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STABILITY OF DENSITIES FOR PERTURBED DIFFUSIONS AND MARKOV
CHAINS *> **

V. KoNnakov!, A. KozHINA? AND S. MENOzzZI?

Abstract. We study the sensitivity of the densities of non degenerate diffusion processes and related
Markov Chains with respect to a perturbation of the coefficients. Natural applications of these results
appear in models with misspecified coefficients or for the investigation of the weak error of the Euler
scheme with irregular coefficients.

Résumé. Nous étudions la sensibilité des densités de processus de diffusion non dégénérés et des
Chaines de Markov associées par rapport a une perturbation des coefficients. Ces résultats trouvent
des applications naturelles dans ’étude de modeles avec incertitude sur les coefficients ou pour I'analyse
de lerreur faible du schéma d’Euler a coefficients irréguliers.

1991 Mathematics Subject Classification. Primary 60H10; Secondary 65C30.

November 25, 2016.

1. INTRODUCTION

1.1. Setting.

For a fixed given deterministic final horizon 7" > 0, let us consider the following multidimensional SDE:
dX: = b(t, Xi)dt + o(t, X¢)dWs, t € [0,T], (1.1)

where b : [0,7] x R? — R? ¢ :[0,7] x R? - R? ® R? are bounded coefficients that are measurable in time
and Holder continuous in space (this last condition will be possibly relaxed for the drift term b) and W is a
Brownian motion on some filtered probability space (2, F, (F¢)i>0,P). Also, a(t,z) := oo*(t, ) is assumed to
be uniformly elliptic. In particular those assumptions guarantee that (1.1) admits a unique weak solution, see
e.g. Bass and Perkins [BP09], [Menl1] from which the uniqueness to the martingale problem for the associated
generator can be derived under the current assumptions.
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We now introduce, for a given parameter € > 0, a perturbed version of (1.1) with dynamics:
dX® = b.(t, X)dt + oo (t, X2)dW,, t € [0,T), (1.2)

where b, : [0,7] x R? — RY, o, : [0,7] x R? — R @ R satisfy at least the same assumptions as b, o and are in
some sense meant to be close to b, when ¢ is small.

It is known that, under the previous assumptions, the density of the processes (X;):i>0, (Xt(g))tzo exists in
positive time and satisfies some Gaussian bounds, see e.g Aronson [Aro59], Sheu [She91] or [DM10] for extensions
to some degenerate cases.

The goal of this work is to investigate how the closeness of (be,0.) and (b, o) is reflected on the respective
densities of the associated processes. Important applications can for instance be found in mathematical finance.
If the dynamics of (1.1) models the evolution of the (log-)price of a financial asset, it is often very useful to
know how a perturbation of the volatility o impacts the density, and therefore the associated option prices (see
also Corielli et al. [CFP10] or Benhamou et al. [BGM10] for related problems).

In the framework of parameter estimation it can be useful, having at hand estimators (b, o.) of the true
parameters (b,o) and some controls for the differences |b — b.|,|oc — oc| in a suitable sense, to quantify the
difference p. — p of the densities corresponding respectively to the dynamics with the estimated parameters and
the one of the model.

Another important application includes the case of mollification by spatial convolution. This specific kind of
perturbation is useful to investigate the error between the densities of a non-degenerate diffusion of type (1.1)
with Holder coefficients (or with piecewise smooth bounded drift) and its Euler scheme. In this framework,
some explicit convergence results can be found in [KM15].

More generally, this situation can appear in every applicative field for which the diffusion coefficient might
be misspecified.

The previously mentioned Gaussian bounds on the density are derived through the so-called parametriz
expansion which will be the crux of our approach. Roughly speaking, it consists in approximating the process
by a proxy which has a known density, here a Gaussian one, and then in investigating the difference through
the Kolmogorov equations. Various approaches to the parametrix expansion exist, see e.g. I'in et al. [TKO62],
Friedman [Fri64] and McKean and Singer [MS67]. The latter approach will be the one used in this work since
it appears to be the most adapted to handle coefficients with no a priori smoothness in time and can also be
directly extended to the discrete case for Markov chain approximations of equations (1.1) and (1.2). Let us
mention in this setting the works of Konakov et al., see [KM00], [KMO02].

Our stability results will also apply to two Markov chains with respective dynamics:

Y;5k+1 = }/;fk + b(tka Y;fk )h + O'(tk, Y;fk )\/E'fk-',-l, YO =,
Vil = Vet i) oe(th, Vi) Whean, Y07 = o, (1.3)

where h > 0 is a given time step, for which we denote for all k > 0, t; := kh and the (& )r>1 are centered
i.i.d. random variables satisfying some integrability conditions. Again, the key tool will be the parametrix
representation for the densities of the chains and the Gaussian local limit theorem.

1.2. Assumptions and Main Results.

Let us introduce the following assumptions. Below, the parameter € > 0 is fixed and the constants appearing
in the assumptions do not depend on ¢.
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(A1) (Boundedness of the coefficients). The components of the vector-valued functions b(t, z), b. (¢, ) and
the matrix-functions o (¢, ), o (¢, ) are bounded measurable. Specifically, there exist constants K1, Ko > 0 s.t.

sup  [b(t,x)[+  sup  |be(t, x)[ < K,

(t,2)€[0,T] x R4 (t,2)€[0,T] x R4
sup lo(t, z)| + sup loe(t, )] < Ka.
(t,2)€[0,T] x R4 (t,2)€[0,T] x R4
(A2) (Uniform Ellipticity). The matrices a := c0*,a. := o0.0f are uniformly elliptic, i.e. there exists

A>1, V(t,x,€) €[0,T] x (RF)?,
ATHER < {a(t,2)€, &) < AP, ATHEP < (ac(t,2)€,€) < AlgP.
(A3) (Holder continuity in space). For some v € (0,1] , k < oo, for all ¢ € [0, T,
lo(t,z) = o(t,y)] + |oc(t,z) — oe(t,y)| < ko —y[".

Observe that the last condition also readily gives, thanks to the boundedness of o, 0. that a,a. are also uni-
formly y-Holder continuous.

For a given € > 0, we say that assumption (A) holds when conditions (A1)-(A3) are in force. Let us now
introduce, under (A), the quantities that will bound the difference of the densities in our main results below.
Set for € > 0:

Af;‘,b,oo = sup |b(t,.’L‘) - b&(ta $)| ) Vq S (1, +OO), Ag,b7q = sup ||b(t, ) — bg(t’ ')HLG(]Rd)-
(t,z)€[0,T]xR4 te[0,T]

Since o, 0. are both v-Holder continuous, see (A3) we also define

Ac o= sup |o(u,.)—oc(u,.)|y, (1.4)

where for v € (0,1], |.|, stands for the usual Holder norm in space on Cy (R% R? @ R?) (space of Holder
continuous bounded functions, see e.g. Krylov [Kry96]) i.e. :

= sup [F@)+ [, [l = s /@) = 1w)|

sty (ye@y? [T =y
The previous control in particular implies for all (u,z,y) € [0,7] x (R%)2:
la(u, x) — a(u,y) — ac(u, x) + ac(u, y)| < 2(K2 + K)Acoqyla —y[7.

We eventually set for g € (1, +00],
Acyg i =DBeony +Acig, (1.5)
which will be the key quantity governing the error in our results.

We will denote, from now on, by C a constant depending on the parameters appearing in (A) and T. We
reserve the notation ¢ for constants that only depend on (A) but not on 7. The values of C, ¢ may change from
line to line and do not depend on the considered parameter . Also, for given integers i,j € N s.t. i < j,
we will denote by [i, j] the set {i,i+1,---,j}.

We are now in position to state our main results.
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Theorem 1 (Stability Control for diffusions). Fiz e > 0 and a final deterministic time horizon T > 0. Under
(A) and for q > d, there exist constants C := C(q) > 1 and c € (0,1] s.t. for all0 < s <t < T, (z,y) € (RY)2:

pe(t— s,y — )7 |(p—pe)(s,t,2,y)| < CAL 4 4 (1.6)

where p(s,t,x,.), pe(s,t, x,.) respectively stand for the transition densities at timet of equations (1.1), (1.2) start-

ing from x at time s. Also, we denote for a given ¢ > 0 and for allu > 0,z € R?, p.(u, 2) := % exp(—c%).
Remark 1 (About the constants). We mention that the constant C := C(q) in (1.6) explodes when q | d and
is decreasing in q (see Lemmas 2 and 3 below for details). In particular, it can be chosen uniformly as soon as

q=>qo>d.

Before stating our results for Markov Chains we introduce two kinds of innovations in (1.3). Namely:
(Ig) The ii.d. random variables (§)r>1 are Gaussian, with law AM(0,1;). In that case the dynamics in (1.3)
corresponds to the Euler discretization of equations (1.1) and (1.2).
(Ipn) For a given integer M > 2d + 5 + v, the innovations (§)r>1 are centered and have C® density f¢ which
has, together with its derivatives up to order 5, at least polynomial decay of order M. Namely, for all z € R?
and multi-index v, |v| < 5:

|D” fe(2)] < CQum(2), (1.7)
where we denote for all 7 > d, z € R, Q,(z) := CTW, Jpa dzQp(2) = 1.

Theorem 2 (Stability Control for Markov Chains). Fiz € > 0 and a final deterministic time horizon T > 0.
For h=T/N, N € N* := N\ {0}, we set fori € N, t; :=ih. Under (A), assuming that either (Ig) or (Ipar)
holds, and for q > d there exist C := C(q) > 1,c € (0,1] s.t. for all 0 <t; <t; < T, (x,y) € (RY)?:

Xe(t; = tiyy —2) 7" = pl)(ti, ty,2,9)] < OAcy g, (1.8)

where p(t;,t;,x,.), pl(ti, tj, z,.) respectively stand for the transition densities at time t; of the Markov Chains
Y and Y®) in (1.3) starting from x at time t;. Also:
- If (1g) holds:
Xe(tj —ti,y — @) == pe(t; — i,y — ),
with p. as in Theorem 1.

- If (IP,]\/[) holds:

s

0 ly — =]
(t; —t;)4/? M—(d+5+7) (t; —t:)/2)c)
The behavior of C := C(q) is similar to what is described in Remark 1.

Xe(t; —tisy — ) :=

1.3. On Some Related Applications.
1.3.1. Model Sensitivity for Option Prices.

Assume for instance that the (log)-price of a financial asset is given by the dynamics in (1.1). Under suitable
assumptions the price of an option on that asset writes at time ¢ and when X; = z as E[f(exp(X%"))] up to
an additional discounting factor. In the previous expression f is the pay-off function. For a rather large class
of pay-offs, say measurable functions with polynomial growth, including irregular ones, Theorem 1 allows to
specifically quantify how a perturbation of the coefficients impacts the option prices. Precisely for a given ¢ > 0,
under (A):

€-(8, 7., f)| := [E[f (exp(X:7))] — Ef (exp(X )] < Oy g / F(exp)pe(T — 1,2, y)dy.
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This previous control can be as well exploited to investigate perturbations of a model which provides some
closed formulas, e.g. a perturbation of the Black and Scholes model that would include a stochastic volatility
taking for instance o.(z) = o + ep(z) for some bounded y-Hélder continuous function ¢ and e small enough.
In that case, assuming that the drift is known and unperturbed, we have A, oo = |0 — o]y = €|¥)]5.

In connection with this application, we can quote the work of Corielli et al. [CFP10] who give estimates on
option prices through parametrix expansions truncating the series. Some of their results, see e.g. their Theorem
3.1, can be related to a perturbation analysis since they obtain an approximation of an option price for a
local volatility model in terms of the Black-Scholes price and a correction term corresponding to the first order
term in the parametrix series. A more probabilistic approach to similar problems can be found in Benhamou
et al. [BGM10]. However, none of the indicated works indeed deals with the global perturbation analysis we
perform here.

1.3.2. Weak Error Analysis

It is well known that if the coefficients b, o in (1.1) are smooth and a satisfies the non-degeneracy condition
(A2), then the weak error on the densities for the approximation by the Euler scheme is well controlled.
Precisely, for a given time step i > 0, let us set for ¢ € N,¢; := ih. Introduce now, for a given starting time
t;, the Euler scheme X[' = z, Vj > i, XIZ+1 = XZ; + b(tj,XZ;)h + U(tj,XZ;)(Wth — Wi,) and denote by
p(ti,tj,x,.) its density at time t;. The dynamics of the Euler scheme clearly enters the scheme (1.3). It
can be derived from Konakov and Mammen [KMO02] (see also Bally and Talay [BT96] for an extension to the
hypoelliptic setting) that:

p = p"|(ti,ty, 2, y) < Chpe(t; —ti,y — ).

If the coefficients in (1.1) are not smooth, it is then possible to use a mollification procedure, taking for z € R?,
be(t,x) := b(t,.) * pe(x), 02 (t, ) := o(t,.) * pe(x) with pe(x) := e 9p(x/c) and p € C*(RL,RY), [o, p(x)ds =
1,supp(p) C K for some compact set K of RZ. For the mollifying kernel p., one then easily checks that for
v-Holder continuous in space coefficients b, o there exists C' s.t.

sup [b(t,.) = be(t,.)|oc < Ce”, sup |[o(t,.) —oe(t,.)|ln < Ce7™", m € (0,7). (1.9)
te[0,T] t€[0,T7]

The important aspect is that we lose a bit with respect to the sup norm when investigating the Holder norm.
We then have by Theorems 1 and 2 and their proof, that, for v-Ho6lder continuous in space coefficients b, o and
taking ¢ = oo, there exist ¢,C s.t. forall 0 < s <t <T,0<t; <t; <T, (v,y) € (RH)%:

|(p - pE)(Sa t,.fC,y)| S CC’WE'Y_”]pC(t —5Y— ZL'), |(ph 7p?)(tu tja €z, y)| S CCUEV_an(tj - t’ia y— SC),

where the constant C,, explodes when 7 tends to 0.

To investigate the global weak error (p — p")(t;,t;,z,y) = {(p — pe) + (pe — p) + (P — P")}(ti, 15, 2,9), it
therefore remains to analyze the contribution (p. —p?)(t;, t;, z,y). The results of [KM02] indeed apply but yield
|(pe — P2)(tistj, x,y)| < Cehpe(t; — ti,y — ) where C. is explosive when € goes to zero. The global error thus
writes:

(0 = p")(tis g, 2,y)| < C{Coe" ™" + Ceh}pe(t — tiyy — ),
and a balance is needed to derive a global error bound. This is precisely the analysis we perform in [KM15]. In
this work, we extend to densities (up to a slowly growing factor) the results previously obtained by Mikulevicius
and Platen [MP91] on the weak error, i.e. they showed [E[f(X7)— f(X2)]| < Ch?/? provided f € Cf 77 (R, R).
Precisely, we obtain through a suitable analysis of the constants C),, C, which respectively depend on behavior of
the parametrix series and of the derivatives of the heat kernel with mollified coefficients, that [p—p"|(t;, t;, x,y) <
ChY/2=¥ My (t; — t;,y — ) for a function ¥ (h) going to 0 as h — 0 (which is induced by the previous loss of 1
in (1.9)). In the quoted work, we also obtain some error bounds for piecewise smooth drifts having a countable
set of discontinuities. This part explicitly requires the stability result of Theorems 1, Theorems 2 for ¢ < +oc.
The idea being that the difference between the piece-wise smooth drift and its smooth approximation (actually
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the mollification procedure is only required around the points of discontinuity), is well controlled in L? norm,
q < +o0.

1.3.3. Extension to some Kinetic Models
The results of Theorems 1 and 2 should extend without additional difficulties to the case of degenerate
diffusions of the form:
dX} = b(t, X;)dt + o(t, X)dWs,

1.10
dX}? = X}at, (1.10)

denoting X; = (X}, X?), under the same previous assumptions on b, when we consider perturbations of the
non-degenerate components, i.e. for a given € > 0, Xt(e) = (th’(a),XtQ’(a)) where:

dX;) = bo(t, X)dt + oo (t, X7 )aw,

(1.11)
dx; ) = xat.

Indeed, under (A), the required parametrix expansions of the densities associated with the solutions of equation
(1.10), (1.11) have been established in [KMM10].

1.3.4. A posteriori Controls in Parameter Estimation.

Let us consider to illustrate this application a parametrized family of diffusions of the form:
dXt = b(t,Xt)dt+U(19,t,Xt)th, (112)

where ¥ € © C R?, the coefficients b, o are smooth, bounded and the non-degeneracy condition (A2) holds.
A natural practical problem consists in estimating the true parameter ¢ from an observed discrete sample
(Xin)ic[o,n) Where the {(ti)ic[o,n} form a partition of the observation interval, i.e. if T'=1, 0 =t7 <t} <. <
it =1.

Introducing the contrast:

n 1 - n -1 n n n ; n Xt-? B Xt?—l
U (0) = = 3 [ log (det(a(v, £y Xy ) + (a7 (9,651, X JXP, XD, Vi€ L], X} o= —2
i=1 7 i—1

and denoting by U, the corresponding minimizer, it was shown by Genon-Catalot and Jacod [GCJ93| that
under PV, \/ﬁ(zgn — 1) converges in law towards a mized normal variable S which is, conditionally to JFp :=
0{(Xs)se0,11}, centered and Gaussian. For a precise expression of the covariance which depends on the whole
path of (X¢)¢cjo,1) we refer to Theorem 3 and its proof in [GCJ93].

This means that, when n is large, conditionally to F;j, we have on a subset 2 C 2 which has high probability,
that [J, — 9| < % for a certain threshold C. Setting e, = n~'/2, o, (t,2) := o(Jp,t,2) and with a slight

abuse of notation o(t,z) := o(¥,t,x), one gets that, on Q:
lo(t,2) = oc, (t,2) = (o(t,y) — 02, (t,9))| < |2 =y ACnTV2 = |o — ael, < (Cn™ %) 71, € (0,1],

We can then invoke our Theorem 1 to compare the densities of the diffusions with the estimated parameter and
the exact one in (1.12).

The paper is organized as follows. We recall in Section 2 some basic facts about parametrix expansions for
the densities of diffusions and Markov Chains. We then detail in Section 3 how to perform a stability analysis
of the parametrix expansions in order to derive the results of Theorems 1 and 2.
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2. DERIVATION OF FORMAL SERIES EXPANSION FOR DENSITIES

2.1. Parametrix Representation of the Density for Diffusions

In the following, for given (s,x) € RT x R, we use the standard Markov notation (X;*);>s to denote the
solution of (1.1) starting from z at time s.

Assume that (X;"");>s has for all ¢ > s a smooth density p(s,t, z,.) (which is the case if additionally to (A)
the coefficients are smooth see e.g. Friedman [Fri64]). We would like to estimate this density at a given point
y € R, To this end, we introduce the following Gaussian inhomogeneous process with spatial variable frozen
at y. For all (s,z) € [0,7] x RY, t > s we set:

t
X! =ux +/ o(u, y)dW,.
Its density p¥ readily satisfies the Kolmogorov backward equation:

Oup? (uyt, z,y) + LYpY (u,t, 2,9y) =0, s <u < t,z € RY,

P, 1) = 6,0, @1
uft

where for all ¢ € C2(R?, R) (twice continuously differentiable functions with compact support) and z € R%:

Blip(2) = 5T (00" (0,9) D26(2)

stands for the generator of X¥ at time u.
On the other hand, since we have assumed the density of X to be smooth, it must satisfy the Kolmogorov
forward equation (see e.g. Dynkin [Dyn65]). For a given starting point z € R? at time s,

Oup(s,u,z,2) — Lip(s,u,z,2) =0, s <u <t zeR

p(s,u,z,.) ? 0z (+)s (2.2)

where L¥ stands for the formal adjoint (which is again well defined if the coefficients in (1.1) are smooth) of
the generator of (1.1) which for all ¢ € C2(R%,R), z € R? writes:

1
Lup(2) = 5Tr (00" (u, 2)D2p(2)) + (b(u, 2), D=p(2))-
Equations (2.1), (2.2) yield the formal expansion below which is initially due to McKean and Singer [MS67].
¢
=P sstnw) = [ dud, [ depls, 25 0.t 20)
s Rd
¢
= / du/ dz (Oup(s,u, z, 2)pY (u, t, z,y) + p(s,u, x, 2)0,pY (u, t, z,y))
s R4
¢
= [tu [ e (Liptssun, 2 0t 200) — pls. v ) LU s 210) )
s R4
¢
= / du/ dzp(s,u,z,z)(Ly, — LY)pY (u, t, 2, y), (2.3)
s R4

using the Dirac convergence for the first equality, equations (2.2) and (2.1) for the third one. We eventually take
the adjoint for the last equality. Note carefully that the differentiation under the integral is also here formal
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since we would need to justify that it can actually be performed using some growth properties of the density
and its derivatives which we a priori do not know.
Let us now introduce the notation

t
f®g(s,t,w,y)=/dU/ dzf(s,u,x,2)g(u,t, z,y)
s R4

for the time-space convolution and let us define p(s,t, z,y) := p¥(s,t,x,y), that is in p(s, ¢, z,y) we consider
the density of the frozen process at the final point and observe it at that specific point. We now introduce the
parametriz kernel:

H(S’ t? x? y) = (LS - Es)ﬁ(s, t? x? y) = (LS - Lg)ﬁy(s’ t? x? y)' (2'4)

With those notations equation (2.3) rewrites:

(p=Dp)(s,t,z,y) =p® H(s,t,2,y).

From this expression, the idea then consists in iterating this procedure for p(s,u,x, z) in (2.3) introducing the
density of a process with frozen characteristics in z which is here the integration variable. This yields to iterated
convolutions of the kernel and leads to the formal expansion:

o0

p(S, t? x? y) = Zﬁ ® H(T) (87 t, 1"’ y)7 (2'5)
=0

where p @ H® = 5, H" = H® H"=Y, r > 1. Obtaining estimates on p from the formal expression (2.5)
requires to have good controls on the right-hand side. The remarkable property of this formal expansion is now
that the right-hand-side of (2.5) only involves controls on Gaussian densities which in particular will provide,
associated with our assumption (A) a smoothing in time property for the kernel H.

Proposition 1. Under the sole assumption (A), for t > s, the density of X;° solving (1.1) exists and can be
written as in (2.5).

Proof. The proof can already be derived from a sensitivity argument. We first introduce two parametrix series
of the form (2.5). Namely,

and
p8(87 t’ 'CL" y) = ﬁe(s’ t? :1:7 y) J’» Zﬁe ® HE(T)(S7 t’ 'CL" y)' (2'7)
r=1

Let us point out that, at this stage, p and p. are defined as sums of series. The purpose is then to identify those
sums with the densities of the processes X;"*, Xt(s)’s’z at point y.

The convergence of the series (2.6) and (2.7) is in some sense standard (see e.g. [Menl11] or Friedman [Fri64])
under (A). We recall for the sake of completeness the key steps for (2.6).

From direct computations, there exist ¢; > 1,¢ € (0,1] s.t. for all ' > 0 and all multi-index a, |a| < 8,
c

v0 S u <t S T7 (Zay) € (Rd)Qa |D?ﬁ(uat727y)| S mpc(t —u,y— Z)a (28)

where

(t— _ ),L cly—zP
Pl =Y =2 = or — a2 P\ "2 0 )
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stands for the usual Gaussian density in R¢ with 0 mean and covariance (t — u)c™11;. From (2.8), the bound-
edness of the drift and the Holder continuity in space of the diffusion matrix we readily get that there exists
C1 Z 1a ceE (051]5

01(1 vV T(l_'Y)/Q)

|H (u,t, z,y)| < Wpc(t—u,z—y). (2.9)

Now the key point is that the control (2.9) yields an integrable singularity giving a smoothing effect in time
once integrated in space in the time-space convolutions appearing in (2.6) and (2.7). It follows by induction
that:

"7‘4

5® HO (s,t,2,)| < (1 vV TO~D/2)c T“HB = D))l = s,y — )t = 5)°

@V T ey )
N r't+r3)

pe(t — s,y —x)(t —s) 2, (2.10)

where for a,b > 0, B(a,b) = fol t=1F(1 — ¢)~1*%4dt stands for the B-function, and using as well the identity

B(a,b) = % for the last equality. These bounds readily yield the convergence of the series as well as a

Gaussian upper-bound. Namely

p(s,t,2,y) < erexp((LVTU2)er[(t — o) 2)pe(t — s,y — @), (2.11)
An important application of the stability of the perturbation consists in considering coefficients b, := b
Ce,0: := 0% (. in (2.7), where (. is a mollifier in time and space. For mollified coefficients which satisfy the

non-degeneracy assumption (A2), the existence and smoothness of the density of X (¢) is a standard property
(see e.g. Friedman [Fri64], [Fri75]). It is also well known, see [KMOO], that this density p. admits the series
representation given in (2.7). Observe now carefully that the previous Gaussian bounds also hold for p. uniformly
in € and independently of the mollifying procedure. This therefore gives that

pE(Svtazay);gp(satvxvy)a (212>

boundedly and uniformly. Thus, for every continuous bounded function f we derive from the bounded conver-
gence theorem and (2.11) that for all 0 < s <t < T, x € R%:

B = [ Tty — / £y y)dy. (2.13)

e—0

Taking f = 1 gives that [p. p(s,t, 2, y)dy = 1 and the uniform convergence in (2.12) gives that p(s,t,z,.) is non

negative. We therefore derive that p(s,t,x,-) is a probability density on RY.
On the other hand, under (A), we can derive from Theorem 11.3.4 of [SV79] that (X?).e[o,7] (lawy) (Xs)sefo,17-

e—0
This gives that for any bounded continuous function f:

E[f(X{7)] 3 B
e—0
This convergence and (2.13) then yield that the random variable X;"* admits p(s,t,z,-) as density.
We can thus now conclude that the processes X, X(¢) in (1.1), (1.2) have transition densities given by the
sum of the series (2.6), (2.7).
O
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2.2. Parametrix for Markov Chains

One of the main advantages of the formal expansion in (2.5) is that it has a direct discrete counterpart in
the Markov chain setting. Indeed, denote by (Yttjm) j>i the Markov chain with dynamics (1.3) starting from x
at time ¢;. Observe first that if the innovations (& )r>1 have a density then so does the chain at time .

Let us now introduce its generator at time t;, i.e. for all ¢ € C3(R4,R), x € R%:

L} p(x) := ' E[p(Y,07) — o()).

In order to give a representation of the density of p"(¢;, tj, x,y) of Yt’;z at point y for j > 4, we introduce
similarly to the continuous case, the Markov chain (or inhomogeneous random walk) with coefficients frozen in
space at y. For given (t;,x) € [0,T] x R%, t; > t; we set:

j—1

VirrY = a4+ M2y ot y)ér,
k=1

and denote its density by p™¥(t;,t;,z,.). Its generator at time t; writes for all p € CZ(R% R),z € R%:

LyYe(z) = h ' Elp(Y4TY) — ¢()-

tit1

Using the notation p"(t;,t;,z,y) := p™Y(t;,t;,x,y), we introduce now for 0 < i < j < N the parametriz
kernel:

=y~
Hh(tiatjaxay) = (LZ - Ltiy)ph(ti + h,t_j,.’L',y)-

Analogously to Lemma 3.6 in [KMOO], which follows from a direct algebraic manipulation, we derive the following
representation for the density which can be viewed as the Markov chain analogue of Proposition 1.

Proposition 2 (Parametrix Expansion for the Markov Chain). Assume (A) is in force. Then, for 0 < t; <
G—i
ph(tia tja xz, y) = Zﬁh h H}L(T)(tia tja z, y)a
r=0

where the discrete time convolution type operator ®p, is defined by

j—i—1

f®h g(tiatja‘r’y) = Z h/ f(tiati-‘rkaxaz)g(ti-i-katjazay)dz'
k=0 R

Also g @5, H"O) = ¢ and for all r > 1, H»(") .= H" @, H"("=1) denotes the r-fold discrete convolution of the
kernel H".

3. STABILITY OF PARAMETRIX SERIES.

We will now investigate more specifically the sensitivity of the density w.r.t. the coefficients through the
difference of the series. For a given fixed parameter ¢, under (A) the densities p(s,t,x,.), pe(s,t,x,-) at time
t of the processes in (1.1), (1.2) starting from x at time s both admit a parametrix expansion of the previous

type.
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3.1. Stability for Diffusions: Proof of Theorem 1

Let us consider the difference between two parametrix expansions:

p(s,t,z,y) — pa(stwyl—lzpé?H(”stwy > b @ HI (s,t,2,y))|
r=0 r=0

<|(p-— pg)(st$y|+|2p®H(T)stxy Z ® H (s,t,x,y)). (3.1)

r=1

The strategy to study the above difference, using some well known properties of the Gaussian kernels and their
derivatives recalled in (2.8), consists in first studying the difference of the main terms.
We have the following Lemma.

Lemma 1 (Difference of the first terms and their derivatives). Under (A), there exist c; > 1, ¢ € (0,1] s.t.
for all0 < s <t, (z,y) € (RY)? and all multi-index o, |a| < 4,

~ ~ C1
|D2p(s,t,@,y) — Dpe(s,t,2,y)| < mAa,a,vPc(t = s,y — ).

Proof. Let us first consider |a| = 0 and introduce some notations. Set:

(s, t,y) ::/ a(u,y)du, X:(s,t,y) ::/ ac(u,y)du. (3.2)

Let us now identify the columns of the matrices X(s,t,y), X (s, t,y) with d-dimensional column vectors, i.e. for
S(s,ty):

Z(S,t,y) = ( ¥t | ¥? | | Ed )(Satay)
We now rewrite p(s,t, z,y) and p.(s,t,x,y) in terms of vectors O(s,t,y), O (s, t,y) € R

ﬁ(s,t,x,y) = fm,y(@(sat’y))a @(s,t,y) = ((21)*’ T ,(Ed)*)*(s,t,y)’
ﬁa(sataxay) = fz,y(es(satay))’ @E(s,t,y) = ((Z;)*’ T ,(E?)*)*(S,t,y),

where (-)* stands for the transpose and

foy RY SR
1 1, e (3-3)
I'— fz,y(r) = (27r)d/2det(F1:d)1/2 exp <§<(F1d) 1(y - ZL'), Yy— ZL'>> )
Fl
FQ
where T" := ) and each (I');c1,q) belongs to R, Also, we have denoted:
rd

Fl:d::(rl|r2|”. |Fd),

the d x d matrix formed with the entries (I';);e1,q4, each entry being viewed as a column.
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The multidimensional Taylor expansion now gives:
(6= pe)(s,t, 2, 9)| = | fa.y(O(s, 1, y)) = fa.y(Oc (s, 1,y))]
— | S Dufen (Ot (O — O)(s, 1, 1)}

lv|=1 (34)
(s,t, ! y
2y 1€ D [ 0= 00 (10 + 506 — )5t
|v|=2 0
where for a multi-index v := (v1,--+ ,vg2) € Ndz, we denote by |v| := Zil v; the length of the multi-index,

vl = H;il vi! and for h € RY | pY = Hil hY* (with the convention that 0° = 1). With these notations, from
(3.2), (3.3), (3.4) we get:

|f2.y(O(s,t,9)) = fry(Oc(s,t,))| < C{ Y 1D fuy(O(s,t.9)) [ Acion (= 5)

lv|=1

g0 gy 37 1D eof[0+ 6. - O booes
recalling that A, , - has previously been defined in (1.4)'.
Since f5,4 in (3.3) is a Gaussian density in the parameters z, y, we recall from Cramer and Leadbetter [CL04]

(see eq. (2.10.3) therein), that for all T € RY and any multi index v, |v| < 2:

d? 92
D" £y (1) = 57 | T ey ]

i=1 Pzl T il

where || stands for the integer part. Hence, taking from (3.5), for all 6 € [0,1], Tc 5(s,t,y) := [© + 6(Os —
0)](s, t,y) yields, thanks to the non-degeneracy conditions (see equation (2.8)):

¢ c
1 7 Ty (EFE,J(S, t, y)) < ﬁwpa(t — 5,y — ), (3.6)

ID foy(Tes(s,t,y))| < (=D (t

for some ¢; > 1,¢ € (0,1].
Thus, from (3.3), (3.4), equations (3.5) and (3.6) give:

|]3(Svta €z, y) - ﬁ&(svta x, y)| S ElAE,U,'}/pE(t — S5y — SC)

Up to a modification of &, € or ¢1, ¢ in (2.8) we can assume that the statement of the lemma and (2.8) hold with
the same constants ¢, c. The bounds for the derivatives are established similarly using the controls of (2.8).
This concludes the proof. (I

Remark 2. Observe from equation (3.4) that the previous Lemma still holds with A. o~ replaced by A; 5 o0 1=
Supiepo, 1] |0 (¢, ) — 0c(t,.)|oo- The Hélder norm is required to control the differences of the parametriz kernels.

The previous lemma quantifies how close are the main parts of the expansions. To proceed we need to
consider the difference between the one-step convolutions. Combining the estimates of Lemmas 1 and 2 below
will yield by induction the result stated in Theorem 1.

I Actually only the sup norm term in Ac¢,0,~ could be considered for this part of the anlalysis.
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Lemma 2 (Control of the one-step convolution). For all 0 < s <t < T, (z,y) € (R%)? and for q € (d, +0c0]:

e HY (s, t,2,y) — p- @ H (s, t,2,9)|

< puft =5y — ) {20V TODRRA, 4 oAy ol B(L D0 - )3 @)
1 [e3%
Floe (400 Deina B(5 + ala), al@)) (¢ = ) |,

where c1, ¢ are as in Lemma 1 and for q € (d,+o0] we set a(q) = %(1 — g). The above control then yields for a
fized q € (d,4+00]:

@ HY (s, t,2,y) — p ® HV (s, t,2,y)]
2 _ _ _ \3ra(e) b 1 ~ (1—7)/2 (3:8)
<20 Ac 4 gpe(t — s,y —x)(t — 5)2 (B(L, 5) VB(; +alg)alg), C=alVT )s

which will be useful for the iteration (see Lemma 3).

Proof. Let us write:
[6® HY (s,t,2,y) = pe @ H (s, t,,9)| < |p— Bl @ |H (5,8, 2,) + Pe @ [H — Hel(s, t,w,9) = T+ 1. (3.9)
From Lemma 1 and (2.9) we readily get for all ¢ € (d, +o0]:
5 5l @ [H|(s.t9)] < (L 7O 200200, gt — sy - 2)B(L D)t - 5)2. (3.10)
Now we will establish that for all 0 <u <t < T, (z,y) € (R%)? and q = +oc:

(1vTE=M/2)¢;

|(H - Hg)(u,t,Z,yﬂ S As,'y,oo (t* u)l—%

pe(t —u,y — 2). (3.11)

Equations (3.11) and (2.8) give that IT can be handled as I which yields the result for ¢ = +oc0. It therefore
remains to prove (3.11). Let us write with the notations of (3.3):

(H — H.)(u,t,2,y) := [%Tr((a(u, z) — a(u, y))DgfLy (@(u, t,y))) + (b(u, 2), D, fry (@(u, t,y)))]
— [%Tr((ae(u, 2) —ae(u,y))D%f. (@E(u, t, y))) + (be(u, 2), D, f (@E(u, t, y)))] )

Thus,

(1 Ho) 12000 = 5 15 (000 2) = ) (D2 (€0 1) = D21 (Ox(a: 1)

)
|

+ (b, 2), {D: f2y (O(,1,9)) — D fey (Oc(u,t,9)) }) — ((be(u, 2) — b(u, 2)), D fr y (Oc(u, ))>] (3.12)

)
Tr([(%(u, 2) — as(uy) — (a(us ) — a(u, )] D2 Lo )
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Observe now that, similarly to (3.6) one has for all ¢ € {1, 2}:

C1
)i/2p5(t — U,y — Z)a

% % ¢ A&O’q
|szz,y (6(’“5 tvy)) - szZ,y(GE(ua tvy))| < (tliTZ/’YQpE(t — U,y — Z)

Also,

(ac(u, 2) — ac(u,y) — (a(u, 2) — a(u, )| < cAcgqylz —y|7,
|b€(ua Z) - b(uv Z)| S CAs,b,oo-

Thus, provided that cj, ¢ have been chosen large and small enough respectively in Lemma 1, the definition in
(1.5) gives:

1V T2 AL o

|(H*HE)(u,t,z,y)| < (t*u)177/2 pc(tiuayi’z)

This establishes (3.11) for ¢ = 4o00. For ¢ € (d,400) we have to use Holder’s inequality in the time-space
convolution involving the difference of the drifts (last term in (3.12)). Set:

D(s,t,x,y) ::/ du /]Rd De(s,u, x, 2){(be (u, z) — b(u,z)),szzyy(@g(u,t,y)»dz.

Denoting by g the conjugate of ¢, i.e. ¢,q > 1,71 + g ! =1, we get from (2.8) and for ¢ > d that:

du

Dt < [ b = b e { /L 5,z = )pelt —u,y - )iz}

ct du

t 1/q
< A = 5,2 — 2)pes(t — u,y —
=a ‘57”"1/S (2m) =D (cq)d/a { /]Rd Peq(t = 8,2 = @)peg(t =y z)dz} (u— )20 D (t — )3 +20-7)

4(1-1)

c(t—s)\?2 T __

ca (22,
2T

Now, the constraint d < g < +oo precisely gives that 1 < ¢ < d/(d — 1) = + + 2(1 - %) < 1 so that the last
integral is well defined. We therefore derive:

t
du
Aebape(t = 5y = x)/s (u—5)80-D (¢ — )2 +50-D°

Sl

ol

-3

Q=

1 d
|D(Sata$ay)| < C%(t - 8)2 A&b,qpc(t —5Y—= ‘T)B(l - 5(1 - i)a

In the case d < ¢ < 400, recalling that a(q) = %(1 — g), we eventually get :

_ o 1
Pe @ |H — He|(s,t,2,y) < cipelt — 5,y — 2){Acpq(t — 5) (q)B(§ + a(q), a(q))
120 5 (1V T2t — 5)V/2B(1,~/2)}.

(3.13)

The statement now follows in whole generality from (3.9), (3.10), equations (3.11), (2.8) for ¢ = oo and (3.13)
for d < g < +o0. O

The following Lemma associated with Lemmas 1 and 2 allows to complete the proof of Theorem 1.
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Lemma 3 (Difference of the iterated kernels). For all 0 < s <t < T, (x,y) € (R))? and for all q € (d, +c],
r € N:

41 2 A r
|(p@ H™ —p. @ HM)(s,t,x,y)| < (r+ UAE”WCI’“(l Jr[l;((zlAA a(((;))))})

pe(t — s,y —x)(t — s)"(3A@) - (3.14)

where c is as in Lemma 1 and C as in equation (3.8) of Lemma 2.

Proof. Observe that Lemmas 1 and 2 respectively give (3.14) for r = 0 and » = 1. Let us assume that it holds
for a given r € N* and let us prove it for r 4 1.

Let us denote for all r > 1, n.(s,t,z,y) = |p@ H") —p. ® Hér))(s,t,x,yﬂ. Write

77T+1(Sat7'r7y) S |[ﬁ® H(T) 7ﬁ€ & Hér)] & H(S,t,l',y)| + |ﬁ€ & H&ST) & (H - HE)(Svtazay”
< ® [H(s,t,2,y) + [pe © HO| @ |(H — He)|(s,t,2,y).

Recall now that under (A), the terms |H|(s,t,z,y) and [p: ® HE(T)| satisfy respectively and uniformly in e the
controls of equations (2.9), (2.10). The result then follows from the proof of Lemma 2 (see equation (3.11) for
g = oo and (3.13) for ¢ € (d,+00)) and the induction hypothesis. O

Theorem 1 now simply follows from the controls of Lemma 3, the parametrix expansions (2.6) and (2.7) of
the densities p, p. and the asymptotics of the gamma function.

3.2. Stability for Markov Chains.

In this Section we prove Theorem 2. The strategy is rather similar to the one of Section 3.1 thanks to the
series representation of the densities of the chains given in Proposition 2.

Recall first from Section 2.2 that we have the following representations for the density p”, p® of the Markov
chains Y, Y in (1.3). Forall 0 < t; <t; <T, (z,y) € (RY)?:

j—i

P (tirty ) = > P @n HO (b, 1,2, ),
r=0
j—i

PR(tity,w,y) =Y pr@n HEO(ti, 1,2, y).
r=0

3.2.1. Comparison of the frozen densities

The first key point for the analysis with Markov chains is the following Lemma.

Lemma 4 (Controls and Comparison of the densities and their derivatives). There exist c¢,c1 s.t. for all
0<t;<t; <T, (z,y) € (RY? and for all multi-index «, |a| < 4:

1

D" (ti, by, 2, y)| + | DS Bl (ti, 5, 2, y)| < mlﬁc,q (tj =ty — ),
J i
e e A tht]
D" (i, b, 2, y) — DYl (tis by, 2,y)| < ﬁﬂ’cm (tj —ti,y — @),
J i
where
- Under (Ig):

wc,cl (tj - tivy - :L') = clpc(tj - tia y— :C)v
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- Under (Ipﬁ]\/[).'
d
cic ly — 2|
—t = —d— —_— .
wcu( Y — ) (t]_tz)d/2QM d 5((tj—ti)1/2/c

Proof. Note first that under (I¢) the statement has already been proved in Lemma 1. We thus assume that
(Ip7 ) holds. Introduce first the random vectors with zero mean:

Z,‘ZJ = (t; — )12 ZJ ty)Vhé, Zy (®)

(t ftk

172 ZUs tr,y)Vhé.

T —tk

Denoting by qj—r, qj—x,. their respective densities, one has:

1
ash . - = (_lelpe,. .
sz (tk’tj’z’y) (tj 7tk)(d+\a|)/2( 1) qu]*k(zﬂz:Wa
1
ash . - = (_lelpe,. .
Depe (te, ty . y) - tk)(d+\a|)/2( n*Dg ‘Jrk,s(z)bzm-

(3.15)

From the Edgeworth expansion of Theorem 19.3 in Bhattacharya and Rao [BR76], for ¢;_x, ¢j—x,e, one readily
derives under (A), for |a| = 0 that there exists ¢; s.t. for all 0 <ty < t; < T, (z,y) € (R?)?,

~ ~ C1 1
B (b, ty, 2, y) + BE (b, g, 2,) < 7 s (3.16)
(tj —tr) (1 n &)
CEIE

for all integer m < M —d, where we recall that M stands for the initial decay of the density f¢ of the innovations
bounded by Qs (see equation (1.7)).

We can as well derive similarly to the proof of Theorem 19.3 in [BR76], see also Lemma 3.7 in [KMO00], that
for all o, || < 4:

C1 1
t. — t.)(d+lal)/2 T— mo
R (1+ &5)

for all m < M — d — 4. Note indeed that differentiating in DS the density and the terms of the Edgeworth
expansion corresponds to a multiplication of the Fourier transforms involved by (¢, ( standing for the Fourier
variable. Hence, from our smoothness assumptions in (Ip ), after obvious modifications, the estimates of
Theorem 9.11 and Lemma 14.3 from [BR76] apply for these derivatives. With these bounds, one then simply
has to copy the proof of Theorem 19.3. Roughly speaking, taking derivatives deteriorates the concentration of the
initial control in (3.16) up to the derivation order. On the other hand, the bound in (3.16) is itself deteriorated
w.r.t. the initial concentration condition in (1.7). The key point is that the techniques of Theorem 19.3 in [BR76]
actually provide concentration bounds for inhomogeneous sums of random variables with concentration as in
(1.7) in terms of the moments of the innovations. To explain the bound in (3.16) let us observe that the mh
moment of ¢ is finite for m < M — d.

Equations (3.16) and (3.17) give the first part of the lemma. Still from the proof of Theorem 19.3 in [BR76],
one gets, under (A), that there exists C' > 0 s.t. for all multi-indexes @, |a| < 4,8, |3| <m < M —d —5 for
all 7 > k:

|Dgﬁ (tk,t],ZE y)' + |sze(tkat.]ax y)| (317)

alip? Dl (O)\de < O, .
[ 16 D250 + 1Dy O et < (318)

where §;_x(C), dj—k,(¢) stand for the respective characteristic functions of the random variables Z}c’ i Z}:’;E) at

point (.
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To investigate the quantity |D2p" (tx, t;, z,y) — DEPE(tk, tj, 2, y)| thanks to (3.15) define now for all «, |a <

Vz € RY O c(2) = 2D (¢j—k(2) — gj—ke(2))
Ve e RY, 6 1.c(C) = (=)™ MIDZ (¢ {dj-k(C) — Gjmrc(O)}) - (3.19)

Let us now estimate the difference between the characteristic functions. From the Leibniz formula, we are
led to investigate for all multi-indexes 3, @, |5| < |8, |@| < |a| quantities of the form:

(i#) "¢ (D g‘h k(C)*Df(L‘—k,E(C))
= E[(Zy )7 expliC - Zy = (Z,'ZJ(E)) expliC - Zy 5)]}_

Assume first that j > k+ 1. In that case, set now Zy

similarly Zy (61) = ZIZ Ffj).Jrk)/Q] . Z ,](752) = Z,Z,’](g) Zy (E)

Var = 2wy By = Ziy = Zilya Denoting

for the perturbed process, we get:
(") ¢ (DL 45-k(C) = DGk (C)) =
{]E (250 + 20507 explic - 20 Jexolic - 20,,1] — B [(Z057 + 2037 exolic - 20 exolic - 2133)] } -

{ CLE (2 ;1) expli¢ - 21,11 |E[(Z,0)7 exvliC - 21,,,]] -
LB

CLE|(Z ) explic - 2L |E[(Z )7 explic - 23] } =

E[(Zgj(i))l expliC - Z;Zj(gl)]} [E [(Zgj 2)5 expliC - Zk . 2]} — E[(Z,Z;?)Bil expliC - Z}ZJ(EQ)H }}a

where in the above expression we considered the binomial expansion for multi-indexes denoting by Cé = ﬁ

with the corresponding definitions for factorials (see the proof of Lemma 1). Introduce now, for a multi-index
1,]l] € 10,]5]], the functions:

UG = B[00 explic - 2000, w50 = CE[(Z15) explic - 211
and

E10(Q) = [E[(ZY,) explic - 2¢,,)] — B[ (Z1) exolic - 27|

£25-1(C) = [E[(ZY,,0)" " expliC - 21| —E[(Z1\)" explic - Z23))] -

Thus, we can rewrite from the previous computations:

()¢ (D24-1(Q) = Dlare (@) = > CH{ETFTHO + (&5 95O} (3:20)

LIU<IB]
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Recall from (3.18) that we already have integrability for the contributions \Ilf"B ~H(¢) and WS(C). Let us thus
proceed with the control of £ ;(C), & 5_,(¢). We only give details for £;;(C), the contribution & 5_; can be
handled similarly. We also consider |I| > 2, since the cases |I| < 2 can be handled more directly. Write:

1€14(0)] <
E((Z50)" = (ZED + BUG lexpli - 2 5) = explid - Z057)]
< C{EIZY,1 — 22028 ;21" + 1200 + BN 2L ZE 0 - 22520 -
Apply now Holder’s inequality with p1 = |I[,q1 = |I]/(|I|—1) for the first term and pa = (|I|+1)/|l|, g2 = |I|+1 for

the second one so that all the contribution appear with the same power (in order to equilibrate the constraints
concerning the intregrability conditions). One gets:

(11O <
{ “Zk]l €)|‘l|]1/|”{E[|Zy ||l\](|l\ /1Y +E[|Zy (5 ||l\](|l\ 1)/|l\}_|_
|C|E[|Z]z€/:§:sl)|\l|+1]u|/(|l\+1 E“Z;c!,j Zy:](:?)|\l|+1]1/(\l|+1)} (3.21)

The point is now to prove, since we have assumed m < M —d—5 <= m+1 < M —d — 4, that there exists ¢
s.t. for all r <m +1,

EIZY ;) — ZP YT < eDeory, BIZE T+ EZEE) Y < e (3.22)

Let us establish the point for the difference, the other bounds can be derived similarly. Define for all i €
[k, 4], M; : \/_ZT V(0 —02)(tr,y)&11. The process (M; )ic[k,j] is @ square integrable martingale (in discrete
time, wr.t. F; = X(&, 7 < i), E field generated by the innovation up to the current time). Its quadratic
variation writes [M]Z = hzz;i |(o0 — 0<)(tr,y)|?|ér+1]? and the Burkholder-Davies-Gundy inequalities, see e.g.
Shiryaev [Shi96], give for all r < M — d — 4:

E[ P ML) < e B[[M]}%) = b PE[(Y [0 = o) (i, ) Pl )2, (3.23)
relryg i=k

If r = 2 one readily gets:

EZY,, - 21 <

~ h
mE[i:EFjH M) < 0t )A?,U,VZEHEHH | < ez, .

Let us thus assume r > 2 and derive from (3.23)

7y — 7@ < & Rl sup |

H k.j,1 lel] (t _tk)T/2 [G[ch]]l |]
hr/2 j—1 -1

< PO N0 = o)t )€ ) 1) /207200)
1=k ik

applying Holder’s inequality for the counting measure with p = r/2,q = r/(r — 2) for the last inequality. This
finally gives:

crh'/? ) , ,
B2 50 = 25N < g U= 7% 1AWZE|&+1| <EAL, .
J
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Since we have assumed r < m +1 < M — d — 4, this gives the first control in (3.22). The other one readily
follows replacing 0 — 0. by o or o.
From equations (3.21), (3.22) and similar controls for &, 5_,(¢) we finally derive:

01O +1€2,51(O)] < C1A 5.4 (1+[C])-

As a result we have from (3.19) and (3.20):

IDZ(¢™(4j-1(C) — DLdj-k.e(0)))]

SCAE,M{ )Y <|Wl<<>|+|\1/3’l<<>|><1+|<|>}.

Bl < 18] LI<|B]

We finally derive from (3.19) and (3.18) (which thanks to the smoothness assumption on Qs in (Ip ) holds
as well for a multi-index a, |&| = 5):

1 ~
©1-12) € gz [ 181k (OMC < e (3.21)

From (3.15) this concludes the proof for j > k + 1. If j = k4 1 the previous arguments can be simplified and
lead to the same results. O

3.2.2. Comparison of the parametriz kernels

This step is crucial and actually the key to the result for the Markov chains. We focus for simplicity on the
case ¢ = +oo, for which pointwise controls for the differences between the drift coefficients are available, and
which already emphasizes all the difficulties. The case g € (d, +o0) for the drifts could be handled as in Lemma
2, using similar Holder inequalities.

We actually have the following Lemma.

Lemma 5 (Control of the One-Step Convolution for the Chain.). There exists c1,c¢ s.t. for all 0 <t <t; <
T, (zy) € (R)?:

Ac 00
((H" = HE)(tr, 5, 2,9)| < W@cm@j —tr, 2 —y),

with
- Doy (b —th, 2 —Y) = Yo, (t; — tr, 2 —y) under (1g).
o ¥
_ @0101 (t] — tk, 2z — y) = ’1/}6161 (tj — tk; Z — ’y) (1 + (t]‘ft%) B under (IPJ\/[),

where Y., 1s defined according to the assumptions on the innovations in Lemma 4.

Proof. The case k = j + 1 involves directly differences of densities and could be treated more directly than the
case k > j + 1. We thus focus on the latter. Introduce for & € [0, N], (x,w) € (R%)? the one step transitions:

Th(tk,:c,w) = b(tg, x)h + hl/QJ(tk,x)w, Tgh(tk, x,w) = be(tg,x)h + hl/QJE(tk,x)w,

3.25
T (b, 2, w) = hY 20 (ty, z)w, T;fo(tk,x,w) = W20 (ty, z)w. (3.25)



20 STABILITY OF DENSITIES FOR PERTURBED DIFFUSIONS AND MARKOV CHAINS

From the definition of H" H!, recalling that fe stands for the density of the innovation, the difference of the
kernels writes:

(Hh*H5h>(tkatjaZay) = h’il/ dwff(w) {ﬁh(tk+latjaz+Th(tkazaw>ay)7ﬁh(tk+17tjvz+T(?(tkvyaw%y)}
Rd

7{ﬁ?(tk+la tja z+ T:l(tkv va)7y> 7ﬁ?(tk+17tj7 z+ Toh,g(tkvya w)a y)} . (326>

Let us now perform a Taylor expansion at order 2 with integral rest. To this end, let us first introduce for
A € [0, 1] the mappings:

o RTxRY
(TlaTQ)

— R
— Tr(D Mtsr, s, 2 + NT1,y)[T: T;]),
oh: RExRE — R
—

~ 3.27
0T Te(D2 (b 2 4 X)), 3:21)

where T5 is viewed as a column vector and T35 denotes its transpose. Recalling as well that £ is centered we get:
AthE(tk’ t]’ 2, y) = (Hh - H:l)(tka tja Z, y)

- [(Dzﬁhum,tj,z,y>,b<tk,z>> — (Dap(trr1 1y 2,9), b (tk,z>>]

+h‘1/Rd dwfg(w)/old)\(l—)\)

(PR 2, 0), T (11, 2. 0)) = AT (), T (b ) }
7{@§,E(Tgb(tk727w)ngb(tkaZaw)) - @&,E(T&s(tkvya ) TO € tkvy’ ]
= (AL H" + Ao H") (1, 15, 2,9), (3.28)

where for i € {1,2}, A;H™¢ is associated with the terms of order i. The idea is now to make A 4,0 appear
explicitly. The term A; H"® is the easiest to handle. We can indeed readily write:

Ath’E(fk,tj, Z,y)

- l<Dzﬁh(tk+1,tj,z,y), b(t, 2) = be(ty, 2)]) = { (D2 Dzﬁh)(tkﬂ,tj,z,y),bg(tk,z)>].
From Assumption (A3), equation (1.5) and Lemma 4 we derive for ¢ = +oo:

CA,
7,00 Ve, et — i,y — 2). (3.29)

|ALH" (85, 2,y)| < ——
(tj — tk)
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The term As H™¢ is trickier to handle. Define to this end:

A 2,9, 0) = { AT (0 2,0), T 11 2,0)) — ST (14, 10), T (1, 0)) }

Pk @t 2,0), T (th, 2,0)) = P (T (b, 0), T (b9, w) |-

Let us then decompose:

A(p};’a(tkazayaw) = {@Q(Th(tk,z,’LU),Th(fk,Z,’LU)) - @Q(Th(tkaZaw)aTOh(tkayaw))

~{ PRt 2, w), T (b, 2,0)) = 8 (T2 (b, 2,0), T (b, w) |

+

—— 1

{w}i(Th(tk,Z,w),T$(tk,y,w)) — QN (T (tr, y, W), TY (e, y, w))

*{SQZE(Tgh(tkﬂ Y, ’LU), T&s(tkﬂ Y, ’LU)) - ¢§75(T&5(tk7 2, ’LU), T&s(tkﬂ Y, ’LU))}

~

= (AN + Do) (tk, 2, y, w), (3.30)
and write from (3.28):
1
Dottty 20) = [ dufelw) [ aML= N(Bagh + ok tr. 2 )
Rd 0
= (AQth’E + AQQHh’E)(tk,tj, zZ, ), (331)

for the associated contributions in Ay H™¢. Again, we have to consider these two terms separately.
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Term Ag H"=. We first write from (3.30):

Alwzys(tka Z,Y, ’LU)

{@%WWMAWLWWMAWD—@%WWM%W%HWMMWD}—

{ PR (tr, 2,0), T (b, 2, w)) = GAT" (b, 2, 0), T, )

{@g(Th(tk’Z’w%Tsh(tkvsz)) - QDQ(T (tkvsz) TOE Tk, Y, w

- [{@g,a(Tah(tkv va)vTah(tk’ z,w)) — SDQ,E(T (tk, 2, w), TO (e, y,w

*{Wg(Tf(tkvsz)vTah(tkaZaw)) - @&(T (tkaz w) TOg tk, Y, w ]
h h h h
_{@A(TE (tk’z’w)’Ta (tkazaw)) - (P)\(T (tkaz ’LU) TO& tg, Yy, w 1

3
=) ALy (b 2y, w). (3.32)

i=1
We now state some useful controls for the analysis. Namely, setting:

D(tka Z, y,UJ) = Th(tka zaw)Th(tka Z,UJ)* - T(;L(tkay) w)TOh(tka yaw)*a
Da(tkazay’w) = Tsh(tk,Z,U})TEh(tk,Z,U})* - T(;fg(tkay)w)TO}fs(tkayaw)*a

we have from (A3) and equation (1.5) for ¢ = 400 :

e(h® + W32 w| + h(1 A |z — y)T|w]?),
6A877,00(h2 + h3/2|w| +h(1A|z— y|)”|w|2) (3.33)

(|D| + |D8|)(tkazayaw)
|D = Del(tk, 2, y,w)

IN N

From the definition of ¢! in (3.27), equation (3.32), the control (3.33) and Lemma 4, we get:

|A1190})\L€|(tk7 Z,Y, ’U_))

"/)c 61( tk, - (z+>\Th(tk,z,w))) (334)

(tj —tr)

< CAc 00 (h® + W2 Jw| + h(LA |2 = y])"|wl]?).
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We would similarly get from Lemma 4 and (3.33):

|A13@i’8|(tk727yaw)
wc,cl (t] - tka y— (Z + )‘Tsh(tka Z, ’LU)))

OEr (W% + B2l + h(UA |2 = ) wl?),
J

S EAE,’Y,OO

|A12<P]§’€|(tkvz,y,w)
< Yoo, (b —teyy — (2 + ONT " (ty, z,w) + (1 — G)ATEh(tk, z,w)))
: (G — )7
x|(T" = T (tr, 2, w)|| Dz (tk, 2, y, w)
Yere, (b =ty — (2 + ONT" (ty, z,w) + (1 — ONT (L, 2, w)))
(t; —tr)3/2
x (W% 4+ h32|w| + h(1 A |z — y|)"|w|?) (h + B2 |w)]), (3.35)

S EAE,’Y,OO

for some 6 € (0,1), using as well (3.25) and (1.5) for the last inequality. The point is now to get rid of the
transitions appearing in the function 1. .,. We separate here the two assumptions at hand.

- Under (I¢), it suffices to remark that by the convexity inequality [z —y—©[? > 1|z —y[2— |02, for all © € R%:

ct/? clz —yP c_ |9
sty —thy—2—0) < g - - = ).
Veeslls ~thoy = 2 )_cl(Qﬂ(tj—tk))d/QeXp< 4tj—tk>eXp<2tj—tk)

Now, if © is one of the above transitions or linear combination of transitions, we get from (3.25):

(c/2)"? clz—yP c
’l/)c,m(tj - tkvy -z 6) < ClW €xXp 71 tj — tk exp(§K22|w|2), (336>

up to a modification of ¢; observing that h/(t; —t;) < 1 and with K5 as in (A;). Since ¢ can be chosen small
enough in the previous controls, up to deteriorating the concentration properties in Lemma 4, the last term
can be integrated by the standard Gaussian density fe appearing in (3.31). We thus derive, from (3.36), (3.34),
(3.35) and the definition in (3.32), up to modifications of ¢, ¢;:

|A1¢§76|(tk7 %Y, w) S

|w] |2 —yl”IwIQ}
)

AcyochCe e, (t; —th, 2 —y expcw2 {1—|— +
€,y (] ) ( | | ) (tj_tk)l/Q tj*tk

which plugged into (3.31) yields up to modifications of ¢, ¢, ¢;:

A
|A21Hh1€(tkatjazay)| S c Tk

(1 V T(liw)/2)wc,cl (t] - tka Z— y)
. (3.37)
(t; — )=/

- Under (Ipar), we only detail the computations for the off diagonal regime |z — y| > c(t; — t;)'/? which is the
most delicate to handle. In this case, we have to discuss according to the position of w w.r.t. y — z. With the
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notations of (A2), introduce D := {w € R : {Ah}/?|w| < |z —y|/2}. If w € D, then, still from (3.34), (3.35),

(1A1103° ] + [A1s el ) (b, 2,9, w)
c,Cc1 t;—t Y —
Yeaelli 2100 =2 (2 42 (1 Az 1) wf?),

(t; —tx)

S Qe 00

|A12(‘0§78|(tk,2,y,’l,l))
Yeer(tj =ty = 2) 19 3/2 Vo2 1/2
(h* + k2 w| + h(LA |z —y|)Y|w]?)(h + k% |w)).

<
=~ CAE,'y,OO (t] — tk)3/2

On the other hand, when w ¢ D we use fe¢ to make the off-diagonal bound of ., (t; — tx,y — ) appear.
Namely, we can write:

felw) < < 1 1
w s C ~C
¢ (T [wDM = (1 4 Eoghym—(@ra) (1 [w]) 4+
1 1
. 7 3.38
T gt (L) Y
j—tk

where the last splitting is performed in order to integrate the contribution in |w|® coming from the upper bound
for |A12<p§’5| in (3.35). Plugging the above controls in (3.31) yields:

AcyooPec, (B — th, 2 — y)
(tj — k) ™/

|AHY (th, 1, 2,y)| < (3.39)

We emphasize that in the case of innovations with polynomial decays, the control on the difference of the kernels
again induces a loss of concentration of order « in order to equilibrate the time singularity.

Term Ays H'™¢. This term can be handled with the same arguments as Ay H"™¢ . For the sake of completeness
we anyhow specify how the different contributions appear. Namely, with the notations of (3.30) and (3.31):

Do (b, 2,y w) =
1
/O d,u{<DT1(P})f(T(;1(tka yaw) + N(Th(tka 2y ’LU) - T(;L(tk’ya ’LU)), T(;L(tka yaw))’Th(tk’ Z’w) - T(;L(tk’ya ’LU)>
~( D1 @ (Tt y,0) + T by 20) = T (b, s w)), T (b, ), T2 (b 2, 0) = T (b, y,w0) ) }
1
~{ | dnf (kT ) + w1 200) = T ). T . 0)
[(T" (b, 2,w0) = T (b, s w)) = (T2 (b, 2, w) = Tt w))] ) }
1
~{ / [ ( Dy @ o (T (s o w) (T2 s 2, 0) = T (b)), T (b )

*DTlgO])L\(TOh(tka va) =+ /J’(Th(tkv va) - TOh(tkvya ’U_))), TOh(tka va))}ngh(tka 2 ’U_)) - TOh,a(tkvya ’U_))>}

=: (Aglcp};’s + Azzsﬁi’s)(tkv 2,Y, w).
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In Ay ¢° we have sensitivities of order 3 for the density, giving time singularities in (¢; — t;)~%/2

again equilibrated by the the multiplicative factor:

, which are

|75 (b y, w) (T3 (try y, w)] |
(T (th, 2, w) = Tg (t, y, w) — (T2 (tk, 2, w) = Tg'e(th, y, w))]
< &(h® + 1wl + hlw]?) Ac 00 (h + B2 (LA |2 = y]) ),

where the last inequality is obtained similarly to (3.33) using as well (1.5). The same kind of controls can be
established for AQQQQZ’E. Anyhow, the analysis of this term leads to investigate the difference of third order
derivatives, which finally yields contributions involving derivatives of order four. This is what induces the final
concentration loss under (Ip ), i.e. we need to integrate a term in |w|* (see also equation (3.38) in which we
performed the splitting of f¢ on the off-diagonal region to integrate a contribution in |w|?)

We can thus claim that

As,'y,ooq)c,cl (tj - tk; z = y)
& —te) 7

|AH£LQ’8(tkat]azay)| <

Plugging the above control and (3.39) (or (3.37) under (I¢)) into (3.31) we derive:

A&’Y,OO(I)QQ (tj —lk, 2 — y)
(t; — i)™/ ’

|AH£L’8(tkatjazay)| S

which together with (3.29) and the decomposition (3.28) completes the proof. (]

From Lemmas 4 and 5 the proof of Theorem 2 is achieved, under (Ig), following the steps of Lemmas 2 and
3, using the Holder inequalities for the differences of the drift terms for ¢ € (d, +00).
The point is that we want to justify the following inequality under (Ips) and ¢ = +o0:

|(p" @n H™) = pl @y, HE ) (b, 15,2, y)| (3.40)

(VIO rg)]) o (i) -0

<4+ 1) A -
_(7’+ ) £,7, F(l—l—?‘%) (tj—ti)d/2QM (d+5+7) t —ti)1/2/c

The only delicate point, w.r.t. the analysis performed for diffusions, consists in controlling the convolutions of the
densities with polynomial decay. To this end, we can adapt a technique used by Kolokoltsov [Kol00] to investigate
convolutions of “stable like” densities. Set m := M — (d + 5+ ) and denote for all 0 <i < j < N, x € R? by

d

am(t; —t;, ) := WQM%CI%JW) ((t—tIW) the density with polynomial decay appearing in Lemmas 4
J 3 J 3
and 5. Let us consider for fixed i < k < j, (x,y) € (R%)? the convolution:

Itlk_ (ti,tj,x,y) == /d dzqm (ts — tiy, 2 — x)gm (t; — te,y — 2). (3.41)
R

- If |z —y| < c(t; —t;)*/? (diagonal regime for the parabolic scaling), it is easily seen that one of the two densities
in the integral (3. 41) is homogeneous to g, (t; —ti, y — x). Namely, if (tx — ;) > (t; — 1) /2, gm(tx —ti, 2 — ) <

d d/2 ~
(tki:;;d/Z < (2t ,f)i% < éqm(tj —ti,y — ). Thus,

Itlk(tzat]ax y) q (t _tzay_‘r)/d dZQm(tJ _tkay_z) :éqm(t] _tzay_w)
R

If (tr —t;) < (t; —t;)/2, the same operation can be performed taking ¢, (t; — tx,y — z) out of the integral,
observing again that in that case gm (t; — tx, y — 2) < égm(t; — ti,y — ).
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- If |z —y| > c(t; —t;)Y/? (off-diagonal regime), we introduce Ay := {z € R?: |z — 2| > |z —y[}, 4> := {z € R?:
|z—y| > 3|z —y|}. Every z € R? belongs at least to one of the {4;};c(1,2}. Let us assume w.l.o.g. that z € As.
Then |z —y| > §(t; — ti)1/?% > Sty — tr)'/? so that the density gm(t; — tr,y — z) is itself in the off-diagonal
regime. Write:

cm(tk _ ti)(mfd)/Q
dZQm(tk7tiaziz)Qm(tj7tkayfz)S dZQm(tkftiazfx) m
A As |z —yl

Cm2m(tj — ti)(m_d)/2

|z — y|™

/ dzqm (t — ti, 2 — x) < Egm(t; — ti,y — ),
Az

recalling that, under (Ipar), m > d for the last but one inequality. The same operation could be performed on
Ay,
We have thus established that, there exist ¢ > 1 s.t. for all 0 <i < k < j, (z,y) € (R%)? :

From the controls of Lemma 5 and following the strategy of Lemma 3, we will be led to consider convolutions
of the previous type involving I' functions. The above strategy thus yields (3.40) by induction.
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