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MARTINGALE PROBLEMS FOR SOME DEGENERATE
KOLMOGOROV EQUATIONS

STEPHANE MENOZZI

ABSTRACT. We obtain Calderén-Zygmund estimates for some degenerate equa-
tions of Kolmogorov type with inhomogeneous nonlinear coefficients. We then
derive the well-posedness of the martingale problem associated with related
degenerate operators, and therefore uniqueness in law for the corresponding
stochastic differential equations. Some density estimates are established as
well.

1. INTRODUCTION

1.1. Statement of the problem. Consider the following system of Stochastic
Differential Equations (SDEs in short)

dX} = F(t, X}, ..., X)dt +o(t, X}, ..., X7)dWs,
dX? = F(t, X}, ..., X[")dt,
(1.1) dX} = F3(t, X7, ..., X}")dt, t>0

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

(Wi)t>0 standing for a d-dimensional Brownian motion, and each (X})i>o0, i €
[1,7n], being Re-valued as well.

From the applicative viewpoint, systems of type (1.1) appear in many fields.
Let us for instance mention for n = 2 stochastic Hamiltonian systems (see e.g.
Soize [S0i94] for a general overview or Talay [Tal02] and Hérau and Nier [HNO4]
for convergence to equilibrium). Again for n = 2, the above dynamics is used in
mathematical finance to price Asian options (see for example [BPV01]). For n > 2,
it appears in heat conduction models (see e.g. Eckmann et al. [EPRB99] and Rey-
Bellet and Thomas [RBT00] when the chain of differential equations is forced by
two heat baths).

Under mild assumptions, namely spatial Lipschitz continuity of the coefficients
(F3)ieqi,n], o, non degeneracy of the bounded diffusion matrix a(t,.) := oo*(t,.)
and the gradients (D, , F(t,.))ic[2,n] (Weak Hérmander condition), some multi-
scale Gaussian Aronson like estimates have been proved in [DM10] for the density
of (1.1) uniformly on the time set (0,77], for fixed T > 0 (see Theorem 1.1 of
that reference). Those results extend to the case of Hélder continuous diffusion
coefficient a(t,.) and gradients (D, , F;(t,.))ic[2,n] thanks to uniqueness in law
arguments that have been investigated in [Menll] through the well posedness of
the martingale problem.
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2 STEPHANE MENOZZI

Anyhow, when studying the martingale problem, the natural framework is to
consider non-degenerate continuous coefficients!. In the special case n = 1 if a(t, .)
is bounded and uniformly elliptic, i.e. (1.1) corresponds to a non-degenerate SDE,
it is well known that the martingale problem associated to the generator (L¢):>o
of (1.1) is well posed as soon as the coeflicient F; is bounded measurable and that
a(t,.) is continuous in space, see e.g. Stroock and Varadhan [SV79].

The key ingredient consists in proving Calderén-Zygmund estimates. In that
framework, those estimates write as controls in LP norms of suitable singular in-
tegrals related to the Gaussian density of (1.1) when the diffusion coefficient is
constant in space and F; = 0. These controls then allow, through an operator
inversion, to derive the well posedness of the martingale problem, or from a PDE
viewpoint of the Cauchy problem with LP source term, when the diffusion coeffi-
cient does not vary much. The case of a bounded drift can then be handled through
a Girsanov transform. Eventually, the well posedness of the martingale problem is
established under the sole continuity assumption on a and boundedness on b thanks
to a localization procedure.

We refer to the monographs of Stein [Ste70] or Gilbarg and Trudinger [GT83] for
a presentation of the Calderén-Zygmund theory for non-degenerate elliptic equa-
tions. In that framework a more probabilistic approach is proposed in Bass [Bas95].
We also mention the monograph of Coifman and Weiss [CW71], from which some
Calderén-Zygmund estimates can be derived in some degenerate frameworks when
there is an underlying homogeneous space.

In this work, for n > 1, under the previous assumptions of non-degeneracy and
continuity on a and a weak Hérmander condition of the (Dg,_, Fi(t,.)ic[2,n]), We are
interested in proving the well-posedness of the martingale problem for the generator
(Lt>t20 of (11)

To achieve this goal, we will establish Calderén-Zygmund estimates for a singu-
lar Gaussian kernel derived from a suitable linearization of the degenerate system
(1.1), already used in [DM10], [Menl11]. The linearization is here crucial since it
provides the proxy density on which some good controls can be established. Ob-
serve indeed that when o is constant in space and the coefficients F' are linear
and s.t. (Dg,_, F}i)ic[2,n] satisfy a weak Hérmander condition, then the SDE has
a multi-scale Gaussian density (see the seminal paper of Kolmogorov [Kol34], Di
Francesco and Polidoro [FP06], [DM10]). Roughly speaking, the non degeneracy of
a and the Hérmander assumption on the drift allow to say that the i*" component
of the SDE feels a noise whose typical scale corresponds to the one of the (i — 1)th
iterated integral of the Brownian motion which is t1/2T0=1 = ¢(2i=1)/2 4t time ¢.
On the other hand, the Gaussian density exhibits deviations w.r.t. the transport
of the initial condition by the deterministic differential system? having unbounded
coefficients. The multi-scale Gaussian densities of Kolmogorov type will play here
the same role as the standard Gaussian one in the non-degenerate setting of [SV79].

Let us now mention that in the linear case, Calderén-Zygmund estimates have
been obtained by Bramanti et al. in [BCLP10], [BCLP13]. Precisely, they consider

I This assumption yields even in the non-degenerate case, estimates in L9 spaces for the density
(see e.g. Chapter 9 in [SV79]), whereas the Holder continuity gives, still in a weak solution
framework, pointwise controls (see e.g. Sheu [She91]).

2corresponding to (1.1) when 0 =0



MARTINGALE PROBLEMS FOR SOME DEGENERATE KOLMOGOROV EQUATIONS 3

an operator

Po N
.A = Z aijazi,zj + Z bijl'iamj,
i,j=1 ij=1
where the matrices (aij)(,j)e1,po]2 are symmetric positive definite, constant in
[BCLP10], with continuous variable homogeneous coefficients in [BCLP13], and
the (bi;)(i,j)ep,ny2 are s.t. A is hypoelliptic. The authors then establish global L?
estimates p € (1, +00) of the following type: 3c:= c(a,b, po, N,p), Yu € CZ(R"N),

1022, ull Loy < el Aull Loy + lull Loy}, (@ 5) € [L,po]*.
Weak (1-1) estimates are also obtained. It has been proved in [LP94] that for some
suitable basis, the matrices b have the same form as in (1.1), i.e. in our setting the
coefficient F' would write F(x) = Bx where B; ; = Ogxq for j <i—1, (i,7) € [1,n].
Hence, the operator A can be seen as a particular case of generator associated to
(L.1).

The strategy in those works still consists in estimating suitable singular inte-
grals® related to the Gaussian fundamental solution of L = A — 9, that enjoys the
previously described properties (multi-scale and unbounded transport). Even in
the linear framework, when the matrix B has strictly upper diagonal entries it is
not possible to enter the Coifman and Weiss [CWT71] framework of homogeneous
spaces. Here, the underlying homogeneous norm would be the one derived from
the various time scales of the components, corresponding once again to those of the
iterated integrals of the Brownian motion. Namely,

(12) V(Sa Ty, ,zn) €R x Rnda ﬁ(sv'rlv e ,ZL'n) = |S|1/2 + Z |1‘i|1/(2i71)'
=1

Now, for a given i € [1,n — 1], the entries B; ; € R?® R?, j € [i + 1,n] are asso-
ciated with components that have negligible time scale, namely t(/=1/2 w.r.t. to
the current one of order ¢+(2=1)/2 in small time. This property has been exploited
thoroughly in [DM10], [Menll] and Section 3 to derive pointwise estimates, but
in the current framework it breaks the global homogeneity in (1.2) when consid-
ering, for (s,2), (t,y) € R x R™ d((s,z),(t,y)) = p(t — 5,2 — exp(—B(t — 5))y)
which appears as a natural candidate to be a quasi-distance taking into account the
transport. It can be shown that d((s,z), (t,y)) and d((t,y), (s,z)) are equivalent
on metric balls only (whereas they are actually globally equivalent when there are
no strictly upper-diagonal contributions in B, see also Section 3).This observation
could lead to consider the associated metric balls as homogeneous spaces to be in
the Coifman-Weiss setting. The problem with this choice is that it is not clear
anymore that the (sub)-balls enjoy the doubling property. This is why the authors
in [BCLP10], [BCLP13] rely on some specific estimates established by Bramanti
[BralO] on possibly non doubling spaces (see Section 3 for details). Also, their
analysis strongly relies on some underlying Lie group structure.

Let us mention that for variable homogeneous coefficients (namely in VMO,
(resp. C?) w.r.t. the distance induced by the vector fields), local LP (resp.
Schauder) estimates have been obtained by Bramanti and Zhu [BZ11] following
the same lines. Concerning the link between the L estimates of [BCLP13] and the
well-posedness of the martingale problem, we can refer to the recent work of Priola

3precisely second order derivatives w.r.t. to the non degenerate components



4 STEPHANE MENOZZI

[Pri13] who introduces a rather general localization procedure that allows to extend
the well posedness of the martingale problem from the case of almost constant co-
efficients to the natural one of continuous coefficients. The contribution of [Pril3],
w.r.t. to the classic localization results of Stroock and Varadhan (see e.g. Chapter
6.6 in [SV79]), being the handling of rather general unbounded coefficients.

The main novelty in our approach consists in considering inhomogeneous and
non-linear coefficients for the degenerate part of equation (1.1). To this end we
introduce a suitable kernel and do not exploit some underlying Lie group proper-
ties appearing in the quoted works. The key idea consists in viewing (1.1) as an
ODE perturbed by a noise. This naturally yields to consider balls that are build
around the characteristic lines of the ODE and reflect the multi-scale behavior of
the process, where the various scales are once again those of the Brownian motion
and its iterated integrals. This approach also allows, through a suitable localization
procedure, to establish density estimates in L9 spaces.

The article is organized as follows. We state our assumptions and main results in
Section 2. We then introduce in Section 3 the degenerate Gaussian kernel for which
we establish Calderén-Zygmund estimates, recalling formally how uniqueness can
be derived from these controls when the coefficients do not vary much. In Section
4 we specify the various steps that lead to the Calderén-Zygmund estimates of
Theorem 3.1. We then perform in Section 5 a localization procedure and give some
local and global controls on the density from the previous estimates. This requires
some careful adaptations of the arguments of the non-degenerate framework, see
e.g. Sections 7.1, 7.2 and 9.1 in [SV79]). Section 6 is the technical core of the paper
and is devoted to the proof of the technical results of Section 4.

2. ASSUMPTIONS AND MAIN RESULTS

2.1. Notations and Assumptions. 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" )i>0
to (1.1) is denoted by (X;);>0. Introducing the embedding matrix B from R? into
R ie. B = (I4,0,...,0)*, where “#” stands for the transpose, we rewrite (1.1)
in the shortened form

dXt = F(f, Xt)dt + BO’(t, Xt)th,

where F = (F}, ..., F,) is an R"-valued function.
With these notations the generator of (1.1) writes for all ¢ > 0:
(2.1)

Vo € C2(R™), Vx € R™, Lip(x) = (F(t,x), Dyp(x)) + %tr(a(t,x)Diltp(x)).

Also, for a point x := (x1,- -+ ,%,) € R™ we will often denote for all i € [1,n —
1], x™ = (x4, ,Xp)-
Let us now introduce some assumptions concerning the coefficients of (1.1).

(C) The diffusion coefficient (a(t,.))¢>0 is bounded measurable and continuous in

space, i.e.
lim sup |a(s,y) —a(s,x)|=0
Y=X0<s<T

for all T > 0 and x € R,

(UE) There exists A > 1, Vt > 0,x € R™ ¢ € R4 A7L¢)2 < (a(t,x)€, &) < A€
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(S) The (Fi)icpi,n and the (Dx, ,F)ieq,n] are twice continuously differentiable
with bounded derivatives in space, bounded measurable in time.

(ND) There exists a closed convex subset £;_1 C GL4(R) (set of invertible d x d ma-

trices) s.t., for all t > 0 and (x;_1,...,x,) € R4 D Fi(t,x; 1,...,%x,) €
Ei—1. For example, &;, i € [1,n — 1], may be a closed ball included in GL4(R),
which is an open set.
Assumptions (UE), (ND) can be seen as a kind of (weak) Hérmander condition.
They allow to transmit the non degenerate noise of the first component to the
other ones. Let us also recall that the last part of Assumption (ND) and the
particular structure of F(t,.) = (Fy(t,.), -, F,(t,.)) yield that the i*" component
of the system (1.1) has intrinsic time scale (2¢ — 1)/2,¢ € [1,n]. This fact will
be thoroughly used in our analysis (see Section 3 for details). We notice that the
coefficients may be irregular in time, see (S). Also, the spatial smoothness on F
is required to adapt the techniques of [BCLP10], which involve the adjoint kernel.
We say that assumption (A) is in force when (C), (UE), (S), (ND) hold.

2.2. Main Results. Our main result is the following theorem.

Theorem 2.1. Under (A) the martingale problem associated with (L;)¢>o in (2.1)
is well-posed. That is, for every x € R™, there exists a unique probability measure
P on C(RT,R") s.t. denoting by (X;);>0 the canonical process, P[Xg = x] = 1
and for all p € Cy*(RT x R™ R), o(t, X;) — ¢(0,%) — fg(@s + Ls)p(s,Xs)ds is a
P-martingale. In particular, weak uniqueness in law holds for the SDE (1.1).

Also, if the diffusion coefficient a is uniformly continuous, the unique weak so-
lution of (1.1) admits a density in the following sense. Letting P(s,t,x,.) be the
transition probability determined by (Lt)t>0, then for a given T" > 0, almost all
te(s,T) and all T € B(R™), P(s,t,x,T) = [ p(s,t,x,y)dy.

More specifically, for any f € LP([0,T] x R"?), p > (HZ—H), there exists Co. o :=
Coo(T,p, (A)) s.t. for all (s,x) € [0,T) x R"%:

T
(2.2) |E§,x[/ f(t, Xp)dt]] < Coa(1+ XDl e (o) xrn)-

Remark 2.1. Let us first emphasize that by duality, the previous control gives a
bound for the density in L4([0, T]x R™?) where ¢~!4+p~! = 1. Also, the contribution
in x in the r.h.s. of (2.2) is specifically linked to the unboundedness of the drift
term in (1.1). It derives from the localization procedure needed for the analysis.
Namely, we are led to consider a suitable partition of [0,7] x R™@ on which the
coefficients of (1.1) satisfy a same given continuity constraint. Consider for instance
a given point (s,x) € [0,7] x R and a given threshold ¢ > 0. It is then clear
that |0 s(x) — x| < nf:|0uﬁs(x)|du < k(t — s)|x|exp(k(t — s)), t > s, where
k stands for the Lipschitz constant of F. Hence, one has |6;s(x) — x| < ¢ for
|t —s| < C/|x|,C := C(k,e), which corresponds to the time step of the partition
for a given |x|. For a fixed T > 0, [|x|C~1T] is then an upper bound for the total
number of time-steps.

3. “FROZEN” KERNEL AND FORMAL DERIVATION OF UNIQUENESS FROM
CALDERON-ZYGMUND ESTIMATES

Assume (A) is in force. One of the main differences between the uniform Hélder
continuity assumed in [BP09] in the non degenerate case or in [Menll] for the
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current framework and the continuity statement of (C) is that in the first two cases
no localization is needed. Indeed, the global Holder continuity allows to remove
globally the time singularities coming from the second order spatial derivatives of
suitable Gaussian kernels arising in a parametrix like expansion of the density. In
the current framework we first focus on the “local case”. As in the non-degenerate
case, we assume the diffusion coefficient a(t,.) := co*(t,.) of (1.1) “does not vary
much” (see e.g. Chapter 7 of [SV79]). For technical reasons (see Section 6.3 and
the proof of Lemma 6.3), we suppose that the gradients (Dx,_, Fi(t,.))ie[2,n] do not
vary much as well, that is the degenerate components are “almost affine” w.r.t the
components that transmit the noise. Precisely, we first assume that there exists
xo € R™ such that:

€a = sup sup |a(t,x)— a(t,xo)],
0<t<T xeRnd
erp = sup sup  sup  |Dx,  Fi(t,x;_1,2"") — Dx,  Fi(t, (x0)i—1,2"")|

i€[2,n] 0<t<T (x,2z)€(Rnd)2
(3.1)

are small, without supposing a priori continuity of a.

To define the Gaussian kernel needed for the analysis we first introduce the
backward deterministic differential system associated with (1.1). For fixed T >
0, y € R™ we define:

(3:2) 0.,7(y) = F(t,0,7(y)), Orr(y) = .

Consider now the deterministic ODE
d ~ -
(3.3) 70 =F(t.0.7(y)) + DF(t,0:.7(y)) (¢, — Or7(y)], ¢ 20,

where for all x € R™?,

0 0

DxlFQ(t7x> 0 0

DF(t,x) = 0 Dy, F3(t,x) 0 0 :
: 0 . :

0 0 Dy, F.t,x) 0

denotes the subdiagonal of the Jacobian matrix DxF at point x.
AT, . . AT, . b
We denote by (Btﬁsy)sﬂgzo the associated flow, i.e. thsy (x) is the value of ¢, when

¢, = x. It is affine:
6.7 (x) = RT¥ (1, 5)x
(3.4) + R (1,0 (P, 0,2(¥)) — DF(w, 0,.2(3))0..1(y)) du
= RST*y(t, s)x +m?Y (s,1).

Above, (RT¥(t,5))s>0 stands for the resolvent associated with the subdiagonal
matrices (DF(t,0,1(y)))i>0. Note in particular that det(RT¥ (¢, s)) = 1.
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We now introduce for all 0 < s < ¢, (x,y) € (R"®)? the kernel:

_ - 1
1t 3= G e o (s, )1 2
1 - 1,5ty ~t,y
33 e (3R 607000 3.0 600 - ).

where KY(s,t) = f; RYY (¢, u)Ba(u, xo) B*RYY (t,u)*du. In other words, under
(A), q(s,t,x,y) is the density at time ¢ and point y of the diffusion (ijy)ue[s,t]
with dynamics:

XY = [F(u, 0u(y)) + DF(u, 0,,:(y)(XY — 0ue(y)ldu + Bo(u, x0)dWa,
(3.6) Yu € [s,1], X4 = x.

Assumption (A) also guarantees that the covariance matrix (K (s, t))o<s<¢ sat-
isfies 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 Cs.7 := C3.7(T, (A)) > 1s.t. forall0 < s <t <T, for all y € R"%:
(3.7) VEER™, Cyz(t—s)"'[Trsbl* < (K¥(5,1)§,€) < Car(t —5) 7T,
where for all ¢ > 0, T; = diag((tild)ie[[lﬁnﬂ) is a scale matrix. As pointed out
in the introduction, equation (3.7) indicates that the i*" component of (3.6) has
characteristic time scale of order (2i — 1)/2.

From (3.5) and (3.7), we directly derive that for all T > 0 there exists C3 g :=
C3s(T,(A)) >1st. forall 0 <s<t<T, (x,y) € (R*)2%:

- _n? —1 by ~
CV3.81(1f - S) 4/2 exp(—C3,g(t - S)th—ls (et,s (X) - Y)|2) < Q(& i, x, y)
a2 _ 1 at
(3.8) < Caglt—5) 7" 2 exp(—Cai(t = )T, (0,3 (x) — ¥)):

Now, Lemma 5.3 and Equation (5.11) from the proof of Lemma 5.5 in [DM10]

(see also Sections 4.2 and 6.2 for details) give that:

~ty

CTH T (x = 0.4(y)| < T (0,5 (x) — y)| < CIT s (x — 04,4(y))],
- _ _ ~t, - .
Dy, d(s,t,%,5)] < C(t — ) T2,(0,7 (x) — )|d(s. t.x.y), j € [1,n].
(3.9)

On the other hand it is crucial to observe that §(s,t,x,y) satisfies the following
Backward Kolmogorov equation for all (t,y) € RT* x R :

(310) (0. + L) dls.tx,¥) = 0, (5,0 € 0,6) X B™, dls,t,.,y) — 8,(.).

In the above equation we wrote:
E?y(j(S,t,X,y) = <F(Saes,t(Y)) +DF(5705,t(y))(x - es,t(y))vDX(j(satvan)>
1
+5tr(a(s,%0) D2, (s, £, %, ).

For the rest of the section we assume w.l.o.g. that T < 1. For 0 < s < T and a
function f € C5°([0,7) x R™) we now define for all x € R"%:

T
(3.11) éf(s,x) ::/ dt/Rnd q(s,t,x,y)f(t,y)dy.
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From (3.10) one easily gets that

aséf(s,x) —l—Mf(s,x) =—f(s,x), (s,x) €1[0,T) x R, éf( ) ﬁ 0,

with Mf(sa X) = fsT dt I]Rnd dyi’?y(j(sa ta X, y)f(ta y)
Hence,

0sGf(s,%) + LG f(s,x) = (—f + Rf)(5,%), (s,x) € [0,T) x R",
where Rf(s,x) := (L,Gf—MFf)(s,x) = féT dt [ona dy(Ls— Lt¥)(s,t,x,y)f(t,y).
Now, the local condition (3.1) yields:

(3.12) [Rf(s,x)| < INf(SX|+Z|Dlef(S x)| + = > 1D LG f(s,%)],

=2

where setting

Ft7y(sa X) = (Fl(sa es,t(y))a FQ(Sa X1, (es,t(y))27n>a F3(Sa X2, (eSyt(y))s’n% T
Fn(s,Xn-1, (05,15(}’))71)),

Nix) = 30 [dt [ dyl((F - F)(sx0), Dadls x5,
(3.13) )
and for all ¢ € [2,n],
T
Rif(S,X) = / dt/Rnd dy(j(s,t,x,y)f(t,y){Fﬁ’y(s,x)
(314) - [Fi(sa es,t(y)) + DXi—lFi(Sa es,t(y))(x - es,t(y))ifl] }

Remark 3.1. Observe from the above equation that if, for all ¢ € [2,n], the function
F; is linear w.r.t. to the (i — 1)'" variable (component that transmits the noise),
then for all (s,x) € [0,T) x R™, R, f(s,x) = 0.

The terms N f in (3.13) and (Dx, R f)ic[2,n] in (3.14) do not have time singu-
larities. Let us justify this point.
Using (3.8), (3.9), we derive from (3.13) that:

N (s, %) Z/ ] vt = 0 ) Dl x, )0 )
SCZ / i [ { LB B o) b e 20 012 )~ ylatosx )
<c / i [ e e O = TG )~ YRS C = C((A)).

Now, as a consequence of Holder’s inequality we derive that for all p > 1, p~! +
—1
g =1

P P/q
N f(s,x)|”P < C(p NT / dt/Rnd t—s REFY

exp(~C(t = 9)| T (6,2 (%) = y)P)IS(t )P



MARTINGALE PROBLEMS FOR SOME DEGENERATE KOLMOGOROV EQUATIONS 9

The Fubini Theorem and (3.9) then yields:

(3.15) INfllzoo,myxmnay < Clp, (AT f Nl o (jo,1) x ey
From (3.8), (3.9) we also derive for all i € [2,n]:
|Dx, Rif(s,x)] < / dt/ . n2d/2 (t — S),i+1/2|(x —0.:(y)i1l?
rnd (¢ —

xexp (Ot = 9)[T,2,(8,7 (00 = y)) 1 (t.y)

T
— i—3 d
C/s dt(t — s) "1 2>/WW|J“(L3’)I
X exp (—C Lt —s)|T, (6 tZ(X)—Y)F)-

Hence, by Holder’s inequality and for p > 2, p~! + ¢! = 1:

IN

T r/q
D Rif (s, %)|P < C(p, (A)) (/ di(t — S)(l“ig))q)

</ it [ e (<07 - 9T 01 0 - v)P) |f<t,y>|p>,

(3.16) | D, Ri fl| o 0,7y x ey < C(p, (AT | fll oo,y rna),

where the last control again follows from Fubini’s theorem.

Now, the key tool to prove uniqueness for the martingale problem derives from
the following Calderén and Zygmund type estimate for the Green function Gf.
Namely, we have the following theorem.

Theorem 3.1. Assume that Assumption (A) is in force. Suppose also that the
local condition (3.1) holds for F, i.e. er < eo(n,d) for a small enough £o(n, d),
and that T € (0,Tp], To := To((A)) < 1. Then, for all p € (1,+00) there exists
Cs.17 := C3.17(To, p, (A)) s.t. for all f € LP([0,T) x R"4),

(3.17) 1D2, G flleooryxrney < Csazll flloo.r)xrnay,

where the Green function Gf is defined in (3.11) with the kernel ¢ introduced in
(3.5).

Remark 3.2. Let us specify that the small time condition appearing here is due to
the fact that we are led to compare the flow 0 and its linearization. It is clear that
this procedure can be a good approximation in small time only.

Hence, plugging (3.17), (3.16) and (3.15) into (3.12) we derive that under (A),
for p > 2,
Ea 1
(3.18) RSl Lo (0,1) xRy < (303.17 + C(p, (A)T2)| fll e (fo0,1) xRP4)-

Thus, for e, < C3 1, and T < (4C(p, (A)))~2, the operator I — R admits a bounded
inverse on LP([0,T) x R"?), and formally G f(s,x) := Go (I — R)~!f(s,x), (s,x) €
[0, T] x R solves the Cauchy problem:

(0r + L)u(t,x) = —f(t,%), (t,x) € [0,T) x R,
u(T,x) =0,
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for f € LP([0,T) x R™), p > (n®d+2)/2. This last condition on p is needed to give
a pointwise sense to G'f. Observe indeed from (3.8) that, for all p > (n%d + 2)/2,
feLr([0,T) x R™),

(3.19) IGf(s,x)| < CT17(2+n2d)/(2p)HfHLP([s,T)x]Rnd)-

From the probabilistic viewpoint we will prove that there is only one probability P
on C([0,T],R"?) solving the martingale problem and therefore derive G f(s,x) =
EP[ LT f(t,Xy)dt], (X¢)sepo,r) being the canonical process. A localization argument
similar to the one in Priola [Pril3] then allows to extend the well posedness of the
martingale problem under the sole continuity assumption (C) in (A), i.e. without
the local condition (3.1), see Section 5.

4. DERIVATION OF THE CALDERON-ZYGMUND ESTIMATES

We assume (A) is in force and that T < Tp((A)) < 1. We also suppose for the
whole section that the local condition (3.1) on F holds.

4.1. Quasi Metric Structure and Covering. To derive Theorem 3.1, a crucial
step consists in considering a “good” parabolic metric and in taking into account
the unbounded transport term in (1.1). In order to take into consideration our
various time-scales, associated to the propagation of the noise into the system, we
introduce the following metric:

(4.1) V(t,x) € R x R™, p(t,x) = [t/2 + > |/,
i=1
Remark 4.1. Recalling the definition of the scale matrix Ty := diag((tild)ie[[lyn]]),

t > 0, we can now observe that x € R™ i p(t,t~1/2T;x) is 1/2 homogeneous in
the time variable, i.e. p(t,t=1/2Tyx) = t'/?p(1,x).

The metric introduced in (4.1) is similar to the one appearing in [BCLP10],
[BCLP13] for LP regularity.

Introducing now the strip S := [T, T] x R"?, we then define for (s,x), (t,y) € S?
the distances:

d((S, X)v (ta y)) = p(t -5 et,S(X) - y)a
(4.2) d*((s,x), (t,y)) == d((t,y), (s,x)) == p(t — 8,x — 05,15(3’)))
with p as in (4.1). We now define the metric balls in the following way:
Y(s,x) € S, Vd > 0,
B((s,x),8) :={(t,y) € §: d((s,x), (t,y)) < }.
(4.3)
We mention that the natural extension of the balls considered in [BCLP10], [BCLP13]
would have been to consider d* in the above definition. For this choice, in the lin-
ear, homogeneous case 05 .(y) := R,_;y, R standing for the resolvent of the linear
differential system deriving from (1.1), which can indeed be seen as a group action.
We choose here to follow the characteristic associated with the center of the ball,
considering a metric tube around it. Anyhow those choices are very close and locally
equivalent, see Proposition 4.1.

There is now, as in the previously mentioned works, a double difficulty, first the
“distance” used to define the balls satisfies the triangle inequality only locally. A
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natural choice would then consist in considering singular integrals for the “homo-
geneous space” associated to the balls of the above form, but in such case it is not
clear that such balls enjoy the doubling property, which is however satisfied on the
whole strip S = [T, T] x R"4.

The first key-point is the following result.

Proposition 4.1. Let S := [~T,T] x R™. The space (9,d,dtdx) is a locally in-
variant quasi-metric space in the following sense: there exists a constant Cy; :=
C4,1((A),T) > 0 s.t.

a) For all (s,x),(t,y) € S, if d((s,x), (t,y)) < 1 then

d((taY)a (SaX)) < C4,1d((S,X), (tay)) = p(|t - S|a 0t,s(x) - y))a

and for (0,&) € S s.t. d((s,%x),(0,€)) <1 and d((t,y),(0,€)) <1 then

d((s,%), (t,y)) < Car(d((s,x), (0,€)) + d((0,£), (t,¥)))-

b) Every d-ball in the sense of (4.3) has positive and finite measure and every non-
empty intersection of two balls has positive measure.

¢) There exists R > 0 s.t. for 0 < R; < Ry < R there exists C':= C(Ry, Rz) s.t. for
all (s,x) € 9,

|B((Sa X)v R2)| < C|B((Sv X)a R1)|a
where |.| stands here for the Lebesgue measure of the balls.

Remark 4.2 (General and Subdiagonal structure). Let us stress, as it will appear
from the proof of Proposition 4.1 in Section 6.1, that for the general form of F in
the dynamics of 8, the constant Cy; appearing here depends on the specific radius,
here 1, chosen for the balls.

However, the proof also emphasizes that when the function F has the following
structure, F1(¢,x) = F1(t,x1), Vi € [2,n], Fi(t,x""1") = F;(t,x;_1,%;) (subdi-
agonal case), then the constant Cy; does not depend on the radius (see Remark
6.1). Hence, in this latter case, point a) of the proposition gives that the distances
d and d* involving respectively the forward and backward transport are actually
equivalent. In such a case d is a usual quasi-distance in the sense of Coifman and
Weiss [CWT1] and the strip S can be seen as a homogeneous space.

From Proposition 4.1 we can use Theorem 25 in [BCLP10] that we now state in
our specific case.

Theorem 4.1 (Covering Theorem). For every dp > 0 and K > 1 there exists § €
(0,8p), a positive integer M and a countable set ((Si’xi))z‘eA C S s.t.

1. §= UiGA B((Si,Xi),(S).
2. Y iea I ((sixi) o) < M2

4.2. Singular kernel and associated estimates. Let us first define for s >
0,x € R" a(—s,x) := a(s,x), i.e. we symmetrize the diffusion coefficient. Fix
now 7' > 0 and introduce:

Y(s,t,x,y) € R? x (R")?, k(s t,x,y) == Li>s D% (s, t,x,y).
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From (3.4) and (3.5) a direct computation yields (see also the proof of Lemma 5.5
in [DM10]):
Bls.txy) = Ty (<R (65) Y (s,6) "R (2, 5)]1n
(4.4) FIRY (1) K (5,0) 7 (8,7 (%) = y)IF?) s %, y).

In the above equation, for a matrix M € R™ ® R™ (resp. a vector z € R"), the
notation [M];; stands for the d x d submatrix (M;)(; jyepi,qa) (resp. [z]1 stands for
the subvector of RY, (2;)ief1,qp)-

From (3.5), (3.7) and the scaling Lemma 6.2 (see also equations (5.10), (5.11) in
[DM10]), we have that there exists C := C(T, (A)) s.t.:

IR (2,5) K (5.4) (8,72 () — y)ll < € (0= )7 T (8,7 () ~ )l )
[R5 (8, 5)"KY (s, ) R (1, 8)|11 + [RYY (¢, 5)"KY (s, )78, (x) — )]
< C((t— ) |1al + [T,(8,% (%) — y)?),
so that (3.7), (4.4) yield that 3(cs.5,Ca5) := (a5, Ca5)(T, (A)) s.t.
(4.5) lk(s,t,x,y)| < Cyusliss(t— s)*lqc4‘5 (s, t,x,y),
where for all ¢ > 0,

Cnd/2 Ly Aty )
qc(sv ta X, y) = (27T)nd/2(t — S)n2d/2 exp (70(15 - S)|Tt75(0t,s (X) - y)| ) .

Observe that this is the same order of singularity than in the non-degenerate
case. This is anyhow expectable since we are considering the derivatives w.r.t. the
non-degenerate variables. From equation (4.5) we get that for alle € (0,1), V(i,5) €
[1,d)?, f € L>®(R x R™), (s,x) € RITnd,

(4.6) K f(s,x) = dtdyki; (s, t,%,y)f(t,y), V(i, ) € [1,d]?,

/Sﬁd((s,x)y(t1)/))>5
is well defined.

4.3. Proof of Theorem 3.1. The first thing to do consists in splitting the kernel
into a singular and a non singular part observing that the singularity is diagonal.
Specifically, for a given fixed § > 0 there exist (¢,C) := (¢, C)(T, (A),9) s.t. if for
(5,x), (t,y) € S?, d((s,%x),(t,y)) = p(t — 5,0 5(x) —y) > §, then from (4.5) we
have:

(4.7) k(s t, %, ¥) [ Tpt—s.0,..(x)—y)>s < Cqe(s,t,X,y).
Let us now write:
K f(s,x) = / dtdyki; (s, t,%,¥)f(t, y)ns(t — 5,014(x) — y)
SNd((s,x),(t,y))>e

+/ dtdykl] (Sv ta X, y)f(tv y)(l - 775)(t - S, ot,s(x) - y)
SNd((s,x),(t,y))>e

. 1r6d €,00
= Kjj fls,x) + K;; f(s,%),

where 75 is a smooth non-negative cut-off function s.t. for all (u,z) € R x
R ns(u,z) = 1 if p(u,z) < & and ns(u,2) = 0 if p(u,z) > 26. It is then
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easily seen from (4.7) (see also the proof of of point i) in Proposition 4.2) that for
all f € LP(S), p € [1,+oc],

(4.8) |K3™ fllrs) < Casllfllzecs), Cas = Cas(T,(A),4,p).

The singular part of the kernel requires a much more subtle handling. Setting
kfj(s, t,%,y) =ns(t — 5,0 s(x) — y)ki;(s,t,x,y) we will prove the following propo-
sition.

Proposition 4.2 (Calderén-Zygmund Kernel).
Z) EICV4.2 = 04.2(T7 (A)a 5)7 V(S, X)a (tv y) € S27 |kzdg (Sa tv X, y)

ii) There exists a constant c4.2 s.t.

< Cy.2 5 )
= d((s,x),(t,y))n"d+2

d((s,%),(0,€))
d((s,x), (t,y))"* 3’

(s, %), (0,&) € 5%, ca2d((s,%),(0,8)) < d((s,%), (t,y)) < 1.
111) The two previous “standard estimates” hold for the adjoint kernel

kfj’*(s,t,x, y) = kgj(tasayﬂx)'

|kidj(s7t’x7 y) - kzd](o-vtaéay” S 04.2

i) Cancellation Property:

sup | k(s t,x, y)dtdy|
>0 Jd*((s,x),(t,y))>e

+sup| ki (s,t, %, y)dtdy| < +oo.
e>0 Jd*((s,x),(t,y))>e

Also the limits:

lim k. (s, t,x,y)dtdy, lim & (5,1, %, y)dtdy
=0 S ((s,%),(ty))>e =0 S ((s,%),(ty))>e

exist and are finite for almost every x € S.

The strategy is now to exploit those estimates to derive LP controls on the
covering of S with our metric balls introduced in the Theorem 4.1. But to do so, we
have to carefully check that the cancellation property appearing in Proposition 4.2
for the whole space still holds on the metric balls. This property can be conserved
thanks to a Holder continuous cut-off as in Proposition 18 from [BCLP10]. Namely,
from Proposition 4.2 it can be derived similarly to the previous reference that:

Proposition 4.3 (Localized Cancellation). There exists a constant Ry > 0 s.t.
for (sg,x0) € S, R < Ry, if a,b stand for two cut-off functions belonging to
C*(R"1 R), a > 0 and with support in B((sg,Xo), R), then defining

kglj.,loc(s, tX,y) = a(S,X)kij(S,t,X, yv)b(t,y),

we have that:
d,loc d,*,loc
- ke ke

; satisfy the first three points of Proposition (4.2) and for all (s,x) €
B((So, Xo), R)

sup | k55, t, %, y)dtdy|
>0 J(t,y)eB((s0,%0),R), d*((s,x),(t,y))>e

+sup | kfj*’loc(s,t,x,y)dtdﬂ < +o00.
€>0 J(t,y)€B((s0,%0),R), d*((s,%),(t,y))>e
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- For almost all (s,x) € B((so,Xo), R) the limits

lim k55, t, %, y)dtdy, lim k1o, t, %, y)dtdy
0 Jax ((s,x),(ty)) >e =0 a ((s,x),(ty))>e

exist and are finite.

Now from Propositions 4.2 and 4.3 we derive from Theorem 3 in [Bral0], recalling
from Proposition 4.1 that d and d* are equivalent on metric balls, that for every
(s0,%0) € S, R < Ry, p € (1,400), there exists a constant Cy, 7 (4) independent of
(s0,X0) s.t. setting

T;i f(s,x) = 213(1) kfj’loc(s,t,x, y)f(t,y)dtdy,
(t,y)€B((s0,%0),R), d*((s,x),(t,y))>e
T35 Fll Lo (B((s0.x0).R) < Cp ()l f Lo (B((50.%0).R))-

The covering Theorem 4.1 then gives, similarly to the proof of Theorem 22 in
[BCLP10], that setting K f(s,x) := limo Kfj’-df(s,x), for every p € (1,400),
there exists a constant C, 1, (ay s.t. [|Kf fllr(sy < Cprya)llfllLr(s). Combining
this control with equation (4.8) eventually yields that

D2, ,Gfllrrcs) < Cprmllfllris),

xi,x{
up to a modification of C), 7 (a). This concludes the proof of Theorem 3.1 under

(A).

5. DERIVATION OF THEOREM 2.1 FROM THE CALDERON-ZYGMUND ESTIMATES

5.1. Well posedness of the martingale problem. Existence can be obtained
by usual compactness arguments, see e.g. Theorem 6.1.7 in [SV79] that can be
adapted to the current framework. On the other hand, from the definition in (3.11)
and (3.8), observe that for f € C§°([0,T] x R™) and p > (nd + 2)/2,

305.1 = 05.1(]7,T7 (A>)a V(S,X) € [05T> X ]Rnda
(5.1) G f(s,%)| < Csa T d+2/CO £l Loy mmna-

Assume now that e < ¢¢(n,d) small enough and ¢, < C3 117 in the local condition
(3.1). Choose also T < (4C(p,(A)))~2 in (3.18). Exploiting (5.1), (3.18), the
uniqueness to the martingale problem can be derived following the steps of Section
7.1 in [SV79)].

Now, without the local condition, the continuity assumed in (A) allows to lo-
calize. Precisely, for all (s,x) € [0,7] x R™ we can find § > 0 s.t. if G 1=
[(s=0d)VO0,s+dAT]x B(x,9) then

sup |a’(tay) - a(t,x)| < &q,
(t,y)eg

sup sup |Dxi71Fi(taYi—1aZi’n) _Dxile‘i(taXi—laZi,nH S EF-
i€[2,n] (t,y)€G, zcRnd
Define then V(t,y) € [0,T] x R, a(t,y) = a(t,y)liy)eg + (1 — Lt y)eg)a(t, x) and
F s.t. Dxiill:"i(t,yi_l,zi’") = Dy, , Fi(t,(Mx, , s(yi-1),2z"") where:

Yi-1 —Xi—1
I,y (Yi-1) = ¥i-1lly, s —x, 1[5 + (X"‘l * mé) Hyiamxinal>s
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Then the coefficients @, F satisfy (A) and the local condition (3.1). We can then
invoke Theorem 27 in Priola [Pril3] to derive global uniqueness in small time.
Indeed, it is not hard to directly construct a covering of S with sets of the previous
type. An alternative consists in exploiting the covering result of Theorem 4.1. Let
us emphasize that we cannot here directly apply Theorem 6.6.1 in [SV79], which
being valid for bounded coefficients would have required a truncation of the drift.
It is not clear to derive Calderén-Zygmund estimates of the previous type that are
uniform w.r.t. to the truncation.

The well posedness of the martingale for an arbitrary given 7" > 0 then follows
from the Markov property (see Chapter 6.2 of [SV79] for details).

5.2. Existence of the Density and Associated Estimates. The goal of this
section is to prove the statement (2.2) of Theorem 2.1. To this end, we will need
the following result which extends to our current degenerate setting Theorem 9.1.9
in [SV79] in small time.

Theorem 5.1 (Local existence of the density and associated estimates). Assume
T <Tp((A)) <1 as in Theorem 3.1.

If the diffusion coefficient a is uniformly continuous, then, for 0 < s < T, and
q € [1,2), the density p satisfies:

T 1/q
(/ ittt —)" | dy|p<s,t,x,y>|Q> < L1+ x)),
s Rnd

where a = (WT”)) (g — 1) and C2, := C2,(T,q,(A),dr), denoting for all £ >

0, 0r(e) = argmax.cp+{SUPse(o, 1], x—y|<c [a(5,X) — a(s,y)| < e} the modulus of
continuity of a.
Forall 0 <s<Tand g €[1,2),d >0,

T 1/q
< [af dylp(s. t, x, y>|q) < C2,(1+ |x)),
s R4\ BE (04,5(x),0)

with C2, := C2 (T, q, (A), é7,6), BE(6: 5(x),0) standing for the Euclidean ball of
R"? with radius § and center 6; ;(x), recalling 0, 5(x) = x—i—fst F(u,0,,s(x))du (i.e.
0, s(x) is the solution at time ¢ of the deterministic differential system associated
to (1.1) starting from x at time s).

Remark 5.1. There are three differences w.r.t. to the indicated theorem. First, the
norm of the initial point in the r.h.s. of the above controls is due to the trans-
port by unbounded coefficients. Second, the small time constraint follows from our
linearization strategy employed to derive the Calderon-Zygmund estimates of The-
orem 3.1. At last, the upper bound on g comes from the control on the remainders
in (3.16). When the system is linear w.r.t. the components that transmit the noise
(see Remark 3.1) this constraint disappears and the result of Theorem 5.1 hold for
q €[1,+00).

We provide below the principal lines needed to adapt the proof of that theorem,
stressing which specific modifications are needed in the degenerate case and mainly
concern the localization arguments. Once again the key idea is to localize along
the characteristic lines associated to the deterministic differential system instead
of using spatial balls only as in [SV79]. Observe anyhow that, when the drift is
bounded, the product of the time interval and the spatial ball can be seen as a tube
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along a characteristic line. Indeed, if the drift is 0 then the deterministic differential
system does not leave its initial condition; if it is bounded, the image of a spatial
ball by the deterministic system will stay uniformly in time in a ball whose radius
only depend on the bound of the drift, the final time and the initial radius, but
not on the points of the initial ball.

5.2.1. Controls for Slowly Varying Coefficients. We use here freely the notations
of Section 3 for the operators G, R (see equations (3.11)-(3.14)). Also, in order to
keep notations close to those in [SV79], we introduce for r > 2, the class A(r,T') of
measurable coefficients a : Rt x R"? satisfying (UE) and F satisfying (ND), (S),
for which there exists xg € R™ s.t. with the notations of (3.1), ep < g¢ and for
all p € [r, 44 vy (2205 17(T, p, (A)) + C(p, (A))T?) < 3/4 so that from (3.18),
we have that (I — R)~! is consistent as bounded operator from L?([0,T] x R"?)
into itself. In particular this imposes that 7" < 1 is sufficiently small. Setting then
K :=Go (I —R)™', we thus derive that it is consistent as bounded operator from
LP([0,T) x R™) into L7 ([0, 7] x R™) provided that
0 < 1 1 2

—p o < n2d +2°
Here comes the first Lemma emphasizing some regularizing effects of K which can
be derived similarly to Lemma 9.1.2 in [SV79].

Lemma 5.1. Let a,F € A(r,T). Then, for N = [#%], KN*1 maps L7([0,T] x

R") into C,([0,7] x R™) (space of real valued bounded continuous functions).
Precisely, for all (s,x) € [0,T] x R"4:

[KN* (s, )] < Csall fll (o, 71 Rna)
where Cs1 := C51(T,r, (A)).

From Lemma 5.1, Lemma 9.1.3 in [SV79] and the well posedness of the martin-
gale problem, denoting by P(s,x,t,.) the associated transition function, one then

gets: Pf(s,x) = [ dt o0 P(s,t.x,dy) f(t,y) = K f(s,2) if f € L°([0, T] x R") N
L>=([0, T]xR"?). Therefore, for N = [(n?d+2)/2r], f € Co([0,T]xR"?) (functions
with compact support),

(5.2) [PNHLf(5,%)| < Csall e (o, 7y xRAa)-

This observation then yields the following result.

Lemma 5.2. If a,F € A(r,T) denoting by P the transition function associated to
(Lt)tejo,r) then for r < p < 400,

T
[ttt =9 [ Plostixdy) .3) < Challfl ooy,

with C2 5 := C3,(T,r,(A)). Also, for each § > 0, r < p < oo,

T
/ dt/ P(Sa i, X, dy)f(tvy) < Cg.Q”f”L"([O,T]X]R"d)a
s R4\ BE (04 5(x),6)

where C;Q = CV522(T‘a T P, (A))

Remark 5.2. This is the first statement that differs from [SV79]. Indeed, the un-
bounded transport contribution appears here for the first time. To fully justify this
aspect we give below the full proof of this result.
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Proof. The first statement of the Lemma still follows from Lemma 9.1.3 in [SV79]
and (5.2) from an interpolation argument. For the second one, we can assume
w.lo.g. that T'> s+ ¢, ¢ > 0. In that case:

T
|/ dt/ P(s,t,x,dy) f(t,y)
s R I\BF(0¢,s(x),0)

s+c/n
[ P(s.t.x,dy)|f(£,Y)]
s+c/(n+1) R\ BE (0¢,5(x),6)

n>1

T
s [V [ Ptxaylrey)l

+c
The last contribution can be bounded directly by the first statement of the Lemma.
To control the sum, we see that introducing

s+c/n
M= [ arf P(s,t.x,dy)e(t,),
s+c/(n+1) RN\ BE (04 (x),0)

we indeed get, from Lemma 9.1.3 in [SV79] and the first part of the lemma, that
as a linear operator on L"([0,T] x R"®), A% is bounded by N!((n +1)/c). Now
for p € L>=([0,T] x RY),
c
ALl < —1@locPsx[  sup [ X¢ —6y5(x)] > 6].
n t€[s,s+c/n]

Let us emphasize that it is precisely because we consider the deviations of the
process from the deterministic differential system, that we can control the previous
term with Bernstein like inequalities. Precisely, from Gronwall’s lemma;:

t t
X, —0,5(x)] < eXp(CT)|/ o(u, Xy )dW,| < eXp(C)|/ o (u, Xy )dW,|,

with C' := C((A)), so that, from Bernstein’s inequality:
Bl sup  |Xi— 0,.(x)] 2 8] < Coxp(—C~'ns/c), C = C((A)).
t€ls,s+c/n]

up to a modification of C. The result then once again follows from standard inter-
polation. 0

5.2.2. Localization arguments. Now we adapt more significantly the arguments in
[SVT9] to get our results. The leading idea is the same as in the proof of Lemma 5.2:
to exploit the Bernstein-like deviations of the process from the deterministic system.
We now want to localize carefully to get rid off the quasi-constant coefficients of
the previous section. We have the following tubular localization.

Lemma 5.3 (Tubular estimate). For so € [0,T), x; € R™ let Py, «, denote the
solution to the martingale problem associated to (L¢)ie[so, 7] For 0 < Ry < Ry,
xo € R™ defining 7_; = sg and for all n € N,
Top = 1nf{t > 101 : | Xy — 01,5(%0)| = Ra},
Ton+1 = Inf{t > 1oy ¢ | Xy — 0 5(%0)| = R1},
then
EF*01 [ "1, efory) < Cs.3 := Cs.5(T, (A), Ry — Ry).

n>0
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The proof can be performed as in Lemma 9.1.6 in [SV79]. The previous defini-
tions of the stopping times allows to apply the required Bernstein like arguments
similarly to the proof of Lemma 5.2.

The following result differs once again in the localization argument from Lemma
9.1.7 in [SV79], even though it can be proved rather similarly from Lemma 5.3.
We emphasize here that the localization has to be performed in time and space.
Roughly speaking this is needed in order to partition in time the characteristic
tubes in subtubes for which the local condition (3.1) is valid. This is the key of the
proof.

Lemma 5.4 (First Localization Lemma). Let P solve the martingale problem for
(Lt)sefo, 7] starting from (so,x1) € [0,7] x R™. Suppose now that the martingale
problem associated to the operator

Ly =F(t,-) -V + %Tr(&(t, )D3z)

is well posed and that F = F,@ = a on Ciz.r(s0,%0) == {(t,y) € [0,T] x R" :
t € [t,1],0s,.4(y) € BP(x0,R)} for some 0 <t <t < T, R > 0. Then for each
§ € (0,R):

B[ s xoa) < B [ 15Xl

T
54 sup EPex| / (8, X)),

(5,%x)€9C; 7, r—5(50,%0)
for all f c CO(CLE,R76(SO’XO)) and Cs 4 := C5,4(T, (A), R, (S)

We now specify how this Lemma needs to be used. As a direct corollary of
Lemmas 5.4 and 5.2 we derive:

Lemma 5.5 (Second Localization Lemma). Let a(s,x) := a(s, x), F(s,x) := F(s, x)
in C; 7 p(0,%0) and a(s, x) := a(s, Xo), F(s,x) := F(s,x0) elsewhere. Assume that
the functions @, F € A(r,T) for some r € (2,400). Let P solve the martingale
problem for L starting at sg,x; € [0,7] x R"™®. Then for each 0 < a < R and

r < p< 4oo.

T
E?| / (t — o)™ F (6, X)dt)] < CL |l (tou ).

S0

forall f € Co(C,7.4(50,%0)), where N = [(n?d+2)/2r] and C§ 5 := C§ 5(T, (A),r, p, R—
«). If additionally, |x1 — x¢| > «, then

T
IE?| / F(EX)dH]] < C2 5[] (oo 71
S0

where C2 . := C2 (T, (A),r,p, R — a, |x1 — Xo| — ).

5.2.3. Proof of Theorem 5.1. From the previous localization Lemmas, the idea is
now to specifically partition the space in order to have crowns of the previous type,
Cy7.r(50,%0) on which the local condition (3.1) holds. Let ¢' denote the conjugate
of ¢ € (1,2) and choose r € (2,¢') s.t. N = [”2‘;”%] = ["Z‘;”%] Choose
T< (4(supp€ C(p,(A))))"2in (3.18) and set e =1 = C3.17(T, 7, (A)) V

[r,("2242 vr) 1]
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C317(T, (”2”2”2 V7)+1,(A)) Vey' . Let us introduce for a fixed starting point

(s,x) of the martingale problem, the spatial balls

Qu = {x+y: Iy, — K7/ ()| < 7/(nd)"?, j € [Lnd]}, k € 2",

where v := ‘STC(IE), and recalling that §r stands for the modulus of continuity of

a, the constant C; is then chosen large enough so that for all k € Z"¢, yo,y; €
Qx, t e [S, T],

|a(t, 01,5 (y0)) — a(t, 01,5 (y1))]

+ sup |Dxi,1ﬂ(t; (et,s(yoniflazl"n)
i€[2,n] 0T, (x,2) € (R"4)?2

(5.3) —Dy,  Fi(t,((81,5(y1))i-1)i-1,2"™")| < /2.

This means that the local condition is satisfied on the time section of the transport
of Qx by the flow. In order to apply the previous results, we also need to handle
the time contribution. Define now hX : where the constant

T-s
= TC0+ky/(nd) 72 +x])]
Cy := Cy(e) is chosen large enough, so that for all i € [0, [Co(1 + |kvy/(nd)'/? +
x[)]], setting t¥ := s 4 ihX, the coefficients a,F restricted to Cti-‘,tﬁl,ﬁv(s’x +
kvy/(nd)'/?), B> 1, coincide with some @, F belonging to the class A(r, T).

This choice simply means that the length of the time intervals for which we
partition the set 8(T, s, Qx) := {(t,2) € [s,T] x R : 0, ,(z) € Qx} (image of Qx
by the flow between times s and T') highly depends on the norm of the starting
point. This is specifically due to the unbounded drift. Precisely we can write:

[Ca(1+[ky/(nd)' /2 4+x[)] -1
(54) e(Ta S, Qk) = U Ctﬁ‘,tz‘+1,'y(sa X+ ky/(nd)l/Q)
1=0

Now from Lemma 5.5 we get that for p = (r 4+ ¢')/2, for all i € [0,[Ca(1 +
[ky/(nd)"/? + x|)] — 1]

T
| / dt(t - S)N /]I(t,y)ECtkytl_llW(s,erk'y/(nd)l/?)P(Sa t, %, dy)f(ta y)'
(5 5) ° tk

i+1
-y / dt(t — s)N / Ps,t, %, dy) f(t9)] < Cs 51 fll Lo o.r7mma:
t}f et,S(Qk)

where C55 := C5.5(T,(A),r,p). On the other hand, comparing deviations along
the characteristics allows once again to use Bernstein inequalities, similarly to the
proof of Lemma 5.2. Namely,

P(s,t,x,0;:(Qx))
< Psx[Fu € [5,1], [ Xy — 0,5 (X)| > [0u,5(x) — O, s(x + k'Y/(nd)l/Q)|/2]

k2’72 _ _
1|7|”d2 ), C:=C((A) >1,

<Pyx| sup | / o (0, X,)dW,| > Clley|] < 2dexp(—C~

u€l[s, T
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using Gronwall’s Lemma (see proof of Lemma 5.2) and the bi-Lipschitz property of
the flow for the last but one inequality. We therefore obtain:

T
| / dt(t - S)N /H(W)ECtk,tkﬂ,W(vaJrk’Y/(”d)l/Z)P(S’ t, %, dy)f(ta y)'

Ky
ST

where C5 4 := C5.6(T,n,d, N). We thus get by interpolation that for ¥ =1 — f—, €
(0,1):

(5.6)
< 05 6 eXp( C_l

T
|/ dt(t_ S)N/]I(t,y)GCtl_(ytl_ﬁrlWw(s,erk'y/(nd)l/Q)P(sataXa dy)f(tay)|

—179|k|272

< 051.319051?.6 exp(—C Td2 )HfHLq/([O,T]x]R"d)'

Summing for a given k € Z% first over i € [0, [Ca(1 + |ky/(nd)'/? +x|)] — 1] (that
is according to (5.4) on O(T, s,Qx)) we obtain

T
| / dt(t — 5) / L yrco(te.00 P (5 £ %, dy) f(1,Y)]

T
o[- [ Plstxdyfy)
s 0:,5(Qx)

—119|k|272

Sé(Tl/Q + |X|)C§.Eﬁcg6 exp(—C Td2 )||f||Lq’([o,T1and)a C = C‘((A),ﬂ).

Summing now over k € Z"¢ yields:

T
[ ae— [ Pstxdy)fey)
s nd
<Cs7(1+ |X|)||f||Lq/([07T]><]Rnd)a Cs.7 1= C5.7(T, g, (A), 7).

This contribution already emphasizes the main difference w.r.t. the non degenerate
case: the estimate depends on the initial point. The proof can then be completed
similarly to Theorem 9.1.9 in [SV79]. This achieves the proof of the existence of
the density and the associated estimates when 7' is small enough.

The existence of the density in Theorem 2.1 then follows from a chaining argu-
ment.

(5.7)

5.2.4. Derivation of equation (2.2) in Theorem 2.1. To prove (2.2) we will induc-
tively apply the results of the previous section along a time grid which time-steps
are lower than 7Tj in Theorem 5.1. We can assume w.l.o.g. that T := Ty N, N € N.
Setting now t; :=iTp, ¢ € [0, N]] write from the strong Markov property:

T tit1
Ex[/o f(t,Xy)dt] = ZE Etuxt/ £t Xy)dt]]

N—-1 tit1
(5.8) {Z Ex[Et; x,, / [, Xe)Ix, ez, ,, (xti),a)dt]]}

t;

Zs
,_.o

tit1
+ { Ex[Et; x,, [/ [, X)Ix, ¢p= o, ,, (xti),s)dt]]} =Tc + T,
i=0 ti
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for some § > 0 to be specified later on. From the second part of Theorem 5.1 we
obtain that for p > n2?d/2 + 1,

(5.9)
N—-1

Te| < C21 > Exl(1+1Xe, DIl poqo,ryxrney < NCZ L Cr(L+XD| 1l Lo, 71 xm09),
=0

where Cp := Cp(To,(A)). On the other hand, we can follow the localization
procedure of the previous proof (see equation (5.3)), and find § > 0 s.t. setting

hi = m and t] :==t; + hij, j € [0,[Ca(1 + |X4,])] then the coefficients
a,F equal toa,FonC,; ,+1 ,54(ti, X¢,) and to a(t;, Xy, ), F(t;, Xy, ) elsewhere, belong

to the class A(r, T) for some r € (2,n%d/2 + 1). We then derive from Lemma 5.4:

N1 (GO X D11 B, h
To| <> Ex|: > Ex, [E ' % [/j |f(t, X)) [Ix,eBE (0., (X.,),6)dt]
i=0 §=0 t;
o
+ sup EP“’[/ |f(t, Xe)[Ix,eB2(6, ., (x,,).6)dH] | -
(5:¥)€0C,5 i1 4(ti,Xe;) s
Now, from equation (3.19), we derive
(5.10)
N-1
ITe| < Cllfllro.ryxrney D E[[Co(1+ [Xe,)T] < CN( + XD £l Lo (o7 k),
i=0

up to a modification of C. The result follows from (5.10), (5.9), (5.8).

6. PROOFS OF THE TECHNICAL RESULTS

6.1. Proofs concerning the quasi-metric structure (Proposition 4.1). Let
us first observe from the definition of the balls, see equations (4.1), (4.2), that there
exists Cy := C1((A)) > 0s.t. for all 6 > 0,(s,x) € S,

[B(s,),8)| < 01>+ Zi im0 = ¢y 240,

On the other hand, introducing

B((s,x),8) := {(t,y) eS:t—sl < %, psp(0:,s(x) —y) < g}
- U R (0.0 -v) < 31

[t—s|<82, s€[—T,T)
n

Vz € R™, psp(z) = Z |zi|1/(2i_1),
i=1

i.e. psp corresponds to the spatial contribution in the metric (4.1), we have that
B((s,%),0) C B((s,x),0). Indeed, for all (t,y) € B((s,x),6), d((s,x),(t,y)) :=
p(|t —s|,0:.5(x) —y) < |t —s|"%+ psp(0s.5(x) —y) < J. Since we also have, up to a
modification of C; that for all (s,x) € S, § >0, |B((s,x),8)| > C{ '8 we therefore
derive:

12t < |B((s, %), 6)| < €162,
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which gives b) and ¢). To derive a), we need to exploit the specific structure of the
dynamics. Let us first recall how to relate the forward and backward dynamics.
Precisely, one has for all v € I(t,s) := ([s, t]ls<¢) U ([t, s]Is>t),

(6'1) ev,s(x) - ev,t(y) = et,s(x) —Y- / (F(ua eu,s(x)) - F(ua eu,t(y)))dua

which for v = s yields:

t
X =0,4(y) = 01s(x) —y — / (F(u, 0,s(x)) = F(u, 0 (y)))du.
Starting from the last components, and assuming w.l.o.g. that ¢ > s, we have:

| = 05,6(¥))n] < 1(01,5(%) = ¥)al

+CQ/ ([(00,5(x) = 00, (¥))n—1] + [(00,5(X) — 00,t(¥))n]) dv
< exp(Calt = 9) (1010 = ¥)al + Co [ 1100030 = 0us¥)cala).

where Co := C2((A)) and using Gronwall’s Lemma for the last inequality. Using
iteratively (6.1) and Gronwall’s Lemma we derive that there exists C5 := C3(T, (A))
s.t.

n
(6.2) (% = 056 (¥))n| < C3 ) (B,5(x) —y)jllt — 5"
j=1
Using Young’s inequality with p; = 22?:11, g = 22(2:;) in order to make the homo-

geneous exponent of coordinate j € [1,n — 1] appear, we get:

|(X _ 087t(y))n|1/(2n—1) < Cé/@nfl) |:|(0t7s(x) _ Y)n|1/(2n_1) +

n—1 o)) /(251 _ o|1/2
(63) Z (|(0t,s(x) y)])| / ) + |t S| / ):| S C4d((S,X), (t,y)),
= Dj 4q;
for 04 = C4(T, (A))
The above estimate does not exploit the fact that d((s,x),(¢t,y)) < 1. This
last assumption is actually needed for the components ¢ € [1,n — 1] whose differ-
ential dynamics potentially involves coordinates 7 > ¢ with higher characteristic
time-scales in small times but that are not negligible in the “homogeneous” norm
we consider. Namely, similarly to (6.2) we derive for all ¢ € [1,n — 1] up to a
modification of Cj:
(6.4)

[(x=05.:(y))il < Cs Zl(Ot,s(X) = ¥)illt =l 4 Y 1(Bes(x) —y)jllt — sl

j=it1
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Thus,

i i— : i—i\1/(2i—1
(¢ = 04 (¥))i VD < O3/ F D ST (|(8s(x) — y)llt — sfi7) Y
j=1

1/(2i—1
+ Z (1(B1.(x) = y)sllt — o) /&0
Jj=1+1

For the first contribution of the r.h.s. we can use again Young’s inequality with p; =
g; L g = 2(17;) For the second contribution we exploit that since d((s, x), (t,y)) <
1 then for all j € [1,n], [(6¢s(x) —y);| <1 which for j > i+ 1 yields |(6¢+(x) —
y); YD < (6;.4(x) — y); /71 We therefore get up to a modification of Cy
that:

|(x = 0,6 (y))al /7D < Cud((s, %), (¢, ),
which together with (6.3) indeed gives that there exists Cy1 := Cy.1((A),T)) s.t.
A((t, ), (5,%)) < Cuad((5, %), (t,5)) for (5,%), (t,y) € 5, d((5, %), (t,y)) < 1 which
is the first part of a). It remains to prove the quasi-triangle inequality. Recalling
that p defined in (4.1) satisfies the quasi-triangle inequality, let us write:

d((s,x), (t,y)) plt —o+0—s,05(x) = 0:5(§) +0:5(8) —y)
< K(p(lo = sl,01,5(%) = 0:,5(8)) + p(|t — 0],0:.5(§) —y))
= K(p(lo = s, 01,5(x) = 0:,6(&)) + d((0,€), (£,5)))-

(6.5)

On the other hand, using the specific form of F in the dynamics of 8, we can derive
similarly to (6.2), (6.4) using the direct forward dynamics that for all i € [1,n]:

|(0t,0(00,s(x)) - 0t,a(€))i|
ZI ous(X) = &)t — o' + ZI 0.5(X) = &);lt — ol
Jj=i+1

Thus, using as above Young inequalities and the fact that d((s,x),(0,€&)) < 1 we
get for all ¢ € [1,n],

[(01,5(x) — ;.5(£)): |/ 2D

< C;/@i—l)( - P(@a,s(x) — &),/ n |t —o|'/2 + |o — 5[/
- =1 pj a;

+ Y 1(005(x) — &)1Vt — Ull/(%_”) < Cy(d((s,x), (0,€)) + d((0, &), (t,¥)),
j=i+1

with p; = ; L, g = 22(1_].) in the last but one equality. Hence p(o — s, 0; 5(x) —

01570(5)) < 05( (( S, )5(055)) + d((aaé)a( Y ))a C'5 = 05(( )a )a which plugged
into (6.5) concludes the proof up to a modification of Cy ;. O

Remark 6.1 (Subdiagonal structure). Observe from the previous proof that when
the function F in the dynamics of 6 has the following structure, F1 (¢, x) = F1(t, x1),
and for all i € [2,n], F;(t,x*"5") = F;(t,%;_1,X;), then the terms in j € [i +1,7]
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do not appear in equation (6.4). Hence, the distances respectively associated to the
forward and backward transport are actually equivalent.

6.2. Controls on the flows and the frozen kernel. We first state a Lemma
that gives some controls and equivalences for the scaled forward, backward and
linearized flows, specifying the controls given in (3.9).

Lemma 6.1 (Controls and Equivalences of the scaled flows). There exists a constant
C:=C(T,(A))st. foral 0<s<u<v<t<T,(x,y) € R")?

CHT (% = 0w (y))] <IT 2 (0u,u(x) —y)| < CIT, 2 (x = 0u,0(y))]-
We also have:

_ _ _ ~1, _
CHT A (x — 044(y))| < T8, (%) — ¥)| < CIT 2 (x — 04.4(y))].

Proof. The first control can be derived from the structure of the drift in (1.1)
using Gronwall’s Lemma. Indeed:

v

|Tt_—13(0v,u(x) -yl = |T_—15(X —0..(y)) +/ Tt_—ls(F(Ta 0,,u(x)) — F(r,0,.(y)))dr|

u

< T (x = Ouu(y))| + Ct —5)7 /U T (0ru(%) = Ouu(y))ldr

<exp(Cl =)™ [ an[Te(x = 0uu(¥)]

u

where C' := C(T, (A)). Since v —u < t — s, this gives the r.h.s. The Lh.s. is proved
similarly.

To prove the second control, we need an auxiliary important scaling Lemma
whose proof can be derived from Lemma 3.6 in [DM10].

Lemma 6.2 (Scaling Lemma). Let 0 < s < t < T and y € R" be given. The
resolvent and covariance matrices respectively associated to (3.4) and (3.6) can
then be written in the following way:

Vu € [s,t], R™Y (u,s) = Ty RYY. T, KW (s,u) = (t —s) Ty KLY, Ty,

where there exists Cg.0 := Cp.2(T, (A)) > 1 s.t. for all u € [s,], |[R%Y,| < Co2 and
t—s
Spec(K%Y,) C [Cga,Co.2).
t—s
Observe now from equation (3.4) that R*Y (s, t)(y — m"Y(s,t)) = 8,,(y) (pull-
back by the deterministic system of the final point y from ¢ to s). Hence:
—1 /5t 15 = —
T2, (8,7(x) = ¥)| = [T R (8,8)(x = 0,4(y))] = [RTYT; (x = 0,4()]
< Coo| Tiy(x = 05,t(y))],

giving the r.h.s. Once again, the L.h.s. can be proved similarly. O
As a consequence of Lemma 6.2, we derive the following controls for the deriva-
tives of the frozen density (3.5) (see also the arguments in Section 5 of [DM10]).

c6.1(T, (A))
3 we have

Proposition 6.1. There exist constants Cs1 := Cg1(T, (A)), cs1 =
s.t. for all multi index @ = (a1, -+ ,a,) € N, |a] == Y0 a; <
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Y0 < s <t <T,V(x,y) € (R™)2,
Ce.1

n

|0%4(s,t, %, y)| <
(t - 5) T

(2i—1)o; Qee (Sv ta X, }’),
2

Cnd/2

T aan o (et = T @) - y)P).

6.3. Proof of Propositions 4.2 and 4.3. This section is devoted to the proof

of Propositions 4.2 and 4.3 which provide the key estimates to derive Theorem 3.1
under assumption (A).

Ve > Oa qc(sataXa y) =

6.3.1. Proof of Proposition 4.2. Point i) can be derived for both kernels kfj, kldj* re-
calling from (4.5) and (3.9) that there exists C' := C((A),T) > 1s.t. V((s,x), (t,y)) €
S?,

k(5,1 %, 3)| + [k (5,1, %, y)]

< e (O = T 000~

Now for a given ¢; > 2, if ¢1|t — s|*/? > d((s,x), (t,y)) then the r.h.s of (6.6) can
directly be upper bounded by Cchr"Qd/d((s,x), (t,y))2t"’4. On the other hand,

if ¢1]t — 5|2 < d((s,x),(t,y)) then, by definition of d in (4.2) we derive that
i € [1,n] s.t.

(6.6)

1020 (x) — )iV > L1 = Lyais, ), 1, y)).

n C1

This property yields:

d,*
|kzd,j(57taxv y)| + |kz,3 (S,t,x, y)| <

n2d+2
c [(01,5(x) —y)il \ !
2aiz \ ¢ — g[1/2(2i-1)

|(0t,s(x) — y)l| Tt
x exp (~C1(t — 5)| Ty, (815 (x) — ¥)?])
C . » ,
< ey P (O = IT, (Bes() —y)?)

where C := C((A),T,¢1), C:= C((A),T). This gives the first claim.

d
(VA

(6.7) cood((5,%), (0, €)) < d((s,%), (t,y)) < 1,
for coo 1= coo((A)) large enough to be specified later on. We can w.l.o.g. assume
that |0 — s| < K|t — o, for some K := K((A),T) and write:
~t,
|kij(57 ta X, y) - kij(ga tv 65 y>| < |k1j (Sa tv X, y) - kij (Ja tv Ooz(x)a y>|
~t,
kg (0,1,0,7(%),y) = kij(0.£,€,y)]
(68) = Il(S,U,t,X,y)+IQ(U,t,X,£,y)-

Remark 6.2. The previous splitting of |k;;(s,t,x,y) — kij(0,t,&,y)| has been done
to separate the time and space sensitivities. In I; the space variable is frozen and

Let us now establish point ) for the kernel k¢ ., recalling that below

from (4.4) and the flow property of 0" its value is equal to éiz(x) —y. In I

~t,
the time variables are equal to ¢ — 0. Also, the intermediate spatial point 0073; (x)
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yields from I a difference of the form |étai (x) — &| which up to a linearization error
has the same order as |0, s(x) — €|, norm of the spatial point appearing in (6.7).
The condition |0 — s| < K|t — 0| is here needed to use properties on the rescaled
flows for the spatial sensitivity (see Lemma 6.1 and equation (6.16)) which allow
to control the linearization error. We emphasize that if | — s| > K|t — 0| (and
therefore |t — s| > (1 — 1/K)|o — s|) then the integrand has to be split differently,
writing

~t,

|kij(satax7 Y) - kl](aatagay)l S |k/’7j_j(5,t,X, y) - kij(sataes;"(é‘))y)l
~t,

Hkij (5,1, 0,5(€),y) = kij(o,t, &, y)].

The above terms could be analyzed similarly to those appearing in (6.8) following
the procedure below.

Setting for all -T < s <t < T, (z,y) € (R*)2:

kij(s,t,z,y) = I_p<sc<r (—[f{t’y(t,s)*f{y(s,t)_lf{t’y(t,s)]n
) (G
(2m) et (KY (s, 1)) /2

(K (5.1) (2~ y).2 —y>>),

HRY (1, 5)'KY (5,1) 7 (2 — y)]

N~

x exp(—

we can rewrite I1(s,o0,t,X,y) = |l§ij(s,t,éz:§(x),y) — /%ij(a,t,ézzz’(x),yﬂ. Thus,
from (4.4), we derive similarly to (4.5) (see also the proof of Proposition 3.7 in
[DM10] for a thorough discussion on the time sensitivities of the covariance matrix)
that (¢, C) := (¢, C)(T, (A)) > 0 s.t.
L(s,0,t,x,y) < |s—o0] sup |87Eij(7-,t,Z,y)|z7ét,y(x)
TE[sAo,(sVo)AL[ The
7C ) t’ Y
Cls — o] x sup LZQy)
TE[sNo,(sVa)At| (t - 7_)

(6.9)

IN

=81 (o

cnd/2

where qC(T, t, z, y) = W exp(fg(t — 7')|T;_1T (Z — y>|2)

Introduce now ¥ = {(u,z) € R x R" : p(u,z) = 1} with p defined in (4.1),
i.e. Xy is the level curve at 1 of the parabolic metric. With this definition we can
introduce the mappings:

Ji:(ty) € [-T,T) x R™ (s + p?3, 0 4(x) + p_l'H‘pzi) , pi=pt—sy—0;:(x))

(6.10) (3,%) == ((t—5)p % pT,p—2 (y — 0:.5(x))) € Z1.
Jo: (0,€) € [-T,T] x R™ (54 0°8,0,5(x) + o 'To2X), a:=p(c —s,&— 0, 4(x))
(6.11) (3,%) = ((0 —8)a™?,aT4-2 (£ — 0,5(x))) € 1.

We have to consider the terms I, I under the condition (6.7) that rewrites {(¢,y) €
[0, ] x R™ : p:= p(t — 5,y — 01,5(X)) > Coot := Coop(0 — 8,& — 0, 5(x))}.
From (6.10) we get that for all 7 € [s Ao, (s V o) AtL]:
_ Aty
qC(Tat50t7s (X)ay) C 1
— )2 = itn?d 2+n2d/2
(t—7) p (S B ,;)

(6.12) x exp (—c(t — )T (07 T {X + RY (x,y)DI?) .
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~t, . :
where R} ((x,y) := pT,-2(0;,s(x) — 0,5,)8, (x)) is a term that takes into account the
approximation of the non-linear flow by the linear one.

Now, if |5 — %P/Q > L := ¢, for coc > 1 to be specified later on, we have
from the above expression and (6.9) that I1(s,0,t,x,y) < fji;ﬂ < pg‘i‘;d using

(6.11) for the last inequality. On the other hand, from (6.7) p > cooc. Hence,
T —s|<l|o—s|<a?< f; Since (8,%) € X1, we thus derive:

2 T S
E /(25—1) ‘S 5
= 1Y

ﬂ|1/2
p?

1/2 1/2 1

>1——:=1-—c¢.

(T =)
2

Coo

Hence, for | — < ¢, we obtain

— c>0, for coo > 2.

Z |ij|1/(2j—1) >1—2¢and djy € [[LR]]7 |5’{j0|1/(2]0—1) >
j=1
(6.13)

Write now:

(t = DI (p7 Tpe{x + R, (x, ) DI

-2 (5T S)_@H) [+ R (e 3)

Jj=1

From a stability analysis similar to the one of equations (A-8), (A-10) in [Men11],
we derive the following lemma, which allows to control the linearization error, whose
proof is for the sake of completeness proposed in Appendix A.

Lemma 6.3. Assume that (A) holds and that 0 < p < A. Then, under the local
condition (3.1), there exists Cg.3 := Cg.3((A), A) s.t.:

IRY (%, ¥)] < Coaler + (t —9))X].
Also, if p = p(t — 5,0 5(x) —y) > coov := p(0 — 5,€ — 0, 5(x)), then
IR, 5(05,5(x),y)| < Co3(er + (t — 0))[x].

This implies that taking jo € [1,n] s.t. [|%j,| = SUP;e[1,n] |%;| one has for all
j€i,n]:

HRY s(x,¥)}| < Coan(er + (t — 5))[Xj ],
(6.14) {RE 5 (00,5(x),¥)}| < Coznler + (t — )%, .

Thus, for T and ep s.t. Cegn(er + (t —s)) < 1/2:

(b= 7T (P Ty (% + RYL (6, y) DI
(- |xm|2(§ (Coanler + (0= 5))?)
—2c

1/, 7—s —(2jo—1) 2(2jo—1)
4 \° P> n ’

Y

Y
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using (6.13) for the last inequality. Plugging the above control into (6.12) yields:

_ ~ty
qC(Ta tv et,s (X)v y) < C 1
(t _ 7.)2 = p4+n2d ~ 24n3d/2
(5-5)

c{. T—s —(2jo—1) 1 -9 2(2jo—1)
X ——5- :
exp 103 pz -

From the above computations, we finally get the global bound:

Cla2
4+n2d "’
p +n2d

(615) 301 = Cl(T, (A)) > 0, Il(S,O',f,X, y) <

Let us now turn to Iz(o,t,x,£,y). From Proposition 6.1 and (4.4), we get
similarly to (6.9) that 3(c,C) := (¢, C)(T, (A)) > 0 s.t.:

Lo,t,x,6y) < C(t—0) /T 58,7 (x) - 0,5 (€))

sup Go(0, 1,70, (x) + (1 — )8, 2(€), y)
(t ) ~v€[0,1]

Ot — )T, 14 (80,5(x) — £)|

1 ~t, ~t,
sup (IC(U’ ta 7001 (X) + (1 - V)Gt,z (5)’ y)?
t—0) yelo,

IN

(6.16) X

—~

using also Lemma 6.1 recalling that we have assumed |o — s| < K|t — o] for the last
inequality. Hence:

(6 k| 1
12(0—5t7X5€7y S {Z 2+ 2k 1 +n2d 2+(2k—1)+n2d
. 2

T (véi:i:(m -8l - y)

2
X sup exp | —c(t — o) .
7€[0,1]

Thus, if |5 — ‘7;23|1/2 >c, we get

(00 (x) — 0?1
( %, &, y < CZ 2+(2k 1)+n2d CZ 2+(2k 1)4+n2d’
using (6.11) for the last inequality. Recall now from (6.10), (6.11) that

(40, Y (x) + (1 =)0, % (€)) —y

— 70, (x) + (1= 7)8,2(0,5(x) + a ' Ty2%) — y

B 155 () 4 (1 - w{éijiwa,s(x)) LR, o)alﬂraax} y
= 015(x) — y + (0,7 (%) = 01,5(x)) + (1 = 1) (0, 2 (80s(x)) — 01.5(x))
+(1 =) R (t,0)a 1 Tyex

= —p T X+ 7R (%,Y) + (1= NRE 5 (00,6(x),¥)} + (1 = 9)R™ (t,0)a ™ TyeX,
(6.17)



MARTINGALE PROBLEMS FOR SOME DEGENERATE KOLMOGOROV EQUATIONS 29

where (5,%) € £1. Observe that, from (6.14) we have for all j € [1,n],

[(RY (%, ¥))j| + (R 5(05,5(x),¥));| < Co3n(2er + (t — ) + (t — 5))[Xjo |-
(6.18)

On the other hand, from the scaling Lemma 6.2 we obtain that

2 ty,t—o

(t —o)Y2T L RYY (t,0)a ' Teex = R (1,0)(t — 0)Y/?T7 L a7 'T,0%
2 ty,t—o N A
with |R (1,0)] < C:=C(T,(A)). Thus, recalling that from the structure of
the linearized system the resolvent is subdiagonal (see (3.3), (3.4)), we derive for

all j € [1,n]:

- 2ty t—o

(t — o) VH(T L, RYY (t, 0)a I T2 %) ;] = (t — o) 3| (R (1,0)T, Y a1 T2 %),

J 9 N\ i—1/2 9 i—1/2

~ 6] A o
< E x| < E _ X
P

—(j—1/2) 3 2y i—1/2
~ - g — S « _
(6.19) §C(s— . ) E:(—2> x|

i=1

as soon as ¢ < 1 and |3 — %P/Q < ¢. In that case, using (6.13), (6.17), (6.18),
(6.19) we then derive that:

(t — )Ty, (70, (x) + (1 — 7)0, 2 (&) — y)I?

> (5= 220 (R 2 ULyl 1L 610,300

p
Jjo 9\ 1—1/2
o (5(5) " )
=1 P
o—s —(2jo—1) 1
> (s > > <§|ij0|22n2[062v3(2€1:+2(t0/\s +C% 2)

p
>(~ U_S) (2jo—1)
Z | s—= Ca
02

where ¢ > 0 for T, e small enough and a sufficiently large c,,. We thus obtain the
global bound:

n a2k—1
(620) ElCQ = CQ(T, (A)) > 0, IQ(O‘,t,X,g,y) S CQ <Z W) .
k=1

Plugging (6.15), (6.20) into (6.8) gives the point.

Let us now turn to the estimates concerning the adjoint kernel k: J. Some
additional contributions need to be taken into account. Namely, when investigating
the difference

Df;((5,%),(0,8), (t,y)) = ki (s,t.xy) = ki (0,1,€,)
= k!t s,y.x) -kl (t,0,y,§),
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we are led to consider the linearized systems éz:(y), éZf(y) Define now for all
(s,t,u,x) € [-T,T)> x R :

(6.21) H > (t,u) == R (L, s)K*(t,u)R**(t, 5)*.

Remark 6.3. Observe that from the above definition and the specific structure of

the resolvent (see equations (3.3), (3.4)) we actually have det(R**(t,s)) = 1 and
therefore det(H** (¢, u)) = det(K*(¢,u)).

From the definition in (6.21) and (3.5) the exponential bounds write:

$,X

<Kx(t $)710. (v) — x),6.7 (y) — %)

)~ R ( $,1)(y — 01,5(x)), ¥ — 0,5(x))

= (H>*(t,s (y —0:,5(x)),y — 01,5(x)),

(KE(t,0)7 (075 (y) — €).675(y) — &) = (A7 <t,a—>- (v = 01.0(6)).5 — 01.0(E)).
Introducing, for all (s,t,u,x) € [-T,T]® x R* z € R",

= (R*%(s, )" K*(t,s

ks’x’“’t(z) = Ts_t>0 {—[ﬁs’x(t, u)_1]1,1 + [ﬁs’x(t,u)_lz]gm}

! L s w) 'z, 2z
(6.22) (27T)"d/2det(1:15’x(t,u))1/2 X exp (—§<H (t,u)" 'z, >) )

we can rewrite:
DY ((5,%), (0, €), (Y| = k75 (y — 01,4(x)) — k757 (y — 04.6(€))]
|kSXSt(y_0t,s(X)) ksdxat(y_et,s(
RS (y — 0t,s(X)) - k/’gg Ty — 01.5(x))]

J

HIRTS Ty = 015(x) = BT F 7 (Y = 00,0 (8))] = Z {D{; (0,€), (£, ) }l-

Now the terms [{Df;((s,x),(0,€), (t,y) }1] and [{Df;((s,x).(c.£), (t.y))}s| re-

spectively involve time and space sensitivities when the freezing parameters in the
covariance matrix are fixed. Those contributions can therefore be investigated as
terms I; and Iy in (6.15), (6.20). Once again, the previous splitting is associ-
ated w.l.o.g. to the case |0 — s| < K|t — o], see also Remark 6.2. The term
{D¢;((s,x), (0,€), (t,y))}2| involves two different covariance matrices observed at
the same time but that are respectively associated to the freezing points (s,x) and
(0,&) in the linearization of (3.2). To analyze this difference we proceed as in the
proof of Lemma 2.4 in [Menl1]. Namely, using the scaling lemma 6.2, we rewrite:

H*(t,0) = (0 — 1) To_ T, _,, H4(t,0) = (0 — 1) T, H]7T, _,,
where I:{i’x’a’t, I:{'lj’g’a’t are uniformly elliptic bounded matrices on R*@R". Thus,

((1,0) = H(1,0))(y — 00,5(x)), ¥ — 01,5(x))

— (A7 — HIS) (0 — 1) 2T _o(y — 0,4(x))), (0 — )"/ 2Ty i(y — 01.4(x))).
(6.23)
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We now want to control the difference (I:{i’x’a’t — I:{'lj’g’a’t) in (6.23). From (6.21)
and the scaling Lemma 6.2:

Hy* —H74 = (0 -1) /t ’ {R_" Tt Ba(u,a0) B (RS, T, L, )
- R‘ZéﬂrgitBa(u, xO)B*{R‘g’_iTalt}*} du
= (o—t)! /‘7 {RﬂBa(u,zo)B*(Rﬂ)*
’ = =
— R% Ba(u, xo)B*(RZ’%)*} du,

~ < [
[H}7 - B8 = C’(oft)*l/ du.
t

(6.24)

D S, X D 0,&
Rt’—u 7Rt77u

o—t o—t

Let us now write:

T,2, / u{DF(v, 0.,5(x))R¥*(v,u) — DF(v, 8, ,(£))R"(v, u)}dvﬂra_t

< | [T D060 00T} (R, ) — RIS, o
t o—t t

+ / TS, (DF (0, 80.4(x)) — DF (0,0, 0(6))To—eR7E, do| < C[8.4(x) — €.
t o—t

where C := C((A)), using the smoothness conditions assumed in (S), the scaling
Lemma 6.2 and Gronwall’s Lemma for the last inequality. From the above equation
and (6.24), (6.23), we thus derive:

(H*(t,0) = H*(t,0))(y — O1,5(x)). ¥ — Or,5(x))

(6.25)
< Cl0s,s(x) —&l[(0 = 1)/ Tot(y — 0:5(x))%, C = C((A)).
Because of the non-degeneracy of a, the inverse matrices (H;™>7")~1 (HJ$7")~1
have the same spatial Lipschitz regularity. Indeed, up to a change of coordinates
on can assume that one of the two matrices is diagonal at the considered point and
that the other has dominant diagonal if |0, s(x) — &| is small enough (depending on

the ellipticity bounds in (A) and the dimension). This reduces to the scalar case.
Hence,

v V ()™ = (1, 0)) )y — Bn(x)),y — 01.(x)
= ()7 = (TS = 02Ty — 0060, (0~ 72Ty — 6ra(x)
< C10ra(x) = €ll(0 = 2T, (v = 00 ()

The difference of the determinants can be investigated similarly. We therefore
derive:

DL (5, %), (0,€), (t,¥)) ol < cw%w,t,onm ),
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which can be analyzed similarly to I» (see equation (6.8) and page 28) in the
previous proof and yields:
(6.26)
d((s,x),(0,€)) d((s,x),(0,€))
Dd t < C ) Ll 9 < C 9 ) )
|{ 17]((57)(),(0',5),( 7y))}2| — d((S,X),(t,y))2+n2d — d((S,X),(t,y))3+n2d,

recalling that d((s,x), (¢t,y) < 1. This gives points ) and 4ii). The cancellation
property iv) is the more subtle to derive. Let us first prove:

sup | kgj(S,th’Y)dtdﬂ < too.
>0 Jd((t,y),(s,x))>e¢

Write:

/ kzd,] (Sa tv X, y)dtdy = / kt,y,s,t(x - es,t(y))dtdy
d((t,y),(s,x))>e p(t—s,x—0 ¢ (y))€E(€,0)

n / FYst(x — 0, ,(y))dtdy = OF + O5.
p(t—s,x—05,+(y))€(8,20)

Recall now from Section 4.3 that the kernel involves a cut-off that localizes the
singularities. Hence, it is easily seen from (4.7) that |O5| < C := C(T, (A),d). Let
us now focus on Of. Set z :=x — 05 ,(y) that yields dz = det(Jacg_ ,(y))dy where
for T' small enough det(Jacg, ,(y)) = 1+ O(t — s). We thus derive:

1 .
05 = / exp(— = (H 909 (5, 1)) 2, 7))
plt—s,2)€(,9) 2

1

XPi ; I:It’et’s(xiz) S,t 71,Z
4l (5,1)) )(QW)nddet(Ht 0 . (x— z)( ))1/2

dtdz + O(1),

denoting for (A,z) € R" @ R" x R™, P, ; = {[A]11 + [AZ] }w"
Now:

exp<—§<<ﬁtv"fvs<x-z><s,t>>-1z,z>>

1
(2m)ddet(HE0n0=2) (s, 1))1/2

—9. Lt (x—2) 1 1
_ zgz{{exm (i (5.0 12 2)) e G

+Ri (s, t,x,2).

X Py (HM00r72) (5, 1)) 71 )

Reproducing the arguments that lead to (6.25) from (6.23), we observe that the
sensitivities of the covariance matrices w.r.t. the freezing parameters do not induce
additional singularities. Hence, it can be checked that:

c 1
(DR exp(—(t — )|T; z]?), C = C((A),T).
The smoothness on the coefficient F, which is assumed under (A) to be C? in
space and s.t. the Dy, |F; is C? in space as well, is actually just required here
to differentiate twice the dynamics of the resolvent which already corresponds to a
first order linearization of the initial system. Such terms appear in R; ; and derive

|Ri (s, t,x,2)] <
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from the sensitivities of (H04:(x~2)(s 1))~1 w.r.t. zi 2/. We thus write

o - / J. {qH(s,t,z)}dtdz+O(1),
p(t—s,z)€(e,8)

exp(— 3 (H"01= =) (5, 1)) "7, )
(2m)nddet (HEO1 s (x=2) (5,¢))1/2

qu (s, t,z)

By the divergence theorem:

o51< >

Be{e, 0}

/ O qu (s, t,z)njdv((t — s),2)|,
p(t—s,z)=8

Now, from the metric homogeneity (see Remark 4.1), the good scaling property
(3.7) that is valid for H®+s(*~2) it can be shown, changing variables similarly to
(6.10), that for e small enough:

€ dl/l (5,2) ~ —1-
(627) |Ol| < C/p(lgl et W exp (*C|S||T‘§|1z|2) < +00,

and that Of admits a limit when ¢ — 0. From (6.27) we thus get point iv) for
the kernel kf{ ;- The proof of the cancellation property for the adjoint kernel can
be proved similarly exploiting the equivalence of the “forward” and “backward”
distance on compact sets (see Proposition 4.1). O

APPENDIX A. PROOF OF LEMMA 6.3

Let us prove the first claim of the Lemma. Recalling equations (3.2), (3.3) and
(3.13), (3.14), we write:

RE(x,¥) = T,z {B10(x) — 6,7 (x)}
oT, 2 {/:duKF(u,eu,s(x)) FUY (0, 0, (x )
(D0 6,00 - 812
([ 8 (DO 0,00105) + 500130~ Oty

)
= DE (1,0,0(5)) 0 (6) — Our(3)) |}
(A1) = (RE +RES+RED (%),
where for (u,z) € [s,t]xR" DF"Y (u, z) is the (nd) x (nd) matrix with only non zero

d x d matrix entries (DF*Y (u,2)); ;-1 := Dx, ,Fj(u,2;_1,0,,:(y)""), j € [2,7],
so that in particular DF"Y (u, 0,.+(y)) = DF(u,0,+(y)).
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The structure of the “partial gradient” DF®Y and the small variation condition
(3.1) yield that there exists C3 := C5(T, (A)) s.t. for all j € [2,d]:

t
(REZ(¥))5] - < Caé‘FPl*QJ/ du|(6,s(%) = Ou.r(y))j—1l

t
< Cherp™? / (3" P25 (B, (%) — Bus(¥))k-1 )
S k=2

IN

Caepp™ / Qu(pIT, -2 (81 (%) — Buo(¥))))

IN

C3€Fp_2/ dU(P|Tp*2(0t,s(X)_Y)|)

(A.2) < Caepp|Ty—2(0r,s(x) —y)l,

up to a modification of C5, using the bi-Lipschitz property of the flow 8 for the
last but one inequality (see the end of the proof of Proposition 5.1 in [DM10] for
details) and recalling from (6.10) that |t — s|/p? < 1 for the last one.

On the other hand, the term Rfsl (x,y) can be seen as a remainder w.r.t. the
characteristic time scales. Precisely, there exists Cy := C1(T, (A)) (possibly chang-
ing from line to line) s.t. for all j € [1,n]:

t n
(RENey)| < €™ [ w3 (6ue) ~ Bus (¥
s k=j

IN

Ch / dup|Ty—2(0y,5(x) — 00t (y))]

(A.3) Cr(t = 5)p|Ty—2(01,5(x) —y)
using once again the bi-Lipschitz property of the flow 8 for the last inequality.

IN

Remark A.1. Let us observe carefully that the second inequality is valid in whole
generality when p is bounded. On the other hand, under (Agp) there is only one
entry corresponding to k = j in the first inequality and the second one is always
true. These are exactly the assumptions required in the statement of the Lemma.

Recall now that Rfﬁf(x,y) is the linear part of equation (A.1), i.e. it can be
rewritten

t
RE2(xy) = /du{pﬁrpwm,eu,t(y>>p—11rp2}

S

~t,
% (PTy2(8u,s (%) - 8,7 (%))
¢ iy ¢
= [ dual 3 (T2 (00— %) = [ duat 5)RE, (9
where there exists a constant Co := Ca(T, (A)) s.t. f: dulaf ,(y)] < Ca. From
(A.3), (A.2), (A.1) and Gronwall’s Lemma we derive
3Cs = Cu(T, (A)), IR7(¥)] < Culer + (t = 5))p|T,-2 (01s(x) — y)|
< Culer + (= 9))[x]

recalling (6.10) for the last inequality. This gives the first part of the Lemma.
For the second one, the previous proof can be adapted with obvious modifications



MARTINGALE PROBLEMS FOR SOME DEGENERATE KOLMOGOROV EQUATIONS 35

using thoroughly that 6, (0, (%)) := 0, s(x)) and the bi-Lipschitz property of
the flow. The main differences are that the time integrals are taken between o and
t. Following the computations leading to (A.2), the contribution Rﬁ’i(@ms(x),y)
would be bounded by Csepp= 2|t — ol{p|T,-2(0¢s(x) — y)|} < Cserpp (|t — s| +
|s — a){p|T,-2(0:,s(x) — y)|}. Recalling also that [t — s| + |0 — s| < p? + a? <
(1 + coo)p? on the considered set, we get that (A.2) still holds in that case. We
would similarly have [R}, (0,,(x),y)| < C1(t—0)p|T,-2(8:.s(x) —y)| giving (A.3)
in that case. Eventually, the same previous triangle inequality would give that, on
the considered set f; dulef ,(y)| < C, so that ’Rfﬁ(Qms(x),y) can still be viewed
as the well controlled linear part of the inequality. The proof then again follows
from Gronwall’s lemma. O
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