgxq

Proof. Expression (2.7) readily follows from (2.6). We recall as well that, under (A), the covariance
matrix IN{Zty 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
Co10:= C210((A),T) > 1s.t. forall 0 <wv <t <T, for all y € R

Vg € R™, Coly(v— )Tyl < (Ky 7€, €) < Canolv — 1) 7Ty i€l (2.10)

Rewrite now from (2.5) and (2.6):

((KEN) 077 (%)~ ), 077 (%)~ )

= (RT¥ (T, 0" (K TR (T, 1) (x = 8,7 (), x ~ 0,7 (¥) ) (2.11)
where we denote:
T
0.7 () =BT (. T)y = [ RI¥(0.9)(F(s.0ur(y) = DP(s. 0, r(¥)ur(y))ds. (212)

Observe that (2.12) also solves (2.1). Indeed, from (2.3):
ATy ATy
00,7 (y) = DF(t,0,7())8; 7 () + (F(t,00,1(y)) — DF(L,6,7(y)61.r(y)),
so that:

018,37 () — 0i8,,(y) = DF(t,000(y)) (8,7 (v) — Ou1(y) ).

Since é;%(y) = Or7(y) =y, we deduce from Gronwall’s Lemma that é;f%’ (y) = 6+ 7(y) for all
te[0,7T].

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 é?;,y (y) = 0. 7(y) for all t € [0,T] with the chosen flow.
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We thus get from the previous identification and equations (2.11), (2.10) that there exists C :=
C((A),T) >0, s.t. for all t € [0,7T),

CTHT =T (x = 0P < (KEH 05 0 —-9).007 (0 —y)  (213)
< O(T = 1)|T7L, (x — 0ur(y)

We then deduce from the above equation and (2.10) that (2.8) holds for k£ = 0.

Introduce now Hgf = R™(t,T )K;’ZRT”(t,T )*. We point out that, by construction, since
(DF(U’BU>T(Y)))v€[t 7)1 strictly subdiagonal, det(RTY (t,T)) = 1. Hence, det(HLY) = det(KLY).
We then deduce from (2.7):

1

_ 1/ =Ty 1
Dy ¥ (t, T x,y) = P - Dxi eXP <— (Hyy) ™ (x = 010(y)), x — Be.0(y) )
(277)7d det(K%f) 2 < o >

< _ (I:I%g')_l(x — 9t7T(Y)))Z. 1
(27)% det(KpY) o <

We derive from (2.10):

|D, 0¥ (, T, %, y)| <

n2d

C|(HY)2), | <Cl
: exp | —
(T —1)"z

where ((ﬁ;’f)*l/z)i,. stands for the ' line of a square root of (flfiy)*l Still by (2.10), we deduce
that:

C

D zﬁT7y t’ T’ X7y
1D, T ( IS

<

_ _ 2
exp (—c NT =) |T7L, (x — 6,10(y))] ) :
which proves (2.8) for k = 1. The case k = 2 is derived similarly. O

2.2 Regularity and measurability of the Cauchy-Peano flow

We mention that the delicate part here consists in dealing with the nonlinear flow 8, 4(y). Because
of our low Holder regularity, we face two problems: it is non-trivial that one can choose a measurable
flow of (2.1) (which is very important to make licit any integration of this flow along the terminal
condition) and that this flow has the appropriate regularity to deal with our parametrix kernel, say
e.g. bi-Lipschitz as in [DM10], [Men11], [Men17].

To solve the first issue we propose two approaches : the first one consists in assuming the Axiom
of choice. This permits to choose a measurable flow of (2.1) (see Lemma 1 below). The second one
does not involve the Axiom of choice and relies on compactness arguments to prove that there exists
a measurable Cauchy-Peano flow satisfying (2.1) almost everywhere. Using a “weak” solution of (2.1)
does not damage or even modify our study, but we have to be more careful when making pointwise
estimates of quantities involving such a flow. Especially, we will need to switch from this measurable
flow defined almost everywhere to another Cauchy Peano flow defined everywhere to complete our
task. Hence, in order to keep things as clear as possible, we first assume the Axiom of choice and
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give in Appendix B the procedure to remove that assumption and use the measurable flow of (2.1)
defined almost everywhere.

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 p given in (2.7). This leads us to study space integral of the Gaussian like function po-1
defined by (2.8) w.r.t. the backward variable. The crucial point is that such an integral is then done
along the backward flow and that it is not clear that it still bounded. To avoid this problem the main
idea consists in using the bi-Lipschitz property to transfer the flow from the integration variable to
the initial (and then fixed) variable. Here, we were not able to prove such a 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 2 below that the chosen flow satisfies an ap-
proximate bi-Lipschitz estimate. This approximate bi-Lipschitz estimate is sufficient to deal with our
parametrix kernel.

Lemma 1. For a given T > 0 and all (t,s) € [0,T]?, there exists a measurable mapping x € R™
0,.5(x) s.t. O5(x) =x+ [ F(v,0,4(x))dv.

Proof. Assuming the Axiom of choice, 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 8, s(x) which exists
by the previous lemma.

Lemma 2. There ezists a constant Cy := C2((A),T) s.t. for all0 <t < s <T small enough:

Co{(s = )T (0se(x) = ¥)IP = 1} < (s = )Ty (x = Bes (y)* < Cof(s — )| Ty (0s,0(x) — Y)!2(+ 1})-
2.14

Lemma 2 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], [Menl1], [Menl7] for Lipschitz drifts) up
to an additional constant contribution. It turns out that, this new contribution does not perturb
the analysis of the parametrix kernels associated with the density of X;’y starting from x at time
t € [0,T) given in Proposition 1. We refer to Section 3.1 for details.

Proof. Considering the flow provided by Lemma 1, we write from the differential dynamics:

(s = DT (x = O1s(y)) = (5= 02T [(B00(x) — y) - / (F(.0,4(0)  F(u.0,.(y)) ) du].
= (5= 2T (0,4(x) — ) ~ Toa(x,y), (2.15)

Is,t(x7 y) = (3 - t)l/QTs_—lt/ (F(u7 ou,t(x)) - F(ua ou,s(y))>du
¢
We aim at establishing that

Zoo(x,3)] < C{ 15 = 03T 2(00(x) — )| + 1}, (2.16)
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which together with (2.15) gives the r.h.s. of (2.14). 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 ¢ € R" ® R", a matrix whose entry J;; is strictly
positive for indexes i € [2,n] and j > 4. We then define for all v € [0,7], z € R™, i € [2,n],

Fo(v,z74") := Fi(v, ") * ps; (z) = /Rdm ) Fi(v,2i1,2i —wi, - 2, — wp)ps, (w)dw. (2.17)

J— d - —1 . 7 K3 n .
Here, for all w = (w;, - ,wy) € RGN ps (w) = i 15‘1 pi <5“, 61:;1) = ,3‘;) where p; :
RA(n—(-1)) _y R, is a standard mollifier, i.e. p; has compact support and f]Rd (n—i—1y) pi(z)dz = 1. We
denote FO(v,z) = (F1(v,2), F(v,2),--- ,F(v,2)) and consider the two auxiliary mollified dynamics:
-5
0,.(x) = F(v,0),(x)), velts], 65,(x)=x,
1)
0,,(y) = F(v,0),(y), velts], 0,(y)=y. (2.18)

Controls associated with the mollification procedure. The first key point is that the regu-
larized drift F® only appears in a time integral for our analysis (see equations (2.15) and (2.25)). So,
the parameters §;; only have to satisfy that there exists C' := C((A),T) > 0 such that for all z in
R™ for all u in [t, s]:

‘(s — )3T, (F(u,z) - Fé(u,z))‘ < O(s—t)L. (2.19)

From the definition of our regularization procedure in (2.17) this means that ¢;; must be such that

Zs—t’_1265 <C(s—t)! (2.20)

=2
(@ *ﬁ) 5 8 . )
Hence, one can choose d0;; = (s —t) i which yields (s — ) Z(S ! = (s —t)~!. This choice of d;;
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 FO satisfies an approzimate Lipschitz property whose Lipschitz constant, once the drift
is integrated, does not yield any additional singularity. Namely, there exists a C := C((A),T) such
that for all u in [s, ], for all z,z’ in R™

‘(s )T, (F‘S(u, z) — Fo(u, z')) ‘ (2.21)
_1 1 - | /
< C((s —t) 24+ (s—t) |(s—1)2T, (z—= )|>
Indeed, the (F?)ié[[Q,n]] are Lipschitz continuous functions (with potentially explosive Lipschitz con-

stant in the variables (z;,--- ,x,) for F? because of the regularization procedure) and Fy is ﬁ{ >0
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Hélder continuous in the j* variable for arbitrary (5{ )jefin] in (0,1]. The Young inequality then
yields that there exists C'g; > 0 s.t. for all x € R, x| < C;(1+ |x|). Hence,
1 1

(s 47, (F(w.2) - Fn.2))| < c(<s—t>-%<1+<z—z/>\>
D R =)

. c<<s—t>%+r<s—t>%ﬂr;_2<z—z’>|

Hence (2.21) follows from the fact that, from our previous choice of d;;, one gets

— )i (=)=(i=35) 57 0= ~5)
(817’5)]. = (s—1) <CO(s—1t)71, (2.22)
5
ij
since from the assumption (1.3) on the indexes of Holder continuity:

ﬂg>2;_1 :}(j—i)—(i—§)(1—5f)/5§>

Difference between the initial and mollified flow. Write:

(5= 0T 60~ 8,00 < [ ’

(s—t)%T;}t(F(v,Bw(x)) (0,00 ,(x) )(dv

IN

/tu {)(8 12T, (F(v, 0.,:(x)) — F(v, Ov’t(x)))‘

(s = 03T (70, 00,()) — FO (0,03, (x )))‘}dv

Using (2.19) for the first term in the above r.h.s. and (2.21) for the second term in the r.h.s. we
obtain from the Gronwall lemma that:

3C == C((A),T), Yu € [s,1], |(s — )2 T ,(8u4(x) — 5 ,(x))| < C, (2.23)

thanks to the time mtegratlon and recalling that v —¢t < s —t.
(s — )3T, (Buu(y) — 65,(3))| < C.

Now for the regularized flow, we have a Lipschitz property of the rescaled flow, which is here
explosive with § but once integrated does not yield any additional singularity. Namely,

(s — )2 T;1,(85,,(x) — 65 ,(¥))]

< 1= VT 08, 60) =yl + [ o] - VT (P00, 60) - P00, 1))

We would derive similarly that

rYv,Ss
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From (2.21) and the Gronwall lemma we get:
(s — )3T, 4(05,,(x) — 0 ,(y))| < Cl(s — )3T, 14(62,(x) — y)|
< {Its = P T (004(x) - y)|
(s = 2T (B50(x) — 02,00)1}
C{I(s = DIT(B.a (%) — y) + 1}, (2.24)

IN

using (2.23) for the last inequality.

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

-

Zei(x,y)] < /tsdu\s—t2T +(F(u,00,1(x)) — F(u,0,,5(y)))|
< [ afe-oi; (ueut ~F(u.0),(x))))|
n /tsdu)@—t)%wr (P (0,05,,(x)) = F7(u, 03 ()) )
4[] = 041 (P, 02,5) - Fw00,3))|

t
= I.,(xy) + I2,(x,y) + T2 (%, y). (2.25)

Observe that the contribution Z} ,(x,y) can be split as
Thixy) = [ duf(s = 0N (Pl 6,(0) - (w63, x)|
< [ s = 0 (P8 0) — (060
[ dfls = 04 (R 0ua(0) - B0, 82,

Using (2.19) for the first term in the r.h.s. above and (2.21) together with (2.23) for the second term
in the r.h.s., we obtain that there exists C := C((A),T) s.t. forall 0 <t < s < T, x,y € R":

IZ3,(x,y)| < C. (2.26)

Similarly, we derive that there exists €’ := C'((A),T) s.t. forall 0 <t < s < T, x,y € R*:

I3, (x,y)| < C". (2.27)
Finally, one can use (2.21) and then (2.24) to derive that there exists C” := C"((A),T) s.t. for all
0<t<s<T, x,yE]R”d:

22yl < O = 0%+ {Is = DI (0uu(x) — y)| +1}

< {5 = DITLOualx) ~ )] + 1},
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From this last equation together with (2.26) and (2.27) we therefore derive (2.16). The proof is
complete.

O
2.3 Frozen Green kernels and associated PDEs

In this paragraph we introduce useful tool for the analysis of the martingale problem. Namely, we
consider suitable green kernels associated with the previously defined frozen process and establish the
Cauchy problem which it solves.

For all f € 05’2([0, T) x R™ R), we define the Green function:

T
V(t,x) €0,T) x R, Gf(t,x) :/ ds/ dyp*¥ (t.s,%,y) f(s,¥). (2.28)
t Rnd
Denote by (I:f’y)te[oﬁ] the generator of (Xf’y)te[oﬁ], i.e. for all p € C§°(R™, R), x € R"

LiYo(x) = (F(t,0.4(y)) + DF(t,0,4(y))(x — 0:4(y)), Dxp(x))
+5r(00" (1, 004(y) D2, 0(00). (2.29)
One now easily checks that:
V(t,x,2) € [0,5) x (R™)2, (at + Ef’y>58»yu, 5,x,2) = 0. (2.30)

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

Lemma 3 (Dirac convergence of the frozen density). For all bounded continuous function f : R™® —
R,x € R™:

o f(y)ﬁ”s’y(t, t+e,x,y)dy — f(x) ﬁ 0. (2.31)

We emphasize that the above lemma is not a direct consequence of the convergence of the law of
the frozen process towards the Dirac mass (see e.g. (2.30)). Indeed, the integration parameter is also
the freezing parameter which makes things more subtle.

Introducing for all f € C’é’z([O,T) x R R) and (¢,x) € [0,7] x R™ the quantity:

T
N f(t,x) = / ds / dyESYF (1,5, %,y) f(,y), (2.32)
¢ Rnd
we derive from (2.30) and Lemma 3 that the following equality holds:
QG F(t,x) + My f(t,x) = —f(t,x), V(t,x) € [0,T) x R™. (2.33)
Proposition 2. Pointwise control of the Green Kernel. There exists C(T') := C((A),T) s 0 s.t.
%

for all (t,x) € [0,T] x R" and all f € L7 ([0, T], L¥' (R"%)) s.t. ”;,d +2<2,p > 1,4 >1:

|éf(t,x)| < C(T)Hf||Lq’([o,T],Lp’(Rnd))- (2.34)
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Proof. From (2.8) with k = 0 and Lemma 2 we have that

T
Grel < [ ds [ aylftsylien (taxy) (235)
i exp (~C (s = IT, 4 (x = us(¥) )
< [ ds [ aylfs v e
/t /”d (s—t)T
exp (—C (s — T_ltestx —y)?+1
) /Tds/ i) p(-C(s—1) el ) ])’

(s—1t) 2

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

1L
- D e
/T o / gy |22 O = DT 6 = y)P) [
t Rnd (S _ t)nT
T 1 2d ~/ ~! 2d 1
< C ds 5. - < too e = 0 )qf,<1<:>n—,+—,<1
t (=) P0G 2 2p

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 martin-
gale problem associated with (L;);>¢ 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 assumption being a trivial application
of Girsanov Theorem) and then for existence 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 [KRO5] 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 [KR05], 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 solution to the martingale problem satisfies such an estimate (see equation (3.7) below).
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It is precisely to deal with LY — LP drifts (under Assumption (D)-(c)) that we have chosen an
approach inspired by the Stroock and Varadhan 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 [SVT79]. 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. We then have to keep it in our Euler scheme: the drift is needed
for the Brownian noise to propagate into the whole system. The dramatic point is that, contrary to
[Menl7], it is not clear that the strong convergence of the Euler scheme still holds, because of the
lack of Lipschitz regularity of the drift F and we are not able to localize it, due to our hypoelliptic
structure. We then have to find another kind of regularization.

This is the reason why we decided to smooth the marginal law of our canonical process by means of
Gaussian convolution (see the part of Section 3.1.2 following equation (3.5)). Doing this regularization
allows us to recover the desired estimate established on our parametrix kernel and to propagate it to
our original process (canonical process associated with the solution of the martingale problem). It
seems to us that this, rather new, method is quite robust, in some sense more than the original one,
and may be applied in other settings where the strong convergence of the Euler scheme does not hold
anymore.

3.1 Well posedness with full Holder 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 definition 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. An Euler like
scheme can be considered. Fix first 7' > 0 and consider the grid Ay, ([0,T]) := {(t; := ih)icfom]}, b =
T /m. Introduce the corresponding “discretization” scheme:

Xgn = X?}—}—/ (F(ti,X?Z)—I—DF(ti,Xg)(X?—Xg))du—l—Bo‘(ti,Xg)(Ws—Wti), s € [ti,ti+1]. (3.1)

t;

This scheme defines a sequence of measures (P™),,>1 on C([0, 7], 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;)i>0 on [0,T]. We refer to Section 6.1 of [SV79]
for details. To derive the existence 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].
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3.1.2 Uniqueness Assumption (D)-(a)

We first want to establish that any solution to the martingale problem satisfies the suitable Krylov
like density estimate of Theorem 1. To do so, the key ingredient is to prove that an operator involving
L and a suitable associated perturbation (based on the frozen process/generators of Section 2) has
small L¢ — L¥ norm when the fixed final horizon T is small. Namely, for

T
Rf(t,x) :== (LiGf — M f)(t,x) = / ds/R , dy(Ly — Ly)p(t, s,%,y) f(s,y), (3.2)
t n
with Gf, Mf and p defined in (2.28), (2.32) and (2.7) respectively we have the following Lemma
whose proof is postponed to the end of the current section:

Lemma 4 (LY — L” Control for R). For R as in (3.2) and ¢',p’ > 1 s.L. ";,d + % < 2 we have that
for all f € LY([0,T] x R, [P (R"4)):

”Rf“Lq’([(),T]XRnd7Lp’(]Rnd)) < CHfHLq’([07T]XRnd7Lp’(Rnd))7 (3.3)

with C := C((A),T,p,q) b 0. In particular, equation (3.3) implies that the operator I — R is
—
invertible, with bounded inverse in LY — LY’ provided T is small enough.

In order to derive the previously mentioned Krylov-like estimate, we now need to perturb the
canonical process (X¢);e[o,7] associated with P. When doing so we have to be careful and to regularize
the marginals of the law.

The first step of our procedure consists in applying It6’s formula on the Green kernel G f, for fin
Cs°([0,T] x R™, R) and the process X5*. However, it follows from the definition (2.28) of our Green
kernel that the smoothness on f is not a sufficient condition to derive the smoothness of G f. This
comes from the dependence of the covariance matrix of p w.r.t. the integration variable (see (2.7)).
The strategy hence consists in mollifying the Green kernel with a suitable mollifier ps, in applying
1t6’s formula on this regularized version and then show that the estimate can be obtained uniformly
on the regularization procedure. This fact can be easily checked from the computations done below
so that, in order to preserve the exposition of our proof as clear as possible, we do as if we could
apply It6’s formula to G f whereas we should apply the previously exposed strategy.

T 5 B T B
GFt:x)+B| [0+ LG, Xds| = Grex) + [ [0+ LG (5.3 P dy)ds = 0

where Pytx denotes the law of X5*. We exploit (2.33) to write:

~ T T ~ ~
G~ [ [ feyPasyds+ [ [ (LG = NP(s.y)Pslay)is =0, (34)

Recall that thanks to Proposition 2 we have that there exists C(T) := C((A),T) P 0 s.t. for all
—
(t,x) € [0,T] x R™ and all f € L7 ([0, T], L* (R"%):

IGF(E%)] < OO o111 oy (3.5)
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We then regularize Py:x through convolution considering Pfct,x := Pxtx x G5, where G5 denotes
the law of the standard Gaussian random variable on R with covariance matrix 61,4. In particular

Pf(?x(dy) = p(t,s,x,y)dy. From (3.4) we get

_ T T - -
G~ [ [ peywitsxyayds+ [ [ (L.GE= NPy sxy)iyds = 0.6

From (3.5), (3.4) and Lemma 4 we deduce that for all f € C§°([0,7T] x R™, R):

T
C(T)HfHLq’([o,T},Lp’(Rnd)) (1 + HP(SHLq’([o,T]yLﬁ’(Rnd))) = ‘ /t s F(5,y)p° (¢, 5, %, y)dyds|,

where ¢/, p’ are the conjugate exponents of ¢’, p’ respectively. This yields in particular from the Riesz
representation theorem that, for T small enough, ||p?|| 17 (0,10, L7 (®edyy < C(T). Thus:

T T
/t Rndf(s,y)p‘s(t,s,x,y)dyds /t - f(8:3) Pyeac(dy)ds| < CD |l par o.17,00/ (-

The Krylov like estimate (1.5) is then obtained by the bounded convergence theorem.

We have established that any solution of the martingale problem is s.t. for all f € C§°([0,T7] x

R™ R):
T
EF / f(s,X5%)ds
t

which is precisely the estimate (1.5) of Theorem 1.
Let now P be any solution of the martingale problem and denote, thanks to (1.5), its density by
p(t, s,x,y). We have that:

< C(T)HfHLq/([O’TLL;D’ (Rnd))> (3.7)

~Gf(t,x) ~EF

T
/ f(s, XY ds| + E
t

T
/ Rf(s,Xg’x)dsl
t

T T
i / f(S’Y)p(t’S’X’Y)dyds+// Rf(s,y)p(t,s,x,y)dyds
t Rnd \ e
T
_ / /Rnd(l—R)f(s,Y)p(t,s,x,y)dyds. (3.8)

Since both sides are continuous with respect to L9 — L?" norm, we conclude that (3.8) holds for all
fe LY — LP. We then conclude from Lemma 4 that:

EF /tT f(s,XEYds| = Go (I —R)“'f(t,x), (3.9)

which gives uniqueness for T small enough. Global well-posedness is again derived from a chaining
in time argument. The proof of Theorem 1 is now complete under (A)-(a).
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Proof of Lemma 4 We have, by definition

/ ds /R dy(Le= LR (ts,%,3) f(5,Y)
/t dS/Rnd dyH(t,s,x,y)f(s,y). (3.10)

Here, the operator H is the so-called parametrixz kernel. It already appeared, in a similar form but
under stronger smoothness assumptions in [DM10, Men11].

The bound (2.8) of Proposition 1 now yields that there exists C' := C((A)) such that:

T
Rt < [ as | nddylf(s,y)l{‘Fl(tX)—Fl(tﬂt,s(y» DY (8,5,5%,7)

3 e
=2

x) = (Fi(t, 00.4(5)) = D Filt, 01, (3))(x = 01,6(¥))ic1 )|

x| Dy, 5% (t, s,x,y)|} + |a(t,x) — a(t, 0t,s(Y))\|Dglﬁs’y(t, s,x,y)|}

< cﬂwdgémdﬂfggﬂ{(b%;_f” >+§:{HF £,%) — Fi(t, xi1, 004(y)™)

Rt xi180(0)™) = (Fill00.(¥)) = D Filt, 005(3)) (x = 81.(3))i1 )|
! }+ |x—et,s<y>r"}exp (07" (s = T (x — 814(y))P).

. (i-1)+3 t 24
(s —1) 2 5T (s—1)2

- zy) € RO From (A) and (1.3) we thus

where we have denoted for z € R, z#" = (zi, - -
derive, up to a modification of C:

ds _
Rit)| < c{zz | e [t i)

1=2 j=1

T ds . .
"), m [ et s %31 (s,y)

+Z/ (s —)i- n@ 3/2)/ dypc-1(t, s,%,y)|f (s, y)l} (3.11)

Note carefully that the condition (1.3) precisely gives that for all i € [2,n],j € [i,n], 1 — {(: — 1) +

% —BG-1+ %) > 0 so that all the above time singularity are integrable. Note also that, thanks to
Lemma 2:

- exp (—C7 (s —t Ts__l x — 0, 4(y))|?
/ dypc—l(taS,X,Y):/ dy ( ( ) nig @) < Cs12.
Rnd Rnd (S_t)T

The result now follows from (3.11) and the following key Lemma.

(3.12)
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Lemma 5 (L7 —L”" Controls for the singularized Green kernel). Introduce for f € LY ([0, 77, ¥ (R"d))
and some v € (0,1] the quantify:

T a
Nt = [ 2 | dvion s x Iyl (3.13)

There exists C(T) := C(T, (A),~) = 0 s.t. forall f € Lq/([O,T],Lp/ (R"9)),
—

INYfll Lot (o.17, 007 mayy < CO SN Lo (0,77, 20" (nayy -
]
Proof of Lemma 5. Setting K s * f(s,%x) := @ Jgna dybo-1(t, s,%x,y) f(s,y)dy, we derive from
(3.13) and the triangle inequality:

T
< [ sl 6 ey, (10

T
LY (Rnd) - H/t A5y % f(s, )’

From usual L' — L* convolution arguments we also get:

HNvf(ta')‘

LP (Rnd)

C
[ Kt s % f (s, ')||Lp’(Rnd) < an(sa ')HLp’(Rnd)-

Plugging this estimate into (3.14) and using the Holder inequality with exponents ¢',¢ > 1 s.t.
(@)1 4+ (@)~ =1 we obtain:

/OTdtHN f(t, )HL/p(]Rnd) < C/ dt / )Hf( )HLZ,/(RM))Q/

Cr / di / s I (5L gy

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

IN

T T
C /
N SNy < O [ ANy [ 57 < O 111y

up to a modification of Cr in the last inequality.
Hence, using the above control in (3.3) yields:

||Rf||Lq’([o,T},Lp’(Rnd)) < CTHfHLq’([o,T],Lp’(Rnd))-

This conclude the proof. O
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3.2 Existence and uniqueness under (D)-(b) and (c)

Since under the considered assumption 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,Fa(t,x),--- ,F,(t,x)), where F satisfies (S) and
(H). Recall from Theorem 1 under (A)-(a) that weak uniqueness holds for the SDE:

dX, = F(t,X,)dt + Bo(t, X, )dW,. (3.15)

For fixed (T,y) € Rt x R™, we consider the following deterministic system to define our Gaussian
proxy:
0.7(y) =F(t,0,7(y)), Orr(y) =Yy, (3.16)

and
d =~ —_ — — =~ —
5P =F( 0:7(y)) + DF(t,0:7(y))[d, — 01 7(y)], t=>0.

Again, in (3.16), we consider the Cauchy-Peano flow furnished by Lemma 1 and which also satisfies
the equivalence of rescaled norms of Lemma 2. The dynamics of the linearized Gaussian process
associated with (3.15) writes:

df{tT’y = (F(t, 0:7(y)) + DF(t, 0, 7(y))(X; ¥ — 9t,T(Y)))dt + Bo(t,0, 1 (y))dWr, (3.17)

and we denote the associated generator by (E?’y)te[O’T] and by p?¥(t, s,X, -) the corresponding density
at times s > t when the process starts in x at time t.

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. Once existence is known, the point is
that we use a different Gaussian proxy than previously, namely the one considered in (3.17) associated
with the driftless dynamics on the first component.

3.2.1 Existence and Uniqueness under Assumption (D) - (b)

Under (b) (bounded measurable drift F; on the non-degenerate component), existence is a direct
consequence of the Girsanov theorem. We thus now focus on uniqueness.
Repeating the previous approach (see subsection 3.1.2), using the family of random variables

():(ﬁy) selt,r] defined in (3.17) with X} = x as Gaussian proxys, we have to bound analogously to
the estimate of Lemma 4:

= / ds/ dy(Ly — L) p*Y (t, 8, x,5) f(5,¥) (3.18)
Rnd

/ ds/Rnddy Lt )+(Lt Ls’y)} Y (t,5,%,5)f(s,y)
f(t,x) + Rf(t,x),
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where
£t,x) = / ds [ dy(Lo= LVFY (s xy) fs.y),
]Rnd

and

_ — T = ~
Rf(t,x) = (R— R)f(t,x) :/t ds /RM dy(Ly — L)F*Y (t, 5, %, y) f(5,7) (3.19)

T ~
/ ds / dy(F1(t,x), Du, 5 (£, 5,5, ¥)) £ (5, 7).
t Rnd

From Lemma 4, we have already shown that Rf(t, x) is controlled in LY — L¥ norm. It thus suffice
to investigate the behavior of the LY — L? norm of Rf(t,x) defined by (3.19). Namely, our goal is
to prove that

IRS N ot o790 @ty < CONFN Lot o.77,10" @nayy» With C(T) 0 (3.20)

Since from (2.8) and (3.19) we have for all (¢,x) € [0,T] x R4

e[ gy (OO B
R7d (s—t)T

[Rftx)] < C [f(s,3)I-

s—t

The estimate (3.20) then readily follows from Lemma 5.

3.2.2 Existence 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 (Xt)tzo with 0 drift in the non-degenerate
component introduced in (3.15).

Uniqueness under Assumption (D)-(c) With the notations of the previous paragraph it remains
to control, in LY — L' norm, the contribution Rf introduced in (3.19). The term Rf in (3.18) is
again controlled as under assumption (A)-(a). Similarly to the previous paragraph (see also (2.8)
and (3.19)), we have:

- C c1 _ _
DAF YTy < o e (< (T - 0T k- Bur )
(T — t)T""?
C
( t)lﬁcfl(t,S,X,Y). (321)
s—1t)2

Uniqueness then follows from the following lemma which can be viewed as a refinement of Lemma 5
and explicitly exploits the condition on p and ¢ stated in (A)-(c).

Lemma 6 (Refined L? — LP control of singularized Green kernels).
Introduce for all f,Fy € L([0,T), LP(R"?)) and (t,x) € [0, T] x R,

ds
(s—1t)2

T
up (t,x) = Fl(t,x)/t /Rnd p(t,s,x,y)f(s,y)dy. (3.22)
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Then, for all p > 2,q > 2 s.t. % —|—§ < 1, there exists C(T) := C(T, A,p,q) T—(>) 0 s.t. for all
s
fa Fl € Lq([O?T]a Lp(Rnd))

lwr | paqom, e @rayy < C(D) | Fill paqo, e @ray) 1 f | Lago,m, e (mray)-

O
Proof of Lemma 6. With the notations of Lemma 5 rewrite:
T ds T
up (t,x) = Fl(t,x)/ T / po-1(t,s,x,y)f(s,y)dy =: Fl(t,x)/ dSng * f(s,x).
t (s—t)z Jrnd t 2
(3.23)
The triangle inequality yields:
T
H / AP Ky > £ € [ IR, s f6 . (329

The idea is here to reproduce the computations of Lemma 5 integrating directly the singularized
heat-kernel, i.e. K, 1, in the y variable when performing the Holder inequality in order to make the
b 72

product of the norms || f(s, )| Lo (rna) | F1 (2, -)|| p(mnay appear. Precisely:
.
IR g * Sy = ([ axiRer{ [ dvk,, cnsen))’
yo

([ axmr{ [ astiorH [ asi P’

P34 oot 5. zsiuon{ [ dlF eI} 329

IN

IN

where again p~! 4 (p)~! = 1. Observe now that usual Gaussian calculations give that:
g

N1 C
{ [ avie, P < — B
Rnd P n

(s— )"z v T2
which plugged into (3.25) yields from (3.24) that:
T T ds
dsFy(t,)K, 1 s,-( gc/F || £ (5, - .
| [ asnc gy s, <6 e P Ml iy

From the definition in (3.23) we eventually derive that:

Tdt T . T ds % Td
0 ||uF1( )HLP(]Rnd) = 0 H 1( )”LPRnd . (S_t)(% 1) \ S”f( )HL;D(]Rnd

4

T ds q
Ia . ; / .(3.26
| 1”Lq ([0,T),LP (R"4) ”f”Lq(OT] Le®rd) |\ [ (s _t)(n;d%+ ) ( )

A

IN

=
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with ¢=! + (¢§)~! = 1. Hence, in order to derive our final bound on IR S Lao, 17,20 (rray)» it suffices to
prove that the remaining time intggral in the above equation gives a small contribution in times. It
therefore remains to show that (%21 + 1) < 1. Since ()1 =1 — %, we have that:

P
n?d1 1y . n?d1l 1 1 n?d 2
(—f+f)q<1 = ——+-<1l-- = —+-<1,
2 p 2 2 p 2 q P q
which is precisely the condition appearing in (A)-(c) and assumed for the Lemma. The conclusion
then readily follows from (3.26). O

Existence under Assumption (D)-(c) We here consider a function Fy € L4([0, 7], LP(R"?)),
where p, g are as in (D)-(c). To prove the existence, the strategy is here to use the idea introduced by
Portenko [Por90] and used by Krylov and Rockner [KRO05] 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 [Zhal6]. We adapt here a
bit the approach.

Recall that for the process (X;)¢>o introduced in (3.15) we have from Thorem 1, equation (1.5),
the following density estimate.

Denoting by P(t,s,x,-) the transition probability determined by (Ls)s>0, it is s.t. for a given
T > 0, almost all t € (s,T] and all T € B(R™): P(t,s,z,T') = [ (s, t,x,y)dy. More specifically, for

any f € L9 ([0, T], L* (R"?)), ";,d +2 <20 >1,¢ > 1, and (t,x) € [0,T] x R":

] T
)EPLX [/ 1, Xs)ds} ’ < C3.27)| fll ot (0.1, 10" (mmayy» C327 := C3.20((A), T, 9, q."). (3.27)
t

We now state an exponential integrability result for the unique weak solution of (3.15). Such
types of estimates were first proved by Khas'minskii in [Kha59] for the Brownian motion. Since the
proof only relies on the Markov property, it does not require any specific modification.

Lemma 7 (Khas'minskii’s type exponential integrability). Let (X¢)i>0 be the (unique-weak) solution
to (3.15). Then, for any T > 0 s.t.

_ T
o := sup EFox [/ f(s,XS)ds} <1,
0

x€Rnd

one also has:

T
- _ 1
sup EFox [exp </ f(s,Xs)ds>] < )
xERnd 0 -«

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.

Proposition 3 (Exponential integrability). Let (X;)i>0 be the (unique-weak) solution to (3.15). Let
F, € LP([0,T], LY(R")) with % —i—% <1,p>2,q9>2. Then, there exists Ky, := Kg,((A),T) s.t.

sup EFox {exp (/OT y(a—lFl)(s,Xs)!stﬂ < Kp,. (3.28)

XER”d
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The constant Ky, depends continuously on |[F1| a0 1,10 (mndy)-

Proof. Observe that for a > 1 s.t. a(%—i—%) < 1, setting p’ = £, ¢’ = -, so that indeed ”;,d—&—% < 2,
one has:

!

1 2 T 1 2 N L i/
o Fi7% |, . = / dt / dx|(cT'F1)(t,x)[**)?P 7 )¢
o B ooy = ([ aef [ axliom Bowsper})

T a4 2a 9
P q a
C(/O dt{ /Rnd dX|F1(t,X)’p} ) S OH FlHLq([O,T},LP(R"d))'

From equation (3.27) we thus derive that for all x € R™®:

IN

_ T ~
[0 / o7 B (s, Xo)2ds]| < Corll lo™ Fa™ |l oo, iy < Co2rCll Bl 0.1 o gy

0
(3.29)
For a as above, write now for € € (0,1) and from the Young inequality:

o [exp ( /O ' ](a‘lFl)(s,Xs)!2d5>] < P [exp ( /0 ' (a‘lFl)(s,Xs)!%zdsﬂ C(T.a,2).

The statement now directly follows from the above equation, (3.29) and Lemma 7 taking e :=
(203.27C|| F]-|’%%([07T]7Lp(Rnd)))_1‘ O

Proposition 3 ensures that the Novikov condition is fulfilled in order to prove existence for the
martingale problem associated with (L:);>0 for F; satisfying (D)-(c) starting from Py« and the
associated dynamics (3.15) of the canonical process. Set,

~ t —
Wy =W, —/ (o7 'F) (s, X,)ds, t € [0,T].
0

From Proposition 3, we derive that:

M, = exp (/Ot (07" F1)(s, X )dW, — ;/Ot ](a‘lFl)(s,X5)|2ds> L te[0,T]

is an P-7; martingale (Here (F) se[o,7] stands for the natural filtration associated with the canonical

process (XS)SG[QT} under P). It follows from the Girsanov theorem that (Wt)te[o,T] is a Wiener process
on (2, Fr, (Fs)sefo,, P) where % = Mry. The dynamics of (X)sejo,7], writes under P:
T
dX,; = (BFl(t, Xy) + F(t, Xt))dt + Bo(t, X;)dW; = F(t,X;)dt + Bo(t, X;)dWs,

that is (Xi)sepo,r] solves (1.1) under P.
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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 Hélder exponents 387, i < j in [2,n]? in (1.3) since, as emphasized in
the introduction, we recall that when the condition on the LY — L? integrability of F; we have from
Example 69 of [BFGM14] that even weak existence can fail or weak uniqueness could not hold (see
Proposition 3.3 of [GO13]). We eventually recall that, the almost sharpness of the coefficients 5}, i
in [2,n], has been already proved in [CdR16].

Let us first introduce the main idea of our counter example. As we already discussed, the 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 7 of the noise added
in the system has to be strictly lower than 1/(1 — «). We formalize these facts with our Proposition
4 below.

This proposition will be the key tool to handle each Hoélder threshold which depends on the
component and the variable. Hence, in order to stress the (almost) optimal threshold for the drift of
the i*h component with respect to the j' variable we need to build an ad hoc Peano-like example.
Focusing on the i*" component and the 5" variable, for i € [2,n] and j € [i,n], we consider:

i) = sign(a]) || ¥ dt

t>0,
P = 2idt, ,i‘g = x{_ldt
it =2 At = . =& = 0dt

and x}, = 0 for all [ in [1, j]. Each entry (wf)tzo,ke[[l,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 ith equation whose
extreme solutions write ¢ ¢t(G=08+1/(0-5)) " n that case, our stochastic perturbation is on the

7

form
0 -+ v o 0
1 0 0
dX; = AXydt + BAW, + F/(X)dt, A= ¢ 1 o : (4.1)
: . w0
0 -~ 0 1 0

where FZ (x) = eisign(xj)|xj|ﬁzj,ei = (0---1---0)*. 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,
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focusing on the i*® stage of the chain and the j*" component this means that we are interested in the
following type of SDE

. t S Si42 L.
th = x—|—/ sign / .. / Z;;JHdSi'f‘l ...ds;
0 0 0

The non-uniqueness in law for equation (4.2) will then follow from the next proposition.

s Sit2 Bl 4
/0 .. /0 Z;’iqui_;,_l ...ds; ds+Wy, (4.2)

Proposition 4 (Failure of the well posedness for the regularized Peano system). Let VW be a random
process with continuous path satisfying, in law, an invariance by symmetry and a self-similarity
property of order v > 0. Namely:

Wh, t2>0) = (=W, t>0), ¥t >0,00W; = W,

Suppose moreover that E|W;| < 400 and that W and oo < 1 are such that there ezists a weak solution

to the following SDE:
s Sit2 ¢
/ / Zsldsl...dsk
0 0

t s Si+2
Zt:x—i—/ sign / / Zs dsy...dsg
0 0 0

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

ds + Wy, (43)

Turning now to our claim, it is clear that for Bf > 0 (4.2), admits for all initial condition x>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 4. Taking o = 3/,
W = W, which corresponds to the (i — 1) iterated integrals (in time) of Brownian motion and
therefore induces to take v =i — %, and k = j — i, we deduce that weak uniqueness fails as soon as

2 — 3
2 — 1

Bl <
It now remains to prove Proposition 4.

Proof of Proposition 4. Consider the maximal solutions of the deterministic solutions associated with
(4.3), that correspond to the case W, = 0 and write j:ca,kt(’mﬂ)/(l_a). The crucial point consists
in comparing the fluctuations of the noise in the dynamics of (4.3) with the extreme solution of the
associated Peano Example. The proof follows the lines of [CdR16] but we decide to reproduce it here
for the sake of completeness.

For a given parameter 3 € (0,1)1, we define for any continuous path Y from R* to R the variable
7(Y) as

(V) =inf{t >0 : Y; < (1= B)cqptkatt/ -y,

Again 7(Y') corresponds to the first passage of Y below a a threshold related to the extreme solution
of the deterministic Peano system.
The key point to the proof of Proposition 4 is the following Lemma.
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Lemma 8. Let Z be a weak solution of (4.3) starting from some x > 0 and suppose that o <
(y—=1)/(k+~). Then, there exists a positive p, depending on «, B, v and E|Wi| only, such that

P.(7(2) > p) > 3/4. (4.4)

Note now that if (Z, W) is a weak solution of (4.3) with the initial condition z = 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.

Let Z™ be a sequence of weak solutions of (4.3) starting from 1/n, n being a positive integer
and (Py/y,)n>0 its law. Thanks to Kolmogorov’s criterion, we can extract a converging subsequence
(P1/n), )k>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(2) = p) = 3/4,

and, thanks to uniqueness in law
Po(r(—Z) > p) > 3/4,

which is a contradiction.
O

Proof of Lemma 8. Let Z be a weak solution of (4.3) starting from x > 0. Since it has continuous
path, we have almost surely that 7(Z) > 0. Then, note that for ¢ € [0, 7(Z)] we have:

t
x—i—/ sign(/.../Zsldsl...dsk> /.../Zsldsl...dsk
0

> (1 _ /B)acajkt(koHrl)/(lfa) + W
Hence, choosing 1 such that (1 —7) = [(1 — £)* + (1 — 8)]/2 we get that:

Zt

dt + Wy

Zy > (1-— U)ca,kt(k"“)/(l_o‘) + (8- n)cavkt(kza—i—l)/(l—a) W,

for all ¢ in [0, 7(2)].
Let now p be a positive number to be specified later on. Set ¢, = (8 — n)cq,r and define

A= {6a,kt(ka+1)/(lfa) + Wy > 0 for all ¢ in (O,p]} .
Note that on A we have
Zt > (1 N n)ca,kt(ka+l)/(l_a) > (1 . ﬁ)ca’kt(ka—kl)/(l—a)

for all ¢ in [0, p|]. But this is compatible only with the event {7(Z) > p} so that A C {7(Z) > p}.
Hence

P(r(Z) > p) > P(A). (4.5)
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We are now going to bound from below the probability of the event A. We have

P(A) = P(3te(0,p] : a0 L, <o)
< (Ete(o, o Zga’kt(kaﬂ)/(l—a))
= P(3te(0.1] (o) Wi > G s(pn) et/ 0-)
= P(3te©1) : W= anlot) ),

where § =y — (ka+1)/(1 — «). Since a < (v —1)/(k + ), we get that 6 > 0 and we obtain from
the previous computations that

P(A%) <P (W] = Capp™) < B[40,
from the Markov inequality. Thus
P(r(Z) > p) > P(A) > 1 - EWi|E, 0",

so that there exists a positive p such that P(7(Z) > p) > 3/4.

A  Proof of the Technical Lemma 3

For the proof of this Lemma we are somehow faced with the same type of difficulties as for Lemma
2. Namely, recalling the expression of p'™¥ (¢,t + ¢,x,y) derived from (2.7), we have a dependence

of the covariance matrix Kiiig’ and of the linearized flow éiii?(x) in the integration variable y.
Let (0u7t(x))u€[t el be the forward flow provided by Lemma 1. 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 (Xy)yeft t+e) With dynamics:

dX, = DF(u, 0,+(x))X,du + Bo(u, 0y +(x))dW,,. (A.1)

The associated covariance matrix between ¢ and ¢ + £ writes:

t+e

Kij_(at = R" (t + &,u) Boo*(u, 0,4(x)) B*R"™(t + €, u)*du, (A.2)

t

where (R (v, u))i<uw<t+e stands for the resolvent associated with (DF(u, X)) yeft 1+ Observe that,
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from (H), KHEt satisfies the good scaling property (2.10). Write now:

/Rdﬁt+€’y(t,t+6,x,y)f(>’)dy

t+e,y t+e,y

_ exp (‘% <(f(ii?%’)—1(ét+€ t (x) —y), ét+s,t (x) — Y>)
B [/R { (2m)% det(K}12Y)3
exp (‘% <(K§ii 7)” L9t+a,t(~xt)+: y)17 01 1e(x) — Y>> }f(y)dy]
(271) 2 det(K; 0Y)2
GXP iizf) (9t+s t(x) —y), 0t+s,t(x) - Y>>
(27)% det(K{12Y)2

_exp( 5 (K2 ) (el ) -y >1,0t+s,t<x>—y>)}f(y)dy]
(2m) ¥ det(K{Z%,)

_|_

exp (3 ((REL )™ (Brres(x) - >,9t+a,t<x>—y>) ] s
fo 2 d(RL ) 4=

It is directly seen that Z5(¢, x) I()) f(x). It remains to prove that Zj(¢,x), 25(¢,x) can be viewed as
3

=1

remainders as € | 0.
Let us write

1
i < Wl [ o [ e O (43)

2 det( t+e,t

where A € [0, 1]:

Pixy(A) = exp <—; {((Kﬁ??’) (Oriet(X) = y), Otet(x) —y)+

AR 012 () - )dii’?() y)
~{(BIEZ) 7 Brre(x) = ¥).Ories(x) )] } ).
[(Pixy) V] < ’(Kiii’ty)fé {(9t+e,t(x)—3’) (0§i§? Y}

< KEZ) 72 {(Brrea(®) = 3) = (B2 ) = 9) oy V), (A)

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

is now the linearization error ](Kiii 2 (9t+6 1(x) — 0:12?( ))|. From (2.10) we readily have:

~ 1 t+e, 1 Stte,
(I (Orea(®) = 01127 (x))| < 3T (Brica() — B2 ()] (A.5)
To bound the above r.h.s. we first introduce for z € R™, v € [t,t + €],

F=Y (u,2) = (F1(t, Oui1e(y)), Fa(u, 21, (Buiie(¥))*"), Fa(u, 22, (Bu it (¥))>"), -,
Fo.(s, 20— 17(01L,t+s(}’))n))- (A.6)
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We then write:

TG0 -0 0) = et /t%du[( (1.6.,4(6)) = F*53(1,0,,1(x)

T,
( (11, O 12 (¥)) (B (%) — éi?’y(x)))
( d/\ (DF"Y (1,0, 11 (y) + MOut(x) — 0y ri:(y)))

— DF™Y (1,0, 142(y))) (Oup(x) — OU’HE(Y)))] }

= (Itl+a,t +I7 itet T It+a )(x%Y), (A7)

)

?

where, according to the notations of (A.6), for (u,z) € [t,t+¢e] x R™, DF**Y (u, z) is the (nd) x (n
matrix with only non zero d x d matrix entries (DFHE’y(u z))jj—1 = Dx, Fj(u,zj_1,0u1(y)"

€ [2,n]. In particular DF* ¥ (u, 0y, 11-(y)) = DF (u, 0y 14:(y)).
Observe now that, from (S):

d
")

T} (xy)| < CZ / due™ D ((0,4(x) — Oupre(y))i [

t+ 1+
< C/ 1+77/2 1/2|’]I‘€_1(0u’t(x)—Ou,t+€(Y))|) :

From Lemma 2 we now derive:

14n
Breeoy)l < €[ due V(DI O )] +1)
/2( _1/2 m— Ln
< Cen?(T; <et+5,t<x>—y>|+1) . (A.8)

Let us now deal with Itlﬁ’t(x, y). From the previous definition of FI™5¥ in (A.6), 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+€ .
Tyl < €Y 12y / |8t (%) — Bupye(9));1
i=1 j=i

IN

C <5—1/2 /t o du(|(9u,t(x) — Ousre(y))| + 1)

*Z”; [ {({0uste) = Oucectrn L })
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for some parameters 'yf > () to be specified below. Hence,

t+e
IZe e (5, ¥)] < C( / due' T (0,1(x) — Ourp=(y))] +'/*
t

Y
n n t+e o ) _ . 7i+1/2+,yj ’87.'_
it ([(Oup(x) = Oupie(y));) s
-I-E;Z/t du{z-: ( 172 ) +e€ }
=2 j=i
e et 1/2
< C due 7T (Oup(x) = Oupye(y))| + €
t
noon e i (/2 —z’+1/2+7{15ij
+30 [ dufe I (I 0ur) O ()] ¢ ).
=2 j—i

We now use Lemma 2 to derive e'/2|T-1(0, 4(x) — Ouire(y))] < C(eV TN (011 c4(x) —y)| +1). We
emphasize here that in our current framework we should a priori write 6. ,(6,,.(x)) in the above
equation since we do not have a priori the flow property. Anyhow, since Lemma 2 is valid for any
flow starting from 6, +(x) at time u associated with the ODE (see Appendix B below) we can proceed
along the previous one, i.e. (0y,:(x))ye[u,i+e- This yields:

|Itl+s,t(x> y)| (A.9)
;8

I, —it1/247] i
{e7H 7 4o )]

7

< O[T Brrea(®) - )| + D1+

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

i — ;i B J_ 1 y
Sitj o =i 2 = =0 - )0 =B,

J
%

to balance the two previous contributions associated with the indexes i, j. To obtain a global smooth-
ing effect w.r.t € in (A.9) we need to impose:

2i — 3

25 —1°

—it > -1 = pl >
Hence, under (1.3), we have that there exists ¢ := (((A), (ﬂg)ie[[l,n]],je[[i,n]]) €(0,1) s.t.:
T (e, ¥)| < O (14 2T (Brae (%) = y))- (A.10)
We now get from (A.5), (A.7), (A.8), (A.10) and the Gronwall lemma that:
(KT ™4 (Orsea(x) — 0127 (x)

1 ~t+te,
Ce2 [T (Orses(x) — 0,12 ()]
an/gAC(l + 51/2‘T;1<9t+6,t(x) - Y)’ + (51/2’T;1(0t+6,t(x) - Y)|)1+77)' (A.11)

VAN VAN
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Hence, recalling from (2.13) and Lemma 2 that

(K2 0127 (0 =9). 0112 () —y) = C 7T (B (9))I > O T2 (B o)) P -1),
we get from the definition in (A.4) that for all A € [0, 1]:
Pixy (V) < Cexp(CT1e| T (Bpre (%) — ¥)I).
We finally obtain from (A.4) and (A.11) that there exists Cy := Co(T, (A)) > 1 s.t.:
(Pixy) V] < Coe™?Cexp (=5 e[ T2 (Orte (%) = ¥)I7) - (A.12)

Plugging Equation (A.12) into (A.3), we derive that, since Kiiit satisfies (2.10), |25 (t,x)| TB 0.
E.

Let us consider now Z5(t,x). Write first B5(¢, x) := (25, + 25;) (¢, x) where:

1
E5(tx) = /Rnd( dynd Ji(}’) / d)‘(wig,)c,y)/(/\),

21)% det(K|7.,)7 Jo

A€ 0.1) iy = o (5 {(RIZ)  Brcs(0) ~ 90611010 - )
+ A [<(Kii§:g’)1(9t+a,t(x) —y),0t4c(x) —y)

K ) Orea) =), 01ca) - 3)| }).

— dy 1 1
=5 (t, = - — - — — - fxv)(1). (A13
50(t, %) /}Rnd (27r)%f(y') [det(KiZ:Z)Q det(Ki’f&t)?] (¢t, y)( )- ( )

Observe that for all A € [0,1],

(W) NS KD = (R ) ™) Ortet(%) = ¥), Orsc(x) = 3) [ 15y (V).

Equation (2.10), which holds for K7, , as well, yields:

Wiy V] £ C RN = (R ) ™) Orea(X) = ¥), Bren(x) — )|
x exp(—Ce[T (Orsca(x) = ¥) )
= ClQel exp(~Ce[T (Brrealx) — ¥)P2), (A14)

for C:=C((A),T).

Now, the covariance matrices explicitly write
, tte .
RIS = [ QRIS (64 o) Balu, 0 () BRI (4 2 0)”,
t

_ t+¢e _ B
Ki’j_‘&t = / duR"(t + ¢, u)Ba(u, Ou’t(x))B*Rt’x(t +e,u)",
t
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where R R respectively denote the resolvents associated with the linear parts of equations
(2.2) and (A.1). Thus, setting:

- > ttetttey _ ~t+e,t,t,
KISy — o 'K, T, KX, =< 'T.K, = T,
we write:
~tie, — ¢,
((RITZY ~ K Brser(x) — ¥), 0rpca(x) — )
> ttetitey ~t+te,t,t,x _ -
= ’ K, -K; )(e 1/2T6(9t+6,t(x) -y)),€ 1/2T5(0t+€7t(x) -y))
o> ltetltey Sttettx 9
<CIK, -K € ‘Ta(ot-&-s,t(x) -y
It remains to control the term
o> ttetttey ~t+ett,
K, ~K, T = (A - Al y),
t+e _ _
A§+€’t(x, y) = 5/ duT;lRt"’s’y(t +¢e,u)BAa(u,t + €)(x, y)B*Rt+5’y(t + e, u)*T;l,
¢
Aafu,t+2)(x,y) = (a(w,Buse(y)) — a(u, 0ui(x))),
tre = tteut,x, _
Ablxy) = e / duTIAR 7 (4 e, u) Ba(u, 0, (x)) B RI(t + &, u) " TZ!
t

t+e N
—5/ du{’]T;lRHE’y(t +¢,u)Ba(u, 0,4(x))B*
t

(t+e, u))*Tgl}

(t+e,u) = (Rt’x(t +e,u) — RIFEY (1 + ¢, u)) (A.15)

~t+e,u,t,x,y
X (AR

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

From the scaling properties of the resolvent, see e.g. Lemma 6.2 in [Men17] for details, we have that:

~t4e,u,t,x ~t+e,u,t,x

R (t +¢,u) = T-R; T, RIFSY (¢ +e,u) = T.R, T ! (A.16)

e

~tteut,x 2tteutx
where R, , Ry are non-degenerate bounded matrices, uniformly in u € [t,t + ¢]. Hence,
from (A.16) and the definitions in (A.15):

AT (x, )]
t+e t+e
< ol / Aa(u,t+ 2)(x, y)|du < Ce~! / 100.4(%) = Burse ()| du (A.17)
t t

t+e
< 06"/21/ dule?* T2 (00,4 (X) — Oupie ()T < C (| 2T (O11e (%) — y)|" + 1),
t

using again Lemma 2 for the last inequality. Still from (A.16) and the definitions in (A.15), write
now that:

t+e ~ tteu,t,X,
1AL (x, )] §C’5_1/ TIAR Y (t + £, u) T du. (A.18)
t
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Note then:

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

IT-'AR (t +e,u)T,|
t+e B
T-! / (DF (0,0, ()R (0, 0) — DF(0, 0, 142(y)JRY (0,u) )

£

t+e 1 1 A Steutxy
< / T- DF (0, 0,4(x))T-|| T AR (v, u)Te|dv

t+e€
+/
u

t+e
<c / e [DF (1,0,4(x)) = DF (v, 0u,0:(y))dv,

T (DF(U, 0,.:(x)) — DF(v, 0y 1. (y))) T.||T-'RIFEY (0, ¢)TL|dv

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],Vz"" = (z;,- - - , 2,) € R4,
zi_1 — Dy, Fi(z;_1,2"") is C"(R% R? ® RY)-Hélder continuous for > 0. We thus have to handle
the above term with some care. Write with the notations of (A.6):

~t+e,u,l,x,y
IT-'AR (t +e,u)T,|

n

t+e
¢/ s1;(\Dxi_lva,ev,t(x))—Dxl U (0,0,,(x)|

IN

+’Dxi—1F§+€7y (U’ ov,t (X)) - DXi—lFi (U7 9U7t+6 (Y)) |> dv

t+e 0
C/ 5_1 Z (‘DXZ'—1F1'(’U7 Gv,t(x)) - DXi—lFi(v7 Ov,t(x)i—l’ (Ov’t"‘a(y»l.n)‘
w =2

IN

+[(0y,¢(x) — 9v,t+s(}’))z‘—1!"> dv =: (R1 + R2)(t +¢,u,t,x,y).

We get |Ra(t + €,u,t,x,y)| < C’ffrs e7H0,.4(x) — 0y142(y)|"dv which can be handled similarly to
(A.17). This yields: |Ra(t + &, u,t,x,y)| < Ce"?(e¥/2|T71 (01424(x) — y)| + 1)". On the other hand,
using a reverse Taylor expansion, for positive parameters (5i),~e[[27n]] to be specified:

IN

IN

<

|Ri(t +e,u,t,%x,y)]
l+e '
C/ ! Z ‘{F 00,4(%)i—1 + 0i, (00,1(x))"™) — Fi(v, 8,4(x)) }

4+ 5;7) dv

—{Fi(v,00,4(%)im1 + 0i, (Ou142(¥))"™) = Fi(v, 00,0(%)i—1, (Bu,e2(y))™")
C/ 712 Z‘ v,t(X) — vt+s(}’))j‘ﬁg(5;1+(5?>.
=2 =1

{ZZ(W HOrres() — Y 1)U 4 max 5"}
i€[2,n]

1=2 j=1

using again Lemma 2 for the last inequality. For this contribution to be a remainder it therefore
suffices to choose §; = max;c; ] eli=1/2)8; 7, for v > 0 small enough. From the above computations
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we eventually derive that there exists ¢’ := ¢'((A), (Bg)ie[[l,n]],je[[i,n]]) € (0,1) s.t.

~ t+e,u,t, X,y n

IT-'AR (t+e,u)T| < Ce2" (5%’T;1(9t+s,t(x) —y)|[+1).

Plugging this bound into (A.18), we then derive from (A.17) and (A.15) that:

~>ttetttey ~tte,t,t,x P
K, - K, | < Ce3ne (5§|Tg 1(0t+€,t(x) —y)|+1). (A.19)

~ttetttey\ T ~tqettx
Because of the non degeneracy of a, the inverse matrices (Kl ) , (K4 )~! have the
same Holder regularity. Indeed, up to a change of coordinates one can assume that one of the two
matrices is diagonal at the point considered and that the other has dominant diagonal if |01 +(x)—y]|
is small enough (depending on the ellipticity bound and the dimension). This reduces to the scalar
case. Hence, from the definition in (A.14)

Qe| = ‘<((K§i§{)fl - (Kii(a,)il)<9t+a,t(x) —¥),0t1c4(x) —y)

~ttettte,y\ L ~ttettx. 3 B
( (Kl ) R T 2T By (%) — 1)), V2T B a () — )

< e (51/2|T6_1(0t+s,t(x) -y)l+ 1)5|Ta_1(9t+e,t(x) —y)f’, C:=C((A),T).

We eventually get:

_ , d _ _
E5,(t,x)] < CeM< /R O (T (B s (%) — ¥)| + 1) exp(—Ce| T (Br1es(x) — y) )

nd E\#
< CeVN = C((A),T). (A.20)

This yields |25, (¢, x)] e 0. Arguments similar to those employed for 25, (¢,x) can be used to prove

that for the term Z5,(¢,x) defined in (A.13) we have E5, (¢, x) e 0. The proof is complete. O
E—

B On the proof of Theorem 1 without the Axiom of choice

In this part we explain how our result still holds without assuming the Axiom of choice. As already
emphasized, the price to pay when working in that setting is the existence of a measurable Cauchy-
Peano flow for the deterministic ODE associated with (1.1) under (A)-(a) (obtained taking ¢ = 0 in
(1.1)) which is only defined almost everywhere in space. Namely, instead of Lemma 1 we have the
following Lemma whose proof is postponed at the end of the current section.

Lemma 9. For a given T > 0 sufficiently small and all (t,s) € [0,T)?, there exists a measurable
mapping x € R™ s 0, 4(x) s.t. for almost every x in R™, 0, 4(x) = x + fst F(v,0,s(x))dv.

Working with this “weak” Cauchy-Peano flow however does not affect the main lines of our proof
but we have to pay attention at some stage. Actually, from Lemma 9, we would derive that the
bounds of Lemma 2 now hold for almost every x and y uniformly in (s, #) € [0,7]2. Such a restriction
does not modify the controls involving L7 — ¥ norms of the Green kernel and its derivatives, see
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e.g. Lemma 4. On the other hand, it can be seen from the proof of Lemma 2 that one can consider
two different flows associated with the ODE deriving from (1.1). Namely, it holds that for the flow
of Lemma 9, for almost every y and any x, uniformly in (s,t) € [0,7]?, for any Peano solution
és,t( ) =x+ ft vt( ))dv, one has:

Cof(s = DT (Ba(x) = )2 — 1} < (5 — )| Ty (x = B ()P < Caf (s — )| T, (B (x) —y>12(+1}),

B.1
which allows us to switch from one flow (defined everywhere but not necessarily measurable) from
another (measurable but defined only almost everywhere) and to preserve all the results.

This property is crucial to guarantee the Green kernel (2.28) defined in Section 2.3 to be well
defined for any (t,x) € [0,T] x R™, which was a key point to derive the well posedness of the
martingale problem. It indeed suffices, instead of using Lemma 2 in the second line of (2.35), to invoke
(B.1) switching from the measurable Cauchy-Peano flow defined almost everywhere in space provided
by Lemma 9, to any other Cauchy-Peano flow (987t(x)) solving for a given (t,x) € [0, T] x R,

and for all s € [¢,T], 0,4(x) =x+ [ F(v,0,:(x))dv.

s€R,T)

Proof of Lemma 9. Our proof is as follows. We first show the existence of such a solution on every
compact subset K of R™ so that the Lemma follows from covering argument.

Let (6° )t<s<r be the mollified forward flow defined by (2.18). Then, for any (t,s) € [0,T], on
any compact subset K of R™ we have from the sub linear growth assumed on F that

10200y =[x (1 Cls = tsgns = 1) [ avfi+ 102,20}

Crer?(Kl+ s 0040l ).
(s,¢)€l0,1]?

IN

where C' := C(|K|). Hence, taking the supremum in s,¢ in the above Lh.s. and for T small enough,
we obtain:

sup (02,0l z2(re) < C, C = C(T,(A), K), (B.2)
(s,t)€[0,T)?

that is, the sequence (9i_)5>0 is uniformly bounded on C([0,T]?, L?(K)). Note as well that similar
arguments yield that, for all (s,t), (s',¢') € [0, T]*

162:() = 0% v 2y <1162, Q)_'Bit()HLQK)*_HOgt() 0% v ()2
1
5

/dx/ (0, 0,,(0))dv]?) + /dx|/t/ (0,00 (x))dof?)

Clls = [+ [t =),
where C' also depends on the uniform bound C' on Hegt()H 12(k) derived from (B.2). The mapping
(t,s) € [0,T)? Hgt( ) € L*(K) is so C-Lipschitz. Hence, from the Arzela-Ascoli theorem, one can
extract a subsequence, still denoted by (0 .)s>0, that converges uniformly in (¢, s) for almost every x
in K to some flow 8 and such that ||057 (- ) — 054()|lL2 (k) goes to 0 with ¢ uniformly in (¢, s). Let us

now show that such a @ solves (2.3) in the L? sense on any compact subset K of R". Let (¢,s) in
[0, 772, we have:

IN

IN
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13,0 = 6Oy = [ dxfxet [ EO(0, 88,0000 0., (B.3)
- /K dxs< /t F(0,00,(x)) ~ F(v, 63,(x))dv)
+( /t F(0,69,(x)) = F(v,0,,(x))dv)

#(es [ Ew 0000 0..00])

2
- HM?(t,s, ) + Mg(tvs7 ) + M3(t’s’ )

L*(K)

It is clear from the definition of our regularization procedure that for all (t,s,x) in [t,T]> x R"?
MS — 0as & — 0. Let us now consider the term MJ. From (A), there exists C' := C((A)) such
that, for all v in [¢, T

[F(v,05,() = F(v,00:())] < C{ S 160%() — Bua ()1 + Y {!(ai,t(') = 00.4())i1]
j=1 i=2

+>_1(62,:() —9v,t(->)j\ﬁf}}- (B.4)
j=i

Now, for every v € (0,1] and j in [1,n] we obtain, thanks to Holder inequality and Fubini Theorem,
that there exists a positive C’ := C’'((A), T, |K|) such that for all (s,t) € [0, T]*:

Joax([ o102 0ust) " < sl [ dxsents =) [ dol(68 ) ~ 6,0,

.
< ]t—s]QIK\1_7 sup </ dx\(Og, t,(x)—OS,?t,(x))jP)
(s',t)e[0,T)2 \JK ’
< TIK["Y sup [1005() = Os e (N e (B.5)
(s',¢/)€[0,T]?

We deduce from (B.4) and (B.5) that M3 — 0asd—0.
c([0,7)?,L*(K))

Hence, taking the supremum over all the (¢,s) in [0,7]? and passing to the limit in (B.3), we
eventually derive that, on any compact subset K of R":

2

sup H./\/lg(t,s,-)H%Q(K): sup /dx‘x—i—/ F(v,0,:(x))dv — 0,:(x)| =0.
(t.s)€l0,T]? (t,5)€0,T]2 J K ¢

Hence, we obtain that for all compact subset K in R™, [0, T]? > (s,t) = 05(-) € L?(K) is a Lipschitz
function that solves the ODE for almost every x in K. The result can then be extended to R™ writing

Rnd — U(kl,--- Jong)€Znd [k“ k; + 1]
O]
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