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PARAMETRIX TECHNIQUES AND MARTINGALE PROBLEM FOR SOME
DEGENERATE KOLMOGOROV’S EQUATIONS

S. MENOZzZI!

Abstract. We prove the uniqueness of the martingale problem associated to some degenerate opera-
tors. The key point is to exploit the strong parallel between the new technique introduced by Bass and
Perkins [] to prove uniqueness of the martingale problem in the framework of non degenerated
elliptic operators and the Mc Kean and Singer MSG"I] parametrix approach to the density expan-
sion that has previously been extended to the degenerate setting that we consider (see Delarue and
Menozzi | D).

1991 Mathematics Subject Classification. 60H10, 60G46, 60H30.

November 8, 2010.

1. INTRODUCTION

1.1. Martingale problem and parametrix techniques

The martingale approach turns out to be particularly useful when trying to get uniqueness results for the
stochastic process corresponding to an operator. In a recent work, R. Bass and E. Perkins ] introduced
in the framework of non-degenerated, non-divergence, time-homogeneous operators a new technique to prove
uniqueness of the associated martingale problem. Precisely, for an operator of the form

Li(z) = %Tr(a(x)Dif(m)), feC2RLR), z € RY, (1.1)

the authors prove uniqueness provided a is uniformly elliptic, bounded and uniformly n-Hélder continuous in
space (n € (0,1]), i.e. there exists C > 0 s.t. for all (z,y) € R, |a(z) — a(y)] < C(1 A |z — y["). That is,
for a given starting point x € R?, there exists a unique probability measure P on C(RT,R%) s.t. denoting by
(X¢)¢>0 the canonical process, P[ Xy = ] = 1 and for every f € C3(R%,R), f(X;) — f(x) — fot Lf(X)ds is a
P-martingale.

In the indicated framework, this result can be derived from the more involved Calderén-Zygmund like LP
estimates established by Stroock and Varadhan [, that only require continuity of the diffusion matrix a,
or from a more analytical viewpoint from some appropriate Schauder estimates, see e.g. Friedman [[Fri64)].

Anyhow, the technique introduced in [BP0g| can be related with the first step of Gaussian approximation of
the parametrix expansion of the fundamental solution of ) developed by McKean and Singer [MS67] that we
now shortly describe. Suppose first that, additionally to the previous assumptions of ellipticity, boundedness
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2 S. MENOZZI

and uniform Hélder continuity, the diffusion coefficient a is smooth (say C*°(R%,R)). Thus, the fundamental
solution p(s, t,z,y) of (L) exists and is smooth for ¢ > s, see e.g [Fri64]. Precisely, we have:

p(s,t,x,y) = L*p(s,t,x,y), t > s, (x,9) € (RY?, p(s,t,z,.) o7 80,

where L* stands for the adjoint of L and acts on the y variable. For fixed starting and final points z,y € R?
and a given final time ¢ > 0, in order to estimate p(0,¢,x,y), one introduces the Gaussian process X{{ =
r4o(y)Wu—s, u € [s,t],5 < t, where (W,)ye[o,t—s) is a standard d-dimensional Brownian motion and oo*(y) =
a(y). Observe that the coefficient of XV is frozen here at the point where we consider the density. Denote
by pY(s,t,x,.) the density of XY at time ¢ starting from z at time s, and for ¢ € C2(R%,R), define by
L¥p(z) = $Tr(a(y)D2p(x)) its generator. The density p¥(s,t,z,.) satisfies the Kolmogorov equation:

asﬁy(s,t,z,z) = —Eyﬁy(s,t,:c,z), s < t? (SC,Z) € (Rd)Qv ﬁy(satv '7Z) T) 52()7
st

where LY acts here on the z variable. Take now z = y in the above equation. By formal derivation and the
previous Kolmogorov equations we obtain:

t
pOtay) = 7O tay) = [ dsde [ p(0s,m ) (st )d
0 Rd
¢
= /ds/ (L*p(O,s,x,w)ﬁy(s,t,w,y)—p(O,s,x,w)iyﬁy(s,t,w,y))dw
0 Rd

t
= [ as [ pOsz )L - D95t g)du
0 R4

t
/ dS/ p(0, 5,2, w)H (s, t,w,y)dw := p @ H(0,1,,y), (1.2)
0 Rd

where ® denotes a time-space convolution. Observe that H(s,t,w,y) := (a(w) — a(y))D?p¥(s,t,w,y). From
direct computations, there exist ¢, C > 0 (depending on d, the uniform ellipticity constant and the Lo, bound

2
of a) s.t. |D2pY(s,t,w,y)| < H% exp(fc‘“;:'? ). The previous uniform Holder continuity assumption

on a is therefore a sufficient (and quite sharp) condition to remove the time-singularity in H. The idea of
the parametrix expansion is then to proceed in (@) by applying the same freezing technique to p(0, s, z, w)
introducing the density p"(0, s, x,.) of the process with coefficients frozen at point z. One eventually gets the
formal expansion

p(0,t,,y) = B0, t,,y) + Y P H*(0,t,2,y), (1.3)
k>1

where H®* k > 1, stands for the iterated convolutions of H, and ¥(s,t,z,y) € (RT)2 x R4, §(s,t,z,y) =
pY(s,t,z,y). The Holder continuity gives that H is a “smoothing” kernel in the sense that there exist ¢, C' > 0

(with the same previous dependence) s.t. |p© H®*(s,t,2,y)| < Ck1(t — s)"/2 [[1! B (1 + w, 121) (t —

2
5)~ /2 exp(—c%), where B(m,n) = fol sm71(1 — 5)"~lds stands for the § function. From this estimate,
equation (@) and the asymptotics of the g function, one directly gets the Gaussian upper bound over a
compact time interval. Namely for all T' > 0, there exist constants ¢, C' > 0 s.t.

ly — x|
—c—),

dy2
VO <s<t<T, V(z,y) € (RY)", p(s,t,z,y) < mexp( T,

(1.4)



PARAMETRIX AND DEGENERATE MARTINGALE PROBLEM 3

with ¢, C depending on d, the uniform ellipticity constant and Lo, bound of a and C depending on T" as well.
We refer to Konakov and Mammen |E MO(] for details in this framework.

Up to now we supposed a was smooth in order to guarantee the existence of the density and justify the formal
derivation in ([.J). On the other hand, the r.h.s. of (L) can be defined without additional smoothness on
than uniform n-Hoélder continuity. The Gaussian upper bound (m) also only depends on the Holder regularity
of a. A natural question is to know whether the r.h.s. of (D) corresponds to the density of some stochastic
differential equation under the sole assumptions of uniform ellipticity, boundedness and Holder continuity on a.
A positive answer is given by the uniqueness of the martingale problem associated to (EI) Indeed, considering
a sequence of equations with mollified coefficients, we derive from convergence in law, the Radon-Nikodym
theorem and (B) that the unique weak solution of dX; = o(X;)dW; associated to L admits a density that
satisfies the previous Gaussian bound. It is actually remarkable that the uniqueness of the martingale problem
can be proved using exactly the smoothing properties of the previous kernel H. That is what was achieved by
Bass and Perkins [ in the framework we described and it is the main purpose of this note in a degenerate
setting.

To conclude this paragraph, let us emphasize that the previous parametrix approach has been used in various
contexts. It turns out to be particularly well suited to the approximation of the underlying processes by Markov
chains, see Konakov and Mammen [KMO00,[KM0J] for the non degenerate continuous case or [KML(] for the
approximation of stable driven SDEs. On the other hand, recently, we used this technique to give a local limit
theorem for the Markov chain approximation of a Langevin process [ or two-sided bounds of some
more general degenerated hypoelliptic operators [] In particular, in both works, we have an unbounded
drift term. The unboundedness of the first order term imposes a more subtle strategy than the previous one for
the choice of the frozen Gaussian density. Namely, one has to take into consideration in the frozen process the
“geometry” of the deterministic differential equation associated to the first order terms of the operator. This
will be thoroughly explained in the next section. Anyhow, the strategy of the previous articles allows to extend
the technique of Bass and Perkins to prove uniqueness of the martingale problem for some degenerate operators
with unbounded coefficients.

1.2. Statement of the Problem and Main Results

Consider the following system of Stochastic Differential Equations (SDEs in short)

dth = Fl(thtla- .. ,Xf)dt%*O’(t,th, "Xgl)th’
dXt2 = FQ(thtlaaX?)dta
dX} = F3(t, X2,..., X")dt, t>0, (1.5)

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

(Wy)i>0 standing for a d-dimensional Brownian motion, and each (X});>0, 1 < i < n, being R%valued as well.

From the applicative viewpoint, systems of type (pear in many fields. Let us for instance mention for
n = 2 stochastic Hamiltonian systems (see e.g. Soize [B0i94] for a general overview or Talay [Tal0d] and Hérau
and Nier [ for convergence to equilibrium). Again for n = 2, the above dynamics is used in mathematical

finance to price Asian options (see for example ]) For n > 2, it appears in heat conduction models
(see e.g. Eckmann et al. [EPRB99 and Rey-Bellet and Thomas [RBT0(] when the chain is forced by two heat
baths).

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))o to (LF) is denoted by (X;)s>0. Introducing the embedding matrix B from R? into R™%, i.e.
B = (14,0,...,0)*, where “«” stands for the transpose, we rewrite (@) in the shortened form

dXt = F(t,Xt) + BO’(t,Xt)th,
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where F = (Fy,...,F,) is an R™-valued function. Moreover, for x = (x1,...,2,) € (R?)", we set x*" =
(Tiy ..., xp) € (RN,
We introduce the following assumptions:
(R-n) The functions (F;)ie[1,,) are uniformly Lipschitz continuous with constant £ > 0 (alternatively we can
suppose for ¢ = 1 that the drift of the non degenerated component Fj is measurable and bounded by k). The
diffusion matrix (a(t,.)):>o is uniformly n-Holder continuous in space with constant &, i.e.

oo, s latx—aly)
(xy)ernd, xzy X —y]"

(UE) There exists A > 1, Vt > 0,x € R™, ¢ € R, A71¢]? < (a(t,x)€, &) < Al€)%.

(ND-75) For each integer 2 < i < n, (t,(2i,...,2,)) € Ry x R4 the function x;_; € R? — Fj(t,x'~1")
is continuously differentiable, the derivative, (t,x*~1") € Ry x R"=#2d s p . F;(t,x"~1"), being n-Holder
continuous with constant k. There exists a closed convex subset £_1 C GL4(R) (set of invertible d x d matrices)
s.t., forall t > 0 and (z;_1,...,2,) € R®=424 the matrix D,, ,Fi(t,x*~*") belongs to £_;. For example,
&i, 1 <i<n-—1, may be a closed ball included in GL4(R), which is an open set.

Assumptions (UE), (ND-7) can be seen as a kind of (weak) Hormander condition. They allow to transmit
the non degenerate noise of the first component to the other ones. Also, the particular structure of F(t,.) =
(Fi(t,.), -+, Fy(t,.) yields that the i*® component has intrinsic time scale (2i — 1)/2,i € [1,n]. We notice that
the coefficients may be irregular in time. The last part of Assumption (ND-7) will be explained in Section E
We say that assumption (A-n) is satisfied if (R-n), (UE), (ND-7) hold.

Under (A-7), we established in [DM10] Gaussian Aronson like estimates for the density of ([.) over compact
time interval [0,T], for n > 1/2. Precisely, we proved that the unique weak solution of (E) admits a density
that satisfies that for all 7 > 0,3C := C(T,(A-n)) s.t. V(t,x,y) € (0,T] x R*® x R"4:

C1 2 exp (=CH|T; 1 (0:(x) — y|*) < p(t,x,y) < Ct= 42 exp (=CHT; M (0:(x) — yI*) | (1.6)

where Ty := diag((t'Ia);c[1,5]) 18 a scale matrix and 0:(z) = F(t,0:(x)), 00 (x) = x.

To derive ), we proceeded using a “formal” parametrix expansion considering a sequence of equations
with smooth coefficients for which Hormander’s theorem guaranteed the existence of the density, see. e.g.
Hormander [Hor67] or Norris ] Anyhow, as in the previous paragraph, our estimates did not depend on
the derivatives of the mollified coefficients but only on the n-Holder continuity assumed in (A-n). Anyhow, to
pass to the limit following the previously described procedure, some uniqueness in law is needed. Using the
comparison principle for viscosity solutions of fully non-linear PDEs, see Ishii and Lions ], we managed to
obtain the bounds under (A-7), n > 1/2. However, the viscosity approach totally ignores the smoothing effects
of the heat kernel and is not a “natural technique” to derive uniqueness in law.

Introduce the generator of ([L9):

1
Vo € C2(RT x R™ R), ¥(t,x) € R* x R, Lyp(t,x) = (F(t,x), Dxy(t, x)) + ETr(a(t,x)Dilgo(t,x)). (1.7)

Adapting the technique of Bass and Perkins ] we obtain the following results.

Theorem 1.1. For n € (0,1], under (A-n) the martingale problem associated to L in ([L.7) is well-posed. In
particular, weak uniqueness in law holds for the SDE (E)

As a bypass product we derive from [DM1(] the following;:

Corollary 1.1. For i in (0,1], under (A-n), the unique weak solution of ([LJ) admits for all t > 0 a density
that satisfies the Aronson like bounds of equation (|L.4).
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2. CHOICE OF THE REFERENCE (GAUSSIAN PROCESS FOR THE PARAMETRIX

In this section we describe the Gaussian processes that will be involved in the study of the martingale problem
and that have been previously involved in the parametrix expansions of [] We first introduce in Section
E a class of degenerate linear stochastic differential equations that admit a density satisfying bounds similar to
those of equation (E) We then specify, how to properly linearize the dynamics of (E) so that the linearized
equations belong to the class considered in Section E

2.1. Some estimates on degenerate Gaussian processes with linear drift

Introduce the stochastic differential equation:

dG; = LiGy + BX dW, (2.1)
where Lyx = (0, ajx1,..., a8, 1)* + Usx, and Uy € R™ @ R™ is an “upper triangular” block matrix with
zero entries on its first d rows. We suppose that the coefficients satisfy the following assumption (Alnear).

- The diffusion coefficient A; := ¥;X7, ¢ > 0, is uniformly elliptic and bounded, i.e. A > 1, V¢ € RY, A71[¢2 <

- For each i € [1,n — 1], there exists a closed convex subset & C GL4(R) s.t. for all ¢ > 0, the matrix o} belongs
to 51
Denoting by (R(s,t))o<s,+ the resolvent associated to (Ly)i>o, i.e. O:R(t,s) = LiR(t,s), R(s,s) = L4, we
havefor 0 < s < t,x € R, G{** = R(t, s)z+ [’ R(t,u) BE,dW, and Cov[G{™*] = [! R(t,u) BA,B*R(t, u)*du :=
K(s,1).
(Fro)m Propositions 3.1 and 3.4 in [DML(], the family (K(s, t))te(s,r) Of covariance matrices associated to the
Gaussian process (G;™)e(s,r) satisfies, under (Alineary "5 “000d scaling property” in the following sense:

Definition 2.1 (Good scaling property). Fiz T > 0. We say that a family (K(s,t))ic[s,1),5 € [0,7) of
R @R" matrices satisfies a good scaling property with constant C > 1 (see also Definition 3.2 and Proposition

3.4 of /) if for all (t,s) € RT)2, 0<t—s < T, Vy € R Ot - s)7 Ti_,y|? < (K(s,t)y,y) <
C(t— S)_1|Tt—sy|2-

Precisely the family (K(s,t))ie(s,r) satisfies under (A'"°ar) a good scaling property with constant C' :=
C(T,(Alinear))'

Remark 2.1. We point out that it is precisely the second assumption of (A'"°¥) concerning the existence of
convex subsets (E;)ief1,n—1] of GLa(R) that guarantees the good scaling property (see Propositions 8.1 and 3.4
in [DM10] for details).

The density at time ¢t > s in y € R" of G} writes

1
2m) a2 det (K, 1)1/

exp(—1<K(s, )" R, 8)x —y),R(t,8)x — y)). (2.2)

t =
q(s,t,x,y) ( 5

Since under (A'inear) (K(s, t))te(s, 1) satisfies a good scaling property in the sense of Definition @, we then
derive from (R.9):

Proposition 2.1. Under (A") for all T > 0 there exists a constant Cp] := (T, (Alimear)y > 1 s, ;

C‘a(t - s)"zd/2 exp

—

_Ca(t - S)lT;Js (R(t’ S)X - y)|2) < q(s, i, X, y)
CRA(t = )™ 2 exp(=CR (t — 9)|Ti, (R(t, )% — y)[?). (2.3)

IN
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This means that the off-diagonal bound of Gaussian processes with dynamics (R.1) and fulfilling (Alinear) is
homogeneous to the square of the difference between the final point y and R(¢, s)x (which corresponds to the

transport of the initial condition by the deterministic system deriving from (@), that is 6, = L;0;) rescaled
by the intrinsic time-scale of each component. We here recall that the component ¢ € [1,d] has characteristic
time scale t(2i=1)/2,

2.2. Linearization of the initial dynamics and associated estimates

The crucial feature of the parametrix method described in the introduction was to choose a “good” process to
approximate the density of the diffusion. In the uniformly elliptic case, with bounded coefficients, one could take,
as a first approximation, the Gaussian process with coefficients frozen in space at the fixed final spatial point
where we wanted to estimate the density. The choice is natural since it makes the kernel H (defined in ([.9))
“compatible” with the bounds of the frozen density. It is precisely the off diagonal term in exp(—c|z—y|?/(t—s))
that allows to equilibrate the singularity in |z — y|7/(t — s) coming from the second order spatial derivatives.
In their work, [, Bass and Perkins exactly exploited the specific behavior of the singular kernel H which
has an integrable singularity in time at 0 (see their Proposition 2.3), to derive uniqueness of the martingale
problem in the non-degenerate time-homogeneous framework. This approach provides a natural link between
parametrix expansions and the study of martingale problems for uniformly Hélder continuous coefficients.

Parametrix expansions, to derive density estimates on systems of the form ), have been discussed in
[DM10]. We thus have in the current degenerate framework of assumption (A-7) some natural candidate
defined below. The key idea is to consider a “degenerate” Gaussian process whose density anyhow has a specific
“off-diagonal” behavior similar to the one exhibited in equation (@) and to choose the freezing process in order
that the singularity deriving from H is still compatible with the “off-diagonal” bound in the sense that it will
be sufficient to remove the time-singularity.

We follow the same line of reasoning in our current framework.

For fixed parameters T > 0,y € R™?, introduce the linear equation:

dXY = [F(t,0:1(y)) + DF(t, 0t,T(Y))(XtT’y —0.1(y))]dt

2.4
+ Bo(t,0:,7(y))dWs, 0<t<T, (24)

where (0;.7(y))i>0 solves the ODE [d/dt]0: r(y) = F(t,0.1(y)), t > 0, with the boundary condition 87 (y) =

0 .. . e 0
DxlFQ(t,X) 0 0
y and V(¢,x) € [0,7] x R", DF(t,x) = 0 Dy, Fs(t,x) 0 0 o | is the sub-
: 0 " :
0 0 Dy, F.(t,x) 0

diagonal of the Jacobian matrix D,F. Write p7¥(¢,T,x,.) for the density of Xg’y starting from x at time
t.
The deterministic ODE associated with X7*¥ has the form

d -~
59 =F(t.001(y)) + DF(t,0:.7(y))[¢, — 0r.2(y)], t20. (2.5)
We denote by (é:;y)s,tzo the associated flow, i.e. étTSy (x) is the value of (th when <~bs = x. It is affine:

0,.) (x) = RTY(t,5)x
t (2.6)
+ / RTY (1, u) (F(u, 01 (y)) — DF(u, 0, 7(y))0u r(y)) du.
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Above, (RTY(t, 5))s >0 stands for the resolvent associated with the matrices (DF(t,0; 7(y)))i>0-
We now claim

Lemma 2.1. Let Ty > 0 be fired. There exists a constant CE > 1, depending on (A) and Ty such that, for
any t €10,T), T < Ty and x,y € R,

O Tzt e [x — 0ur(y)]| < T2, (677 (x) — ]| < BT [x = 00 (v)] |-

This means that we can compare the rescaled “forward” transport of the initial condition x from ¢ to T" by the
linear flow and the rescaled “backward” transport from 7" to ¢ of the final point y by the original deterministic
differential dynamics. We refer to Lemma 5.3 of [ for a proof.

Furthermore, under (A-7) we have that DF(, 8, r(y)) satisfies (A'""°2"). We thus derive from Lemma P.1]

~ ~T,
and a direct extension of Proposition P.1] (the mean of X;*y starting from x at time ¢ being QT;](X» the
following result.

Lemma 2.2. Let Ty > 0 be fized. There exists a constant C@ > 0, depending on (A-n) and Ty such that, for
al0<t<T<T, andx,yER”d,

ﬁTﬁy (ta Tv X, y) < CEQCB,T*t (X - et,T(y»v

24
2

where for all a > 0,t >0, gas(y) =t"" 2 exp(—a~"t|T; 'y|?), a,t >0, y € R™,

Forall 0 < s <t<T, zycR", define now the kernel H as:

H(stn,y) = {(F(5,2), Dy (s,1,2,y)) + 3 Te(als, )DZ, 7 (s, 1,2,y)} —
{(P(5,0,.4(y) + DR (s, 04.0(y)) (7 — 0s.(y)), D™ (5, 1,2,7)
+5THa(s, 0, a0 D2 (5,629} = (Lo — LY (sstmy), (27)

where L is the generator of the initial diffusion (L) defined in ([L.7), fﬂ?z’ and p*Y (s, t,z,.) respectively stand

for the generator at time s and the density at time t of Xty X?y = z with coefficients “frozen” w.r.t. t,y.
The lower script in z is to emphasize that z is the differentiation parameter in the operator.
We have the following control on the kernel (see Lemma 5.5 of |M| for a proof).

Lemma 2.3. Let Ty > 0 be fized. There exists a constant CE > 0, depending on (A-n) and Ty such that, for
allt €[0,T), T <Ty and z,y € R,

[H(t,T,2,y)| < CBA(T —t)? 9] r—1(z — 0:.7(y))-
We conclude this section with a technical Lemma whose proof is postponed to Appendix @

Lemma 2.4. Let h be a C°(R™ R) function. Define for all (s,x) € [0,T] x R4,

Ve >0, E°(s,x) ::/ dyh(s,y)p*teY (s,5 +¢,x%,y).
Rnd

Then E°(s,x) converges boundedly and pointwise to h(s,x) when ¢ — 0.
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3. PROOF OF THEOREM

Suppose we are given two solutions Py, Py of the martingale problem associated to (Lt):e[s,7) starting in x
at time s. W.l.o.g. we can suppose here that T < 1. Define for a bounded Borel function f : [0, 7] x R"? — R:

Sif = Ei

/Tdtf(t,xt)] e[,

where (X¢)¢e[s,r) stands here for the canonical process associated to (P;);cq1,2)- Let us specify (as indicated

in [BP0Y]) that Sf is only a linear functional and not a function since P; does not need to come from a Markov
process. Let us now introduce

SAf.=8'f—8%f ©:= sup |SAf|
Iflloo <1
Clearly © < T —s.
If f € C2([0,T) x R R) then by definition of the martingale problem we have:

£(s,x) +E, /Tdt(atJrLt)f(t,Xt) =0, ie[1,2] (3.1)

For a fixed point y € R™ and ¢ > 0, introduce Vf € Cy*([0,T) x R" R) the Green function

T
Y(s,x) € [0,T) x R™ G=Y f(s,x) := / dt/ dzp' Y (s,t,x,2)f(t,2). (3.2)
s Rnd

We insist that in the above equation p'™=¥ (s, ¢, x,z) stands for the density at time ¢ and point z of the process

X'+e¥ defined in (@) starting from x at time s with coefficients depending on the backward transport of the

freezing point y by (€u,t1c)uefs,)- In particular, the parameter ¢ can be equal to 0 in the previous definition.
One easily checks that

(05 + LELEY)PTY (5,8, %, 2) = 0,Y(s,%,2) € [0,£) x (R")?, p'T=Y(s,1,x,.) o 5x () (3.3)

Introducing for all f € Cy([0,T) x R* R), (s,z) € [0,T) x R,

MY f(s,x) = /T drf/]R ) dzf,’;ﬁf,}’ﬁtﬁ-s,y(s,f,X,Z)f(ﬁ,Z),
we get from equations (B.9), (B-3)

(0G5 f + MIY f)(5,%) = —f(s,%),V(s,%) € 0,T) x R". (3.4)
Define now for a smooth function h € Cy*([0,T) x R™ R) and for all (s,x) € [0,T) x R"®:

@€7y(s7x) = ﬁSJrE’y(S,SJ’»E,X’ y)h(s’y)’

U (s,x) := / dyG®Y (DY) (s,x).
Rnd
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Observe that (B.9) yields:
T
U (s,x) = / dy/ dt/ dzp' =Y (s,t,x,2)DY (L, 2)
nd nd
T
= / dy/ dt/ zp =Y (st x,2)p TV (t,t + 2,2, y)h(ty)
nd

nd
[ / AFHEY (s, 4,3, y)h(E,y), (3.5)
Rnd s

=
=

=
Esl

exploiting the semigroup property of the frozen density pt™s¥ for the last inequality. Write now for all (s, z) €
[0,7) x R™,

(0s + Ls)¥ce(s,2) = /Rnddy(as + L) (GSY V) (s, %)

/ dy(0sG=Y =Y + MY ®=Y)(s,x) + / dy(LsG=Y Y — MY 0V )(s,x)
Rnd Rnd

*/ dy®=Y (s, %) + / dy(LoG=Y =Y — MEY®™)(s,x) = If + I3,
Rnd Rnd

exploiting (B.4) for the last but one identity. Now Lemma P.4 gives I7 = —h(s,x). On the other hand using
E—
the notations of Section P.3, we derive from (B.§) that the term I§ writes:

I /dt/ dy(Ly — LI )2 (s, ¢ 4 2, %, At y)
]Rnd

/dt/ dyH(s,t +¢,x,y)h(t,y).
s Rnd

Thus, from Lemma @,

Fe = (1Y IR ey 7% » HES ey M )
< InlCH / bt =) [ dyge ves(Bries () = ¥) < T = 9) v P

(3.6)

using the bi-Lipschitz property of the flow for the last but one inequality and up to a modification of C@ in the
last one. Anyhow, the constant C@ only depends on known parameters in (A-7). Thus for T and ¢ sufficiently
small we have from (B.6)

1
151 < 5l1hl (37)
Now, equation (@) and the above definition of S yield:
S2((0s + Lg)¥.) = 0 = |SAIT| = |SAT5).

From the bounded convergence part of Lemma @ and (@), we have:

|SAh| = hm |SAIE| = hm |SAIE| < @hmsup|18| < @Hh”OO
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By a monotone class argument, the previous inequality remains valid for bounded measurable functions h
compactly supported in [0,7) x R"?. Taking the supremum over ||h|l < 1, we obtain © < %@ which gives

© = 0 since © < +oo. Hence, E; UST dth(t,Xt)] =E, UST dth(t,Xt)} which proves the result on the interval

[0,T]. Regular conditional probabilities then allow to extend the result on RT, see Chapter 6.2 of [ for
details.

APPENDIX A. PROOF OF LEMMA P4

rrstey
K575+s

from x at s) at time s+¢ and by K

the covariance matrix associated to equation (@) for the process X5ty (starting
S$,X
s,8+¢

Let us denote by
the covariance matrix associated to the linear diffusion with dynamics:

dxt = DF(t, Gtﬁs(x))xtdt + BO’(t7 0tﬁs(x))th,t Z S, (Al)

that is KJ7%, . = f;“ duR*>*(s + €, u)Ba*(u, 0y s(x)) B*R**(s + €, u)*du where R** stands for the resolvent

associated to the linear part of (@)

Under (A-7), the matrices KZ";i_Z, K7, . admit a good scaling property in the sense of the previous
Definition P.1], i.e.

3C :=C((A-n) > 1, Ve eR™,  C7le™!T.€)* < (Ki17Y¢,€) < Ce!|T.€P?,

s,5+¢

Cle N T.€* < (KX €,8) < Ce|T.£) (A.2)

8,8+¢€

We introduce the following decomposition:

[—13 dy 1 Sste,yy—1 /75 TEY ~s+te,y
=)= [ ey e (- O 00 - 0810 - )

1 1
X ~ - X
{det(Kggig)l/Q det(K75 )2 }

dy h(S,y) 1 Sste,yy—1 ~s+e,y ~s+e,y
+/]Rnd (27-r)nd/2 det(Kz:§+8)1/2 exp 7§<(Ks,s+€ ) (05+s,s (X> - y)v 05+5,s (X) - y> -

~s+e,y ~ste,y

exp (5 (52 0000 3,021 00 - ) ) |

dy h(s,y) 1 $,% _1,p8tey ~s+te,y
+/Rnd (27r)nd/2 det(Kzi:-l-a)l/Q exp 7§<(KS,S+E> (es—i-a,s (X> - y)v 05+E,S (X> - y> -

e (K7 (0rres00 —¥). 0120 ) ) |

dy h(SaY) 1 $,X —1 e . —c
+/]Rnd (27T)nd/2 det(KS,7x )1/2 eXp 7§<(KS,S+E) (054’515(){) - y)) 05+€75(X) - y> L i:1‘_'i (57 X) (A3)

8,8+¢€

Let us now control the (25 (s,x))ieq1,47- Set ¥ := (K2%, ) 712(04c s (x) —y) where (K2, )~1/2 denotes the

8,5+¢€ 8,8+¢€

upper triangular matrix obtained through the Cholesky factorization, i.e. (K5, )~1 = (K%, )~1/2)*(K>* )~1/2

8,5+¢€ 8,5+¢€ 8,8+¢€

We get from the bounded convergence theorem:

= dy 2% . y/?
Ei(s,x) = /RndWh(S’ —(K3%)'V?F 4 0asc s(x)) exp (T — h(s,%). (A.4)



PARAMETRIX AND DEGENERATE MARTINGALE PROBLEM 11

For E5(s,x), we first observe, from Lemma @, the good scaling property (@) and the bi-Lipschitz property
of the flow @, that there exists Cy := C1((A-1)) > 1 s.t.

s+5 y $,% ~s5+e,y s—i—a,y
C 151/2|’]F ( s+e,s (X) - y>| S |(K5 s+6> 1/2(05+6,s (X> y>| < C 61/2|T ( s+e,s (X) - y)|’

Cl 151/2|T€ ( s+6,s(x) - )| < |(K§ )S(+€) 1/2(05-1-8 s(x - Y)| S CV1f2-1/2|T5 ( s+8,s(x) - y)|a

O7 e 2T (Bpeis () = ¥)| < 2T (B0 (1) = 9)| < O 2T Bures() =) (A5)
Write now,
B30 < Al | > [ @l Yo o€ o1 (A0)
S = T e R P (RIS y O i |
e 1 s.X _1,58+e€, ~s+¢€,
Gy = oo (5 (K2 O 00 - 1,610 -y
s,X - s+e, ~s+e,
0 (K2 ) ™ (Ourens () = ¥), Bpens(30) =) — (KIX) T O (00 — ), 00027 () = )| }) -

=
jS)
w
E
<
N
=
(«%)
=
IN

K272 { Bses () = ) + (B () =)}

x| 1/2{<es+sys<x>fy>f<0§IZ,§<> )} 7 0);

using the Cauchy-Schwarz inequality for the last assertion. Equations (@) now yield that there exists Cy :=
C2((A-n)) > 1 s.t.:

€ s+e, _ _
(P @) < Cos T (707 (%) = B o(x) ) lexp (—C5 el T2 (Bsves(x) — ¥) )

= C3|Dc|exp (*C’271€|T;1(05+575(x) - Y)|2) . (A7)
Let us now recall the differential dynamics of 051, 5(x), 0 ziz Y (x), that is Osyc 4(x) = x+ f;“ duF (u, 0, s(x))

and 07127 (x) = x + [ du{F(u, 0,51(y)) + DF(u,0,,.1-(y))(® ‘””( )~ Ouss=(y))}. Set FHY (u,z) :=

(F1 (1, 0,512 (y)), F2(u, 21, (Ouste(y))>") Fa (s 22, (Ou,s42(¥))>™))s -+ Fu(u, 21, (Ou,se(¥))n))*s V(u,2) €
[s,s + €] x R". Observe in particular that FST&¥ (u, 0, s4.(y)) = (u 0u s+e(y)). We get:

_ ~ s+
D. :=el/?17! {em,s(x) o7 y(x)}

s+e,s

etT! { / N dUKF(u,eu,s(x)) - Fs+a’y(u,0u,s(X))> + (DF(u,Guﬁs%(y))(Ouys(x il )

+( / 48 (DF 5 (1,0, 12 (y) + 000 1(5) — Bu oo (3))) — DE¥ (1,8, 142(3))) (B a(x) — By sy )]}

.= D! + D?+ D2,
(A.8)

where for (u,z) € [s,s+¢] x R", DF**&Y (y, z) is the (nd) x (nd) matrix with only non zero d x d matrix entries
(DFs*e(u,z)); -1 = Dy, Fj(u,2;_1,0u s+=(y)’"), j € [2,n], so that in particular DF**¥ (1,0, .4 (y)) =
DF(u, 0u,54:(y))-
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The structure of the “partial gradient” DF*+<¥ associated to the n-Holder continuity of the mapping x;_1 €
R Dy,  Fj(xj_1,x7"),Vx" € RI+D4 yield that there exists C3 := C3((A-n) ) s.t. for all j € [2,d]:

) s+e
(D] < o [ dul(Bus() = Buase3)ya [

s+e n .

= 036_1 / d“(z 51/2_(k_1)|(0u,8(x) — 0y s e (¥))k-1 |)1+n€((3—1)—1/2)77
s k=2

) s+¢€
< 035_1—“7(]_3/2) / du(51/2|TE_1(0u,s(X) - 0u,s+€(y))|)1+n

) éers
< Cuem D [ T Ous) )
< Cae"ITA(EET T (0515 (x) =y, (A.9)

up to a modification of C5 and 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 [DMI{] for details).

On the other hand, the term D! can be seen as a remainder w.r.t. the characteristic time scales. Precisely,
there exists Cy := C4((A-n)) s.t. for all j € [1,n]:

S
=
A

 pste n
Cet/2 / du Z [(Ou,s(x) = Ousre(¥))k]
s k=j

IN

s+e
y / due 2T (015 (%) — Ouwgie(y))]

Cae(e! T (Bsre,s(x) — ¥)I) (A.10)

IN

using once again the bi-Lipschitz property of the flow 8 for the last inequality. Recall now that D5 is the linear
part of equation (A.g), i.e. it can be rewritten

s+¢
_ _ _ ~s+e,
D; = / du {2 T DF (1, 0404 () (1 — 5) 2Ty (= 9)V2T32, (8,5 (%) — 00, (%)) )

= / - dua (u, s) ((u —s)2T 1 (Bu,s(x) — éfjj’y(x))) :

where there exists a constant C' := C'((A-7)) independent of ¢ s.t. sz+€ dula (u, s)] < C. From (K10), (A9),
(@) and Gronwall’s Lemma we derive

3Cs == Cs((A — ), 1De] < Coe™ (7T (B n(x) — y))' 7 + 1),

Plugging this estimate into (A.7), we then get from (A.g), using as well the good scaling property (A.J), that
there exists Cg := Cs((A-1)),

=3 (s, %)

IN

dy _ - -
Coe" [ I Bure ) = D))+ 1) exp(—C5 T B ()~ ¥)P)

< 06577/2, (All)

up to a modification of C in the last inequality.
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Let us consider now Z5(s,x). Write:

= dy h(s,y) / ! :
=5 < C , dé| (g 0|, Cr:=Cr((A — Vo € (0,1
=0l 2 O o g g, 916 @) Cr = Crl(A ), o € 0.1

e 1 S.X _1,58te, ~s+e,

an® = o (5 { (2O 00 30,6215 60 - )

= ste _1,58te, ~s+e, $.X _1,58te, ~s+e,
+ o |:<(Ks,t—i-,s}—:’) 1(05-‘1-6,)8, (X) - y)a 03+8,Z (X) - y> - <(Ks:s+8) ! (05-‘1-6,)8, (X) - y)a 03+8,Z (X) - y>
e Srste,yy— $,% _ ~s+e, ~s+e, e
[(Way) @ < R = (KT THOE () = ), 02120 (%) = 3| 5y (0)

» Yste,s $,X,¥Y

Equations ([A.) (that according to (A-3) hold for K3¥. | as well) yield:

s+e,s

13

(A.12)

)

5 -s+e,y\ — 5,% _ ~s+e, ~s+e, _
Wy /O < ORI — (K301 00 — 30,0555 () — )| exp(~ Ol T2 (010~ y))

C|Qs|eXp(*CdTE_l(eers,s(x) *Y)|2)7 (A

for C := C((A-n)). From the scaling Lemma 3.6 in [DM10], we can write:

-5+e 1 = Sstestey 5,X 1 (-5,8+€,8,%
KiteY — ~IT K, T., K¥%, = e \T.K* o *T_,

s,5+¢
o> 8,5+e, sty te.s.x
where K; ,K{°T5%* are uniformly elliptic and bounded matrices of R"? @ R™%.
Now, the covariance matrices explicitly write

s+e
Ky = / duRY (5 + £, u) Ba(u, 0, o e (y)) B* R (s + £,u)",
) Ss-‘rE
Kt = / duR*>* (s + &, u) Ba(u, 0,,,5(x)) B*R¥* (s + &, u)",

where R5teY | R respectively denote the resolvents associated to the linear parts of equations (@) and
(A1)). Thus, our standing smoothness assumptions in (A) (i.e. a, (Vi—1Fi)ic[2,n] are supposed to be uniformly
n-Hélder continuous) and the bi-Lipschitz property of the flow give:

rs+e, R ~s+ey ~s+ey
<(Kz,si-g’ - Kz,?ﬁ-e)(es—i—a,s (X) - Y)v 05+e,s (X) - y>’
= s,5+€e,5tey

o 8,5+€,8,X — ~s+ey — ~s+ey
= <(K1 - Kl e )(5 1/2T8 (eers,s (X) - y))a € 1/2T€(05+5,s (X) - y)>

_ ~s+¢,
< Ol0sie,s(x) — y["e YT (0,27 (%) — ¥) I

-1
= 8,8F€,8+E,y "o )
Because of the non degeneracy of a, the inverse matrices | K, , (K$°15*X) =1 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 |04 s(x) — y| is small enough (depending on

13)
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the ellipticity bound and the dimension). This reduces to the scalar case. Hence,

S sde,y\ — s,x  \—1\/p5tEY ~stey
Q] = [(((RIE) ™ = (KX ™) (BT (00 — ), 0020 () — )

~s,54e,5+e,y\ 1 e ste sxy—1 1 xstey 1 =stey
_ <(<K1 ) RN T 2T () — ), 2T 0 () — )

_1,p5tey _
< C|05+€75(X) - Y|n5|Ta 1(05-',-5,5 (x) — Y)|2 < C’|05+€75(x) - Y|n5|Te 1(05+€75(x) - Y)|27

for C' := C((A-n)) using Lemma and the bi-Lipschitz property of the flow 6 for the last inequality. From
equations (A.13), (A.1d) and (A.d), we eventually get:

- dy _ _
|E5(s,%)| < CE"/Q/R Jrerys (e 2T (Osse,s (%) — ¥)I)" exp(—Ce|To ! (Ope,s(x) — y)|?) < Ce™2, (A.14)

for C := C((A-n)). Arguments similar to those employed for Z5(s,x) can be used to prove =i (s, x) — 0. The
e—

proof then follows from (@),(), (A.14) recalling the original decomposition (A.3)). O
REFERENCES
[BP09] R.F. Bass and E.A. Perkins. A new technique for proving uniqueness for martingale problems. From Probability to

Geometry (1): Volume in Honor of the 60th Birthday of Jean-Michel Bismut, pages 47-53, 2009.

[BPV01] E. Barucci, S. Polidoro, and V. Vespri. Some results on partial differential equations and asian options. Math. Models
Methods Appl. Sci, 3:475-497, 2001.

[DM10] F. Delarue and S. Menozzi. Density estimates for a random noise propagating through a chain of differential equations.
Journal of Functional Analysis, 259-6:1577-1630, 2010.

[EPRB99] J.-P. Eckmann, C.-A. Pillet, and L. Rey-Bellet. Non-equilibrium statistical mechanics of anharmonic chains coupled to
two heat baths at different temperatures. Comm. Math. Phys., 201-3:657-697, 1999.

[Fri64] A. Friedman. Partial differential equations of parabolic type. Prentice-Hall, 1964.

[HNO4] F. Hérau and F. Nier. Isotropic hypoellipticity and trend to equilibrium for the fokker-planck equation with a high-degree
potential. Arch. Ration. Mech. Anal., 171-2:151-218, 2004.

[Hor67] L. Hérmander. Hypoelliptic second order differential operators. Acta. Math., 119:147-171, 1967.

[IL90] H. Ishii and P.-L. Lions. Viscosity solutions of fully nonlinear second-order elliptic partial differential equations. J. Diff.
FEquations, 83:26-78, 1990.

[KM00] V. Konakov and E. Mammen. Local limit theorems for transition densities of Markov chains converging to diffusions.
Prob. Th. Rel. Fields, 117:551-587, 2000.

[KMO02] V. Konakov and E. Mammen. Edgeworth type expansions for euler schemes for stochastic differential equations. Monte
Carlo Methods Appl., 8-3:271-285, 2002.

[KM10] V. Konakov and S. Menozzi. Weak error for stable driven stochastic differential equations: Expansion of the densities.

To appear in Journal of Theoretical Probability, 2010.

[KMM10] V. Konakov, S. Menozzi, and S. Molchanov. Explicit parametrix and local limit theorems for some degenerate diffusion
processes. Annales de I’Institut Henri Poincaré, Série B, 46-4:908-923, 2010.

[MS67] H. P. McKean and I. M. Singer. Curvature and the eigenvalues of the Laplacian. J. Differential Geometry, 1:43—69,
1967.

[Nor86] J. R. Norris. Simplified Malliavin Calculus. Séminaire de Probabilités, XX:101-130, 1986.

[RBT00] L. Rey-Bellet and L. Thomas. Asymptotic behavior of thermal nonequilibrium steady states for a driven chain of
anharmonic oscillators. Comm. Math. Phys., 215-1:1-24, 2000.

[S0i94] C. Soize. The Fokker-Planck equation for stochastic dynamical systems and its explicit steady state solutions. Series on
Advances in Mathematics for Applied Sciences, 17. World Scientific Publishing Co., Inc., River Edge, NJ, 1994.

[SVT9] D.W. Stroock and S.R.S. Varadhan. Multidimensional diffusion processes. Springer-Verlag Berlin Heidelberg New-York,
1979.

[Tal02] D. Talay. Stochastic Hamiltonian dissipative systems: exponential convergence to the invariant measure, and discretiza-
tion by the implicit Euler scheme. Markov Processes and Related Fields, 8-2:163-198, 2002.



