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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.
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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 + O'(t, Xt)th7 t 2 O, XO =T, (11)

where (W});>0 is a standard d-dimensional Brownian motion on the classical Wiener space (Q,.%, (%)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 coefficient ¢ 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. [24], [15], [9]), i.e. for all A € B(R?) (Borel o-field of
RY),
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Furthermore, it can be proved by the parametrix method that the transition density p(0,x,t,y) enjoys the
following two sided Gaussian estimates on a compact set in time:

C7lgr-1(t,z —y) <p(0,2,t,y) < Coalt,z —y) (1.2)
as well as the following gradient estimate

Vip(0,2,t,9)] < Ct3ga(tw —y), j=1.2,
where

ga(t,x) := t7% exp (= Az|*/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 [14]
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 Hérmander condition (see [5]), and
also Kolmogorov operators with linear drift (see [22] and [12]). A different approach consists in viewing a
logarithmic transformation of p as the value function of a certain stochastic control problem (see [13]): such
idea allows then to get the desired density estimates by choosing appropriate controls and eventually an upper
bound for the logarithmic gradient (see [23]).

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. Counsider for instance the following Ornstein-
Uhlenbeck (OU)-process

dXt = Xtdt + th, XO =T,

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

2t

pOU(Oa Iatay) = (71'(6 - 1))_d/29t/(82t71) (t,etm - y)

In [11] the authors derive two sided density bounds for a class of degenerate operators with unbounded and
Lipschitz drift, satisfying a weak Hérmander 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:

C_lg)ﬁl(tv et(x) - y) < p(o, z,t, y) < Cg/\(ta et(x) - y)a (14)

where 6 stands for the deterministic flow associated with the drift, i.e.
0,(x) = b(t,0,(x)), t >0, Op(z) =z

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 x, oscillates around 6;(z) at time ¢ with
fluctuations of order ¢~ 2. Notice that if b is bounded, then (1.4) reduces to (1.2) since

72w — y| — [blloct? <t 2(0,(x) — y| <t 2o — 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 [16] which was concerned with issues related to statistics of diffusions. We can also refer to
[19] 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 [16]. 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 [10] which established the existence of fundamental solutions for a strictly
sublinear Holder continuous drift.

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
Holder continuous in space diffusion coefficient o in (1.1) and a drift b which is uniformly bounded in time at
the origin and has linear growth in space (see assumptions (HZ) 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 z. To derive controls for
the second order derivatives w.r.t. x an additional spatial Holder continuity assumption naturally appears for
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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 (Hb) the fixed final time horizon T' > 0 and the
dimension d. We also establish there bounds for the derlvatlves 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 [7] and [8] 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 kg > 1, such that
ko E? < (00" (t,2)€,€) < rol€?, 2,6 €RY, 20, (1.5)
and for some « € (0, 1),
lo(t,z) —o(t,y)| < kolr —y|*, t>0, z,y € R (1.6)
(H ) There exist positive constant k1 > 0 and 3 € [0, 1] such that for all z,y € R% and ¢ > 0,
[b(2,0)] < ki, [b(t,2) = b(t,y)| < milz —y|” V |z —y]). (L.7)

It should be noticed that under (H}), b can possible be an unbounded measurable function with linear growth.
For instance, b(t,x) = x + bo(t,z) 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. |z —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 z at time s (see e.g. [24], [4], [ 1], [17)).

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 Jga p(x)dz = 1.
For € € (0,1], define

pe(x) = "p(e ™ x), be(t,x) :=b(t,-) * pe(z) = /Rd b(t, y)ps(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
Vbt = | [ 00.0) = 60002t )y
R
< [ e = b0V = )y

< rpe? / V2 pe|(z — y)dy < ce® ", (1.9)



On the other hand, from (1.7) we also have
|b(t,z) — b(t, x)| < / b(t,y) — b(t, )| pe(z — y)dy < K1e”. (1.10)
R4

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

0, (@) = b(t, 0,0 (@), 120, 6(x) =z (1.11)

s,8

Note that (Gt(i) (2))>s stands for a forward flow and (Ot(i) (x))t<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 € € (0,1], the mapping x F)t(es) (x) is a C°-

diffeomorphism and its inverse is given by x +—> 9552 (x). 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 € R,

6520 () =yl + 1t = sl =c |02 (@) — | + |t = s| =c | — 07 ()] + 1t~ s, (112)
where Q1 =<c Q2 means that C Qs < Q1 < CQ-.
Proof. By (1.9), it is a classical fact that x — ngs) () is a C*°-diffemorpihsm and its inverse is given by

x> agi) (). Below, without loss of generality, we assume s < ¢t. By (1.11) and (1.8), (1.9), (1.10), we have

by (r ) () = by (r 9(1)(95)) dr

»Vr,s ' Vr,s

b (r,01)(2)) = bi (1, 0 (@) dr + /t

S

t
652 - 62l < |
( t
<201t =)+ [Voill [ 108(e) - 0D
which implies by the Gronwall inequality that

017 () = 01 ()] < 2 (¢ = s)el V1= (079,

Thus we obtain
105 (2) =yl < 105 () — y| + 2l V2= — g,

By symmetry, we obtain the first <c. For the second one, note that by the Gronwall inequality,
1 1
1002 () = 00 )| =eromiar [ =yl = 0] (2) =yl =ervviimio v =00 (). (1.13)
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:
O = (T’aaﬂvﬂmﬂlvd)v (114)

where again T > 0 stands for the fixed considered final time, o denotes the Hoélder regularity index of the
diffusion coefficient o (see (1.6)), ko is the uniform ellipticity constant in (1.5), x1 and /5 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 a € (0,1]. Under (HS) and (HY), for any T > 0, (s,t) € DI and x € RY, the unique
weak solution X, s(x) of (1.1) starting from x at time s admits a density p(s,x,t,y) which is continuous in
x,y € R Moreover, p(s,z,t,y) enjoys the following estimates:

(i) (Two-sided density bounds) There exist constants Ao € (0,1], Co > 1 depending on © such that for any
(s,t) € DY and x,y € RY,

O3l gpo (t = 5,002 (2) = y) < p(s,2,1,9) < Cogay (¢ — 5,0(2) (2) — y). (1.15)



(i1) (Gradient estimate in x) There exist constants Ay € (0,1], C1 > 1 depending on © such that for any
(s,t) € DY and x,y € R4,

Vop(s,,t,)| < Ci(t —8)"2gx, (t — 5,60 (x) — ). (1.16)

(#ii) (Second order derivative estimate in x) If (H%) holds for some 5 € (0,1], then there exist constants
A2, Cy > 0 depending on © such that for any (s,t) € DI and z,y € R?,

IV2p(s, 2, t,y)| < Ca(t — 5) " g, (t — 5,0 (x) — y). (1.17)

(iv) (Gradient estimate in y) If (H%) holds for some B € (0,1] and for some «a € (0,1) and k2 > 0,
IVolloo < 2, [Vo(t,z) = Vo(t,y)| < kalz -yl (1.18)

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

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

Remark 1.3. By Lemma 1.1, the above 9,98) (z) can be replaced by any regularized flow 9,565) (z). Importantly,
if b satisfies (H%) for some 3 € (0, 1], then 9t(13 () can be replaced as well by any Peano flow solving 6, . () =

b(t,0: 5(x)), 0ss(x) = x. Indeed, it is plain to check that, in this case, the result of Lemma 1.1 still holds with
0; s(x) instead of Ht(as)(a:)

Remark 1.4. Under the assumptions of the theorem, in fact, we can show the Holder continuiy of V,p, V2p
and V,p in the variables x 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, «, 8, 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 @J; and Q2, we mean by @1 < ()2 that there exists
C with the same previously described dependence such that @1 < CQs.

2 A priori heat kernel estimates for SDEs with smooth coefficients

In this section we suppose (H3) and (Hj), and consider the mollified b, and o.. In particular, we have

£ = 3T (VB oo + [ VEoe o) < 00, W) €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 (HZ), (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:
dXt,s = b(t, Xt’s)dt + O'(t,Xtﬁs)th, Xs,s =, t 2 S. (23)

The following theorem is well known and more or less standard in the theory of the Malliavin calculus. We
refer to [18], 25, Remarks 2.1 and 2.2] or [27, Theorem 5.4] for more details.



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

VIRV f(Xies (2)))] < Cylt = 5)~OFD2(E|f (X s () P) 7. (2.4)

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

0sp(s,x,t,y) + Ls zp(s,x,t,y) =0, p(s, -, t,y) — §,(-) weakly as s 1 ¢, (2.5)
and the forward Kolmogorov equation (Fokker-Planck equation):

op(s,x,t,y)—Ly p(s,z,t,y) =0, p(s,z,t,-) — 6,(-) weakly as t | s, (2.6)
where, setting a = g0*/2,

Lsof(x) = Tr(a(s, 1) V2 f(2)) + (b(s,2), Vaf(2))

and
Ly, [(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 )~(t(;’5) (x) denote the process starting
at r at time s, with dynamics

AX{TY = b(t, 0, (€)dt + o (t, 0, () AWy, t = 5, X9 =z, (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 (7,&), )N(t(;’@ has a Gaussian density

exp{—((CZN T WO +x — ), 07+ —y)/2)

P (s, .t y) = (2.8)
(2m) det(C)
where
t t
9 = / b(r, 0, (€))dr, C® = / oo™ (r, 0,1 (€))dr.
In particular, p(™¢) (s, z,t,y) satisfies for fixed (t,y) € R, x R%:
Op' ) (s, x,t,y) + LTIPT (s, 2,t,y) = 0, (s,2) € [0,8) x R, (2.9)
subjected to the final condition
PO (s, t,y) — 6, () weakly as s 1 t, (2.10)

where

L9 =Tr(a(s, 05,-(€)) - V2) + (b(s,05.-(£)), Va)

denotes the generator of the diffusion with frozen coefficients in (2.7).
The following lemma is direct by 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
Aj, C; > 0 depending only on j, ko, d such that for all (1,€) € Ry x RY, (s,t) € DF° and x,y € RY,

i)(T’g)(87m7tay) = COgAgl (t - 57197525) +x— y))



and
‘ng){ﬂ&)(& x,t, y)‘ = ‘Vif){“é)(s, x,t, y)’ < Cj(t — s)_%ng (t — s, ﬁgf) +x— y)
Moreover, for each j,j' € N, there are constants C', X" depending on © and r; such that
‘ViV?@(T’E) (s,x,t, y)‘ <CO(t-s)” Tgy (t—s, 79 ’5) +x—y). (2.11)
Proof. We focus on (2.11) for which it suffices to note that for any k € N, T' > 0,
IVEQTD |+ |VECTS | < Cilt — 5], (s,t) € DY, (1,€) € [5,4] x RY,
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) =T (s, 2, t,y) / / T8 (s, 2,7, Z).A( Op(r, 2, t,y)dzdr (2.12)
Rd
= 5(775)(87 Z, tvy) +/ / p(S,.T, T, Z)Ag'Tz,g)i)(T7£)(ra Zata y)dZd’f‘, (213>
s JR4
where
AT =g, — L9 = (A - V) + B9 - v, (2.14)
and
AT = a(r,2) = a(r, 0,+(€)), BILS = b(r, 2) = b(r, 017 (£))- (2.15)

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

p(S,.I,t,y) pO S, T, y / / pO S, T, T,y Z (S m)p(r z tvy)dZdTa
Rd

and in this case
t
19(3 Dy —y= / b(r, 0r s(x))dr +x —y = 0y s(x) — y; (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) == pb¥) (s, z,t,y), we then obtain the forward representation

p(s,x,t,y) = p1(s,z,t,y) / / 8,&,7, %) Affzy)pl(r ,t,y)dzdr, (2.17)
and in this case
t
0z =y = [ b bnalo)dr o=y = = 0.4(0)

It involves the backward deterministic flow 6, ;(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 parametrixz 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
direct to prove that it converges and some truncation step is needed. This fact was already observed in [11]
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], [26] 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 [0,7] 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,
pi(s,zt,y) =Y (s, x,t,y), H(s,z,ty):= Al y)pl(s x,t,y), (2.18)
and .
p® H(s,x,t,y) = /S /]Rd p(s,x,r, z)H(r, z,t,y)dzdr. (2.19)
Thus, from the Duhamel representation (2.17), we have
p(s,z,t,y) =pi(s,z, t,y) + (p® H)(s,z,t,y). (2.20)
For N > 2, by iterating N — 1-times the identity (2.20), we obtain
N-1
p(s,z,t,y) = pr(s,z, t,y) + Z (pr @ H®)(s,2,t,y) + (p®H®N)(s,x,t7y). (2.21)
j=1

We shall now use the following notational convention without mentioning the flow 9;15) (z). For (s,t) € DE,
z,y € R%, we define for A > 0:

_d
(5,2 ) = 92 (t = 5,00 (2) ) = (t = 8)" % exp (= N0 (@) — /(1 = 5), (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 any T > 0 and j = 0,1,2,---, there exist constants Xj,éj > 0 depending only on © such
that for all (s,t) € DY and x,y € R4,

ﬁl(svxvtay) > aongl(Sﬂxatvy)a
and for all a € [0,1],
|z — 0, (y)|* | ViD1(s, @, )| < C;(t— s)%_%ng(s,x,t, Y). (2.23)

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

Lemma 2.5. For anyT > 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) € DY, r € [s,t] and z,y € R?,

[ e,z 22, < Copn (5., ,0).
R

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

/d gA(S,Z‘,T, Z)gk(nzatay)dz = /d g>\(7“ - 5?87(315)( ) - Z)gk (t -, 91&,17‘)(2) - y)dz
R R

S [ gl = 5,000 = 2)gon (e~ 1.2~ 60 )z
R
= Cgs'k(t -5, 05'13)( ) 97(",12 (y)) 5 gs)\(57 €z, ta y)v

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

105 () — y| = 165" 0 61 () — 65%) 0 61 ()| < 162 () — 6 (). (2.24)

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 (H?) and (HY), for any T > 0 and N € N,
there are constants Cn, Ay > 0 depending only on © such that for all (s,t) € DY and z,y € RY,

14 Na
[HON (s,2,t,y)| < On(t — s) 72 gay (s, 2,1, ),
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) > 0 and C := C(0)
s.t.

‘H(S,Jf,t,y)‘ < \a(s,x) - a($7957t(y))‘ ' |Viﬁ1(s,x,t,y)| + \b(s,x) - b(8708,t(y))| ' |VIﬁ1(S7]"7t’y)|
Sl =00 (W)[*IVapi (s, 2,6, 9) | + (1 + |2 — 051 (y) ) [Vabi (5, 2, t, y)|
<

(t—s) """ 2gals,z,t,y). (2.25)

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

t
|H®2(Sa ‘T,tay)| /S (/ (T’ - 5)71+5(t - 7”)1+2dr) gsk(&zvtay) ,S (t - 5)71+ags)\(saxat7y)'
S
For general N > 2, by direct induction we have
14 Na
|H®N(S,I7t,y)| < CN(ti S) 5 geN*IA(S7xvta y)

The proof is complete. O

From the above lemma, (2.21) and (2.23), we thus derive that for all N € N, (s,¢) € DI, z,y € R%:
p(s,:at,y) < ég)\N—1(87xatvy) + |p ® H®N(s,x,t,y)\, (226)

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 [11]. The following variational
representation formula was first proved by Boué and Dupuis [6]. The reader is referred to [26] for an extension
to the abstract Wiener space.

Theorem 2.7. Let F be a bounded Wiener functional on the classical Wiener space (Q, F,P). Then it holds
that

IR
_ F — ] — 2 _
InEe ;irégE (2/0 | (s)|*ds F(w—i—h)) ,

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

T
E/ |h(s)|?ds < co.
0

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

Lemma 2.8. Let £ : R% — (0,00) be a bounded measurable function from above and below. Under (HZ) and
(H3), for any T > 0, there is a constant C = C(0) > 0 such that for all z € R? and (s,t) € D,

El(X,;,s(z)) < C sup exp { Infl(z) —C |z~ Gt(lé)(x)|2}
z€R4



Proof. Without loss of generality, we assume s = 0 and write X; := X, s(z). By Theorem 2.7 we have
InEl/(X,) = inf E 1/th( )2ds—In¢(X 1)
nEAX) = EE (5 J, s e ).
where X" solves the following SDE:
ho_ h hyi h ho_
dxh = (b(t,Xt )+ o(t, X! )h(t))dt+ o(t, XMYAW,, X! =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, et), (90 = X.

By It6’s formula, we have
t
E| X} — 6, = E/ (2<X§ 04, b(s, XP) — b(s,0,) + o (s, XViu(s)) + (00%) (s, Xg))ds.
0

Recalling
[b(t, 2) — b(t,y)| < ra(1+ |z —yl),
the Young inequality yields

t t
E|X{ —0,* < E/ | X —0,%ds + E/ |h(s)|?ds + t.
0 0
From the Gronwall inequality, we thus obtain
t .
E|IX] = 6:> < ]E/ |h(s)|?ds + t.
0

Hence, for some C' > 0,
1 [t
3 [ lh(o)Pds > CEBIX] — 0 - Ct.
0
Therefore, we eventually derive

—InE{(X;) > }ibggE (CTHX! =0, —Ine(X})) — C> glRfd (C7Yz = 60,> —Int(z)) — C.

The desired estimate eventually follows from Lemma 1.1. O

We now state a direct yet important scaling lemma. We refer to Section 2.3 of [11] for additional details.

Lemma 2.9 (Scaling property of the density). Fiz (s,t) € DY and let A ==t — s. Introduce for u € [0,1],
X/\ =\ 2X5+u>\ Then, (X Jueo,1] satisfies the SDE

d)?g = AZb(s 4+ ud, X0AZ)du 4 o (s + ud, XpAZ)AW = b (u, X ) du + 5 (u, X)AW),
where WA wA 18 a Brownian motion. It also holds that:
pls,z,ty) = A5 (0,/\‘%90, 17A‘%y),
and introducing for z € RY u € [0,1], 9, Guo( )= % (u, 9u0( ), 56\70(7;) =z,
7 _1 _1 2 1 2
‘91,0()\ 2z) — A 21/| = A" 0 s(2) —yl”

Proof. We only focus on the last statement. The other ones readily follow from the change of variable. Write:

s

¢ 1
A"26, s(x) = ATz A2 / b(r, 0, s(x))dr = A"2x 4+ A2 / b(s + uX, Ospun,s(z))du.
s 0

10



Setting now for u € [0,1], 0,0(z) = Os1ux.s(7), the above equation rewrites:

1 —

1 1
A"200(x) = ATz 4+ A2 / b(s + uX, By o(z))du = A7z +/ DM (u, A" 20,,0())du
0 0
from which we readily derive by uniqueness of the solution to the ODE that for u € [0, 1],

)\_%éu O(x) = 5’2\,0()‘_%]") = A_%es-i-u)\,s(x)a

)

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
-1+ — > —. 2.27
+t5 >3 (2.27)

There exists constants Cy, \g > 0 depending only on © such that for all (s,t) € DI and x,y € R?,
|(p ® H®N)(sa x,t, y)| < COg)\o(sa z,t, y)

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
(p® HEN)(0,,1, y)| </
0

1
/ p(0, 2,7, ) HON (1, 2, 1, y)dz| dr = / EHEN (r, X, (x), 1,1)|dr
R4 0

1
< CN/ (1 - T)ile%]EgAN (Ta XT,O(‘T)v 1,y)d7’
0

1
< CN/ (1- r)_l"‘% sup exp { Ingy,(r,2,1,y) —C 7z — 97(.713(x)\2}dr.
0 z€R4

Since by (1.3),
1 (1) d (1) 2
ngay (ry2 1 y) =gy (1 =701:(2) —y) = =5 (1 =) = An101,(z) —y?/(1 =),
we have
sup(ln gy, (1 —r, 9%12(2) —y) —C Yz - 9£,10) (z)]?)
d
< —g (1 —r) = 037(2) = /(1L =) + C 7'z = 0 (@))
<-4 In(1 —r) — Ny inf(|z — 0 () 2/(1 =) = C(1 =) + |2 — 60 (2)[?)
A 9 N p r,1 Y r,0
d
< —g It —r) = VIO () — 00 (@) /2 + C
d
< —g It —r) = Xylois(2) —yf* + €,

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 © such that

|(p® H®N)(O,l‘7 1’y)| < COQAO(LQS())(%‘) - y) = COg/\o(Oaxa l,y).

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

11



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

C(j_lg)\gl(saxat7y) < p(s,x,t,y) < Cong(Sal“’t,y)'

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, Ao that anyhow still only depend on ©.
(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(S,$,t,y)|§/ (t_,,,)—1+%/ gAl(s,x,r,z)gAl(r,z,t,y)dzdr5(t—s)%g,s)\l(s,x,t,y).
s Rd

Hence, for |9£715) () —y| <Vt — s, recalling (2.20) and (2.22), we have
p(s,z,t,y) > (Cr — Calt — 5)%) g, (5,2, £,y) = (C1 — Ca(t — 5)) (t — 5)" 2N,
In particular, letting ¢t — s < § with § small enough, we obtain that
p(s,z,t,y) > Cs(t —s)~Y? on DY and |0,£15) (x) —y| <Vt —s. (2.28)

We now precisely use a chaining argument to obtain the lower bound when |0t(}s) () —y| = vVt —s. The idea
is to consider a suitable sequence of balls between the points z and y, for which the diagonal lower estimate
(2.28) holds, and which also have a large enough volume to consent to derive the global off-diagonal lower
bound. The usual strategy to build such balls consists in considering the “geodesic” line between z and y.
In the non-degenerate case, when the coefficients are bounded, this is nothing but the straight-line joining
x 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
by = b(u, by) + Pu, u € [s,1], ¢s =, ¢y =y with ¢ € L?([s,t],R?). This was the choice in [11] 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 (1) 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 § =1, s = 0 and

t = 1. Suppose \9%(3:) —y| > 1 and let M be the smallest integer greater than 4e2“Vb1”°°|9$3(33) —y|?, ie.,
M —1 < 421Vt g (2) — |2 < M. (2.29)
Importantly, we recall from (1.9) that under (HZ) and (H}), | Vb1 |loo < C(k1). Let
tj:=j/M, j=0,1,---, M.

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

1 .
€541 — 00,0, (6 < 5oz G =0,1,-++ M — 1.

Indeed, let Q1 := Bl/(2m)(9§11?0(m)) and recursively define for j =2,--- | M,
1 . 1
Q= U Byovmn®d, ()= {z : dlst(z,et(j}tj_l(c,gj_l)) < 1/(2\/M)}.
2€Qj -1

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

efn/M|Z . Zl| < |9(1) (2) — 9(1)

tit1,ts tit1,ts (Z/)| < eK/M‘Z - Z/|

)

12



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

9(1) ( ) 9(1)

by the previous induction method and noting that S t541,0

b +1 ¢, © (), we have

1 .
Bjc—u—l)m/M/(zm)(9§j,)o(117)) CQy, j=12,---, M.

—Kk/M

Intuitively, the image of a ball with radius r under the flow H,Ej?tj_ , contains a ball with radius e r. In

particular, by (2.29),

Em=yE€ Bme%m(f)f&(w)) - BMe—(M—m/M/(z\/M)(9%2,0(96)) CQm-

The claim then follows. The idea of the construction is illustrated in Figure 1.
Now let v := 1/(2(el V¥l + 1)) and 2o := 2, 2pr41 := y and 8, := B /31(&;). From the previous claim,
we have that for z; € ¥; and 241 € ¥j41,

\9(111’ () = 2] < 165 eant; (7)) — 0} 11 ¢, (&) + 16;") oty &) = Gl + 1611 — 2z
<elVhillepz; — )+ 1651, ) (fj) = &l + I&4+1 — 241

VAT N r s

This precisely means that the previous diagonal lower bound holds for p(t;,z;,tj4+1,2;41). Thus, by the
Chapman-Kolmogorov equation and (2.28), we have

p(0,z,1,y) :/ / p(to, 20, t1,21) - - pltar—1, Znm—1, tars 2ar)dzn -+ - dzar—
Re R
2/ / p(to, 20,t1,21) - p(trr—1, 2m—1,tars 2ar)d2y - - - dzpr—1
3 YMm—1

> (C3Md/2)M/ . / le . "dZM—l — (CgMd/Q)M(M_d/Q’ydlBl|)M_1
Ym—1

= CY MY (44| B )M=Y = MY2 exp{ M log(C37| B1|)}/ (v B1)
> Cyexp{Mlog(C37%|By|)} > Cs exp{—Cs01) (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 insisted in the previous section on the fact that, even though we considered smooth coefficients, all our
estimates for the two-sided Gaussian bounds were actually uniform w.r.t. © which only depends on parameters
appearing in (H ) and (HY).

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 coefficient 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

13



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 coeflicients). Under (S), for
J € {1,2}, there exist constants C; := C} (97@),)\]» = X;(©) > 0, such that

|Vg’:p(sa x,t,y)| < Cj(t - S)iég)\j (S,l’,t, y)7 ‘Vyp(S,xvta y)| < Cl(t - 3)7%g)\1 (s,m,t,y).

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

vip(&xatvy) = Vi}ﬁl(&xatvy) + V‘; (p ® H) (svxvtvy)'

From Lemma 2.4 it readily follows that
|Viﬁ1(s7 z,t, y)' < Cj(t - S)_%gAJ (57 z,t, y)
For the other contribution recall that for u := £t

t

p®H(S7x’t7y):/

u

E[H(r, X, s(x),t,y)]dr + / E[H(r, X, s(x),t,y)]dr =: I (z) + I2(z).
For I, choosing p > 1 such that d"‘%ﬁ > % — 1, by (2.4) and Lemmas 2.6 and 2.5, we get
t

Vi1 ()] 5/ (r =) 2 (E|H (r, X, s(x), t,y)[7)/Pdr (2.30)

u

t ] 1/p
= [ ([ s aietpe) ar
u R4
. t 1 e d 1/p
< (t,S)*J/Z/ (t—r) pT2eta— (/ gAO(S,x,r,z)gml(r,z,t,y)dz> dr
u R4

¢
< (t—s)79/? (/ (t — r)p*qu*?igdr) gi\ép(s,a:,t,y)

d

S (t—s) 2t —8) TETEFE TR\ P (s, 2, 0,y) S (8 8) T g, (s, 2t ).

~

vl

To treat Is(x), we only consider j = 1 since the case j = 2 is similar. By the chain rule, we have
VwE[(H(r, an(x)v t, y))] = E[(VZH) (7, an(m), t,y) - Ver,s(x)L
and for all k € {1,--- ,d},

813kH(S7 €, t7 y) = tr(aﬂcka’(sa l‘) ' Viﬁl(& xz, t7 y) + 8wk b(87 l‘) . Va:ﬁl (37 Zz, t, y)
+tr(a(s, z) — als,05,4(y))) - 0, Vabr (s, x, t,y)
+ (b(S,I) - b(570$7t(y))) : 8wkvx§1(57x7ta y)

Thus by Lemma 2.4, (2.1) and (2.23), it is easy to see that for some A3 > 0,
VaH (s,2,t,y)] S (t =) ga, (s, 2, 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 Hoélder inequality, one sees that
for p = %v

VoL@ S [ BT X (o), )

S / (t =)~ (B}, (r, Xpo(@),1,9))/7dr S (8 = 5) "2, (s, 2,1,y).

14



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:

V,p(s,z,t,y) = V, 58 (s, 2, t,y) / / (s,z,r,2) A&Tj O (r, z,t,y)dzdr
= —V.p"9(s,3,t,y) —/ / (s, z,m, Z)Agf)vzf)“’é)(r,z,t,y)dzdr, (2.31)
s JR4

where we have used the explicit expression (2.8) for the second equality. Still letting u = STH and taking
(1,€) = (t,y), we can split

Vyp(s,x,t, y) = _vzﬁl(&xvtvy) - Jl(y) - JQ(y)7

where

/ / (s,z,7,2) A(t’y V.p1(r, z,t,y)dzdr,
Rd

/ / 8, X7, 2) A( y)VZpl(r,z,ty)dzdr.
Rd

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

|J1(y)| S / (t - 7“)_3/2/dgAO(s7x,r,z)g,\5(r,z7t,y)dzdr S (t - s)_l/zg)\e(saxatvy)‘
s R

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

t
)< |
t
“
ut
+/ /dp(s,x,r,z)vza~V§ﬁ1(r,z,t,y)d2
u R

=: Jo1(y) + Jo2(y) + Joz(v).

For Ja1(y), recalling from (2.18) that Aﬁt;}’)pl (r,z,t,y) = H(r,z,t,y), we derive from (2.4) and as in (2.30)

that
t
Jo1(y) = /

t
5/ (r =) 72 (EIH (r, Xps(2),t,9) ") Pdr S (= 8)7 g, (5,2, 1, y).

Vzp(S,SC,T,Z)A( ’y)pl(r z,t,y)dz|dr

Rd

/dp(s,:s,r, 2)V.b- V. pi(r, 2z, t,y)dz| dr
R

dr

t
/ p(s, 2,7, 2) VL H(r, 2,1, y)dz| dr = / E(VH)(r, Xoa(2), £, )] dr
R4 m

For Ja2(y), from the upper bound in Theorem 2.11 and (2.23), we have

t
Tas(y) < / (t—r) 12 / g2 (5,27, 2)gon (1 2 £, y)dedr < (¢ — 5) " 2gay (5,2, 1, y).
u R4

For Jaz, since |V2p;(r, z,t,y)| has the singularity (¢ — r)~!, noting that
V.a-V2p1 =V23(V.a-p1) — Via-p1 — Via- V.p1,
as above, by (2.4) we still have
J23(y> S (t - S)_1/2g>\9 (87 z,t, y)
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 (HZ), (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 [16].
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3 Proof of 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(t,z) = dlixq 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 § := d(\) large
enough and Cs > 0, ) depending on © = (T, 3,6, k1, d) such that for all (s,t) € DI and z,y € R?,

C'(;lg)\(svxatvy) < ]35(5,$,t7y) < C'(sgx(s,x,t,y). (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 [20] to derive Aronson type estimates for some degenerate SPDEs. We can as well refer to [21] 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 := §(A) s.t. for all ¥ € [0, 1],
(s,t) eDY, x,y € RY and j € {0,1,2},

|9t,s(m) - y\7|V;§0(s,x,t7y)| + |{L‘ - es,t(y)lfy‘viﬁl(&muuy)l < 05(t - S)%_%ﬁ5(87mut7y)a (32)

where Cj here only depends on © = (T, «v, 8, ko, k1,d) and 4, ~.

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 (H%)7 there exists C := C(O) s.t. for all (s,t) € DI, x,y € R%:

|H(s,2,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 € R, r € [s,1]:

/ B(s, 2,7, 2)p(r, 2, 1, y)dz = P(s, 2, 1, ). (CK)
Rd

For the rest of section, we use the convention that all the constants appearing below only depend on © =
(T, o, 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) thanks to the uniformity of the controls
obtained for mollified parameters.

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

Without loss of generality we shall assume s = 0 and for ¢ € (0, 7], we define

fl (t) ‘= sup |vzp(07 x, t7 y)|/p(07 x, t7 y)
Yy
From Theorem 2.12 and (3.1), we know that

T
/fﬁW<m.
0

By the forward representation formula (2.20), we have
IVap(0, 2,8, y)| < [Vap1(0,2,1,y)| + [ Vap| @ [H|(0, 2,1, y).
Observe first that, from Lemma 2.4 and (3.2)

IVop1(0,2,t,9)| St %@ (0,2, t,y) S t71/2p(0, 2,1, y).
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Secondly, (3.3) yields
|V.p| ® |H|(0,2,t,y) / / f1(m)p(0, 2, r, 2)|H (r, 2, t,y)|dzdr

A=)+ / 5(0, 2,7, 2)3(r, 2, t,y)dzdr
0

Rd

= (/Ot flr)(t — r)-“?dr) p(0,z,t,y),

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

t
p st [e-n e
0
By the Volterra type Gronwall inequality, we obtain

A 72 = [Vap(0,2,6,9)| S ¢ 2p(0, 2,8, y). (3.4)

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

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

fQ(S) = (t - 8) ' b"cugl? |Vip(8, x,t,y)|/1§(s,x, t7y)' (35)

By Theorem 2.12 and (3.1), we have

sup fa(s) < oo.
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
Vip(saty) = Vst + [ [ VH9 (5 2) ATl 2.t g
s JR
t
= Vzﬁ“’g)(s,x,t,y) +/ /d Vﬁﬁ(T’g)(s,x,r,z)A(T Dp(r, z,t,y)dzdr, (3.6)
s JR

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,

Ai:gﬂg) = ag(r, Z) — Q¢ (7", 97’,7(5))7 As',rf) = A&Tz’é) - Ai:yé% (37)
where similarly to (1.8), a.(r,z) = a(r,-) * pc(z). Choosing the freezing point (7,&) = (s, x) and setting as well
Fo(s,,6,) = B (5,2, ,9), = (t+5)/2,

we decompose the expression in (3.6) as follows:
Vap(s,x,ty) = Y Li(s,x,t,y), (3.8)
where I (s, z,t,y) := Vgﬁo(s,z,t,y) and
L(s,z,t,y) == /u /Rd V2po(s,x,r, z)tr(Agff) -V2p(r, z,t,y))dzdr
Is(s,z,t,y) = /t /Rd V2po(s,x,r, z)tr(Aijgs’z) -V2p(r, 2, t,y))dzdr
Li(s,2,t,y) = /t /Rd V2po(s,z,r, Z)tr(/_lijgs’z) V2p(r, z,t,y))dzdr

t
Is(s,z,t,y) ;:/ / V2po(s,x,r, z)Bﬁfz""”)onp(r,z,t,y)dzdr.
s JRd
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By Lemma 2.3, (2.16) and (3.2), it is easy to see that
|Il (S,l‘,t, y)| 5 (t - S)_lg/\(t -5 Ht,S('/E) - y) 5 (t - S)_lﬁ(s,.I, tvy)

For Iy, by (1.6) and again (3.2), we have

natgls [ [ PEEEZE g )92l s

M p(s,z,r, 2)p(r, 2 zdr
5/3 =)t —1) /de(» 7, 2)p(r, 2,1, y)dzd

< (t—8)"1p(s, z,t,y)/ (r— 5)71+%f2(7’)d7’.

For I3, integrating by parts, we have

|I5(s, 2, t,y))| </ / ‘Vzpo s,@,7, Z)’ JASED] |V op(r, 2,t,y)|dzdr

L

Note that by the property of convolutions,

V20(s, 0,7, 2)| - [V AL [V, 2, 6 y)ldadr.

IV ARED S e JARSD| S 1z — Ors(2))*, AR S e

In particular, taking ¢ = (¢t — r)'/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

[e3 D t
|I3S$ty|N/-/ SZL'TZ (r—s)f.wddr
re (1 —$) (t—r)2

/ / p(s, @, 1, 2) (t—r)%-p(r’z’t’y)dzdr
R4

r—s t—r
t 33—« 1
sp<s,x,t,y>/ (r— )~ (t - ) Far
“ t
L p(s.a,t,y) / (r— )7t — )" Ear
u
5 ﬁ(S,l’,t,y)(t - 5)71+%7

and

t — _
|14(S,x7t7y)|5// w_(t_rﬁ.wdm
u JRd

r—s t—r
t
< B(sy b )t — )" / (t— )5 fo(r)dr

For I5, from (3.2), we derive similarly to I that

t — _
st s [ [ 2EEEDZ0 g @+ - 0 @) B2 dzar
s JR4

r—s (t—r)2

; ‘st o8t -
Np(sax’tvy)/s (T—S)(t—'l”)% dr 523(37%75:3/)(75—3) .

Combining the above estimates for the (;);eq1,... 51, we obtain from (3.8) and (3.5) that:
t ) t N
RO+ [ 9 pear s [(n T pear
S S

Finally, from the Volterra type Gronwall inequality, we obtain

sup fao(s) S 1= [V2p(s,z,t,y)| < (t—s) " 'B(s, z,t,y). (3.9)
s€0,t]
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3.3 First order derivative estimate in y

We assume for this section that (H ) holds for some 5 > 0 and the gradient of the diffusion coefficient o
satisfies (1.18). Fix s > 0. For t € (s, T] we define

fB(t) = Sup|Vyp(s,x,t,y)|/]3(s7:c,t,y). (310)
z,Y

T
/ Fo(t)dt < .
0

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

By Theorem 2.12 and (3.1) we know that

t
vyp(svxatay) = _Vmﬁl(saxatvy) + / Vzp(&x,?“, Z)tr(AS“szy) ’ vgﬁl)(rv Z,t,y)dZd?"
s JR4

t
[ [ s (Ta) ) - V) 1t )
Rd
4
/ / S, T, 1, %) B(t’y) V2pi(r, 2, t,y)dzdr = ZJ (s,z,t,y). (3.11)
Rd

i=1

For Jy, we readily get from (3.2)

[J1(s,2,t,9)| S (t— )" 2p(s, 2, t,y).

For J, using again (3.2) and (3.10) gives:
st S [ [ Waptoszr - - 172502 s
/ fa(r )/R (s, z,r, 2) - (t—7) " T2 p(r, 2, t, y)dzdr
Sﬁ(s,x,t,y)/ fa(r)(t — )12 dr.
For J3, we further write
sloset) = [ [ ptorr 2 ((V0)(r2) = (V) ) V250 (12,8, )tz
+ /t /Rd p(s,x,r, z)tr((Vza)(r, 0rt(y)) - VZﬁl)(r,z7t,y)dzdr

= J31(S,I,t,y) + J32(57$7tay)'

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

t
o (5,2, 6, 9)] < / / B, z) - (L= )3 p(r, 2, y)dadr < pls, 2,1, y).
s Rd

For Jss, by the integration by parts again, we derive
|J32(s, x,t,y)] / / IV.p(s,x,7, 2)| - |[Vp1(r, 2, t,y)|dzdr
/f3()/ p(s,xyryz) - (t—1)~ %(rzty)dzdr

p(s,x,t,y) / f3(r)(t—r) “adr
For J4, we derive similarly to the term J3; that

|J4(S,{,C,t,y)| 5 ﬁ(s,x,t,y).
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Combining the above above estimates for the (.J;);e{1,... 4}, We obtain from (3.11) and (3.10) that

f3(0) S (- s5)F + / f3(r)(t — ) ar,

which in turn yields ) )
f3(t) 5 (t - 5)75 = |vyp($7$7tay)| 5 (t - S)iiﬁ(S,ZE?t,y). (312)

3.4 Proof of Theorem 1.2

Now we turn to the notations of the beginning of Section 2 and keep the index ¢, associated with the spatial
mollification of the coefficients. Thus, let p. be the corresponding heat kernel and X; ;(x) the solution of SDE
(2.3) corresponding to b, and o.. It is well known, see e.g. Theorem 11.1.4 in [24], that under (H%) and (H?),
for any f € O (R?)

lim Ef (X, (x)) = Ef(X, 1(x)).

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

C(;lg/\gl(s,x,t,y) < pe(s,2,t,y) < Cogag (8, 2, t,y).

Similarly, we derive from (3.4), (3.9) and (3.12) that under (H?) and (HJY),

SUp [ Vape (s, 2,1, y)| < Ci(t = )™, (5,2, 1,9), (3.13)
and under (HZ) and (H%) with g € (0,1), j € {1,2},

sup [V4p: (s, 2,1,y)| < Ca(t —5) 77 2gy, (s, 2,1, y), (3.14)
and under (HY), (H%) with 8 € (0,1) and (1.18),

sup [Vype (s, 2,t,9)| < C1(t — 5) g (s, 2,1, 9), (3.15)
where in the above equations (3.13)-(3.15) the constants C1, Ca, C] only depend on © and not on the mollifi-

cation parameter €.
In particular, for nonnegative measurable function f, we eventually derive

oyt /}R g1 (s,2,1,9) f(y)dy Ef(Xes(2)) < Co /]R g (s, 2,1,y) f(y)dy,

which implies that X, ;(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,y) — Vape(s,z,t,y) is equi-continuous on any compact subset of R? x R?, (Cy)
and

(z,y) — V2p.(s,z,t,7) is equi-continuous on any compact subset of R? x R?, (C2)

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

vg;psk(svxat7y) — V;p($7$7tay)7 .7 = Oa 1727 vypf:‘k (vaat7y) — 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 (i) to (iv) of the theorem up
to the proof of (Cy), (Cz) and (Cs). This equicontinuity property is proved in Appendix A. O
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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|leo + ||Vb]|ee < 0o and for some
a,B€(0,1], ke =1,

|V0(t,x) - vg(tvy)| < H2|SC - y|a7 |Vb(t,£6) - Vb(tvy” < "{2|‘17 - y‘ﬁa T,y € Rd' (41)

We aim here at proving that we can obtain bounds on the third order derivatives which only depend on (HY),
(H’l)) 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 (H), (H}) lead to a uniform control of the third order derivatives.

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

t
Vip(&x,tay) = *Viﬁo(&l’,t,y) - / /d viﬁO(svxaraZ)AgféI)p(rvzvtvy)dZdr' (42)
s JR

Let us now concentrate on the most singular term in (4.2). Setting u = (¢ + s)/2 and A, AZ{™9) 4579

as in (2.15), (3.7) we write
/t /Rd Vipo(s,x,r, 2)tr (Agim) V2p(r, 2,1, y)) dzdr
= /75 5 V3po(s,x,r, 2)tr ((Aijgm) + Ai:gsw)) -V2p(r, z,t,y)) dzdr
+ /u /Rd V3po(s, x,r, 2)tr (Aﬁ,f;w) -V2p(r, Z7t,y)) dzdr =: G1(s,z,t,y) + Ga(s, z,t,y).

When r € [u, ], (r — s)~2 = (t — s)"2 is not singular. Therefore we may control Gy similarly to the terms I5
and I, appearing in Section 3.2, owing to the fact that the upper bound on V2p is already available at this
point.

When r € [s,u], then (r — s)’% is indeed singular. Thus, to control Ga the point is precisely to exploit the
regularity of the coefficients and perform an integration by parts to balance the singularity. We write

Ga(s,x,t,y) = —/ /d V2po(s,z,r, 2)tr (VZAS;”’) -V2p(r, z,t,y)) dzdr
s R

u
[ [ s (A5 Vi) ded,
s JRA

and define ,
f3(s) = (t - S)5 sup |V§p(5,x,t,y)|/ﬁ(s,x,t, y)v
x,y

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

fH <1+ / (=) il = s i) 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) — V2o(t,y)| < k3|z — y|® for some a € (0,1) we
could derive
|V§p(8, z,t, y)| 5 (t - S)ili)(sv z,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

V9 0lo0 + IV bllos < 00, ' =1,-+-,j —2,
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and for some a, 8 € (0,1], Kj_2 > 1,
V20 (t,2) = V20 (ty)| < mjoalz —yl® [V 720(t2) — VI 2b(ty)| < mjoalz —yl®, @,y €RY,

then we may derive _

|V§;p(8, z, tv y)‘ 5 (t - 8)_%5(‘9’ z, t7 y)
On the other hand, the derivative with respect to the forward variable Vi_l requires an additional assumption
on Vi7lg. Again, assuming that for some a € (0,1), |V/7to(t,x) — VI7lo(t,y)| < rj_1]|z — y|* for any
z,y € R, then we may derive

i—1

VI (s, t,y)| S (t—5) "7 Bls,a,t,y).

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

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 Holder continuity of the derivatives.

Lemma A.1. Suppose that (H3) and (HY) hold. Let T >0 and v € (0,1) and vz € (0,a) andy3 € (0,af).

(Cy) Tgere exist constants C,\ > 0 depending only on ©, v1,72 such that for all (s,t) € DI and z,2",y,y’ €
R

x—a'|m
|Vmp(8,ac7t,y) - vmp(87x/7ta y)| SC (t|_3)(1+|“/1)/2(g)\(8’$’t7y) + g)\(S,iL'I,t,y)>

y—y[™
|pr(s,1:,t,y) - vaﬁp(saxat7y/)| SC (t|_s)(1+|72)/2(gk(saxat7y) =+ gk(sa‘raty/))'

(C2) If B € (0,1], there exist constants C,\ > 0 depending only on © such that for all (s,t) € DI and
Z, mla RS Rd’

- |a:—x/a+|x—x’|ﬂ> (A1)

(t—s)3 t—s
X (gk(saxa t7y) + gk(sa x/atay)>7

o (ly=v1 vyl -y
~ON\ st % t—s

V2p(s,2,1,y) — V2p(s,a' )] <o (

‘Vip(57x7t’ y) - Vip(87 x7t7y/)

X <g)\(87 Z, t7 y) + gA(S7 x/a t) y)) .

(Cs3) If o also satisfies (1.18) and B € (0,1), then there exist constants C; A > 0 depending only on ©, v1,73
such that for all (s,t) € DY and z,2',y,y’ € RY,

ly—y'|"
|vyp(8’$7t7y) - Vyp(s,x,t,y'ﬂ SC (t—s)(l""'\/is’)m(gk(s’x7t7y) + gk(87x7t7yl)>7

x—a'm
|Vyp(s,x,t,y) - Vyp(s,x’,t, y)| SC (t|5)(1+|"/1)/2(g/\(8’x7t7y) + gA(Saxvtvy,)>'

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 (C;) and (Cs) could be shown more directly.

First of all, if |z — 2'|? > (t — s)/4, then by (3.14), we clearly have
(V2p(s, 2, t,y) = V2p(s,2/, t,9)| S (= )7 (8a(s5,2,1,9) + (5,2, 1.y) ) S rhis. of (AD).

Next we restrict to the so-called diagonal case

|z — |2 < (t —s)/4.
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For any fixed freezing point (7,&) and r € (s,t), by (2.12), one sees that
p(s,x,t,y) = ﬁs(;:g)p( / /Rd “(TE (s, z,u, z)A( §)p(u,z,t,y)dzdu,
where, with the notations of (2.7),
PEO@) = [ 5795z r 0 f )0
Let us now differentiate w.r.t. r. We obtain for all (1,&) € [0,T] x R%:
0= 0, PG ta)@)] + [ 579 (s, 2) ATl 2. ) (A2)
Fix sp € (s,t). Now, integrating (A.2) between s¢ and ¢ and taking £ = ¢/, we get
0= ;5(7’5/)(3,%15,3/) PS(Tsf )p(s0, - t,y)(x) + /t dr /Rd ]3(7’5/)(5, x,r, Z)Afff/)p(r, z,t,y)dz.
Moreover, integrating (A.2) between s and sg, we obtain
0= g(g’f)p(so,~,t,y)( ) —p(s,z,t,y) / dr/Rd A{Tg) (s,z,m, Z)A(Tg)p(r z,t,y)dz;
Summing up the two equalities we get the following new representation for p(s, z,t,y):

p(s, 2, y) =57 (5,2, y) + (PO = PEE) (o, ) (@)
t
+/ dr/ f)“’gl)(s,x,r, Z).A(T5 )p(r z,t,y)dz
S0 Rd

S0
+ / dr / FTO(s, 2,7, 2) AT pe (1, 2, £, y)d,
s R4

which, together with (2.12) by taking x = 2’ and £ = ¢’ there, yields

p(s,2.t,) = pls, ', t,y) =97 (5,8, y) = 57 (.07 1) + (PES = PUE ) p(s0, -, 1,9) (@)

+ Agig’g (s, t,x, 2’ y) + Azgfdiag(s, tyx, ' y), (A.3)
where
Aglgg (s,t,z,2',y) / dr/Rd A(Tg) (s,z,7,2) —p™ 5)(s ' r Z)}Agf’)p(r,z,t,y)dz
and
AZHE fdlag(s,t,x,x’,y) = /:0 dr /Rd [ﬁT’E)(s,m,r, Z)Aﬁ,;’f)p(r,z,t,y) —p ) (s, 2, z)AfﬂTf/)p(r,z,t,y) dz.

Observe that for any freezing couple (7,¢) and h € R9,
V2P (s, + hot,y) = Vep ™ (s, 2ty — h).
After differentiating twice in x for both sides of (A.3) and taking 7 = s and £ = z, £’ = 2/, we obtain

Vip(s,z,t,y) — Vap(s, o', t,y) = ZI (s,t,z, 2 y),

where, with the notation py (s, z,t,y) = p(&%) (s, z,t,y),
11(57 ta Z, xlv y) = viﬁO(Sv 50/7 ta y+ l’/ - 1‘) - VZﬁ()(S, xla tv y)a

IQ(S,t,SC,iﬂ,,y) ::/ vg(i)'(s’z)(57$750az) *f)'(s’z/)(57I,So,Z))p(So,Z,t,y)dZ,
R

¢

Iy(s,t,z, 2’ y) ::/ dr
S0 R
/SO

/ V2po(s,a’,r, 2 +a' —x) — V2po(s, ', r, z)} Ag‘ff,)p(r, z,t,y)dz,
dr / |:v3§0(8, Z,T, Z)Ag‘iw)p(n z,t, y) - vgﬁ()(& 1'/3 Ty Z)A&,gz’z’)p(ra Z,t, y):| dz.
Rd

14(8, ta z, xlv y) =
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Note that by Lemma 2.3, for j € N and h € R? with |h|? < (t — 5)/4,

Vjpo(s x,t,y+h) — Vjpo(s x,t y)’ < |h] 31[1p] |V§+1ﬁo(s,x,t,y+ Qh)|
0€[0,1

SRt —s)"UFD/2 sup g(t —s,0,4(x) + oh — y)

0€[0,1]

S Rl = )70 25t = 5,0/ (@) — ),
using Lemma 1.1 for the last step. On the other hand, we also have
Vipo(s. .ty + h)| < (8= 5) 7/ 2ga(t = 5,6, (x) = y).
Thus, by interpolation, we get for any v € (0, 1),
‘Vypo S, T, t7 Y+ h) - V;ﬁO(sa z, t7 y)’ S |h|’y(t - 3)7(j+7)/29)\(t -, 015,13)(‘7:) - y)
Hence,

Ly (5,8, 0,0, p)| S Jo — 2/ (= 5) "1 Fga(s, 27, 1,).
To treat the remaining terms, we take sg = s + |z — 2’|>. We have the following claim:
‘“{b ) (s, 2,50,) — P (s, @, sO,y)‘ S (o= 2| + |z = 2'1) ga(s, 2, 50, 9).-
Indeed, by Lemma 1.1, there is a constant C = C'(0) such that
10, s(z) = 0,5(2))| So |lx — 2| +|r—s|, =2 €RY rels, s

Recalling 9\ = = [ b(r,0,.-(£))dr from the notations of Section 2.1, we have:

’ 80
052 =95 < / [b(r, Or.(2)) = b(r, 01 (2))|dr

S0
< / 18,.4(2) — Oy a(a)Pdr < |z — /PP,
S

(A.5)

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

|12(s,t,x,x/,y)| < /d |]3(S’x)(s,x,so,z) _ﬁ{s’w )(8,1'780,Z)| : |V§p(50,z,t,y)|dz,
R

5 (|£C - x/|a + |£L’ - ‘rl‘ﬁ)(t - 30)_1 /d g)\(s, Zz, So, Z)g)\/(So, thyy)dz
R

S (Jo—a'|* + |z = 2'1P) (¢ — s)tga (s, 2,8, y).
For I5, by (A.4) and using arguments completely similar to those of Section 3.2, we have
|Is(s,t,z, 2", y)| < o — 2/ |%(t — 8) " tgan (s, 2, t,9).

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

|I4(s,t,z, 2, y|</ / g)\lsx'r‘z)—i—g)\l(sx TZ))g/\Q(thy)dzdr
R4 (r—s)=2(t—r)

50 dr
SJ (gAg(S,m,t,y) +g)\3(5?$/atvy))/ (T—S) (t—’f')

< |z =2
N t_

(8xs (8,2, t,y) + 8, (5,2, 1,1)),

where we have used that |z — 2/|? < (t — s)/4 and sg = s + |z — 2/|. Combining the above calculations, we

obtain (A.1).
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