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Density and gradient estimates for non degenerate
Brownian SDEs with unbounded measurable drift

S. Menozzi’ A. Pesce! X. Zhang?
September 18, 2020

Abstract

We consider non degenerate Brownian SDEs with Hélder continuous in space diffusion coefficient and
unbounded drift with linear growth. We derive two sided bounds for the associated density and pointwise
controls of its derivatives up to order two under some additional spatial Holder continuity assumptions on
the drift. Importantly, the estimates reflect the transport of the initial condition by the unbounded drift
through an auxiliary, possibly regularized, flow.

Keywords: unbounded drift, heat kernel estimates, gradient estimates, parametrix method.
MSC 2010: Primary: 60H10, 35K10; Secondary: 60H30.

1 Introduction

1.1 Statement of the problem

We are interested in providing Aronson-like bounds and corresponding pointwise estimates for the derivatives
up to order two for the transition probability density of the following d-dimensional, non-degenerate diffusion

dXt = b(t, Xt)dt + U(t,Xt)th, t > 0, Xo =X, (11)

where (W});>0 is a standard d-dimensional Brownian motion on the classical Wiener space (2, %, (%)i>0, P).
The diffusion coefficient ¢ is assumed to be rough in time, and Hoélder continuous in space. The drift b is
assumed to be measurable and to have linear growth in space. Importantly, we will always assume throughout
the article that the diffusion coeflicient o is bounded and separated from 0 (usual uniform ellipticity condition).

When both coefficients b, o are bounded and Holder continuous, it is well known that there exists a unique
weak solution to (1.1) which admits a density (see e.g. [26], [16], [10]), i.e. for all A € B(R?) (Borel o-field of
RY),

]P)[Xt € A‘X() = Z] = / p(oaxatvy)dy
A

Furthermore, it can be proved by the parametrix method that the transition density p(0,z,t,y) enjoys the
following two sided Gaussian estimates on a compact set in time:

Clgra(t,z —y) <p(0,2,t,y) < Cgalt,z —y) (1.2)
as well as the following gradient estimate

Vip(0,2,t,9)] < Ct3gr(tz —y), j=1,2,
where

aa(t,z) ==t 2 exp (= Alz[>/t), A€ (0,1],t>0, (1.3)
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and the constants \,C' > 1 only depend on the regularity of the coefficients, the non-degeneracy constants of
the diffusion coefficients, the dimension d, and for the constant C, on the maximal time considered (see [15]
and [1], [2]). Such methods have been successfully applied to derive upper bounds up to the second order
derivative for more general cases, such as operators satisfying a strong Hormander condition (see [5]), and
also Kolmogorov operators with linear drift (see [24] and [13]). A different approach consists in viewing a
logarithmic transformation of p as the value function of a certain stochastic control problem (see [14]): such
idea allows then to get the desired density estimates by choosing appropriate controls and eventually an upper
bound for the logarithmic gradient (see [25]).

When the drift is unbounded and non-linear, fewer results are available. In fact, in this case it is no longer
expected that the two sided estimates as given in (1.2) hold. Consider for instance the following Ornstein-
Uhlenbeck (OU)-process

dXt == det + th, XO =T,

which has, with the notations of (1.3), the non-spatial homeogenous density

pOU(Oa z,t, y) = (7T(62t - 1))_d/2.gt/(e2t71)(ta elx — y)

In [12] the authors derive two sided density bounds for a class of degenerate operators with unbounded and
Lipschitz drift, satisfying a weak Hormander condition, by combining the two previous approaches: parametrix
and logarithmic transform. Indeed, when the drift is unbounded it becomes difficult to get good controls for
the iterated kernels in the blunt parametrix expansion. In our non-degenerate parabolic setting those bounds
still hold provided the drift is globally Lipschitz continuous in space. Then, they read as:

Cilg)\_l (tv et(l') - y) < p(07 z, ta y) < Cg)\(ta at(x) - y)v (14)
where 6 stands for the deterministic flow associated with the drift, i.e.
0i(x) = b(t,0,(x)), t =0, Op(a) ==

and C, A > 0 enjoy the same type of dependence as in (1.2) but importantly A now also depends on the
maximal time considered. This means that the diffusion starting from z, oscillates around 6;(z) at time ¢ with
fluctuations of order t~2. Notice that if b is bounded, then (1.4) reduces to (1.2) since

73—yl — [blloct® < t7F|0p(x) — y| <t E |z —y| + [|blloot .

Hence, taking or not into consideration the flow does not give much additional information. The above control
also clearly emphasizes why C' might depend on some maximal time interval considered. In the case where b
is bounded but not necessarily smooth, the above bounds remain valid for any regularizing flow.

Diffusion with dynamics (1.1) and unbounded drifts appear in many applicative fields. Let us for instance
mention the work [17] which was concerned with issues related to statistics of diffusions. We can also refer to
[21] for the numerical approximation of ergodic diffusions.

In such frameworks, estimates on the density and its derivatives are naturally required. Some gradient
estimates of the density were established in [17]. The approach developed therein relies on the Malliavin
calculus. It thus required some extra regularity on the drift. Also, since the deterministic flow was not taken
into consideration an additional penalizing exponential term in the right hand side' of the bounds appeared.
Similar features appeared in the work [11] which established the existence of fundamental solutions for a strictly
sublinear Holder continuous drift.

We can also mention the work of Metafune et al. [19] in which non-Gaussian upper bounds are derived for
the heat kernel associated with divergence form operators with unbounded one-sided drift (i.e. the divergence
of the drift is bounded by a constant). The authors also obtain therein a diagonal lower bound when the
diffusion coefficient is symmetric. Let us also refer to Boutiah et al. [7] who derive sharp two sided-bounds
for the heat-kernel associated with very special operators which also involve unbounded terms in the diffusion
part, which are also specifically linked to the growth of the drift term.

The point of the current work is to establish estimates for the derivatives that reflect both the singularities
associated with the differentiation in the parabolic setting, as in equation (1.2) above, and also reflect the key
importance of the flow for unbounded drifts as it appears in the two-sided heat kernel estimate (1.4). To the
best of our knowledge, our is one of the first results for the derivatives of heat kernels with unbounded drifts.

We can actually address various frameworks. We manage to obtain two-sided heat kernel bounds for a
Hélder continuous in space diffusion coefficient ¢ in (1.1) and a drift b which is uniformly bounded in time at

Ir.h.s. in short



the origin and has linear growth in space (see assumptions (H?) and (H%) below). Importantly, when the drift
b is itself not smooth, the heat kernel bounds can be stated in the form (1.4) for any flow associated with a
mollification of b. In particular, if the drift is continuous in space they actually hold for any Peano flow. Those
conditions are also sufficient to obtain gradient bounds w.r.t. the backward variable x. To derive controls for
the second order derivatives w.r.t. x an additional spatial Hélder continuity assumption naturally appears for
the drift. Eventually, imposing some additional spatial smoothness on the diffusion coefficient, we also succeed
to establish a gradient bound w.r.t. the forward variable y.

The paper is organized as follows. Our main results are stated in details in Section 1.2; Section 2 is
dedicated to the proof of our main results when the coefficients satisfy our previous assumptions and are also
smooth. Importantly, we prove that the two-sided heat-kernel bounds do not depend on the smoothness of the
coefficients but only on constants appearing in (H?) and (H%), the fixed final time horizon T' > 0 and the
dimension d. We also establish there bounds for the derivatives through Malliavin calculus techniques which
is precisely possible because the coefficients are smooth. Those bounds serve as a priori controls to derive
in Section 3, through a circular type argument based on the Duhamel-parametriz type representation of the
density, that those bounds actually do not depend on the smoothness of the coefficients. We then deduce the
main results passing to the limit in a mollification procedure through convergence in law and compactness
arguments. We eventually discuss in Section 4 some possible extensions for the estimation of higher order
derivatives of the heat kernel when the coefficients have some additional smoothness properties.

Let us mention that our approach developed here had previously been successfully used in [8] and [9] to
derive respectively the strong well-posedness of kinetic degenerate SDEs or Schauder estimates for degenerate
Kolmogorov equations. It actually seems sufficiently robust to be generalized, as soon as some suitable two
sided bounds hold, in order to obtain estimates of the derivatives of the density.

1.2 Assumptions and main results

We make the following assumptions about o and b in (1.1).
(HZ) (Non degeneracy). There exists a positive constant ko > 1, such that
ko HEP < (oo™ (8, 0)€,€) < mol€?, @, € €RT, £ >0, (1.5)
and for some « € (0, 1),

lo(t,x) — o(t,y)| < kolz —y|*, t=0, z,y € R (1.6)
(H%) There exist positive constant x; > 0 and 8 € [0, 1] such that for all z,y € R% and t > 0,
[b(t,0)| < k1, [b(t,x) = b(t,y)| < ka(lz —y|° V |z —yl). (L.7)

It should be noticed that under (HY), b can possibly be an unbounded measurable function with linear growth.
For instance, b(t,x) = = + bo(t,x) with by being bounded measurable satisfies (1.7). The drift b(t,z) =
c1(t) + ca(t)|z|?, B € [0,1] where ¢y, co are bounded measurable functions of time, also enters this class. We
mention that the second condition in (1.7) could be stated only locally, i.e. for e.g. | — y| < 1. This could be
checked throughout the proofs below, we prefer to keep it global for simplicity.

Moreover, under (H?) and (HY), for any (s,z) € Ry x R?, it is well known that there exists a unique weak
solution to (1.1) starting from x at time s (see e.g. [26], [4], [12], [18]).

For any T € (0,00] and € € [0,T), we write
DI = {(s,t) €[0,00)% e <t —5 < T}.
To state our main result, we need to prepare some deterministic regularized flow associated with the drift

b. Let p be a nonnegative smooth function with support in the unit ball of R and such that fRd p(x)dz = 1.
For € € (0,1], define

pe(z) :=e (e x), bo(t,x) :=b(t,-) * p.(z) = /Rd b(t,y)pe(z — y)dy, (1.8)



i.e. * stands for the usual spatial convolution. Then for each n =1,2,---, it is easy to see that
w0t = | [ 060.0) = 60,02t~ )
< [ ) = bt [V 202l = )y
< mpef /Rd V2| (z — y)dy < ce? ", (1.9)
On the other hand, from (1.7) we also have
b (t, 2) — b(t, x)| < /Rd b(t,y) — b(t, z)|pe(z — y)dy < K1e”. (1.10)

For fixed (s,z) € Ry x R%, we denote by Gt(es) (x) the deterministic flow solving

6) (x) = be (1,61 (), t 20, 6C)(x) = a. (1.11)

3S

Note that (Gt(gs) (x))i>s stands for a forward flow and (Gt(i) (x))i<s stands for a backward flow. Also, since we
have regularized equation (1.11) is well posed.

The following lemma, which provides a kind of equivalence between mollified flows, is our starting point for
treating the unbounded rough drifts.
Lemma 1.1 (Equivalence of flows). Under (HY), for any e € (0,1], the mapping © Gt(? (x) is a C°°-

diffeomorphism and its inverse is given by x 925,2 (z). Moreover, for any T > 0, there exists a constant
C = O(T,k1,d) > 1 such that for any e € (0,1], all [t — s| < T and z,y € RY,

100 (2) — y| + |t — 5| =0 105 (x) =yl + |t — 5| =c & — 05 (y)] + |t — s, (1.12)
where Q1 <c Qa2 means that C™1Qy < Q1 < CQ5.

Proof. By (1.9), it is a classical fact that x +— Ht(gs) (x) is a C*°-diffeomorphism and its inverse is given by
T egi) (). Below, without loss of generality, we assume s < t. By (1.11) and (1.8), (1.9), (1.10), we have

t
161 () — 02 ()] < /

S

t
< 2Rt —s) + IIVbllloo/ 10 (2) — 6 ()] dr,

by (r, 07(?2 (z)) — by (r 0(1)(35)) dr

V7,5

t
b 02 (0) — b 02 [+ [

which implies by the Gronwall inequality that
6120 () = 0120 ()] < 2mn (¢ — s)el V=720,

Thus we obtain
168 () — y| < 1052 (x) — y| + 21l VoI =) — ).

,8

By symmetry, we obtain the first <o. For the second one, note that by the Gronwall inequality,

z— 0 (y)]. (1.13)

1052 () — 01 (1) Zarvinimo |2 =yl = 0 (@) — ¥l <o

From this, by the first <, we obtain the second <. O

We introduce for notational convenience the following parameter set which gathers important quantities
appearing in the assumptions:
0= (T’a?ﬂ7 K:OaKflad)a (114)

where again 7" > 0 stands for the fixed considered final time, o denotes the Holder regularity index of the
diffusion coefficient o (see (1.6)), ko is the uniform ellipticity constant in (1.5), x; and 8 are related to the
behavior of the drift b in (1.7), and d is the current underlying dimension.

Our main result is the following theorem.



Theorem 1.2. Let o € (0,1]. Under (HS) and (HY), for any T > 0, (s,t) € DI and = € R?, the unique
weak solution X s(x) of (1.1) starting from x at time s admits a density p(s,xz,t,y) which is continuous in
x,y € RY. Moreover, p(s,z,t,y) enjoys the following estimates:

(i) (Two-sided density bounds) There exist constants Ag € (0,1], Co = 1 depending on © such that for any
(s,t) € DT and z,y € RY,
Ci g1 (t = 5,00 () = y) < pls,2,1,y) < Cogr, (t — 5,00 () — p). (1.15)

(ii) (Gradient estimate in x) There exist constants A\ € (0,1], C1 > 1 depending on © such that for any
(s,t) € DT and z,y € R,

IVap(s,2,t,y)| < Ci(t — ) 2 gy, (t — 5,601 () — y). (1.16)

(iii) (Second order derivative estimate in x) If (H%) holds for some B € (0,1], then there exist constants
A2, Coy > 0 depending on © such that for any (s,t) € DI and z,y € R,

[V2p(s, 2, t,y)| < Ca(t — 5) Lga, (t — 5,01 (x) — y). (1.17)

(iv) (Gradient estimate in y) If (H%) holds for some B € (0,1] and for some o € (0,1) and k3 > 0,
IVolloo < k2, [Vo(t,z) = Vo(t,y)| < walz —y|%, (1.18)

then there exists constants A3 € (0,1], C3 > 1 depending on © and k2 such that for any (s,t) € DY and
z,y € RY,

IVyp(s, 2, t,y)| < Ca(t — ) 2 gx, (t — 5,6.7) () — y). (1.19)

Remark 1.3. By Lemma 1.1, the above Ht(}s) () can be replaced by any regularized flow 0,555) (z). Importantly,
if b satisfies (H%) for some g € (0, 1], then 0,516)(33) can be replaced as well by any Peano flow solving 6; ,(z) =
b(t,0;,5(x)), 0s,s(x) = x. Indeed, it is plain to check that, in this case, the result of Lemma 1.1 still holds with
0;.s(z) instead of 97565) ().

Remark 1.4. Under the assumptions of the theorem, in fact, we can show the Holder continuiy of V,p, VZp
and V,p in the variables z and y (see Appendix A).

1.3 Notations

In the following we will denote by (-,-) and | - | the Euclidean scalar product and norm on R%. We will use the
notation V, V2 to denote respectively the gradient and Hessian matrix of real valued smooth functions on R¢.
By extension, we denote by V7 the j*" order derivative of a smooth function. We use the letter C' for constants
that may depend on the parameters in © = (T, «, 3, ko, k1, d) introduced in (1.14). We reserve the notation
¢ for constant which only depend on the quantities «, 3, kg, K1,d but not on 7. Both type of constants ¢, C
might change from line to line. Other possible dependencies are explicitly indicated when needed. Eventually,
we will frequently use the notation <. For two quantities Q1 and @2, we mean by Q1 < Q2 that there exists
C with the same previously described dependence such that Q1 < CQs.

2 A priori heat kernel estimates for SDEs with smooth coefficients
In this section we suppose (H?) and (H%), and consider the mollified b. and o.. In particular, we have

K= N (IVEb oo + [ VEoL ) < 00, Vje€N. (2.1)
k=1,---,j

In the following, for simplicity of notations, we shall drop the subscripts €. In other words, we assume

(S) b and o satisfy (H?), (H%) and (2.1).



Under (8S), it is well known that for each (s,z) € Ry x R, the following SDE has a unique strong solution:
AXp = b(t, Xpo)dt + o(t, X0 )dWy, Xos =z, t3>s. (2.3)

The following theorem is well known and more or less standard in the theory of the Malliavin calculus. We
refer to [20], [27, Remarks 2.1 and 2.2] or [29, Theorem 5.4] for more details.

Theorem 2.1. Under (S), for any j,7' € N, p > 1 and T > 0, there is a constant C, = Cp(0©,,7, k1)
such that for all (s,t) € DY, z € R? and f € C°(RY),

[VE(V? f(Xt,6(2))] < Cplt = 8)™ U2 (E|f(Xp,o()[) /7. (2.4)

In particular, X, s(z) has a density p(s, x,t,y), which is smooth in z,y.
Remark 2.2. By Ito’s formula, one sees that p(s,x,t,y) satisfies the backward Kolmogorov equation

Osp(s,2,t,y) + Lswp(s,z,t,y) = 0, p(s, -, t,y) — 6,(-) weakly as s 11, (2.5)
and the forward Kolmogorov equation (Fokker-Planck equation):

op(s,z,t,y)—Ly p(s,x,t,y) =0, p(s,z,t,-) — 0,(-) weakly as t | s, (2.6)
where, setting a = 00* /2,

Ly f(x) = Tr(a(s, 2) Vi f(z)) + (b(s, ), Vo f(2))

and
L:, f(y) = 0y, 0y, (aij(t,y) f(y)) — div(b(t,-) f)(y)-

Here, we use the usual Einstein convention for the adjoint operator.

2.1 The Duhamel representation for p(s,z,t,y)

Fix now (7,€) € Ry x R? as freezing parameters to be chosen later on. Let )N(t(;’g) (z) denote the process starting

at r at time s, with dynamics
dX (T = b(t,0,-(9))dt + o(t, 0,,7(€))AW,, ¢ > 5, X(T9) =, (2.7)

ie. )?t(;,g) denotes the process derived from (2.3), when freezing the spatial coefficients along the flow 6. . (¢),
where 6. -(£) is the unique solution of ODE (1.11) corresponding to b. It is clear that, for any choice of freezing

couple (,¢), )?t(zg) has a Gaussian density

exp{—((CTN WO 42— y), 00 + @ — ) /2)

ﬁ(T’g)(S’ :Z:’ t? y) = (2'8)
(2m)d det(C\%)
where
t t
070 = [h0cendn i = [ oo 0
In particular, p(™¢) (s, z,t,y) satisfies for fixed (t,y) € Ry x R%:
asi){T’g) (87 x? t’ y) J’» Eg‘:—’i‘g)fj(‘r’g)(s’ :1:, t? y) = 0’ (87 x) E [0’ t) X Rd7 (2'9)
subjected to the final condition
P (s, t,y) — 6, (-) weakly as s 1 t, (2.10)

where
LTS = Tr(a(s,05,-(€)) - V2) + (b(s,05,7()), Vi)

denotes the generator of the diffusion with frozen coefficients in (2.7).
The following lemma is a straightforward consequence of the explicit representation (2.8), the uniform
ellipticity condition (1.5) and the chain rule.



Lemma 2.3 (A priori controls for the frozen Gaussian density). For any j =0,1,2,---, there exist constants
A, C; > 0 depending only on j, ko, d such that for all (1,€) € Ry x R4, (s,t) € D and z,y € R,

;?)“’5)(5, x,t,y) = C’Og)\ 1 (t -8, 19(T O4pg— y),
and
’Viﬁ“’g)(&x,t, y)‘ = ‘V%f){ﬂ@(s,%t,y)‘ <Gt — 8)_%9)\1. (t— s,ﬁﬁff) +z—y).
Moreover, for each j,j' € N, there are constants C', N depending on © and kj» such that
‘vgvg'ﬁﬂﬂ(s, x,t,y)‘ <C'(t—s)bgu(t—s97 43 —y). (2.11)
Proof. We focus on (2.11) for which it suffices to note that for any k € N, T > 0,
IVEQT | 4+ |VECTS | < Crlt — 5|, (s,t) € DY, (1,€) € [s,1] x R,

where the constant C}, depends on the bound of V7b and Vie, j =1, -, k. O

The starting point of our analysis is the following Duhamel type representation formula which readily follows
in the current smooth coefficients setting from (2.5)-(2.6) and (2.9)-(2.10):

p(s,z,t,y) =" (s, 2,t,y) / /Rd p(m8) (s, 2,7, z)A(T Ip(r, 2, t,y)dzdr (2.12)
= 9 (s, 2, ¢, y)+/ /de(s,z,r, AT (1, 2, t,y)dzdr, (2.13)
where
AT 1= Ly = LTS = (AT V) + BITY V. (2.14)
and
A = a(r,2) = a(r, 00(€)), BT = b(r, 2) = b(r, 01 (£))- (2.15)

If we take (7,€) = (s,) in (2.12) and set po(s, x,t,y) := p(>?)(s,z,t,y), then we obtain the backward repre-
sentation

t
p(57337t73/) :]70(3a$7t,y)+/ / ﬁo(samara Z) gszx)p(r,zﬁ,y)dzdr,
s JRd
and in this case

t
ﬂ&”+x—y:/FWﬂm@»w+xfy:mA@—% (2.16)

it involves the forward deterministic flow 6; s(z) in the frozen Gaussian density. If we now take (7,&) = (¢,y)
in (2.13) and set pi(s,z,t,y) :== p¥) (s, z,t,y), we then obtain the forward representation

t
p@auw:mwwmw+/ /p@ana<W%vztwww (2.17)
s Rd

and in this case
t
0 x—y = / b(r, 01 (y))dr + 2 —y = 2 — 054(y).

It involves the backward deterministic flow 5 +(y) in the frozen Gaussian density.



2.2 Two-sided estimates for the heat kernel

We first deal here with the two-sided estimates for the density in the current smooth coefficients setting.
Importantly, we emphasize as much as possible that all the controls obtained are actually independent of
the derivatives of the coefficients, or even of the continuity of the drift b, but only depend on the parameters
gathered in © introduced in (1.14). We first iterate in Section 2.2.1 the Duhamel representation (2.17) (forward
case) to obtain the so-called parametriz series expansion of the density. We then give some controls related to
the smoothing effects in time of the parametrix kernel. A specific feature of the heat kernels associated with
unbounded drifts is that the corresponding parametrix series needs to be handled with care. Indeed, it is not
straightforward to prove that it converges and some truncation step is needed. This fact was already observed
in [12] and we use here a similar kind of argument based on slightly different techniques deriving from the
stochastic control representation of some Brownian functionals, see [6], [28] and Section 2.2.2 below.

We can assume here without loss of generality that 7" < 1. Indeed, once the two-sided estimates are
established in this case, they can be easily extended to any compact time interval [0,7T] through Gaussian
convolutions using the scaling properties (see Lemma 2.9).

2.2.1 Two-sided heat kernel estimates parametrix series
For notational convenience, we write from now on for (s,t) € DI and z,y € RY,
ﬁl(sa z, tv y) = i)/(twy)(sa z, tv y)? H(37 &€, t? y) = Agf;ty)ﬁl(sa €, t7 y)? (218)

and .
p®H(s,x,t,y):/ / p(s,x,r,z)H(r, z,t,y)dzdr. (2.19)
s JR4

Thus, from the Duhamel representation (2.17), we have
p(S, ‘T,tv y) = ﬁl(sa Z, ta y) + (p & H)(s’ Z, ta y) (220)
For N > 2, by iterating N — 1-times the identity (2.20), we obtain
N-1
p(s, 2, ty) =Di(s, o, t,9) + Y (B ® HY)(s,z,t,y) + (p® HV)(s,2,t,y). (2.21)
j=1

We shall now use the following notational convention without mentioning the flow 91515) (z). For (s,t) € DE,
x,y € R%, we define for A > 0:

_d
ga(s, 7. 1,) = ga(t — 5,011 (1) —y) = (£ — )% exp (= NOFL (@) —yl*/(t — 9)). (2.22)
recalling (1.3) for the last equality. We therefore derive from Lemmas 2.3 and 1.1 the following lemma.

Lemma 2.4. For anyT > 0 and j = 0,1,2,---, there exist constants Xj,éj > 0 depending only on O such
that for all (s,t) € DI and z,y € RY,

:ﬁl (57 z,t, y) Z COgX‘;l (’97 z,t, y)7

and for all o € [0,1],

w\D

|z — 05, ()|* [ ViP1(s, 2,1, 9)| < C (t—s) %ng (s,z,t,y). (2.23)

The following convolution type inequality is also an easy consequence of Lemma 1.1.

Lemma 2.5. For any T > 0, there is ane = €(0) € (0,1) such that for any A > 0, there is a C. = C.(0,\) >0
such that for all (s,t) € D, r € [s,t] and z,y € R,

[ esimr sz, )z < Con (5., 0).
R



Proof. By definition and Lemma 1.1, we have for some 0 < e < &’ < 1,

/ gA(s,x,T,z)gA(r,z,t,y)dz:/
Rd

g (r — s, Oﬁls) (x) — z)g>\ (t -7, 9t(1r) (2) — y)dz
Rd
S [ 9ol = 5,080~ 2)gon(t = 1.2~ 00 )z
R
= ng/)\(t -5 97(",13) (17) - 07("}2 (y)) S gs)\(sv z,t, y)7

where the second equality is due to the Chapman-Kolmogorov (C-K in short) property for the Gaussian
semigroup, and the last inequality again follows from Lemma 1.1 and the following control

1050 () — yl = 161) 0 81 () — 652 0 6 ()| < 162 () — 6 (w)]. (2.24)

T,8 r,
The proof is complete. O

The next lemma is crucial since it actually allows to control the iterated convolutions of the parametrix
kernel H which appears in the expansion (2.21).

Lemma 2.6 (Control of the iterated parametrix kernel). Under (HS) and (HS), for any T > 0 and N € N,
there are constants C, Ay > 0 depending only on © such that for all (s,t) € DY and z,y € R?,

Nao
|HEN (s,2,t,y)] < Cn(t—s) 7" 2 gay (s,2,t,y),

where Ay — 0 as N — oo.

Proof. By the definition of H in (2.18), (2.15), Lemma 2.4 and (1.12), there exists A := A(©) > 0 and C := C(O)
s.t.

|H(S,£L‘,t,y)| < |a(s7x) - a’(sﬂes,t(y)” : ‘viﬁl(&xﬂtvy)‘ + |b(8,l‘) - b(s798,t(y))| : |V$]31(s,x,t,y)|
S e =05 ()| V2P1 (s, 2,6, 9) | + (L + |2 = 051 ()) [ Vb (5, 2,1, y))|
SJ (t - S)_1+%gk(sa x,t,y). (225)

This gives the stated estimate for N = 1. From (2.25) and by Lemma 2.5, it is readily seen that:

t
|H®2(s?x?t7y)‘ 5 </ (T‘ - 5)71+%(t - 7')1+3d7’> gs)\(s,x,t, y) S (t - 8)71+Qg6)\(37xat7y)'
S
For general N > 2, by direct induction we have
14 Na
|H®N(37xat7y)| < ON(t - 8) 1+ gsN*IA(Sv"EaLy)'

The proof is complete. O

From the above lemma, (2.21) and (2.23), we thus derive that for all N € N, (s,¢) € D{, z,y € R%:
p(s,z,t,y) < Cgay_, (s,2,t,y) + [p@ HEN (s, 2,8, y)), (2.26)

which is almost the expected upper-bound except that we explicitly have to control the remainder to stop the
iteration at some fixed N to avoid the collapse to 0 of Ay as N goes to infinity. This is precisely the purpose
of the next subsection.

2.2.2 Stochastic control arguments and truncation of the parametrix series

In this section, we aim at controlling the remainder term (p ® H®V)(s,z,t,y) in the almost Gaussian upper-
bound (2.26).

To this end, we use the variational representation formula to show the a priori derivative estimates of heat
kernel when the coefficients are smooth. The idea is essentially the same as in [12]. The following variational
representation formula was first proved by Boué and Dupuis [6]. The reader is referred to [28] for an extension
to the abstract Wiener space.



Theorem 2.7. Fiz T > 0 and let F be a bounded Wiener functional on the classical Wiener space (Q, 7 ,P)?
which is Fr measurable. Then it holds that

IR
—InEel” = ilLrel‘fsE (2/0 |h($)2dS_F(w+h)> )

where S denotes the set of all R*-valued F¢-adapted and absolutely continuous processes with

T .
IEJ/ |h(s)|*ds < oo.
0

Using the above variational representation formula, we obtain the following important lemma.

Lemma 2.8. Let £ : RY — (0,00) be a measurable function s.t. for all x € R (71 < U(x) < ¢ for some
¢ > 1. Under (H?) and (H}), for any T > 0, there is a constant C = C(0) > 0 such that for all x € R? and
(s,t) € DY,

E((X; (z)) < C sup exp { né(z) — O~z — aﬁig(z)ﬁ}.
z€RA

Proof. Without loss of generality, we assume s = 0 and write X; := X, ;(x). Since in the current smooth
coefficients setting X; can be viewed as a functional of the Brownian path, taking F = In(¢(X})), we derive
from Theorem 2.7 that

~InE((X;) = inf E (; /Ot |h(s)|2ds—ln€(Xth)>,
where X" solves the following SDE:
dx} = (b(t,Xth) +olt, Xth)h(t))dt Fo(t, XMW, Xb =z,
i.e. the control process h enters the dynamics in the drift part. Note that 6, := 6, o(x) solves the following

ODE: .
9t = b(t,(gt), 90 = X.

By Itd’s formula, we have
t
E|X) — 0,° = IEI/ (2% = 0,05, X2) = b(5,0,) + 0 (5, XL Ya(s)) + (00" ) (s, X1) ) .
0

Recalling
[b(t, ) = b(t, y)| < ra(1+ |z —yl),

the Young inequality yields
E| X" — 6,2 < ]E/Ot |X? —0,%ds +E/Ot |h(s)|?ds + t.
From the Gronwall inequality, we thus obtain
E| X! —0,? < E/Ot |h(s)|?ds +t.

Hence, for some C > 0,
1 [t
51@/ |h(s)?ds = CT'E|X]" — 6,* — Ct.
0
Therefore, we eventually derive

~IE{(X,) > inf E (CTHX =60, —Inb(X]) — C= inf (C7Yz = 6,> —Int(2)) — C.
€ z€R4

The desired estimate eventually follows from Lemma 1.1. O

2We recall that for the Wiener space, the fundamental set Q = C(R4,R%) and in this framework w € 2 simply stands here for
an R2-valued continuous function. Also, the canonical process (w(t))t>0 is a standard d-dimensional Brownian motion under the
measure [P.

10



We now state a direct yet important scaling lemma. We refer to Section 2.3 of [12] for additional details.

Lemma 2.9 (Scaling property of the density). Fiz (s,t) € DI and let X := t — s. Introduce for u € [0,1],
X2 :=A"2X, . Then, (X)uepoa satisfies the SDE

AX) = A2b(s + ud, X)0A2)du + o (s + ud, KON AW = 0> (u, X)) du + 5 (u, X2)dW),
where ﬁ/\,f‘ =\"3 w18 a Brownian motion. It also holds that:
p(s,x,t,y) = /\*%ﬁA (O, A2, 1, )\*%y),
and introducing for z € R, w € [0,1], (‘3u§f;’0(z) zg’\(u,gu,o(z)), 5{)\70(2) =z,
oA F2) = A" Fy[* = A7 0r o) — ol

Proof. We only focus on the last statement. The other ones readily follow from the change of variable. Write:
1 1 1 t 1 1 1
A0 s(x) = AT+ A2 / b(r,0ps(z))dr = A"z + A2 / b(s + uX, Ospun,s(z))du.
s 0
Setting now for u € [0,1], 0,.0(z) = Os1ux.s(7), the above equation rewrites:

AT26;

5

1 1

o(z) = A2z 4 A2 / b(s 4+ ul, 0,0(x))du = A2z 4 / b (u, Afééuﬁo(m))du
0 0

from which we readily derive by uniqueness of the solution to the ODE that for u € [0, 1],

A"20,0(x) = 05 o(A22) = A7 205 un s(2),

which gives the statement. O

We will now use the previous Lemmas 2.8 and 2.9 to establish the following result from which the Gaussian
upper-bound will readily follow.

Lemma 2.10 (Control of the remainder). Choose N large enough in order to have:

N« d
14+ — > - 2.2
+ 5 > 3 (2.27)

There exists constants Co, \g > 0 depending only on © such that for all (s,t) € DI and z,y € R,
[(p® HEY)(s,2,t,y)| < Cogag (5, 2,1, 1)

Proof. From the scaling property obtained in Lemma 2.9 above, we can assume without loss of generality that
s =0 and t = 1. From the definition in (2.19) and Lemmas 2.6, 2.8, we have

1 1
(p® HOV)(0,2,1,y)] < / dr = / EH®N (1, X, 0(), 1,y)|dr
0 0

/ p(0, 2,7, 2)HEN (r, 2,1, y)dz
Rd

1
<Cy [ (1= r)  F B X)Ly
0
1
< Cy / (1= % sup exp { Ingay (r,2,1,) = €7z = 0 (2)]? bar.
0 z€ER4

Since by (1.3),

d
gy (1,2 L,y) = Ingay (L=, 017(2) —y) = =5 In(1 =) = Anlo11) () oI/ (1 ),

11



we have

sup(In g, (1= 7,613)(2) =) = €|z = 63 () )

< f%l In(1 —7) — infAn|05)(2) = y2/(1 = 1) + C7'z = 014 (2) )
g—gln(l—r)— inf((z — 60 )/ ) — O 1) + |z — 6D (@)?)
< Sl — 1)~ X0 )~ 0R @) /2 +

g—gln(lf r) = A% l0s (@) -y + C,

where the last step is due to (2.24). Therefore, from the condition (2.27) and the above computations, there
exist constants Cy, A\g > 0 depending only on O such that

(p® HEN)(0,2,1,)| < Cogay (1,619 (2) — y) = Cogry (0,2, 1,y).

The general statement for arbitrary (s,t) € DI again follows from the scaling arguments of Lemma 2.9. O

2.2.3 Final derivation of the two-sided heat kernel estimates
We are now in position to prove the following two-sided estimates.

Theorem 2.11. Under (HZ ) and (HY), for any T > 0, there exists constants Cy, \g > 0 depending only on
© such that for all (s,t) € DI and x,y € R,

CalgAal(saxvtvy) < p(saxatvy) < COg)\o(Saxatay)’

Proof. (i) (Upper bound) The upper bound is a direct consequence of the expansion (2.26) and the previous
Lemma 2.10 up to a possible modification of the constants Cy, A\¢ that anyhow still only depend on O.
(ii) (Lower bound) By the upper bound and Lemmas 2.6 and 2.5, we get for some A; < Ag and € € (0,1):

t
|p®H(s7x,t,y)| 5/ (t - 7‘)_1+%/ 129¥] (&CE,’I‘, Z)g)q (7’7Z,t7y)d2d7' S (t - S)%gﬁ)\l (S,.’Ii,t,y).
s R4

Hence, for |0t(12 () —y| <Vt — s, recalling (2.20) and (2.22), we have
p(s,z,t,y) > (C1 — Co(t — $)2) ger, (5,7, t,y) > (C1 — Co(t — $)%) (t— §) /27N
In particular, letting ¢t — s < § with ¢ small enough, we obtain that
p(s,2,t,y) = Ca(t — s)~¥? on Df and 61 (2) — y| < VE—s. (2.28)

We now precisely use a chaining argument to obtain the lower bound when |9§15) () —y| = vVt — 5. The idea is
to consider a suitable path between the points x and y. The point is then to associate to this path a sequence
of balls, with centers on that path, for which the diagonal lower estimate (2.28) holds for points belonging to
consecutive balls, and which also have a large enough volume to consent to derive the global off-diagonal lower
bound from the iterative application of the local diagonal one. The usual strategy to build such balls consists in
considering the “geodesic” line between x and y. In the non-degenerate case, when the coefficients are bounded,
this is nothing but the straight-line joining = and y, see e.g. [3]. When dealing with unbounded coefficients,
recall that b has linear growth and is smooth, a possibility is to consider the optimal path associated with the
deterministic controllability problem ¢, = b(u, u) + Pus u € [s,t], ¢s = 2, ¢ = y with ¢ € L?([s,t],RY).
This was the choice in [12] for a Lipschitz continuous b. The constants in the lower bound estimates obtained
therein actually depend on the Lipschitz modulus b. We adopt here a slightly different strategy which only
involves the mollified flow 8 but which will have the main advantage to provide constants that will again
only depend on © and not on the smoothness of b, using thoroughly the controls established in Lemma 1.1.
We now detail such a construction which is in some sense original though pretty natural.

From the scaling arguments of Lemma 2.9, we can assume without loss of generality that 6 =1, s = 0 and

t = 1. Suppose |0§1())(a:) —y| > 1 and let M be the smallest integer greater than 4e2”Vb1“°°|983(m) —y|?, ie.,

M — 1< 4e21V0ill= 1900 () —y|? < M. (2.29)

12



Figure 1: Construction of the chaining balls for the lower bound.

Importantly, we recall from (1.9) that under (H?) and (HY), || Vb1 |leo < C(k1). Let
t;=j/M, j=0,1,--- M.

The important point for the proof is the following claim.
Claim: Set & := x and &) := y. There exist (M + 1)-points &, &1, -+, En such that

1 .
€41 — 01, 1, (&)l < s =01, M 1.

Indeed, let Qg := 1/(2W)(9t1)0( )) and recursively define for j =2,--- | M,

Q= U Bijevan i, () = {z:dist(=00), (@) <1/@VI)}.

z€Qj 1

Letting & := ||Vb1||oo and noting that (see (1.13))

—r 1) 1) K
Mz — 2| <10, 0, () = 0, ()] < @M e = )
by the previous induction method and noting that 6’,511 Lt 0,5:?0( ) = 9(1111 o(x), we have
B_]e (G-~ /M/(2\/7)(9( ( ))CQ]’ = 727"'7M'
Intuitively, the image of a ball with radius r under the flow 98,)%7 contains a ball with radius e™*/Mr. In

particular, by (2.29), '
€ =Y € B iree n(030(2)) C Byremcar—imms jai (Brn) 0(2)) C Qur.

The claim then follows. The idea of the construction is illustrated in Figure 1.
Now let v := 1/(2(el Vb1l + 1)) and 2g := 2, 2pr41 ;= y and ¥; := B, 3r(&;)- From the previous claim,
we have that for z; € ¥; and 2,11 € X4,

1 1 1
1050 () = 2| U054 (2) = 08 (€)1 + 105, (&) = &l + [€j51 — 24

< ellVerlle|z, §J| +1o) @) 1l + 1641 — 21l
+ tit1 —
\/M 2f f

This precisely means that the previous diagonal lower bound holds for p(t;,z;,tj4+1,2;41). Thus, by the

13



Chapman-Kolmogorov equation and (2.28), we have
p(07xa1’y):/ / p(toszatlazl)"'p(tM—laZM—latM)ZM)dzl”'dZM—l
R R4
> / / p(to, 20,81, 21) -+ - pltar—1, 2nm—1, tars 2ar)dzr - - - dzar—1
P} PV

> (Cst/z)M/ / dzy -+ dzaoq = (CsMY2)M (M4 24% By )M
D3} SM-1

= CM M2 (v By )M~ = MY2 exp{ M log(C37%|B1])}/ (4| B1|)
> Cyexp{Mlog(C37%|Bu|)} > Cs exp{—Cs|01) (z) — yI*},

recalling the definition of M in (2.29) and that C3v%|B;| < 1 for the last inequality. O

2.3 Estimates for the derivatives of the heat kernel with smooth coefficients

We insist in the previous section on the fact that, even though we consider smooth coefficients, all our estimates
for the two-sided Gaussian bounds are actually uniform w.r.t. © which only depends on parameters appearing
in (H%) and (HZ).

Our point of view is here different since we mainly want to derive some a priori bounds on the derivatives
of the heat-kernel when the coefficients are smooth which will then serve in a second time, namely in the
circular argument developed in Section 3, to prove that those estimates are actually again independent of
the smoothness of the coefficients. Anyhow, in the current section, we fully exploit such a smoothness and
obtain controls on the derivatives which do depend on the derivatives of b, 0. To this end, we restart from the
representation (2.20) of the density and exploit the gradient estimate (2.4).

2.3.1 Proof of the main estimates
Theorem 2.12 (Controls on the derivatives of the heat kernel with smooth coefficients). Under (S), for
J € {1,2}, there exist constants C; := C} (@, nj),)\j = X;(©) >0, such that

|vg:p(8a €T, t7 y)' < CJ (t - S)_%g)\j (87 €, t7 y)7 |vyp(87 Z, t? y)' < Cl (t - S)_%g)\l (87 €, t? y)

Proof. (i) Let us first establish the estimates on the derivatives w.r.t. the backward variable x. Write from
(2.20):

V‘;p(s,l',t, y) = Viﬁl(sv%t?y) + V?c (p® H) (871',t, y)
From Lemma 2.4 it readily follows that
‘viﬁl(saxaty)‘ g Oj(t - 5)7%g)\j (S,.T,t, )

For the other contribution recall that for u := ST'H,

t

p®H(S7x7t’y):/

u

E[H(r, X, s(z),t,y)|dr + /UE[H(T, X,s(z),t,y)|ldr =: I (x) + L2(x).

For I, choosing p > 1 such that ‘”5#_2 > g — 1, by (2.4) and Lemmas 2.6 and 2.5, we get

V11 (2)] 5/ (r—8)92(EIH (r, X5 (), t,y)[7)/Pdr (2.30)

u

t ‘ 1/p
- [e—9r ( / p(s,x,r,z>|H<m,t,y>|sz) ar
u Rd
. t 1 o d d 1/p
S(t—S)_J/z/ (t—r) statas (/ gxo(s,m,r,z)gpxl(m’ty)d% dr
u R4

t
S ([ s ta) el
u

S(t—s) 92t — ) TETE TG g P51, t,) S (E— 8) 7 2ga, (s, 2, y).
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To treat Is(x), we only consider j = 1 since the case j = 2 is similar. By the chain rule, we have
VLE[(H(r, Xys(x),t,9))] = E[(Vo H) (r, Xrs(2), £,Y) - Vo X s(2)],
and for all k € {1,--- ,d},

Op, H(s,2,t,y) := tr(awka(s,x) . Viﬁl(s,;mt,y)) + 0., 0(s,) - VaDi(s,x,t,y)
+ tr(a(s, x) — a(s, 05,4(y))) - 0z, Vapr (s, z,t,)
+ (b(s,2) — b(s,05,(y))) - 02, VauP1(s, 2,1, y).

Thus by Lemma 2.4, (2.1) and (2.23), it is easy to see that for some A3 > 0,
|V$H(8a x7t7y)| S (t - S)_lg/\3 (S,Jf,t, y)

We carefully emphasize that the constant implicitly associated with the symbol < here does depend on the
smoothness of the coefficients. Using the same argument as above, from the Holder inequality, one sees that
for p = %,

VoL@ £ [ BV X)) )
,S / (t - r)il(Egpj\S (Ta XT,S(‘I)v tv y))l/pdr 5 (t - S)iéghx(sa z, ta y)
We thus obtain the gradient estimate in the variable x.

(ii) Let us now turn to the gradient estimate w.r.t. y. We restart from (2.17) differentiating first w.r.t.
y. This can be done for arbitrary freezing parameters (7,&). Write:

t
Vyp(sw,t,y)=Vyi)“’5)(s7x,t,y)+/ / p(s, @, 7, 2) ATV (r, 2,1, y)dzdr
s JR4

t
— Vs ty) - [ b nn ) ATIVICO sty (231)

s JR2
where we have used the explicit expression (2.8) for the second equality. Still letting u = ST“ and taking

(1,€) = (t,y), we can split

Vyp(s, z, t7y) = —Vxﬁl(s, ‘T7t7y) - Jl(y) - JQ(y)’

where
Ti(y) = / / p(s, 2,7, 2) ALDY 5 (1, 2,1, y)ddr,
s Rd

t
Jo(y) ;:/ /Rd p(sm,r,z)AS;y)Vzﬁl(r,z,t,y)dzdr.

For Ji(y), from the Gaussian upper-bound of Theorem 2.11, (2.23) and Lemma 2.5 (see also Lemma 2.6), we
have

|<]1(y)| /S / (t - T)*S/Z /Rd g)\U(S,fE,T’, Z)gAS (T7Zat7y)d2dr /S (t - 5)71/2g)\6(5,$,t,y).

For Jo, integrating by parts and recalling (2.14) and (2.15), we have

t
)| < [ | [ Vepls.r ARz

t
“
ut
+ / / p(S,.’L’,’f'7 Z)vza . vgﬁl(ra Z,t7y)dz
u R4

=: Jo1(y) + Joo(y) + J23(y).

dr

dr

/ p(S,l’,’l", Z)vzb'vzﬁl(r7zat7y)dz
Rd

dr
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For Jo1(y), recalling from (2.18) that Ag;y)ﬁl(r,z,t,y) = H(r,z,t,y), we derive from (2.4) and as in (2.30)

that
t
Jo1 (y) = /

t
S / (r— )2 (EH (r, Xps(2), t,y)[P)Pdr S (= 8)7 g, (5,2, 1,).

t
dr:/ [E(V.H)(r, X, s(z),t,y)|dr

/'Maanznaﬂvaxwmz
Rd

For Jos(y), from the upper bound in Theorem 2.11 and (2.23), we have

t

J2a(y) < /

u

(t - T)_1/2 /d gAO(S) x,T, Z)g/\1 <r7 Z, t7 y)dZdT 5 (t - s)_l/Qg)\s (Sa z, ta y)
R

For Josz, since |V2p;(r, z,t,y)| has the singularity (¢ —r)~!, noting that
V.a-Vip1 =Vi(V.a-p1) — Via-p1 — Via- V.pi,

as above, by (2.4) we still have
‘]23(y) S (t - 5)71/2g>\9 (57I7t’ )

Combining the above estimates, we obtain the derivative estimate in y. The proof is complete. O

Remark 2.13. We point out that Theorem 2.12 anyhow has some interest by itself. A careful reading of the
proof shows that actually the statements about the derivatives w.r.t. x hold true if additionally to (HY), (H%),
the coefficients b,o are twice continuously differentiable with bounded derivatives and that the second order
derivatives are themselves Holder continuous. In this framework, the Duhamel representation (2.20) coupled
to the heat-kernel estimates of Theorem 2.11 provides an alternative approach to the full Malliavin calculus
viewpoint developed in [17].

3 Proof of the main theorem

In the following proof, the final time horizon T > 0 is fixed. We first work under the assumptions (S) aiming
at obtaining constants in the estimates of Section 2.3 that only depend on © := (T, a, 8, ko, K1, d) introduced
in (1.14). To this end, we introduce for § > 0 the SDE (2.3) with diffusion coefficient o(¢,z) = dl4x4 and
denote by ps the corresponding heat kernel. By the lower bound estimate proven in Theorem 2.11 and scaling
techniques similar to those presented in Lemma 2.9, it holds that for any A > 0, there exists ¢ := §(\) large
enough and Cs > 0, \' depending on © = (T, 3,9, k1, d) such that for all (s,t) € DI and z,y € R?,

C’(S_lg)\(.S,I’,t, y) gﬁé(svl’ata y) < C’Jg)\/(saxatay)' (31)

We carefully mention that the Chapman-Kolmogorov equation satisfied by ps plays a key role in the following
proof when we use a Gronwall type argument. This important property had already been successfully used
in [22] to derive Aronson type estimates for some degenerate SPDEs. We can as well refer to [23] for other
applications of the parametrix method to non degenerate parabolic SPDEs.

Importantly, with the notations of Section 2.1, we will here choose A, and then 6 := §(\) s.t. for all ¥ € [0, 1],
(s,t) eDY, x,y € R% and j € {0,1,2},

8.5 (x) = 91" IV3Bo(s, 2,8, 9)| + |2 = 0s,e (y) " IVAD1 (5,2, 1, 9)| < Ci(t — 5)3 ps(s, 2,1, ), (3.2)

where Cs here only depends on © = (T, «, 3, ko, k1, d) and 6, .

Without further declaration, we shall fix from now on a § such that (3.2) holds. From the definition of H
in (2.18) and the proof of Lemma 2.6, we also derive from this choice of ¢ that, under the sole assumptions
(HZ) and (Hg), there exists C := C(0) s.t. for all (s,t) € DI, z,y € R%:

|H (s, z,t,y)| < C(t— )" 2ps(s,z,t,y). (3.3)

For simplicity we will write from now on p = ps. In particular, for all (s,t) € DI, z,y € Re 7 € [s,t]:

/’maanzmmz¢ymZ=maauw. (CK)
Rd
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For the rest of section, we use the convention that all the constants appearing below only depend on © =
(T, a, B, ko, k1,d). Again, we have shown in the previous section that for smooth coefficients the expected
bounds for the derivatives hold. The constants in Theorem 2.12 however do depend on the derivatives of the
coefficients, since we use the gradient estimate (2.4). We aim here at proving that we can obtain the same type
of estimates as in Theorem 2.12 under (HY), (H%) and (2.1) but for constants that only depend on ©. This is
the purpose of Sections 3.1 to 3.3. We will then eventually derive in Section 3.4 the main results of Theorem 1.2
thanks to some compactness arguments (Ascoli-Arzela theorem) from the uniformity of the controls obtained
for mollified parameters.

3.1 First order derivative estimates with respect to the backward variable z

Without loss of generality we shall assume s = 0 and for ¢t € (0, T, we define

J1(t) :==sup |Vop(0,z,t,y)|/p(0,z,t,y).
a:7y

From Theorem 2.12 and (3.1), we know that

T
/ Alt)dt < .
0

By the forward representation formula (2.20), we have
IVap(0,2,t,y)| < [Vap1(0, 2,8, y)| + [Vap| @ [H|(0, 2, t, y).
Observe first that, from Lemma 2.4 and (3.2)
Vap1(0,2,t,9)] S 72ga(0,2,t,y) S ¢71/2p(0, 2,1, y).
Secondly, (3.3) yields

t
IVap| ® [H|(0,2,,9) < / / S B0, 2,7, 2) [ H (2 £, ) d=dr
0 Rd
t
< / o)t — )1 / B(0, 2,7, 2)p(r, =, £, y)dzdr
0 Rd

- (/Ot f(r)(t— r)—1+‘3dr> p(0,z,t,y),

using also (CK) for the last identity. Thus,

t
fit) Ste +/ (t —r)"1F5 £y (r)dr.
0
By the Volterra type Gronwall inequality, we obtain
i) S35 [Vap(0,2,t,y)| S 7 25(0, 2, t,y). (3.4)

3.2 Second order derivative estimates with respect to the backward variable =

We assume for this section that (H%) holds for some 5 € (0, 1]. It is crucial to take here 5 > 0. Below we fix
t € (0,7] and define for s <t

f2(s) = (t - S) : S:EU?I/) |Vip($,l’,t, y)|/ﬁ(s,x,t,y). (35)

By Theorem 2.12 and (3.1), we have

sup fa2(s) < 0.
s<t

To derive the estimate of the second order derivative of the heat kernel, we use the backward Duhamel repre-
sentation (2.12). And for fixed freezing parameters (7, &) we differentiate twice w.r.t. = to derive:

t
V2p(s, z.t,y) = V2579 (5, 2.1, 1) + / / V25O (5, 2,7, 2) AT p(r, 2, 1, y)dzdr
s R4

t
= Vzﬁﬂ&)(s,x,t,y) + / /d Vi (s, z,r, z)Afz’g)p(r,z,t, y)dzdr, (3.6)
s JR
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using again the explicit expression (2.8) for the second equality. Let us now denote for a parameter € > 0 that
might depend on 7 to be specified later on,

AL = ac(r,2) = ac(r,0,.7(6)), ALY = AR — AR, (37)
where similarly to (1.8), a.(r,z) = a(r,-) * p<(z). Choosing the freezing point (7,&) = (s,z) and setting as well
Po(s,x,t,y) = P (s,2,,y), wi= (t+9)/2,

we decompose the expression in (3.6) as follows:
Vip(s,z,t,y) = Zli(s,x,ay), (3.8)
where I1 (s, z,t,y) := V2po(s, z,t,y) and
Ir(s,z,t,y) 12/ / Vzﬁo(s,x,r,z)tr(A&ff)-Vip(r,z,t,y))dzdr
I5(s,z,t,y) / /]Rd 20(s, 7, z)tr(AE 50 2p(r, 2, t,y))dzdr
Iy(s,z,t,y) / / V2po(s, @7, z)tr(AS) (5:2) . 72p(r, 2, t,y))dzdr

I5(s, z,t,y) / / 250 (s, x, 7, z)BﬁS 2, p(r, 2, t, y)dzdr.
Rd

By Lemma 2.3, (2.16) and (3.2), it is easy to see that
L5, 2.t S (8= 8) T galt = 5,005(2) —y) S (t—5)7'B(s, 2, t,y).
For I, by (1.6) and again (3.2), we have

07‘8 -
|125xty|</ / D=8 0@ Z2) g V2 (r, 2, 1)) dzdr

r—s

_ )a/2f2( ) B _
< / r—s)t—r) /p(w 2)p(r, 2, t,y)dzdr

t
(=) psnitiy) [ (= s fr)dr
S
For I3, integrating by parts, we have

I35, 2.1, 3)| </ [ |V8s..m 2] LA (9l )

L.

Note that by the property of convolutions,
VAR S et AT S 1z = 0 0(2)], AR S e

vgﬁO(&va?'z)‘ ’ |VZA7&::§S71)| : |Vzp(7",z,t,y)|dzdr.

In particular, taking ¢ = (t — 7)'/2, by Lemma 2.3, (2.16), (3.2) and using as well the bound (3.4) on the
gradient established in the previous section, we obtain

|Igsxty|<// SxTZ~(r—s)%-mddr
]Rd

(r—s) (t—r)2

o D t
Re T —S t—r

t
Sﬁ(s7x7tay)/ (T—S)_:B_Ta(t_r)_%dr
u t )
+I5(S,x7t,y)/ (r—s)"Yt—r)""*3dr

u
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and
|I4S:ZJty|<// 5:137'2 (tfr)%.wdzdr
Rd
t
Sols.a )t -9 [ (-0 R

For I, from (3.2), we derive similarly to I that

bt s [ [ 202D g @+ fe - 0 @) EE2E D i

r—s (t—r)2

dr §]§(S,m,t,y)(t - S)_l'

_ t(r—s)g—i—(r—s)%
< 87.'1/'7 ) 1
S 1 ty)/s )i —1)

Combining the above estimates for the () eq1,... 51, we obtain from (3.8) and (3.5) that:

t t
RO S+ [ =9 e+ [ (=) s
S S
Finally, from the Volterra type Gronwall inequality, we obtain

s%p]fz( s) S 1= [Vip(s,z,t,y)| S (t—s)"'pls,z.ty). (3.9)
se|0,t

3.3 First order derivative estimate in y

We assume for this section that (H ) holds for some S > 0 and the gradient of the diffusion coefficient o
satisfies (1.18). Fix s > 0. For ¢ € (s, T] we define

fs(t) :=sup [Vyp(s, z,t,y)|/D(s, 2, t,y). (3.10)

T
/ fg(t)dt < 00.

In (2.31), taking (7,€) = (t,y) and recalling the notations of (2.15) and py (s, z,t,y) = pt¥) (s, z,t,y), by the
integration by parts, we have

By Theorem 2.12 and (3.1) we know that

t
Vyp(s,,t,y) = —Vapi(s, 2, t,y) + / V.p(s,z,r,2)tr(ALY) - V25)(r, 2, t,y)dzdr
s R4

t
+/ / p(s,z,m,2)tr((V.a)(r, 2) - V2p1)(r, 2, t, y)dzdr
s JRd
t 4
—/ / p(swm,z)B(t’y) V2pi(r, 2, t,y)dzdr = ZJ (s,x,t,y). (3.11)
s JR4

i=1

For Jy, we readily get from (3.2)

[T (s, 2t y)| S (E— )" (s, z,t,y).

For J,, using again (3.2) and (3.10) gives:
t (o3
[ a(s, 3,1, 9)] S / / V(5. 2,7, 2)]| - (£ — 1) 15 5(r, 2,1, y)dadr
/ Fa0) [ plsiir) (6= 1) Bty dedr
s R4

5 }5(87$,t,y)/ fS(T)(t - T)_1+%d7°.
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For J3, we further write
t
Tasiait) = [ [ plsar (T n2) = (V.a)(000) - T ) (21t )dadr
s JR4

t
+/ / p(s,x,r,z)tr((vza)(r, 0r(y)) ~V§§1)(T,z,t,y)dzdr
s JRd
=: J31(s,2,t,y) + J3a(s, 2, t, y).

For J31, as above, by (3.2) we have

t
st S [ [ bl (6= 0Tl ty)dedr € pls,o ),
s JR4

For Jso, by the integration by parts again, we derive
t
st S [ [9eplnn )] VBl 2 ty)ldsdr
s JR
t
fs / f3('f’)/ p(S,J?,’I",Z) ' (t_’l")_%ﬁ(T,Z,t7y)dZd7”
s R4

t
Sols.ity) [ fal)(e =) Har
For J,, we derive similarly to the term Js3; that

|J4(8,$,t,y)| 5 ﬁ(& $7t7y)~

Combining the above estimates for the (J;);eq1,... 43, we obtain from (3.11) and (3.10) that

50 < (—5) + / f3(r)(t — ),

which in turn yields . )
fs(8) St —s)"2 = |Vyp(s,z,t,y)| S (t =) 2D(s, 2, t,y). (3.12)

3.4 Proof of Theorem 1.2

Now we turn to the notations of the beginning of Section 2 and keep the index e, associated with the spatial
mollification of the coefficients. Thus, let p. be the corresponding heat kernel and Xy <(2) the solution of SDE
(2.3) corresponding to b and 0. It is well known, see e.g. Theorem 11.1.4 in [26], that under (H%) and (HZ),
for any f € C>(RY)

lim Ef (X7 ,(2)) = Ef (X0.0(2)).

Moreover, from Theorem 2.11 we have the following uniform estimate: there exist constants Ag,Cp > 0
depending only on © such that for all € € (0,1),

Co '8r1(5,2,1,y) < pe(s,2,1,y) < Cogag (5,2, 1, y).
Similarly, we derive from (3.4), (3.9) and (3.12) that under (H?) and (HY),
Sup [Vp=(s,2,1,9)| < Cult = )™ g (5,2, 1,), (3.13)
and under (HZ) and (H%) with g € (0,1), j € {1,2},
sup [V pe(s, 2., y)| < Calt =)/ g, (52,1, ), (3.14)
and under (HY), (H%) with 8 € (0,1) and (1.18),

sup |vyp8(saxat7y)‘ < O{(t - 5)71/2g)\/1 (S,Jj,t,y), (315)
g
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where in the above equations (3.13)-(3.15) the constants Cy,Cs, Cf only depend on © and not on the mollifi-
cation parameter €.
In particular, for nonnegative measurable function f, we eventually derive

Cyt /Rd g1 (5,7t y) f(y)dy S Ef (X s(x)) < CO/

o (Sv z,t, y)f(y)dy,
Rd'

which implies that X; ;(«) has a density p(s, z,t,y) having lower and upper bound as in (1.15). This proves
point (i) of the theorem.
Moreover, for each s < ¢, we now aim at proving that

(z,9) — Vape(s,z,t,7) is equi-continuous on any compact subset of R? x R?, (Cy)
and

(z,9) — V2pe(s,z,t,7) is equi-continuous on any compact subset of R? x R?, (Cy)

(x,y) = Vype(s,z,t,y) is equi-continuous on any compact subset of R? x RY. (Cs)

Assume for a while that such a continuity condition holds. Then, from the Ascoli-Arzela theorem, one can find
a subsequence ¢}, such that for each =,y € R?,

Vgcpsk (8,1'7753 y) - vip(saxat,y)a j = Oa 1727 Vypsk(saxat7y) - Vyp(s,x,t, y)

The gradient and second order derivative estimates follow, under the previously recalled additional assumptions
when needed, from (3.13), (3.14) and (3.15). This completes the proof of points (ii) to (iv) of the theorem up
to the proof of (Cy), (Cz) and (Cj3). This equicontinuity property is proved in Appendix A. O

4 Extension to higher order derivatives

We explain here how the estimates (1.16), (1.17), (1.19) can be extended for higher order derivatives in our
analysis. We claim that under (S) the a-priori bounds of Theorem 2.12 can be obtained for any j € N, using
the same techniques based on the Duhamel representation of the density and (2.4). On the other hand the
circular arguments used in Section 3 can be repeated as well, provided that the coefficients are smooth enough.

For instance, let us assume (S) to be in force; assume as well that ||Vo||s + ||Vb]|eo < o0 and for some
a,B € (0,1], ko > 1,

Vo(t,z) = Vo(t,y)| < wale —y|*,  |Vb(t,2) = Vb(t,y)| < kol —yl°, 2,y € R™. (4.1)

We aim here at proving that we can obtain bounds on the third order derivatives which only depend on (HY),
(H}) and the constants in (4.1). Namely, we want to illustrate a kind of parabolic bootstrap property, i.e.
in (4.1) we give some Holder conditions on the first derivatives of the coefficients which together with the
assumptions (HY), (H}) lead to a uniform control of the third order derivatives.

As in (3.6), for the choice of the freezing parameters (7, £) = (s, z) and recalling po (s, =, t, y) = p&%) (s, 2, t, y),
we have the following representation for the derivatives of order three:

t
Vip(s,x,ty) = _VgﬁO(Saxatvy) - / /d viﬁo(&l‘ﬂ“a Z)As'?z’x)p(razvtay)dZdr (42>
s JR

Let us now concentrate on the most singular term in (4.2). Setting u = (¢ + s)/2 and Agf), Ai;?f), fli;(;’@
as in (2.15), (3.7) we write

t
[ [ Vetsar ) (A5 Vit ) dedr
s JR4 ’
t
= [ [Vl (A5 A500) - Vi) deds
u JRE
[ T a2 (AL Tl z,1)) dedr = (s t) + Gl

When 7 € [u,t], (r —s)~2 = (t — s)~ 2 is not singular. Therefore we may control Gy similarly to the terms I
and I, appearing in Section 3.2, owing to the fact that the upper bound on V2p is already available at this
point.
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When r € [s,u], then (r — s)_% is indeed singular. Thus, to control G5 the point is precisely to exploit the
regularity of the coefficients and perform an integration by parts to balance the singularity. We write

u
Galssonton) == [ [ Fnlsr2)er (VoAS) - Eplrz,t)) dsr
s R4

=[] Vs 2 (46 V(0,21 ) dadr,
s R

and define ,
fs(s) = (t — )2 sup [Vip(s, 2, t,y)|/D(s, 2, t, y);
z,y

Then, exploiting the uniform bounds for the derivatives of order lower or equal than 2 obtained in Section 3,
we eventually derive

fa(t) S1+ / (=) (s s fils) S 1

which yields the desired estimate for V3p. In the same manner, starting from the Duhamel expansion (2.17),
and assuming in addition that | V20|, < 0o and |V20(t,z) — V20 (t,y)| < k3|z — y|® for some a € (0,1) we
could derive

Vop(s,z,t,y)| S (t—s) " (s, ,t,y).

A careful reading of the proof suggests that the above arguments may be repeated for any derivative of
order j > 3 in the backward variable = as soon as we have appropriate regularity assumptions on V/~2¢ and
V7=2b. More precisely, assuming that

V7 00 + V7 blloe < 00, §' =1,++ 5 —2,
and for some o, 8 € (0,1], kj—2 > 1,
‘vj_QU(tﬂ x) - Vj_QU(tﬂ y)| < '%]'*2|x - y‘av |Vj_2b(t, 'r) - vj_Qb(t7y>‘ < Hj*2|x - y|67 T,y € Rd7

then we may derive _
Vip(s,z,t,y)| S (t = )" 2p(s, 2, 1,y).

On the other hand, the derivative with respect to the forward variable V;_l requires an additional assumption
on Vi~lg. Again, assuming that for some o € (0,1), |V 7lo(t,x) — VI7lo(t,y)| < Kj_1]|z — y|* for any
x,y € R%, then we may derive

|Vi_1p(8,x, t7y)‘ g (t - 3)_%]5(5,33,1?,34).

A Proof of the equicontinuity (C;), (Cy) and (Cs3)

Importantly, we mention that we drop in this section the subscripts and superscripts in ¢ for notational
convenience. However, it must be recalled that we aim at proving some equicontinuity properties for the
densities associated with the SDE (2.3) with mollified coefficients and their derivatives.

In this section we devote to proving the following Hélder continuity of the derivatives.

Lemma A.1. Suppose that (HZ) and (H%) hold. Let T > 0 and v, € (0,1) and 2 € (0, @) and v3 € (0,aApB).

(Cy) T(Iizere exist constants C, X > 0 depending only on ©, v1,7v2 such that for all (s,t) € DI and z,2',y,y’ €
R?,

€T — x/ Y1
|Vrp(5,:c,t,y) - Vzp(s,:r/,t,y)\ SC (t|_3)(1+|’71)/2(g>\(8,z’t7y) + g)x(sa lfl,t,y)>

y—y'|"
|V$p(s,x,t,y) - pr<5?$7tay/)‘ gC (t|—8)(1+|72)/2(g/\(8)$7t’y) + g,\(S,x,t,y/)>-
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(C2) If B € (0,1], there exist constants C,\ > 0 depending only on © such that for all (s,t) € DI and
z, 7',y € RY,

e B el W e
(t—s)2 t—s
X (g)\(saxvtvy) + g)\(s7x/atay)>v

—y'z ly—y o+ ly—y)P
v2 , ,t7 _ vQ , ,t, / < |y y |
IVap(s, 2.t y) = Vop(s, z, 6, y')| Se TP P

V2p(s, 2. t,y) - Vp(s,a' t,9)| So ( (A1)

X (g)\(saxvt7y) + g)\(svx/atvy)>'

(C3) If o also satisfies (1.18) and B € (0,1), then there exist constants C, A > 0 depending only on ©, 1,73
such that for all (s,t) € DY and x,2',y,y’ € R,

y—y™
|vyp(57$at7y) - Vyp(s,x,t,y’) SC (t|—s)(1+|73)/2(g>‘(5’x7t’y) + gA(s,z,t,y')),

xr— ' m
|vyp(sax’t7y) - Vyp<3>$/at7y)| SC (t|_8)(1+|’)’1)/2(g/\(8,$7t’y) + g,\(s,l‘,t,y/))-

Proof. We only prove (C3) and focus on the sensitivity w.r.t the variable z. The sensitivity w.r.t. the variable y
could be established similarly. Also, the inequalities in conditions (C7) and (Cs) could be shown more directly.

First of all, if |z — 2/|? > (¢ — s)/4, then by (3.14), we clearly have
V2p(s, 2, t.y) = V2p(s,a' t,9)| S (= 5) 7" (8a(s,2,1,9) + &5, ', 1,y) ) S mhis. of (A1),
Next we restrict to the so-called diagonal case
|z — 2| < (t —s)/4.
For any fixed freezing point (7,£) and r € (s,t), by (2.12), one sees that
ploato) = Pt t)@) + [ [ 509 (6vm02) AT )
Rd
where, with the notations of (2.7),
PGOfa) = [ B0 (s ) f(2)d
Rd
Let us now differentiate w.r.t. . We obtain for all (7,&) € [0,T] x R%:
0=&ﬂ%ﬁ@@w¢ﬂﬂ@k*/ P (5,2, 2) AT p(r, 2,8, y)dz. (A.2)

R4

Fix sg € (s,t). Now, integrating (A.2) between sy and ¢t and taking £ = &', we get

t

=) (s, 2, t,y) — Rﬂf)ﬁmwuw@T+/<V/1?ﬂ“@wun@Aﬂ“pMzmyM%
; Rd

Moreover, integrating (A.2) between s and sg, we obtain

0= P p(s0, o) = plsanti) + [ [ F s ATl 1)
R
Summing up the two equalities we get the following new representation for p(s, x,t,y):

p(s,2,,5) =5 (s,,t,9) + (PO = PEE ) p(so, ) (@)
¢
—|—/ dr/ ) (s, 2, z)Agf,)p(r,z,t,y)dz
s R4

S0
+ / dr / BT (s, 2,7, 2) ATE)p. (1, 2, 1, y)dz,
s Rd
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which, together with (2.12) by taking z = 2’ and § = £’ there, yields

p(S,I,t,y) 7p(57x/7t7y) :i)f(‘r’g/)(57x7tay) 7ﬁ(7’6/)(57x/7tay) + (ﬁsgrsf) - f)§;’f/))p(50, ,t,y)(l’)

+ AT (st 2, y) + AT (s a2 ), (A.3)
where
Aglgg’g (s,t,z, 2’ y) = /t dr /Rd [ﬁT’gl)(s7x7r7 2) — pmE) (5,2, z)}A&Tf/)p(r,z,t,y)dz
and
Agff gdlag(s tyr, ' y) / dr /]Rd (s,x,mr, z)A(T’E) (ryz,t,y) —f)ﬁ’gl)(s,x',r, Z)Aggf,)p(r,z,t,y) dz.

Observe that for any freezing couple (7,¢) and h € R?,
Viﬁ“’@(s, x+h,ty) = Viﬁ“’g)(s, x,t,y — h).

After differentiating twice in = for both sides of (A.3) and taking 7 = s and £ = x, £ = 2/, we obtain
4
Vap(s, a,t,y) — Vap(s, o', ty) = Y Lis,t,z,2',y),
i=1
where, with the notation po(s,z,t,y) = p(>%) (s, z,t,y),
Il(s t T, xl y) = v;ﬁO(S Z‘/ t Y+ 33/ - 33) - Vzﬁo(s,x',t,y),

12(8 t z, 33 y / VQ pte m)(s Z, S50, Z) ﬁs’m/)(saxaSO7Z))p(307Zat7y)dZa
I3(s,t,z, 2’ y) / dr/ 2p0(s, 2’ r 24+ 2’ —x) — Vipo(s, 2,7, 2) Afff/)p(r,z,t, y)dz,
S0 ]Rd
S0
It )i= [ dr [ [V2a(s, ) AL 0l 2 ) — V2Rl )AL (02,8
s R
Note that by Lemma 2.3, for j € N and h € R? with |h|? < (t — 5)/4,
Vjp0<8 Zz, t Yy + h) V%ﬁo(S,I,t,y)‘ < |h‘ sup ‘ij+1p0(svx7t7 ) + Qh)‘
0€[0,1]
Shl(t = )"0 sup gi(t — 5,0, 4(x) — (y + 0h))
96[0,1]
S hl(t =)~ U2t — 5,6, (x) - y), (A4)
using Lemma 1.1 for the last step. On the other hand, we also have
|Vipo(s @ty +h)| S (6= 5)7/2ga(t = 5,0, (2) — y).
Thus, by interpolation, we get for any v € (0, 1),
‘Vypo s,x,t,y +h) — Vipo(s, z,t y)‘ SRt = 8)~ 00205 (t — 5,01 (x) — y).
Hence,

‘11(87t7$>xl7 y)' S |.7J - C("I|’y(t - S)_l_%g)\(&x/’t,y).
/|2

To treat the remaining terms, we take sg = s + |z — 2’|*. We have the following claim:

]5‘(5,:1:)(871,, San) _15‘(3773/)(871'78072/)‘ 5 (ll‘ - xl|a + |(E - $/|ﬂ)g)\(871’780,y). (A5)
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Indeed, by Lemma 1.1, there is a constant C' = C'(©) such that
0rs(x) — 0, 5(2)| So |l — 2| +|r —s|, x,2 €R 7€ s, s0].

Recalling 978 = L2 b(r,0,.7(€))dr from the notations of Section 2.1, we have:

S0
052 =051 < [ b nala) = bl )
S0
S [ 100a@) = 0@ S Jo - a7,

where the last step is due to |r — s| < |z — 2’| < |t — s|/4. The desired claim (A.5) follows by (2.8) and
elementary but cubersome calculations.
Now, integrating by parts, we get from (3.9), (A.5) and Lemma 2.5

Lo(s,t, 22", )| < / ) (5,2, 50, 2) = 5 (5,2, 50, 2)| - [V2p(50, 2, £, ) d,

< (\x — 2|+ |z — :E’|B)(t —50) " /Rd g (s, x, 50, 2)gx (50, 2, t,y)dz
S (Jo— 2| + o — x’|ﬁ)(t —8) tga (s, x,t,y).
For I3, by (A.4) and using arguments completely similar to those of Section 3.2, we have
(s, t, 2, 2" y)| S |lw —2/|*(t = s) " gan (s, 2,t,y).

Finally, for I, from (3.2), we have

s /
|I4(S7 t7 €, I/7 y)| 5 / 0 / (g/\l <57 - Z) : B <s oh Z))g/\z (7'7 = t7 y) dzdr
s JRd (r—s)t=2(t—r)

50 dr
S (8rn(si2t,y) + 8, (S’x"t’y))/ (r—s)%(t—r)

_ o
< e =a?
~ t—s

(g)\3 (87 Z, t7 y) + g>\3(8a Z‘/, ta y))a

where we have used that |z — 2| < (t — s)/4 and sy = s + |z — 2/|. Combining the above calculations, we
obtain (A.1). O
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