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ON POISSON EQUATION AND DIFFUSION APPROXIMATION 2!

By E PARDOUX AND A. YU. VERETENNIKOV2
Université de Provence, and University of Leeds and IITP Moscow

Three different results are established which turn out to be closely
connected so that the first one implies the second one which in turn
implies the third one. The first one states the smoothness of an invariant
diffusion density with respect to a parameter. The second establishes a similar
smoothness of the solution of the Poisson equation in R4. The third one states
a diffusion approximation result, or in other words an averaging of singularly
perturbed diffusion for “fully coupled SDE systems” or “SDE systems with
complete dependence.”

1. Introduction. Our goal is to establish a general result of diffusion
approximation, more precisely to study the limit in law of {Y;¢ > 0} as ¢ — 0,
where

dX¢=e2b(XE, YE)dt + e o (XE, YE)dB,
dYf = F(X8,YE)dt + ¢ 'G(XE,YE)dt + H(XE,YF)dB;,

where X7 takes values in R4, Y/ in R¢, and {B;; t > 0} is a d-dimensional standard
Brownian motion. The novelty, compared to our previous work [15] and other
contributions to this field, see in particular [1, 2, 6, 7, 13] and the references
therein, is the dependence of the coefficients of the “fast” component X* upon
the process Y¢. Another essential feature of our setting is noncompactness of the
state space. In order to tackle this problem, we need to study the solution of a
Poisson equation associated to the process {X; ; t > 0}, where

dX; =b(X;,y)dt +o(X],y)dB,

and its regularity with respect to the variables x and y. At the same time, we
obtain regularity results for the density pso(x, y) of the invariant measure u” of the
process {X; ;¢ > 0}. Both those problems are also important as such; an example
which shows this can be found in [7]; cf. the assumptions of Theorem 7.9.1 and the
footnote concerning the invariant density regularity, while discrete time version of
our work should be of interest for analyzing certain stochastic algorithms; see [3].
Our results seem to be useful for studying some climate model (see [10]) where
different aspects of ordinary differential equations, SDEs and dynamical systems
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with averaging are considered. To compare our setting with (3.1) + (3.3) of [10]
one should change the time scale to €t. A short version of our work in discrete time
concerning mainly an invariant density has been appeared in [14]. We mention also
a relevant paper with a close idea how investigate Poisson equations, [9].

Our Poisson equation takes the form

(1) L(x,u(x,y)=—f(x,y), xeR?

where y € R? is a parameter, and

d 82 d 9
L ) == [j ) 7_{— b ) P
(x,y) ,-,Z:la”(x y) T o, ; i(x, ) i

with @ = 00*/2, under the condition that for each y € R¢,

@ [, £y @n=o.

Recall that there is no boundary condition; we are looking for solutions in the class
of functions which grows at most polynomially in |x|, as |[x| — oo. The condition
which guarantees uniqueness of the solution is then (cf. [15])

3) / u(x, ) (dx) =0,

Both coefficients a and b are assumed to be bounded; a is uniformly continuous
with respect to x variable. The existence of the invariant probability measure ©”
is insured by the following recurrence condition:

(Hp) lim supb(x, y)x = —o0;

[x]—=>00 y
cf. [16]. We also assume nondegeneracy of the diffusion coefficient uniformly with
respect to y, that is, we assume that there exist two constants 0 < A < A < oo such
that

(H,) A <a(x,y) < Al,

from which uniqueness of the invariant measure follows.

We shall specify the required regularity assumptions when we shall need them.
N denotes {0, 1, ...}, while N* = {1, ...}. The notation a € C{)+a’j with0<a <1
below means that the function has j bounded derivatives in y variable and
i derivatives in x variable, and all derivatives 8)’;/ aﬁ/a, 0<i'<i,0<j <}j,are
Hoélder continuous with respect to x variable with exponent o uniformly in y. We
denote by (H"t*J), with some jeN*, reN,0<a <1, the condition

(H"TJ) a,b€C£+a’J, r € N*.

We need to study the regularity of u in the variables x, y, and find expressions for
the derivatives of order one and two with respect to y.
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In our previous paper [15], we extensively used the representation

u(x, y) =/0 Eveyf(X),y)ds

o0
_ / di / dx' £ (', y)pi(x.x's y).
0 Rd

Here we shall rewrite the same formula as

1 oo
@ ey = [ar [ ax e pexn+ [ e fi,

where, by definition,

pix, foy) = f F& D pee,x's ) dx’

_ f FO P (s x5 3) — ooy y)]dx'.

Hence, the derivative dyu should have a representation of the form

1 00
ayu<x,y>=/0 erypt(x,f;yH/1 dtDypy(x. ).

where Dy p,(x, f;y) is a full derivative of the function p, with respect to y. To
explore this elementary idea in order to get this and similar results for derivatives
in x, y of arbitrary order, we have to show the differentiability of the transition
density, or at least of the function p;(x, f; y) and study its behavior both near t = 0
and as t — oo. For p;(x, f; y) it turns out to be possible under wider assumptions
than for p;(x, x’; y).

We shall essentially use arguments from PDE theory, rather than probabilistic
ones as we did in [15]. Our estimations will be based on two types of bounds.
The first type is a set of estimates for the fundamental solution of a non-
degenerate second order parabolic PDE, due independently to Eidelman [4, 5] and
Friedman [8]. The second is a polynomial inequality for the convergence rate of
the fundamental solution as t — o0; see [16, 17].

We now give some indication concerning a notation which will be used
repeatedly in the paper. If u is a function of the d-dimensional variable x with
values in R, we shall write d,u(x) to denote the d-dimensional vector whose ith
coordinate is 9y, u(x). Similarly afu(x) will denote a d x d matrix, and 37 u(x)
denotes for j > 2 a tensor with j indices. These notation are classical and quite
obvious, but since we shall use them so to speak as if the corresponding quantity
were a scalar, we prefer to be explicit at least once about the dimensions.

The organization of the paper is as follows. The three main theorems, Theorem 1
on the transition and invariant densities, Theorem 2 on smoothness and bounds
for semigroups and Theorem 3 on the solution of the Poisson equation, are
stated in Section 2. The proof of Theorems 1 and 2 is the object of Sections
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4 and 5 correspondingly, while the proof of Theorem 3 is given in Section 2 as
a consequence of Theorem 1. Section 3 is devoted to the application of Theorem 2
to the diffusion approximation result which was introduced above. Section 4 gives
estimates on the transition and invariant densities, together with their derivatives
with respect to x. Section 4.3 establishes the differentiability of the transition
density with respect to y and Section 4.4 the same differentiability of the invariant
density. Section 4.5 analyzes the x-differentiability of the y-derivatives from
Sections 4.3 and 4.4. The result concerning higher order y-derivatives is given in
Section 4.5. Finally, differentiability of solutions of PDE:s is discussed in Section 5.

2. Invariant density and Poisson equation. We first recall the existence and
uniqueness result and some estimates for solutions of equation (1) from [15],
adjusted to our present setting which is a bit less general than in [15].

PROPOSITION 1. Under conditions (H,) + (Hp) + (uniform continuity of the
matrix a) + [growth of f(x,y) in x not faster than polynomially for any y], there

exists a solution of (1) in the class of functions from the Sobolev space (-1 W[%,loc

which are locally bounded and grow at most polynomially in |x|, as |x| — oo,
unique up to an additive constant which can be chosen so that for any y the
centering equality (3) holds.

Moreover, for this solution, (4) holds true along with the following bounds:

If for some B > 0,

|f (e, ) < CONA+|xP),
then for any B’ > B + 2,
(5) lu(x, )| + [Veu(x, y)| < Cr(y) (1 + |x])F

with some C1(y).
If for some B < 0,

£ )= CO + [x])FP2,
then u and V,u are bounded,

(6) lu(x, )|+ [Viu(x, y)| < Ci1(y)

with some C1(y).
If for some B > 4,

|f (e, v < COA+|x]P2),

then for some constant C1(y),

(7) lu(x, )|+ [ Veu(x, )| < Cr(n)(1 + |x|P).

We can now state our main results.
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THEOREM 1. Let (Hy), (Hp) and (H2+“ 7y with an 0 < « < 1 hold true. Then

the tensor of partial derivatives 8y pi(x,x',y) = G )(x x',y) exists, together
with the limit

lim pf ¥, y) = p )
and

PO, y) =0] poolx', ).
Moreover, fori =0, 1 and also fori =2 if j =0,

(8) \ai/p,(j)(x,x'; »| < Cct~d+d/2 exp(—clx — x/|2/t), 0<t<l,

and for any
14+ |x|™
9 8’/ D e, x'; (J)x - , t>1,
©) [0y p" (x, x5 ) — o\ ml=C TENTICEITETL
C
(10) 0L P, Y € ———r.
2 E (14 |x'™")

We also have that, fori =0, 1 and also fori =2 if j =0,
A1) 9l pP . x5y < CrmHD R exp(—clx —xPP/1),  0<1<1,
and for i = 1 and also for i =2 if j =0, for any m’, k there exist such C, m that

C( 4+ |x™)
M+ 0k

i J)
(12) |8 (x, x'; y)|_(1_i_|

The last two inequalities are helpful in estimating derivatives of higher orders
of the function u.

PROOF OF THEOREM 1. The proof follows from the results of Section 4.

Case j =0. Existence of the limit po, follows from [17]. Inequalities
(8) and (11) with j = 0 are classical, due to Eidelman and Friedman; see Proposi-
tion 2 based on [8]. Inequalities (9), (10) and (12) are proved in Proposition 3.

Case j = 1. Inequality (8) follows from Theorem 5 (i = 0) and Proposition 4
(i =1). Inequalities (9) and (10) are proved in Theorem 7. Inequality (11) follows
from Proposition 4. Finally, (12) is proved in Theorem 8.

Case j =2. All inequalities are proved in Theorem 9. [

It is plausible that inequalities (8)—(10) hold true with i = 2, and (11)—(12) with
2 <i <4, too. Generalizations under assumption (H"+t%/) with r > 2 would be
also natural. However, we will not use them: we are interested in partial derivatives
of second order needed to apply the Itd formula. So neither of these extensions are
discussed here. )

Derivatives 8§ p:(x, f;y) will be denoted by p,(] )(x, fiy).
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THEOREM 2. Let j € N and (H,) + (Hp) hold true. If either ((H*: H+(fe
Clr®iyy or (H?>T4Y) + (f € C*%1)) is valid with some a > 0, then the function

( (x, f,y) has the following properties: there exists a limit

(13) lim p” e, f13) = 8] poo(f ) = PL (7).
for any k > 0 there exist C,m > 0 such that for all t > 1,
) ) (T +[x|™)
14  f <C—=,
(14) p (s foy) = P (fo )] < T
and fori =1 and also fori =2 if j =0,
N0 (14 [x|™)
15 al (]) s Jo =< Ci

The proof is given in Section 5.

The next result concerns the regularity of solutions of the Poisson equation. We
restrict ourselves to the derivatives up to the order 2 needed in Theorems 3 and 4
below. However we note that higher order derivatives in all variables can be also
studied similarly using Theorem 1.

THEOREM 3. Let conditions (H,) + (Hp) and either (H*') + (f € C'T*2))
or (H*t*ly 4+ (f € C*2)), with some o > 0, be satisfied, and the centered
[see (2)] function f be such that

|f Cea 419y f (e, 1105 F (e, 0] < COH A+ [x]™),

Then the solution of (1) and (3) satisﬁes u(x,”)eC? for any x, and the following
bounds hold true with some m’, m", m"" and some constant C1(y):

(16) l8yu(x, I < CLN (1 + [x™),
(17) 182u(x, )| < CL)(1+ [x"")
and

(18) 18y8xu(x, )| < C1(y) (1 + |x™").

PROOF. The existence of a solution u follows from the Proposition 1. Let us
denote

1 2
a=p".  r=p?.

Clearly, ¢ is an £-dimensional vector, and r an £ x £ matrix.
The bound for u,, follows from the representation

1 [’}
uy<x,y>=f0 qs<x,f,y>ds+f1 a5 (x. £, y) ds,
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standard estimates, including derivative with respect to y, for the integral
ftl ps(x, f, y)ds which solves a Cauchy problem for a parabolic equation in the
region [0, 1] x R4 (with an initial value at r = 1), and the estimates in Theorem 2
applied to the second integral here. The estimates for u, and u,, follow similarly
from the bounds of the same Theorem 2. [

3. Diffusion approximation. The aim of this section is to apply Theorem 3

to the study of the asymptotic behavior, as ¢ — 0, of the Rf-valued process
{Y/;t >0}, where

dX& =e72b(XE, YE)dt + ¢ o (X2, YE)dB,,
dYf = F(X{,Yf)dt + e 'G(X{, Yf)dt + H(X{, Yf)dB,,
X(g) =X, Y(()g =Y.

We shall make the following assumptions. For each K > 0, there exists a

constant Cg such that for all y, y’ € RY, |x| < K,
D) |F(x,y) = Fx, Y)| +1G(x, y) = G(x, y)| + [H(x,y) — H(x, y")]
L
<Cgly -yl

Moreover, we assume the following growth condition on these coefficients,
together with a regularity condition and a centering condition on G. There exist

positive K, o, m1, mp and m3 such that for all x € R4, y € R¢:
|F(x, ) < KA+ [yDA + [x[™),
(Hp) 12
|H (x, y)I < K1+ [y["/5)(1 + [x]"?),

(Hg) the following smoothness, growth and centering conditions on function G
are satisfied:
G, ) eC’RY), |G,y —G& yl=Klx—x|
1G(x, )| + 10y G (x, I+ 107G (x, )| < K (14 [x]™),
/IRd G(x, y)u’(dx)=0.
Let X¢ := X?,, and By := e~ 'B,2,. Then
Xi=x+ /Ol b(X{, Y5 )du+ /Ota()'(;f, 5,)dBy,
so that X ¢ is asymptotically identical in law to X”.

Our strategy for proving that Y'* converges in law to a diffusion, to be precise, is
the same as the one used in [15], which follows ideas from previous works; see, for
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example, [13]. Let f:R? — R be an arbitrary smooth function. For each y € RY,
let {u(x, y), x € R} denote the solution of the Poisson equation

Lu(x,y)+(Vyf(y),G(x,y))=0.
Clearly u(x, y) = (V, f(y), PG(x,y)), where

o0
PG(x,y) ::/ dt/d pi(x,x"; y)G(X', y)dx'.
0 R

The basic identity, which is used both for checking the tightness of the
sequence Y¢ and identifying the limit, is obtained by applying It6’s formula in
order to express

fe(X7.Y7) = fe(X5, Y5),

where f.(x,y) = f(x) + eu(x,y). Needless to say, the results of the above
sections are essential in order to establish the required smoothness of u, and
express its derivatives.

We shall use the following notation:

(PO = [ pix. Giyar
Qi) y) = [ dypix. Giyydr,

(RijG)(x,y) =/Ooo dyiyipi(x, Gy y)dt.
Clearly
u(x,y) =(Vf(y), PG(x,y)).
Now for 1 <i, j <¢,
dyu(x, y) =3y, VL), PG(x, »))+(Vf(), QiG(x,y))
+(V (), P3y,Gl(x, y)),
By, dy,u(x, ) = (05, Vf(y), PG(x,))

+(0y, V), Q;G(x, )+ {8y, Vf(»), QiG(x, y))
+(3y, V£ (), PL3y;G1(x, ) +(3y; V f (), P[y,G1(x, y))
+(Vi(»), RijG(x, ) + (V. f (), P35, G](x, ).

THEOREM 4.  Let conditions (H***1), (H,), (Hp), (HL), (Hp) and (Hg) be
satisfied. Then for any T > 0, the family of processes {Y/,0 <t < T}o<e<] is
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weakly relatively compact in C([0, T1; RY). Any accumulation point Y is a solution
of the martingale problem associated to the operator

L = a1 (y)dy, dy, + bi (1)dy,

where
b()=FO)+), / Gi(x, )0y, (PG)(x, y)u” (dx)
£ 3 [ (e 39008, (PO, »ye? @)
i,k
and o )
a(y)=(H+§+ X)),
with

Fy) = / Fx, y)p (dx),
H(y) = / HH*(x, y)® (dx).

G(y) = f[G(x, VPG (x, ) + PG (x, y)G*(x, )]’ (dx),

d
iy =3 [ i, 98 (PG, )
k=1

+(Ho™) ji(x, y) 3y (PG (x, )]’ (dx).
If, moreover, the martingale problem associated to L is well posed (it is easy to

state sufficient conditions for that), then Y¢ = Y, where Y is the unique (in law)
diffusion process with generator L.

Notice that all integrals in the definition of .£ are well defined.

The proof is exactly the same as that in [15], except for one minor modification,
which we now explain, but we shall not repeat the proof. Namely, we had to
reinforce the boundedness assumption on G, since allowing that G grows linearly
in y, with bounded (with respect to y) derivatives in y would not prevent QG and
RG, hence the partial derivatives in y of PG to grow linearly in y, which would
destroy the compactness argument in [15], unless we assume that ' and H are
bounded in y.

Note that the condition |G (x, y) — G(x', y)| < Clx —x'|*, C, o > 0 is sufficient
for 8§G € C(R? x RY) due to Eidelman or Friedman results. This allows to use
the original It6 formula while in the first part of the paper we used the 1t6—Krylov
version.

4. Properties of a fundamental solution.

4.1. Auxiliary bounds for the transition density. Let us recall certain results
concerning upper bounds for fundamental solutions of the Cauchy problem. We
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use [8] adjusted to our (homogeneous) case; cf. Theorem 9.2 and Theorem 9.7;
see also Theorems 3.5 and 3.6 in [5] and [4]. Concerning the case [m| =2 in the
first part of Proposition 2, see remark around inequality (9.4.19) in [8].

In the next statement, we drop the index y. Note however that all the constants
are independent of y € R¢. This implies inequalities (8) and (11) for j = 0 from
Theorem 1.

PROPOSITION 2. Assume that condition (H,) holds and that b is bounded.

1. Leta(x,y), b(x,y) be Holder continuous (with exponent a > 0) in x uniformly
in y with some uniform constants. Then the transition density p,(x, x'; y) exists
and satisfies the following bounds: for any T > 0 there exist some constants
C,c > 0 such that forany 0 <|m| <2and0<t<T,

107 py(x, x'; y)| < Cr=@HIMD2 exp(—c|x’ — x|*/1).

2. Let a(-,y), b(-,y) € CI™ for some n € N, @ > 0 and with bounds uniform
iny. Then 8)’("” 8){/ p:i(x, x") exists and is a continuous function of (t, x,x’) in
(0, 00) x R4 deforaZIOS il +1jl<n,0<|m|<2andfor0<t<T,

0707, pi (x, x5 y)| < Co IIHIFTIRDR exp(—cle” — x /1),
10707, pr(x' — x, x5 y)| < Crm UMD 2 exp(—c|x|? /1),

with some constants C, ¢ > 0.

The next type of bounds we will use are based on the ergodic estimates of the
process {X; ; t > 0}. We first recall a result from [17].

LEMMA 1. Assume that conditions (H,) and (Hp) hold and there exists a
density p;(x,x'; y). Then for each m > 0, there exists a constant C,, such that for
allx eR4, t>0and y € R,

L 7 e ) ' < G117,

Notice that the power m 42 in the right-hand side can be replaced by m in the case
of constant nondegenerate diffusion; see [16].
We next establish the following lemma.

LEMMA 2. For each m,c > 0, there exists a constant C > 0 such that for all
0<tr<l,

t—d/Z/ (1 + |x/|m)—1 exp(_c |x —x/|2> dx/ <
R4 2t 1+ |X|m
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and

e —x'?

t_d/zf 1+ |x’|'")exp(—c )dx/ <C(1+|x|™).
R 2t

Though of course a nonprobabilistic proof of this lemma is available, we give
probabilistic arguments, which are probably as simple as any other possible proof.

PROOF OF LEMMA 2. It suffices to prove the first assertion for [x| > 1. Uptoa
factor which depends only on ¢ and d, the above left-hand side equals ({ B;; t > 0}
denotes again a d-dimensional standard Brownian motion)

1
E( )=E( 1B, < “/E'x')
L+ [x + B/ /el L+ [x + B/ Jelm 2
+IE< ;| Be| > ﬁlxl>
1+|X+Bz/\/z|m 2

1
<— +P(B 2),
< Tap T EIBI > Va2
from which the result follows with C = 2" (1 4 2¢™/?E|B;|™), using Chebyshev’s
inequality, and |x|~' <2(1 4 |x|)~! which follows from |x| > 1.
The second statement follows from the inequality

sup E(1+ |x + B;/+/c|™) <C(1 + |x|™). -
0<tr<l

We are now ready to prove the following proposition.

PROPOSITION 3. Letn € N. Assume that conditions (H,) and (Hp) hold, and
moreover, that the coefficients a and b are Holder continuous in x, uniformly with
respect to y, and that for each y € R, a(., y),b(-,y) e C} (Rd), where the bounds
for the functions and their derivatives are independent of y.

Then for anyk, j € Ry, there exist C,m > 0 such that for all x, x' e R, y € RY,
t>1,

C
n /

(19) |ax/]70<>()C ,y)| =< m,

14+ |x|™
20 a”, ,x: <C———
(20) |07, pi(x, x"5 y)| < TERE
and

1+ |x|™

21) 0%, pr(x, x5 y) — 3 poc (X', y)| = C

(L + 0k + X))
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Also, provided n > 1 and for each y € R, a(., y), b(-,y) € Cl()n_z)+ (R?), where

the bounds for the functions and their derivatives are independent of y,
I+ |x™
1+ Dk +[x'17)
The last inequality also holds for mixed derivatives 8;’,8;’, pt, provided again

n > 1 and the required regularity becomes the fact that a(-, y) and b(-, y) belong
to VT
b .

(22) 107 pe(x,xs y)| < C

PROOF. Remind that ¢ and b are Holder continuous with respect to x.
Along with the assumption a,b € C" it is essential for the estimates of 9}, p;
and 07 p;. We first note that a simple consequence of Proposition 2 is that
[07 p1(x, x’; ¥)| < ¢,. Combining this with the Chapman—Kolmogorov relation
implies that |8;’/ pi(x,x"; y)| <c for all t > 1. This implies (20) and (19) in case
|x’| < 1. We now prove (20) in case |x'| > 1:

|02 pr(x, x"s y)| = ‘/Rd pr—1(x, x"; ) pr(x", x'; y)dx"

//‘2

SC/ pro1(x, X" e K= gy
Rd

<C pr—1(x, x5 y)dx" + C exp[—c|x'|? /4]

I |>1x'1/2

j 4
< c<i> E,(1X;_1]7) + C exp[—c|x'|? /4]

|x']
1+ |x]/+2
1+ |x/|J

where we have used Lemma 1 in the final step. Inequality (20) is proved and (19)
is proved exactly in the same way. We now want to prove (21):

0% pr (x, x5 y) — 3% poa (X', )|
= /Rd!pt_l(x,X”; Y) = Poox”, y)| x [0 pr(x”, x"; ) | dx”

< Cllpy_ — ool
14 |x|™
T 14— DK
where the last inequality can be found in [16]. Note that k is arbitrary, and m
depends on k. Inequality (21) follows from this and the next inequality, which is a
direct consequence of (20) + (19):
1+ |x|/+?

n /.y an /
0% pi(x, x"3 y) axfpoo(x,y)lfcilﬂx,lj.
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We finally prove (22). First note that for n > 1,

/Rd 3 p1(x, X" Y) poo (X, y) dx" = 87 poc(x”, y)
=0.
Hence, from (21),

|02 pr (x, x5 y)| = VR[] 3 p1(x, X" W [pr—1 (", x5 y) — poo(x’, y)]dx”

<C e_c‘x_x//‘Z 1 + |.X'N|m . 1
— e (L+ kA + [x')V)
I+ |x™
= ~
A+ kA + |x'|F)
where the last step follows from Lemma 2. ,
We omit the proof of the last assertion for 97,9¢ p,. [

4.2. First derivative q; = dyp,. We now establish the differentiability of p,
with respect to y. The result of this section is the following.

THEOREM 5.  Assume that conditions (Hp), (H,) and (H'T*1) hold. Then for
eacht >0, x,x e R4, y € RE, pi(x, x'; y) is differentiable in the variable y, and
the gradient 9, p;(x, x'; y) is given by the formula

dypr(x,x",y) =qs(x,x'; y)

(23) ! /! aL /! /! /
:=/ dS/ Ps(xX, x5 y)— (", y)pr—s(x7, x5 y) dx.
0 R4 dy
The function q; is bounded and continuous in y for any t > 0, x, x’'. Moreover,
there exist C, ¢ > 0 such that forall 0 <t <1, x,x’, y,

C clx —x'|2
/.
4 e, x's ) = ~exp( -,

PROOF. We first check the integrability, that is, that formula (23) makes sense.
First the integrability over dx” for fixed 0 < s < ¢ is no problem, given the
estimates of Proposition 2. Here we use the assumption a, b € Cg’l, so that the
expression dL/dy is well defined. Now the second factor in the integrand is a
linear combination of partial derivatives of p,_g(x, x”; y) with respect to x of
order one and two, with bounded coefficients. Since we can always integrate by
parts one partial derivative in the dx” integral, we see that the integrand inside the
ds integral expressing ¢; is a sum of terms of the type

ajpz—s

"o, "
5 ", x5 y)dx",
m

3 p,
A.@ ij(x", y) aixf px.x";y)
n
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wherei, j =0,1,1 <n,m <d. It now follows from Proposition 2 that the integral
of the absolute value of the integrand in (23) is dominated by a constant times

t x_x//z x//_x/2
/ ds/ z sUTD2(; _ gyd+D/2 exp[—c!] exp[—c|t7|] dx"
0 ¢ s —s

_ . [ |x—x/|2}/‘f ds
—— exp| —c¢
= 172 °XP t 0 /s(t—y)

C lx — x'|?
< Wexp —Cf

which proves (24). Here we used the assumption a, b € Cé’o (see Proposition 2).
The same estimate holds when p; and p;_ are evaluated at different points
y and y'.
We now prove that p; is differentiable and that its derivative is given by (23).
For 1 <i < ¢, let ¢; denote the unit vector in the ith direction of RY, and let & # 0.
We define

pi(x,x"sy+hej) — pi(x,x';y)
- .

In what follows, we delete most of the indices for notational simplicity, including
the index i, and write y + /& instead of y + he;. The idea is to notice that

h _
3qgt(y) —Lg' )+ L(y +h;l L(y)

i,h
g7 (x, x5 y) =

(25)

p(y+h),  qt=0,

so that qth should be given by the formula

t
q,h(x,x’;y)=f de ps(x,x";y)
0 Rd

L(y+h)—L(y)
x I

where we can pass to the limit as # — 0 to get the desired assertion.

These last statements need some justifications since p; and hence q,h have sin-
gularities at t = 0, so that qé’ = 0 should be understood in a weak sense. A simple
way to justify our claims is to start with p;(x, ¢; y) = [ ¢ (x") p;(x, x; y) dx" and
gl (x, ¢ y) = [d (gl (x.x"; y)dx'1(t > 0), ¢ € CF°.

Due to [12], Theorem 4.5.2, the function p,(x, ¢; y) is a classical solution of
the problem

0 pi(x,¢9;y)=L(y)p:(x,9;y), po(x, @, y) =¢(x).

So qth (x, @; y) satisfies a smoothed version of equation (25), and is given by
the formula (26), but with p,_s(x”, x’, y) replaced by p;_s(x”, #,y). Now we

(26)

pi—s(x", x"; y + h)dx"
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let ¢ — 6,7, and use the estimate leading to the proof of (24) and Lebesgue’s
dominated convergence theorem. This shows (26).

We can now invoke the same argument in order to take the limit as # — 0 in
the right-hand side of (26), provided p;—s(x”,x’; y) and v p,—s(x”, x'; y) are
continuous in y (we get rid of the second derivative by integration by parts). The
first continuity (and even uniform Lipschitz continuity) follows from (26) and
implies the continuity of y — [ 8,/ p; (x”, x'; y)¢(x') dx’, provided ¢ € C'(R?)
and has compact support. It remains to exploit the boundedness of d, p; in order
to extract out of 9, p;(x, -; y,) a sequence which converges on a countable dense
set of (x”)’s, and continuity in x’, uniformly with respect to y in order to conclude
that the limit, indeed, equals to 9, p;(x, x’, y), as y, — y. So, we finally get (23).

Continuity of ¢ in y follows from the convergence of the integrand in (23)
uniformly with respectto y. [J

4.3. Behavior of the first derivative q; as t — 0o. Assumption (H!*®1) is
used in this section. It turns out that similar calculus can be applied to study the
behavior of ¢; as well as next derivatives a’; p:, by induction, provided certain
preliminary properties are established. Hence, we organized this and next section
as follows: we introduce new notation, p and L for this induction. Whilst the first
reading of this and next subsections, p;(x, x’, y) = p;(x, x’, y), and L = L. Then
we will establish additional bounds in order to be able to do the next induction
step, and at the next steps, p and L will mean some new functions. Notice that in
the next steps we do not assume p; to be a density or to be positive.

Define

OL(x,y)

s y) = = Bl y)
y
or, a bit more generally,
AL (x,y)
flexsyy =)0 Tpi(x,x’; ),

i

withany L' (x, y) = 3}, (x, )3y dx; + X b (x, y) 3y such thatall @', b') satisfy
the same nondegeneracy, boundedness and smoothness conditions as (a, b). Just
for simplicity, we do all the calculus with only one operator L, however, it remains
absolutely similar for any finite sum.

Consider the functions

t
i (x.x"; y) Z=/0 ds/ dx" ps(x, x"; y) fi (", x5 y)

(27) t
=/(; ds/ dx" pr_s(x, x"; ) fLx" x5y y)
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and
o0
(28) Goo(x, y) 1= / ds /d dx" poo (X", V) £ (2", X', ).
0 R
We need to show that
éoo(xla y) = ayﬁoo(x/a y)
and
Goo(x', y) = lim g (x,x"; y),
—>00
and for any function g : R¢ — R which satisfies a bound of the type
g < CA + [x]"),
the following integral converges:
o0 - / = / / /
/ dt/ [G: (%, X5 ¥) = Goo(x", ¥)]g (x7) dx".
0 Rd
More precisely, we now show the following theorem.

THEOREM 6. Assume that conditions (Hp), (H,) and (H'7*1) and the above
mentioned assumptions on p hold. Then for each k,m’ > 0, there exists C,m € R
such that forall y e RY, x,x’ e R, 1 > 1,

1+ [x|™
(14 /) (1 + Dk

(29) g (x, x5 y) — oo (x"; )| < C

(30) e, < 7
and moreover,
Goo(x,y) = 0y Poo(x, ¥).
Note that p, g stand for p and ¢ correspondingly.
PROOF OF THEOREM 6. Estimate (30) follows clearly from (29) and (24),

considered at ¢t = 1, x = 0. The last statement follows from taking the limit as
t — oo in the identity

ho
ﬁz(x,x/;y+hei)—ﬁ:(x,x/;y)=/0 g, (x,x"; y +ae) da

since the function g, (x, x’, -) is continuous, which is shown exactly as for g;.
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Let us establish (29). We have
Gr(x, x5 y) = Goolx, x5 y)

t
=/0 depz—s(x,x/’;y)fgl(X”,x’;y)dx/’
o0
_/O ds/poo(x”,y)fsl(x”,x’; y) dx//
12
=/O dS/(pz_s(x,x/’; Y) = poa (", W) £ (X", x5 y) dx”
t
+ //2 dS/pt—s(x,X”; W X y)dx”
t

o0
—/ dS/poo(x”,y)fsl(x”,x’;y)dx/’.
12

We now successively estimate each term of the above right-hand side.
Consider the first term. It follows from (21) that
1+ [x|™
s, x5 y) — x",y|<C .
|Pr—s ( Y) = Poo(X7, ) < A sk T )

So, estimating f,! with the help of Propostion 2 between 0 and 1 and of the
estimate (20) between 1 and ¢/2, we get

t/2
/ ds/dx Pres (x5 ¥) — P MILAL X3 )

1 m " 12
SC/ ds/ dx” x| . s_d/zexp[—cu]
0 (1 s

+1— )1+ [x"]))

t/2 1 m 1 1"j
+C/ ds/dx” Bl Ol
1 I+t =)<+ x")7) 14 |x|™
_ (1+ Jx|™)
T AF A+ DR
provided j > j' + d, and using Lemma 2.
Consider the second integral using (22):

1 _
fo ds / Py (e, 2" P|@y L) Brs (6, x's )| dx”

(1 [x"1™)
<C/ / Zex —x" —dsdx"
(= =%/ Qo) o s ey
_ /1 AR o AR
— 0 tk(1+|x/|m/) tk(1+|x’|m,)’

where we have used Lemma 1.
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Another part of this term is estimated by

1/2 )
/1 dS/ps(x,X”; WOy L(x") pr—s(x”, x5 y)| dx"

t/2 m )
SC/ / d+1x"™) ] a4 x7") _dsdx”
1 (1 + )R+ 127 (L4 1/2)K(0 + x|
< /’/2 (1+IXI’j’) ds < C a+1x" .
1 ()R + )Y (1 +1/2)% (1 +¢/2)K(1 + [x"]m")

Finally, we use (19) and (22), yielding

o0 -
/ ds / oo M|y L™) s (", x5 )| dx”
1)2
o c C(1+ x|
5/ dS/ , (:_|X|)Adx//
/2 L+ |x”™ (14 s)~(1+|x'|7)
C

< .
T (DRI A+ )
providedm’ >m +d. O

Note that f;l could be replaced by a finite sum ) ;" ; %—Zyk p*(x,x’, y), where

each pair (L*, 15") satisfies the assumptions stated for (L, p). Let us describe the
notation for the induction step j:

as;) ;3{ = p@,i =01....j - Ik L' = Cia/='L/3y/~" (tensor), and
p! = p(/) where p) is defined by formula (34) below; assumption
(H?T%J) is required for jth step.

4.4. Derivatives with respect to x,x’ : dy,0yq;. Again, during the first
reading, p = p and g = g. We first study the derivatives 9,g; and 0,/gso under
assumptions (H o1y and (HZt 1) (the latter is used only once). The existence
of both derivatives under (H'!'T®!) follow from the explicit expressions for
q: and g~. Indeed, we clearly have that

34, (x, ', ' of (", ¥,
qrx. >, y) :/ ds/dx”p;—s(x,x”,y)—f‘ 029,
ox’ 0 ox’
We will show that this function converges, as t — 00, to
00 9 |/
[ as [[axpoui T2,
0 ox’

Moreover, the last quantity is the derivative of g, with respect to x’, and the same
is true for second order derivatives with respect to x’.



1184 E. PARDOUX AND A. YU. VERETENNIKOV
THEOREM 7. Assume that conditions (Hp), (H,) and (H'T*1) hold. Then for
all k,m’ > 0, there exist real numbers C, m such that for all y,x,x" and all t > 1,

1+ |x|™
(14 |2/ ™"y (1 4 t)k

|0,/ (x, X3 ¥) — 3y Goc (X', ¥)| < C

and
0y'q -x/a =< ANK
|80x/Goo (X", Y)| < NI

PROOF. All terms can be estimated exactly as in the proof of Theorem 6,
except

1
[ ds [ (preseaxs3) = poota” D) £ )
which now becomes
1
/0 dS/(pz_s(x,x”; Y) = P&, )y £ (x", x's y) dx.

We have (see Proposition 3)
1
[ ds 13 = poe 1l £ 6 s ]

1 r_ 12
SCf 12 g 1+ [x|™ 4 s—d/2exp<_u> dx”
0 (L+ 0k +|x"|7) s

1+ |x|™
T (I +nkA+ X))’

The second inequality follows from the estimates

o0
19xoc (6 )] = [0 /0 as dx/poo<x’,y>f:<x’,x;y>‘

o0
= ax/o dS/dx/Lﬁpoo(X’,y)ﬁs(x’,x;y)‘

IA

1
ax/(; de dx/Lipoo(x’,y)ﬁs(x’,x;y)‘

o0
ax/l dS/ dx' L} poo(x', Y)[ps (X', x5 y) _ﬁoo(x,)’)]‘

1 1 1 Ix" — x|?
/
SC/O ds/dx 1+ [x'|] 5972 eXp<_c s )

+
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00 1 1+ |/ |"
+C/ m/dy 4 ] _
1 L+ x| (T4 |x|™)(1 +5)
c
=
=1 g

since j can be chosen arbitrarily large, in particular, greater than m’ 4 d and, as
usual, k > 1. O

We now study the derivative d,g;. Arguing as above, we can show that for fixed ¢
and any § <t/2,

-~ /. _ 8 apS . al—‘ " -~ " /. "
0xqr(x, x5 y)= [ ds (e, x ) — (7, ) pr—s (X7, X7 y) dx
0 RY 0X ay
=8 ) dL
G1) [ s [P ) S s X ) d
8 R4 Ox dy

t aL* ap )
+/¢ ,as /Rd 5 O, V)5 = x5 9 s O, X y) d”
We can prove the following theorem.

THEOREM 8. Assume that conditions (Hp), (H,) and (H'*%Y) hold. Then
forall k,m’ > 0, there exist real numbers C, m such that for all y € RY x,x' e R4
andallt > 1,
14+ |x|™

9,q:(x,x":y)| < C a )
|02 ( I NG

PROOF. We choose § = 1/2 in formula (31). We can estimate the right-hand
side of (31), using Propositions 2 and 3. We obtain that the absolute value of
dxq;(x, x’; y) is bounded by a constant times

2

/1/2S—(d+1)/2dS/ exp[_clx — x| ] 1+ |x" ™ i
0 Rd s (141 =)+ |x'}V)

t—1/2 / 1+ |x|™ 1+ |x//|j/ .,

1/2 re (L4+ )%+ |x"1)) (1 +1— (A + |x/|™)
t 1 m r_ 2
+ ds/ :— al _(t — )" exp[—cu] dx”,

t—1/2 R (1 4+ )1+ |x"]7) r—s

from which the result follows, using the assumption j > j’ + d, Lemma 2 and the
freedom of choice of the various parameters. []

+

For small # we can establish the following estimate. It is the only place where
we will use (H2+%1) in this section.



1186 E. PARDOUX AND A. Yu. VERETENNIKOV
PROPOSITION 4. Under condition (HH"’I),for any0 <t <1,
(32) |92 (x, x5 ¥)| < < eXP<—0M>-
[d+0/2 :
If (H**% 1Y is valid then also
/
(33) feiite x5 = e esp( )

PROOF. We have, with some bounded coefficients «(-) and 8(-),
dxqr (x, x5 y)
t
= /0 dS/ dx" ps(x, X" )y fL (" x5 y)

t/2
:/0 ds/ dx" [a1(x", y)ps(x,x"; )
+ B1(x", ) ps (6, x5 )02 Br—s (X, x5 )
t
+ - ds/ dx" [aa(x", y)ps(x,x"; y)
t

+ Bo(x”, )y ps(x, x5 y)
+y (", )02 py(x, X" )]0 prs (X", X3 y)

with some o1, a2, B1, B2, . It follows from the above estimates that

t
‘/0 dS/dx/’ps(x,x”;y)axfftl_s(X”,x’;y)‘
t/2 1 Ix — x//|2
1
ECA ds/dx mexp(—cﬁ>
1 |x/ x//|2
X @iz P\ T )
t 1 |x x//|2
+C ds/dx//iex <—C7>
1)2 (t —s)ld+Dh/2 P t—s

1 |x/_x//|2
X W exXp _Cf

- C ox < |x —x’|2)[/f/2 ds v ! ds }
—_ _Ci
= 7d;p XP t 0 (—s)/s JippAJt —ss

- C lx — x'|?
< Wexp —Cf
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which gives assertion (33). Inequality (32) follows similarly under (H Ite.1y from
the representation

t
axéz(x,X’,y)=/0 dS/ dx" (3x ps(x, x", ) fL (7, X', y)
t/2 -
- / ds / dx" (8, ps e, x", 1)) By L") pr—s (2" 2 y)
0

t
— //2 de dx" [82,0 pr—s (e, X", M[BE", ¥)xr ps (x, X7, )]
t
+ lower order terms,

which again leads to estimations

t/2 1 |x _ x//|2
1
/0‘ dS/ dx (t_s)w eXp<—Cﬁ>
1 |x/ //|2
X S@+n/z eXp( e )
t . //|2
+C ds/ dx ( c— )
1)2 (t — s)(d“)/2 t—s
1 |x/ _ x//|2
X W exXp —Cf)

C lx — x'|?
=@ P\ )

Inequality (32) and Proposition 4 are thus proved. [J

The same note as at the end of Section 4.3 applies here.

4.5. Higher order derivatives 8; Pt j > 2. We now want to study the tensor
valued function of 7, x, x', y:

P, x'sy) = 8 g 1 ) = 90 py (a1 y)
for j > 2 by induction.
THEOREM 9. Assume (HXt%J), the existence of (matrix or tensor)-functions
)(x x5 y) =29 P (X, x5 y)

for any 0 <i < j — 1, the existence of the limits p (x y) as t — oo and the
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following inequalities: for any m’, k there exist C, m such that

fax/pt(i)(x, x| < Ct_(d+1)/zexp(—c|x — x/|2/t), 0<r<l,
1+ [x|™
(1 4+ |x/|""y(1 4+ )k’

|0, p (e, x5 y) — B pD (', y)| < r>1,

C
depQ (| €
epec 0= (o

Then there exists 8§ pi(x,x'sy) = p,(j)(x, x'; y), there exists a limit

Jim p(x,xsy) = pD(x', y)

and
() /. p) 1+ [x]™
X, X X ; , t>1,
" (e, x5 y) = pl (', y)| < (1+|x’|m)(1—|—t)k
|8xrpt(j)(x, X' y)| < Cr= @D Rexp(—c|x — x'12/1), 0<t<l,
1+ |x]|™
30 p (e, xs y) — 3 p (L )| < , .11,
[0 pi M) = epse N = C o T
C
|3 /p(J)(x’)| < — .
(I + |x"")(A +1)
If, moreover, foralli < j — 1,
|8xp,(i)(x,x’; »| < Ct—d+h/2 exp(—clx — x/|2/t), 0<t<l,
and
(i) C
d x, x'; , t>1,
then the following inequalities hold true:
faxp,(j)(x,x’; »| < ct~@th/2 exp(—clx —x'|2/t), 0<t<l,
and
C
0 ) x, x';
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PROOF. We define p’’ by the formula [cf. with (27)]

P (x, x5 y)

G = /l dS/pz_s(x”,x’;y) > pOex"s YL (", y)dx"
0 O<i<j
with
L. _ci 3/ L
LI~ dyl—i

and repeat the arguments from Section 4.3—the first induction step—to show that
indeed

' j—1
pi @y =oyp? @ x ).
The other assertions of Theorem 9 follow immediately from results proved above

for p, and g, with p, = p,(j ), L= L; ; [cf. induction assumptions (IS;)]. [

Note that some assertions of the last theorem hold true under a weaker
assumption (H 'T%7/), similar to the previous section.

5. PDE solution bounds.

5.1. First derivative qtf =0y p,f . We now establish the differentiability of p,f
with respect to y under less restrictive assumptions than needed for the transition
density p;. Firstly, we study the case f(x,t) = g(x), that is, when the function f

does not depend on ¢. Let g(x), x € R4, g€ HY,
g0 < C(1+ [x[M).

The result of this subsection is the following theorem.

THEOREM 10. Assume that the conditions (Hp), (H,) and either (H*T*%1) 4+
(g € C)) or (H*Y) 4 (g € C***)) hold. Then for eacht > 0, x,x’ e RY, y e RY,
pi(x, g;y) is differentiable in the variable y, and the gradient dyp,(x, g; y) is
given by the formula

dypr(x,8,y)=qi(x,8;)

(35) ! 124 aL 124 14 124
:=/ dS/ Ps(x, x5 ) — (7, y)pr—s(x7, g1 y)dx”.
0 R4 dy

The function q; is bounded and continuous in y for any t > 0, x, x'.
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PROOF. Under assumption (H>t®1) + (g € C%) all assertions follow from
considerations in Theorem 5 with additional integration with respect to x’ variable.
Under assumption (H aly 4 (geC 2ta) the same calculus becomes even easier
due to the bound || p;(:, &, V)24« < Cllgll2+« Where C does not depends on ¢

([8], combination of Theorems 3.6 and 3.5). [

5.2. Behavior of the first derivative q,f ast — o0o. Recall the notation

oL
gy = @pz(x, g ).

We need to show that the following integral converges:

0
/ dt/ [9:(x, g:¥) — goo(g. y)1dx',
0 R4
where
Goo(g, y) = lim g(x, g y) = 9y poo(8, ),

and we have the representation

t
doo(g. y) = fo ds / dx" poox, "3 ) 1", 83 ).

More precisely, we now show the following theorem.

THEOREM 11. Assume that conditions (Hp), (H,) and either (H*t%!) +
(g € HY)) or (H*") + (g € C**%)) hold. Then for each k, there exists C,m € R
such that for all y € Ré xeRY 1> 1,
1+ |x|™
1+ )k’
|00 (g, V)| = C,

lgr(x, 8:¥) —qgoo(g: V)| < C

and moreover,

Goo(8,y) = dyPoo(g, ¥)-

The same assertion is valid for the second derivative, 83 pi(x,g,y) under
assumption either ((H'7e2y 4 (g € HY)) or ((H*?) + (g € Cc?)). Moreover, for
any k, there exists C,m € R such that for all y € R xeRY, 1> 1,

14 |x|™

d LGNS C—rr
10xq1 (x, 85 ¥)I G

Finally, for any t > 0 and y, p;(-, g, y) € C*+*.
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PROOF. Similarly to the previous theorem, again under assumption
((H*tely 4 (g € C%)), the proof follows from considerations in Theorem 5
with additional integration with respect to x’ variable, while under assump-
tion ((H*!) + (g € C*t?))—from the same calculus due to the bound Il pe (s

g W2+« < Cligll2+«- The assertion concerning axp,(])(x,g,y) follows from
the inequalities of Theorem 8 after integration with respect to variable x’. The
last assertion, p;(-, g,y) € C*te is classical; see [8], Theorem 3.5 or [12],
Chapter 4.

PROOF OF THEOREM 2. For the case j > 0, the proof follows from
Theorems 10 and 11 and the linearity of the operator g — p;(x, g, y) which
implies the formula

J
j _ € at ,
) pe(x, £, ) —;)Cj(ayp,)(x, g, y)\g:aj_zf.

The case j = 0 is implied by Theorem 1, also for j = 0, after integration with
respect to the variable x’. [
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