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Dynamical systems in the variational formulation of
the Fokker-Planck equation by the Wasserstein metric

Toshio Mikami
Department of Mathematics
Hokkaido University
Sapporo 060-0810, Japan
mikami@math.sci.hokudai.ac.jp

ABSTRACT
R. Jordan, D. Kinderlehrer and F. Otto proposed the discrete-time approximation
of the Fokker-Planck equation by the variational formulation. It is determined by
the Wasserstein metric, an energy functional and the Gibbs-Boltzmann entropy func-
tional. In this paper we study the asymptotic behavior of the dynamical systems
which describe their approximation of the Fokker-Planck equation and characterize
the limit as a solution to a class of variational problems.

MSC: primary 60F15; secondary 60H30.

Key words: Fokker-Planck equation, Wasserstein metric, energy functional, Gibbs-
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Abbreviated title: Dynamical systems for Fokker-Planck equation



1. Introduction.

Let us consider a nonnegative solution of the following Fokker-Planck equation:

op(t,z)/0t = Nup(t, z) + dive (VU (z)p(t,z)) (> 0,z € RY), (1.1).

/ p(t,z)de =1 (t>0). (1.2).
RA

Here ¥(r) is a function from R to R, and we put A, = Zle 0%/022, V =
(0/0z;)¢_,, and div,(-) =< V,- >. In Nelson’s stochastic mechanics (see [18, 19]),
it is crucial to construct a Markov process {£(t)}+>0, so called Nelson process, such
that for t > 0

P(E(t) € da) = p(t, z)dz,
£(t) = £(0) - / V(€ (s))ds + 22 W (1),

where W (t) denotes a d-dimensional Wiener process (see [26]).
For ¢ > 0, by (1.1),

Op(t,x) /0t = el;p(t,z)/2 + div,{((1 —e/2)V, logp(t,x) + V¥ (x))p(t,x)}. (1.3).

Suppose that V, log p(t,x) and VU(z) are continuously differentiable in x and that
(1 + |z])"*V,logp(t,x) and (1 + |z|)"'V¥(z) are bounded. Then there exists a
unique solution to the following stochastic integral equation: for ¢ > 0 and z € R,

Etr) =z — /0 {(1—2/2)V,logp(s,& (s, 2)) + VU(E (s, 2)) }ds + ' W (t) (1.4).
such that

[ mdsP (€ (t) € d2) = plt, )iz (1.5).

(see [2 and 26, and also 3, 14, 16, 21, 27]). Moreover for any T' > 0, (1—¢/2)V, log p(t, x)+}}
VU (z) is the unique minimizer of

/OT /R b(t, ) 2p(t, ) dwdt (1.6).

over all b(t, x) for which

op(t,z) /0t = eNyp(t,x)/2 — divy (b(t, z)p(t,x)) (0<t< T,z e R). (1.7).
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(This can be shown in the same way as in (6.1)-(6.2), by replacing logp(t,z) by
(1 —¢/2)logp(t,z) in (6.2).) By the standard argument (see [8]), one can show the
following: for any = € R,

P(lim sup |€°(t,z) — €°5(t,z)| = 0) = 1. (1.8).

e—=0o<t<T

This means that £°(¢,x) can be considered as the semiclassical limit of the Nelson
processes £°(t,x) with small fluctuation. The minimum of (1.6) over all b(¢,z) for
which (1.7) hold converges, as € — 0, to

/O /R g0 1) e (0, ) . (1.9).

In this paper we show that £° also plays a crucial role in the construction, by way of
the Wasserstein metric, of the solution to (1.1)-(1.2) (see [12]). We also characterize £°
as the solution to a class of variational problems. The importance of the consideration
in (1.3)-(1.9) will be discussed again in the end of section 2.

Let d denote the Wasserstein metric (or distance) defined by the following (see
[22] or [4], [5], [10]): for Borel probability measures P,Q on R%, put

AP.Q=int{(| o= yfp(dady)'?: 0

p(dz x R?Y) = P(dz), n(R* x dy) = Q(dy)}.

In particular, we put d(p,q) = d(P,Q) when P(dx) = p(x)dr and Q(dz) = q(x)dz.
Next we introduce the assumption used by R. Jordan, D. Kinderlehrer and F. Otto
in [12].

(A.1). ¥ € C*(R%[0,00)) and sup,cra{|V¥(x)|/(¥(z) + 1)} is finite.

(A.2). po(z) is a probability density function on R? and the following holds:

M(po) = / |x|2p0(9c)dac < 00,
Rd

F(po) = / d(logpo(x) + U (z))po(z)dr < co.
R
Under (A.1)-(A.2), for h > 0, we can define, a sequence of probability density func-

tions {p7},>0 on R?, inductively, by the following: put p? = py, and for p7, determine
p ™! as the minimizer of

d(py,p)?/2 + hF (p) (1.11).

over all probability density functions p for which M (p) is finite (see [12, Proposition
4.1]). For a probability density function p on R%, put

E@ELﬂ@WMmS@ELﬁWMWMm (1.12).
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and for h € (0,1),t >0 and = € R, put

pu(t,z) = p/ (), (1.13).

where [r| denotes the integer part of r € R. Then the following is known (see [20]
and the references therein for an application to physics).

Theorem 1.1. ([12, Theorem 5.1]). Suppose that (A.1)-(A.2) hold. Then for any
T >0,ash — 0, py(T,-) converges to p(T,-) weakly in L*(R%;dx), and p;, converges
to p strongly in L*([0,T] x R%; dtdz), where p(t,z) € C*((0,00) x R%; [0, 00)) is the
unique solution of (1.1)-(1.2) with an initial condition

p(t,-) — po, strongly in L'(R% dx), as t — 0, (1.14).

and M(p(t,)), E(p(t,)) and S(p(t,)) belong to L>((0, Tl; dt).
For p(z) and p;T'(z), there exists a lower semicontinuous convex function
©n () such that

p}:(x)(gv(p;ﬂ(x)(dy)dac (1.15).

is the minimizer of d(p}, py ™). Vit is called Monge function for d(p},p; ™). On
the probability space (RY, B(RY), Py(dx) = po(x)dx), put for h € (0,1), t > 0 and
z € RY,

X"(0,2) = Vyj(z) =,

Xh(twr) = vw%/h] (Xh(max([t/h] —1,0)h, z)). (1.16).

In this paper we first give a stochastic representation for p(¢,x) (see Theorem 2.1)
from which we give the estimate for V, logp(¢,x) (see Theorem 2.2) . In the proof,
we use exponential estimates on large deviations and the idea in [25] where they gave
estimates for the derivatives of the transition probability density functions of diffusion
processes (see section 4). By this estimate and an assumption on ¥ (see section 2),
we can construct the solution to the following: for € R¢,

dX (t,x)/dt = =V logp(t, X (t,z)) — VU (X(t,z)) (t>0),

X(0.2) = 5 (1.17).

(From now on, we use the notation X(¢,z) instead of £°(¢,x).) We also show
that X"(t,x) converges to X(t,r), as h — 0. In particular, it can be shown that
POX(t")_ (dzx) = p(t,z)dzx for t > 0 (see Theorem 2.3). (Recall that P())((t")_ (B) =
Po({z € RY : X(t,z) € B}) for B € B(R?).) This is conjecturable by the Euler

equation to (1.11). It can be written, formally, as the following: for n > 0,

X"((n+1)h,z) — X"(nh, ) (1.18).
= —h{VlongH(Xh((n + 1)h,z)) + V(X" ((n+ 1D)h,z))}

4



(see Lemma 5.3 in section 5 for the exact statement of (1.18)).

Let us give two examples.
Example 1.1 (One-dimensional case (see [22, Chap. 3], or [17], [23], [24])). Put, for
n>0,he(0,1) and x € R,

B@= [ pew (1.19).
For a distribution function F on R, put
F'u)=sup{z e R: F(z) <u} for0<u<l. (1.20).
Then for n >0, h € (0,1), z € R and t > 0,
Ve (@) = (B 7HER (@),
XMt 2) = (") 7L (Fy ().
Example 1.2 (Gaussian case). If U(z) = 0 and po(z) = (47)~ %2 exp(—|z|?/4), then

(1.21).

p(t,z) = (4r(t + 1))~ 2 exp(—|z>/{4(t + 1)}), X(t,z)= (t+1)Y%2.  (1.22).

In section 2, we state our result which will be proved in sections 3-6.

2. Convergence and characterization of dynamical systems.

In this section we state our main result. Let us recall that Py(dz) = po(x)dz. The
following is an additional assumption in this paper.

(A.3). ¥ € C*(R%R) and has bounded second, third and fourth derivatives.

(A.4). po(+) is a probability density function on R%, and is twice continuously differ-
entiable, with bounded derivatives up to the second order.

(A.5). —o0 < =C4 = ienéd{(|x]2 + 1)t log po(z)}.
(A.6). oo >Cy = supd{(|x\ + 1)V iogpo(z)|}.
zeR

For t > 0 and y € R%, let {Y(s,(t,9))}s>: be the solution to the following
stochastic integral equation:

Y (s, (t,y) =y+ /ts V(Y (u, (t,y)))du+ 2Y2(W(s) — W(t)). (2.1).

(2.1) has a unique strong solution under (A.3) (see [9], [13], or [26]). We also put, for
the sake of simplicity,

Y(s,y) =Y(s,(0,y)). (2.2).

It is known that {Y (s, (¢,y)) }s>¢ has the same probability law as that of {Y (s, y)}s>0-
The following theorem gives a stochastic representation for p(t, x).
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Theorem 2.1. Suppose that (A.1)-(A.4) hold. Then for any T > 0, p(t, x) is contin-
uously differentiable in t and has bounded, continuous derivatives up to the second
order in z on [0,T] x R%, and for any t > 0 and € R,

p(t,2) = Elpo(Y (t, 2)) exp( / AT(Y (s, 2))ds)]. (2.3).

By Theorem 2.1, we obtain the following result.

Theorem 2.2. Suppose that (A.1)-(A.6) hold. Then for any T > 0,

sup {(Jz] + 1)’1|Vm logp(t, z)|} < 0. (2.4).
z€R4,0<t<T

In particular, (1.17) has a unique solution.
REMARK 2.1. In Theorems 2.1 and 2.2, we assumed (A.1)-(A.2) only to use the fact
that p(t,x) is a smooth solution to (1.1)-(1.2) with (1.14).

By Theorems 2.1-2.2, we obtain the following.

Theorem 2.3. Suppose that (A.1)-(A.6) hold. Then for any T' > 0 and § > 0,
lim Py( sup |X(t,z) — X"(t,z)| >3) =0. (2.5).
h—0 0<t<T

In particular, for ¢ > 0,

Py (dy) = plt,y)dy. (2.6).
Put, for T' > 0,

AT = {{S(t,0)}ocicraene; Py (d) = p(t,x)de(0 <t <T),  (27).

{S(t,z)}o<i<r is absolutely continuous, Py — a.s.}.

The following result is a version of [14] in the case the stochastic processes under
consideration do not have random time evolution.

Theorem 2.4. Suppose that (A.1)-(A.6) hold. Then for any T > 0 and any
{S(t,2)}o<t<rwers € AT,

T T
o /0 dX (t,z)/dt|2dt] < Eo| /0 1dS(t, z) /dt|2dt), (2.8).

where the equality holds if and only if dS(t,x)/dt = dX (t,x)/dt dtPy(dx)-a.e..

For h € (0,1) and n > 0, let V@'t be the Monge function for d(p(nh, -), p((n +
1)h,-)) (see section 1). On the probability space (R, B(R?), P), put for h € (0,1),
t >0 and z € RY,



((k+1)h,z) = Vg (X (kh,z)) (k> 0),
h([t/h]h ) + (t = [t/hlh) (2.9).
< (X"(([t/h] + 1)h,z) — X"([t/h]h, ) /h.

X"
=X

Put also for h € (0,1) and T" > 0,

= {{S(ta x)}OSth,xERd; Pés(u.)_ (dl’) = p(ta l‘)diﬂ(t = Oa ha Ty [T/h]hlzlo)
{S(t,z)}o<i<r is absolutely continuous, Py — a.s.}.

Then the following holds.

Theorem 2.5. Suppose that (A.1)-(A.6) hold. Then for any h € (0,1) and T > h,
{X"(t, ) }o<i<Twera IS the unique minimizer of

[T/h]h
/ Eol|dS(t, z)/dt|*)dt (2.11).
0
over all {S(t,2)}o<i<T2ere € A}, and the following holds: for any 7' > 0 and § > 0,

lim Py( sup |X(t,z) — X"(t,x)| > ) =0. (2.12).
h—0 0<t<T

For Borel probability density functions pg(x) and pi(z) on R? the Markov
diffusion process {&(t)}o<i<1 with a drift vector b¢(t,z) and with an identity dif-
fusion matrix is called the h-pass process with the initial and terminal distribu-
tions pg(x)dr and pl( )dz, respectively, if and only if P(ﬁ() € dr) = pi(z)de
(t =0,1) and if fo |b£ (t,€(t))|?]dt is the minimum of fo Jra [b(t, 2)[q(t, z)dzdt
over all (b(t,z), q(t,x)) for which ¢(t, x) satisfies (1.7) with & = 1 and with p replaced
by ¢ on (0,1) x Rd and for which ¢(t,x) = pi(z) (t = 0,1). Theorem 2.5 implies
that X'(¢,z) on (R* B(RY), P,) plays a similar role to that of the h-path process
(see [14]), when diffusion matrices vanish. If the similar result to (1.3)-(1.9) holds for
X L(t,x) and the h-pass process with a diffusion matrix = eId, then one can consider
Theorem 2.5 as a zero noise limit of stochastic control problems. This implies that
one might be able to treat the Monge-Kantorovich problem in the frame work of
stochastic control problems. This is our future problem.



3. Proof of Theorem 2.1.

In this section we prove Theorem 2.1. The proof is devided into four lemmas.

For a m-dimensional vector function f(x) = (f(x))"™, (z € R%), put

Df(x) = (0f (2)/0zi)iy,  |floc = Sup Q1 @) (3.1).
z€RT )

The following lemma can be proved by the standard argument, making use of
Ito6’s formula (see e.g. [9]) and of Gronwall’s inequality (see [11]), and we omit the
proof (see also [9, p. 120, Theorem 5.3]).

Lemma 3.1. Suppose that (A.3) holds. Then (2.1) has a unique strong solution,
and there exist positive constants Cs and {C(m)},,>1 which depends only on |V¥|
and |D*V|., such that fort > 0 and y € R,

E[lY (t, )] < Cm)O_ [yl + 1) exp(C(m)t)  (m > 1),
k=1 (3.2).

0Y " (t,y)/0y;| < C3exp(Cst), P—as. (i,j=1,---,d).

For t > 0 and y € R%, put

q(t,y) = Elpo(Y (£,y)) eXp(/O AW(Y (s,y))ds)]. (3.3).

Then the following can be proved in the same way as in [9, Chap. 5, Theorems 5.5
and 6.1] and the proof is omitted.

Lemma 3.2. Suppose that (A.3)-(A.4) hold. Then for any T > 0, q(t,y) has
bounded, continuous derivatives in y up to the second order, and is continuously
differentiable in t on [0,T] x R%, and is a solution to (1.1).

By Lemmas 3.1 and 3.2, we get the following lemma.

Lemma 3.3. Suppose that (A.1)-(A.4) hold. Then for t > 0 and z € RY,

p(t,x) > q(t, x). (3.4).
(Proof). For R > 0 and x € R%, put
or(z) =inf{t > 0:|Y(t,z)| > R}. (3.5).

By It6’s formula, if R > |z| and 0 < s < t, then one can easily show that the following
is true:



p(t,x) = E[p(t — min(ogr(x), s), Y (min(og(x), s),x)) (3.6).

min(ogr(x),s)
« expl /0 AU(Y (u, 2))du)]
> Elp(t—s,Y(s,x)) exp(/os AV(Y (u,z))du);or(x) > t] — q(t, z),

as s — t and then R — oo. Indeed, by (A.3), Lemma 3.1, and the Cameron-Martin-
Maruyama-Girsanov formula (see [13]),

Ellp(t —s,Y(s,2z)) — p(0,Y (s, 2))| exp(/os AV(Y (u,z))du); or(x) > 1] (3.7).
= E[lp(t — s,z + 2Y2W(s)) — p(0, 2 + 2'/2W (s))|

t t
X exp(/ < VU (z 4 2Y2W (u)), 27 Y2dW (u) > —/ (VU (2 + 2Y2W (u)) | du/4
0 0

* / AW (x4 2"2W (w))du); sup |z + 22 W (u)| < R]
0

0<s<t
< [ bl = s+ 212) — p(0,2 + 22y ldy
R

x (218) " Y2 exp( sup W(z)/2 + t|AV|s /2) — 0,
|z|<R

as s — t, by Theorem 1.1. Here we used the following: by It6’s formula,
t
/ < VU (z +2Y2W (u)), 27 2dW (u) >
0

= {U(z +2Y2W (1) — ¥(z) — /Ot AV (z 4 2Y2W (u))du} /2.
Q. E. D.

The following lemma together with Lemma 3.2 completes the proof of Theorem
2.1.

Lemma 3.4. Suppose that (A.1)-(A.4) hold. Then for t > 0 and z € RY,

p(t,x) = E[po(Y(t,a:))exp(/O AV (Y (s,z))ds)]. (3.8).

(Proof). By Lemma 3.2, q(t¢,x) is a solution to (1.1) with ¢(0,x) = po(z). Hence for
t >0,

Ad q(t,x)dz = /Rd po(x)dx =1 (3.9).
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by Lemma 3.3. (3.9) together with (1.2), (3.4) and the continuity of p and ¢ completes
the proof.
Q. E. D.

4. Proof of Theorem 2.2.

In this section we prove Theorem 2.2. We put Cy = |[V¥|, + |D?*¥|.
We first state and prove six technical lemmas.

Lemma 4.1. Suppose that (A.1)-(A.5) hold. Then there exists a positive constant
Cs which depends only on |VV¥|., |D?¥|,, and |po|so such that fort > 0 and x € R,

exp(—Cs(|z|? + 1+ 1) exp(Cst)) < p(t,z) < Csexp(Cst). (4.1).
(Proof). By Lemma 3.4,

p(t, ) < [poloo exp(t|AW]c), (4.2).

and by Jensen’s inequality (see [1]),

p(t,x) > exp(Ellogpo(Y (¢, 7)) + / AT(Y (s, y))ds]) (4.3).

> exp(—E[C1([Y (t,2)]* + 1)] = t|A¥]o)
by (A.5), which completes the proof by Lemma 3.1.
Q. E. D.

For t and T for which 0 < t < T and 2z € R%, let {Z7 (s, (t,2))}i<s<T be the
solution to the following stochastic integral equation: for s € [t,T1,

I (s, (t,2)) = = + /ts{zvx log p(t + T — u, Z7 (u, (t, 2))) (4.4).
+ V(2T (u, (t,2))) Ydu + 22 {W (s) — W (1)},

up to the explosion time (see [26]).
The following lemma shows that (4.4) has a nonexplosive strong solution.

Lemma 4.2. Suppose that (A.1)-(A.5) hold. Then for t and T for which 0 <t < T,
(4.4) has a unique nonexplosive strong solution and there exists a positive constant
Cs which depends only on |V¥|.,, |D?*¥|, and |po|eo such that for z € RY,

Co exp(CsT)(|2]> + 1+ 1) (4.5).

> sup E[IZT(S,(LZ))FHE[/t Vo log p(T +t — 5,27 (s, (¢, 2))) [P ds].

t<s<T

10



(Proof). For R > 0, put

74 (t, 2) = inf{min(s, T) >t : |Z7 (s, (t,2))| > R}. (4.6).

Then by Lemma 4.1,

T (t,2)
zﬁ/ Vo log p(T + £ — 5, 27 (s, (¢, 2))) [2ds] (4.7).
t

<logCs + CsT + Cs(|2]* + 1 + T) exp(C5T) + T|AY | .

This can be shown by applying It6’s formula to logp(T +t — s, Z7 (s, (t, 2))), and by
the following: by (1.1),

dlogp(t,x) /0t = Nz logp(t, x)+ < 2V, logp(t,x) + VU(z), V, logp(t, x) X4.8).
+ AV (z) — |V, log p(t, x)|?.

The following also can be shown, making use of It6’s formula and Gronwall’s
inequality, by tha standard argument: for s € [t, T,

E[|Z" (min(s, 74 (t, 2)), (t, 2))|?] (4.9).
Tg(t,z)
g(ﬂj 29, logp(T -+t — u, 27 (u, (t, 2))) *du]
+ 2% 4+ 2(T — t)(d + C%)) exp(2(C? +1)(s — t)).

Let R — oo in (4.7) and (4.9) and then the proof is over.
Q. E. D.

The following lemma can be proved easily and we only sketch the proof.

Lemma 4.3. Suppose that (A.3) holds. Then for T € (0,1/(2Cy4)) and y € R4,

limsup R~2log P( sup |Y(t,y)| > R) < —(1 — 2C4T)?/(16T). (4.10).
R—o00 0<t<T

(Proof). Put

r=(R?—|y|>—2Td — 2TC4R(R + 1)) /(8T R?) (4.11).

which is positive for sufficiently large R > 0. Then by (3.5) and by applying [t&’s
formula to |Y'(¢,9)|?, and by the Cameron-Martin-Maruyama-Girsanov formula,

11



P(OiltlgT Y(t,y)| > R) (4.12).
= exp(—rR? + rly|*) Elexp(r|Y (cr(y), )I* — rly|*); or(y) < T

min(T,0r(y))
= eXp(—rR2 + r|y|2)E[exp(r23/2/ <Y(s,y),dW(s) >
0

) min(T,0r(y)) ) min(T,or(y)) 5 9
a4 / 1Y (s, y)[2ds + / (4r]Y (s, )]
0 0

+7r <2Y(s,y), V¥(Y(s,y)) > +2rd)ds);or(y) < T
<exp(—rR? 4+ r|y|* + T(4r*R* + 2rC4R(R + 1) + 2rd))
= exp(—R*(1 — (|Jy|* + 2Td)/R* — 2T'C4(1 + 1/R))?/(16T))

by (4.11), which completes the proof.
Q. E. D.

Lemma 4.4. Suppose that (A.1)-(A.5) hold. Then for t and T for which 0 <t <T
and z € R, the probability law of {Z7 (s, (t, z)) }i<s<r is absolutely continuous with
respect to that of {Y (s, (t,2))}i<s<r and on C([t, T]; RY),

(deT(-,(t,Z))_l/de(w(t»Z))_l)(}/(.7 (t,2))) (4.13).

= [p(t, Y (T, (t, 2)))/p(T; 2)] exp( / AT(Y (s, (t, 2)))ds).

Moreover if T'—t < 1/(2C4), then

limsup R~?log P( sup |Z7(s,(t,2))| > R) (4.14).
R—o0 t<s<T
< —(1—2C4(T —1))?/(16(T —t)).
(Proof). First we prove (4.13). By Lemma 4.2, PZ" (:(:2)™" is absolutely continuous
with respect to PY (2D on C([t, T); R?), and
(aP? 0D japY T (Y (-, (1, 2))) (4.15).

T
= exp(2'/? / < Vglogp(T +t—s,Y(s,(t2))),dW(s) >
t

_ /t V. logp(T + ¢ — 5, Y (s, (£, 2)))[2ds)

on CO([t, T]; RY) (see [13, Chap. 7]). Applying It&’s formula to log p(T+t—s,Y (s, (t,2))),}
we get (4.13).
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Next we prove (4.14). By (4.13),

P(t<suET |ZT (s, (t, 2))| > R) (4.16).
= El(p(t,Y(T, (t,2)))/p(T, 2)) eXP(/t AR (s, (t2)))ds); sup [Y(s,(t,2))| = E]

S C5 exp(C’5t + C5(|Z‘2 + 1+ T) exp(C’5T) + (T — t)|A\I/’oo)

X P(tSuET Y(s,(t,2))| > R)

by Lemma 4.1. This and Lemma 4.3 completes the proof (see below (2.2)).

Q. E. D.
Put 0; = 0/0,,. We obtain the following lemma.
Lemma 4.5. Suppose that (A.1)-(A.6) hold. Then for any T > 0,
limsup R ?log{  sup |0; log p(t,x)|} < 0. (4.17).

R—o0 |z|=R,0<t<T
(Proof). For t € [0,T] and y € R%, by (A.6) (see [9, p.122, Theorem 5.5]),

|0ilog p(t, y)| < E{C2(]Y (¢, 9)| + 1) +t|V(A‘I’)|oo}OS<ugt |0Y (s,y)/0yi| ~ (4.18).

% oY (t, ) exp( / AT(Y (s, ))ds)) /p(t. )
< d2C45 exp(Cst){Co + t|V(AT) |
+ CLE(Y (¢ ) lpo(Y (¢, ) exp / AT(Y(s,4))ds)]/plt, )

by Lemma 3.1. We only have to consider the second part on the last part of (4.18):
for m € N, by Holder’s inequality

E[IY(t,y)lpo(Y(t,y))exp(/o AW(Y (s,y))ds)]/p(t, y) (4.19).

< BV ()P ool (tp)exp | AT ()] (e, )72

< {Ipoloc exp(t| AT o)}/ M E[Y (8, )P )
x exp(Cs(lyl* +t + 1) exp(Cst) /(2m)
by Lemma 4.1. By Lemma 3.1, (4.18) and (4.19), as m — oo,

limsup R ?log{ sup  |9;logp(t,z)|} < Csexp(CsT)/(2m) — 0. (4.20).
R—o0 |z|=R,0<t<T

Q. E. D.
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Lemma 4.6. Suppose that (A.1)-(A.6) hold and that (2.4) holds with T = Ty for
some Ty > 0. Then for T € (Ty, To + 1/(2Cy)) and z € R4,

lim E[0;logp(T 4 Ty — 14 (To, 2), ZT (14 (T, 2), (To, 2)))] (4.21).

R—o0

= E[9;log p(To, 2™ (T, (To, 2)))].

(Proof). For T € (Ty, Ty + 1/(2C4)) and z € R4, by (4.6),

E[0;log p(T + Ty — 74 (To, 2), ZT (11 (To, 2), (Tp, 2)))] (4.22).
= E[0;log p(To, Z' (T, (To, 2))); i (To, 2) = T
+ E[0;log p(T 4 To — 74 (To, 2), ZT (15 (T, 2), (To, 2))); 4 (T, 2) < T).

The second part on the right hand side of (4.22) converges to 0 as R — oo, by
Lemmas 4.4 and 4.5. The first part on the right hand side of (4.22) converges to
E[0;1og p(Ty, ZT (T, (Ty, 2)))] as R — oo, by Lemma 4.2 and the assumption on in-
duction.

Q. E. D.
Finally we prove Theorem 2.2.

Proof of Theorem 2.2.

Suppose that (2.4) holds for T' = Ty > 0. Then for z € R% and T € (Ty, To+1/(2C4)),
by Ito’s formula,

E[0;logp(T + Ty — & (To, 2), ZT (11 (To, 2), (T, 2)))] — 9 log p(T, 2) (4.23).
TIg(TO7Z)

= —F| i [0 AU (ZT (u, (T, 2)))+ < O,V (ZT (u, (To, 2)))

Ve logp(T + Ty — u, Z7 (u, (Ty, 2))) >]dul,

since p(t, z) is smooth by Theorem 1.1, and since

0[0; log p(t, x)]/ ot (4.24).
= N,;[0;log p(t, z)]+ < 2V logp(t, x) + V¥ (x), V. [0; log p(t, z)] >
+ 0, AY(x)+ < 0; V¥ (x),V, logp(t,z) >

from (4.8). Let R — oo in (4.23). Then by (A.3), Lemmas 4.2 and 4.6,
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B0:logp(To, Z" (T, (Tv, 2)))] — 9; log p(T’, 2) (4.25).

T
— —E[/T [0, AU (ZT (u, (T, 2)))+ < 0;VU(ZT (u, (T, 2)))

Vo logp(T + Ty — u, Z7 (u, (T, 2))) >]dul).

(4.25) and Lemma 4.2 show that (2.4) is true for T € (Ty, To +1/(2C4)) by (A.3) and
the assumption on induction. Inductively, one can show that (2.4) is true.
Q. E. D.

5. Proof of Theorem 2.3.

In this section, we prove Theorem 2.3. Throughout this section, we assume that
h € (0,1) and fix T' > 0.
Let us first state and prove technical lemmas.

Lemma 5.1. (see [12, p. 12, (45)]) Suppose that (A.1)-(A.2) hold. Then the follow-
ing holds:

[T/h]

sup > Bol|X"((k + 1)h, x) — X" (kh,x)|*]/h < oo. (5.1).
<hsl -0

Put, for t > 0 and =z € RY,

X"(t,x) = X"([t/h]h, z)

+ (¢ = [t/h){X"(([t/h] + Dh,x) — X" ([t/h]h, )} /R,
b(t,z) = -V, logp(t,x) — VU (x),

(5.2)
C(b, R) = sup{|b(s,x) — b(s,y)|/|z —y| : 0 < s < T,
z#y |zl [yl <R}, (R>0),
C(b) = sup{|b(t,z)/(|z| +1): 0 <t < T,z € R}
(see Theorems 2.1 and 2.2). Then we obtain the following.
Lemma 5.2. Suppose that (A.1)-(A.6) hold. For Ry > 0, suppose that
. (T/h]
X (0,2)] =[X"(0,2)] < Ry, Y |X"((k+ 1)h,2) — X"(kh,x)?/h < Ry. (5.3).
k=0

Then for R > max((R; + C(b)(T + 1)) exp(C(b)(T + 1)), Ry + (T + 1)R1)"/?), the
following holds: for t € [0, T,
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IX(t,z) — X'(t,2)] (5.4).
S (Tsup{|b(8,y) - b(S + h,Z)| : 0 S S S Ta |y|7 |Z| S R7 |y - Z|2 S th}

+/O Ib(s + B, X" (([s/h] + 1)h, z))
— (X"(([s/n] + Dh,z) — X"([s/h]h, x))/h|ds) exp(tC(b, R)).
(Proof). By Gronwall’s inequality,

sup max(|X (t,2)|, | X (t,2)]) < R, (5.5).
0<t<([T'/h]4+1)h,|z|<R:1

since

| X (t,z)| = |ﬂv+/0 b(s, X (s,x))ds| < |x| -l—/o C(b)(|X(s,x)| + 1)ds,

and since
. [t/h]
X7 (t, )| < ol + [([t/h] + 1) D X" ((k+ )b, z) — X" (kh, z)[]"/2.
k=0

By (5.5) and Gronwall’s inequality, we can show that (5.4) is true, since for
t €[0,T],
X(t,z) — X "(t,z) (5.6).
:/0 (b(s, X (5,2)) — b(s, X (s, z)))ds
+/0 (b(s, X" (5,2)) — b(s + h, X" ((|s/R] + 1)h, z)))ds
+/ (b(s + h, X" (([s/h] + 1)h, z))
0

— (X"((Is/h] + 1)h,x) = X" ([s/hlh, x))/h)ds,
and since for s € [0, T,
. [T/h]

X" (s,2) — X" (([s/h] + V)h, )2 < > IXM((k+ V)b, x) — X (kb 2)[?.
k=0

Q. E. D.
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Lemma 5.3. (see [12, p. 11, (40)]) Suppose that (A.1)-(A.2) hold. Then for any
feC RY:RY) and k > 0,

Eol< f(X™"((k+Dh,z)), X"((k+ 1)h,z) — X"(kh,z) >] (5.7).
= —hEy[< VU(X"((k+ Dh,z)), F(X"((k+ 1)h,z)) > —divf(X"((k + 1)h,z))].

For R > 0, take ¢ € C°(R? : [0,00)) such that

sup [Vor(z)| < 1/R,

zeR4
 iffa] < R (5.8).
or(x) =< €[0,1]; if R <|z| <2R+1,
0; if 2R + 1 < ||,
and put
br(t,x) = or(2)b(t, ). (5.9).

The following lemma can be easily shown by Theorem 1.1 and Lemma 5.3, and
the proof is omitted.

Lemma 5.4. Suppose that (A.1)-(A.5) hold. Then for any R > 0, the following
holds.

lim EO[/ br(s + b, X" (([s/h] + 1)k, 2))[2ds] (5.10).
/ dS/Rd!bRsymsy)
lim EO[/T < buls+ b, X" (([s/h] + V), z) (5.11).
h—0 0

C(X"(([s/h] + 1)h, ) — X"([s/h]h,x))/h > ds]
/ ds [ < balsw).bs.0) > pls.v)d.
Rd
For k >0, s > kh, z € R? and R > 0, put
CID;“%R(S,:U) =1z + (s — kh)bgr(kh, ),
D®} p(s,x)(= Dy ®f p(s,x)) = Identity + (s — kh)(0bj (kh, x)/axj)” 1, (5.12).

¢F p(@)dz = (pf (z)dx)Phn(HDR) T

provided that it exists. Then we obtain the following.
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Lemma 5.5. Suppose that (A.1)-(A.5) hold. Then for R > 0 and k =0,---,[T/h|—
1, there exist mappings {@ﬁ’R(s, )" Yen<s<(k+1)n for sufficiently small h > 0 depend-
ing only on T' and R, and the following holds:

[T/h]—-1

i > Foflog gl n(® p((k + 1), X" (kh, 2))) — log ph (X" (kh, 2))] (5.13).

k=0
T

= —/ dS/ divybr(s,y)p(s,y)dy,
0 R4

[T/h]—1

lim Eo[¥(®) z((k+1)h, X"(kh,z))) — U(X"(kh, z))] (5.14).
k=0

:/0 ds/Rd < VU(y),br(s,y) > p(s,y)dy.

(Proof). Take h € (0, 1) sufficiently small so that

d
hsup{( Y _ [9b(s,2)/0x;)/?:0< s < T,z e RY} <1, (5.15).

1,j=1

which is possible from Theorem 2.1 and Lemma 4.1. By (5.15), the proof of the first
part is trivial (see [11]).
Let us prove (5.13). Since

ai r(@) = Ph(®h p((k +1)h, )"} (x))det(DP p((k +1)h, )"} (z))

for k=0,---,[T/h] — 1 and x € R%, we have

Eollog g5} g (®F g((k+ 1)k, X" (kh,z))) — log pj, (X" (kh, z))] (5.16).
(k+1)h d o

= —/ / Z sgnaZDbe(kh, y)ie @
kh R¢ S o5 Pt

X Hj#iDq);gz,R(sv y)ja(j){det(D(I)Z,R(sa y))}ilph(sv y)dyds'

Here S; denotes a permutation group on {1,---,d}. Hence we obtain (5.13) by
Theorem 1.1, the smoothness of br, and the bounded convergence theorem since

D@Ey/g ] (s,y) is bounded and converges to an identity matrix as h — 0.
Next we prove (5.14). For k=0,---,[T/h] — 1,
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Eo[¥(®f r((k+1)h, X"(kh,z))) — U(X"(kh, z))] (5.17).

(W
(k+1)h
— /kh /Rd[< V\P(@Q,R(Syy)),bR(kh,y) >]ph(3,y)dyds,

which completes the proof by Theorem 1.1.
Q. E. D.

Lemma 5.6. (see [12, p. 6, (15)]) For any « € (d/(d + 2),1), there exists a positive
constant C' such that the following holds: for any R > 0 and any probability density
function p on RY for which M (p) < oo (see (A.2)),

/||>R o l\p(x) log p(z)|dz < C(R? 4 1)(-@+Datd)/2(pr(p) 4+ 1), (5.18).
x|2r,p(x)<

Lemma 5.7. Suppose that (A.1)-(A.2) hold. Then the following holds:

limint F(pj, ") = F(p(T,-)). (5.19).
(Proof).
F(png/h]) > /T , pELT/h] () longLT/h] (x)dz (5.20).
i M (2)<1,|2|>R

+/|a%ﬁmwﬂwmeW@m
z|<R

The first integral on the right hand side of (5.20) can be shown to converges to zero
as h — 0 and then R — oo by Lemmas 5.1 and 5.6, and (A.2), since

[T/h]—1
MMy <2(T/m) S Eol| XMk + 1)h,a) — X" (kh, 2)%] + 2Eo[l?). (5.21).
k=0

The following together with Theorem 1.1 completes the proof: by Jensen’s inequality,
/ pi @) log i (@) da (5.22).
lz|<R
> / png/h] (x)logp(T, z)dx
|z|<R
- /| P on [ [ ),
z|<R

|z|<R |z|<R

Q. E. D.
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Lemma 5.8. Suppose that (A.1)-(A.6) hold. Then

(T/h]—

hr}?sgp Z Eo[| X" ((k 4+ 1)h,z) — X" (kh,2)|?]/h (5.23).

/ds/ S
RA

(Proof). For k=0,---,[T/h] —1 and R > 0,

Eo[|X"((k + D)h,x) — X"(kh, 2)]*]/h = d(p};, pj, )%/ (5.24).
< Eol|@f; g((k + 1)h, X" (kh, x)) — X" (kh,z)[* /1] + 2F (qj; ) — 2F (), ")
= 2F(qy, g) — 2F (p};) + Elh|br(kh, X" (kh,2))|?] = 2F (p, ") + 2F (p}))

(see (1.11), (1.15)-(1.16) and (5.12)). By Lemmas 5.5 and 5.7, we only have to show
the following:

_F(p(T, ) + F(p(0,)) = /0 ds /R b(s, ) Pp(s, ) (5.25).

For s and ¢ for which 0 <t < s <t+1/(2Cy),

—F(p(s,-)) + F(p(t,-)) = /ts du /Rd |b(u, ) [*p(u, z)dx. (5.26).

This is true, since

/Rd p(s,2)dzP(Z°%(u,(t,z)) € dx) = p(t+ s —u,z)dr (t<u<s) (5.27).

by (4.4) (see [7] or [15]), and henceforth by applying It6’s formula to logp(t + s —
TR(t,2), Z°(Th(t, 2), (1, 2))) + W(Z°(TR(E 2), (8, 2))) (2 € RY, R > 0),

—F(p(8,~)) —|—F(p(t,-)) (528)
= /Rd p(s, z)dzElog p(t, Z°(s, (t, 2))) + W(Z°(s, (t, 2))) — log p(s, z) — ¥(z)]

= / du/ p(t + s —u,z)dz|b(t + s — u, x)|?
t Rd
by (4.8), Lemmas 4.2 and 4.4, Theorem 2.2 and (A.3).

Let us finally prove Theorem 2.3.
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Proof of Theorem 2.3.
For R, > 0 and € > (hRy)"/?,

Py( sup |X(t,x) — X" (t,x)| > 2) (5.29).
0<t<T
[7/h]
< Po( Y |X"((k + Dh,x) — X (kh,2)?/h > Ry)
k=0
+ Po(|X(0,2)] = [X"(0,2)] > Ry)
[7/h]
+ Po( Y |X"((k + Dh,z) — X"(kh, z)[*/h < Ry,
k=0
1X(0,2)| = [X(0,2)| < Ry, sup |X(t,2) — X "(t,2)| > e).
0<t<T

This is true, since for ¢t € [0, T

(T/h]
X" (t) = Xt 0)| < {0 XM+ D) — X" (ih, 2) 212,
i=0
The first and the second probabilities on the right hand side of (5.29) converge
to zero as h — 0 and then R; — oo by Lemma 5.1 and Chebychev’s inequality. Let
us show that the third probability on the right hand side of (5.29) converges to zero
as h — 0. By Lemma 5.2 and Chebychev’s inequality, we only have to show the
following;:

0= Jim EO[/O b(s + b, X" (([s/h] + 1)h, 2)) (5.30).

— (X"(([s/h] + 1h,x) = X"([s/h]h, x))/h|ds].
Let us prove (5.30). For R’ > 0,

EO[/OT 1b(s + 1, X" (([s/] + 1)h,z)) (5.31).
— (X"(([s/h] + Dh,z) = X"([s/hlh, x))/h)|ds]
< Bl [ " ols + 1, X" (/8] + Db, 2)
— bpe(s+ h, X" (([s/h] + 1)k, x))|ds]
+ (TEO[/OT b (s + by X" (([s/h] + 1)h, 2))
— (X"™(([s/h] + V), z) — X"([s/h)h, x))/h)[*ds]) />
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(see (5.8)-(5.9)).
The first part on the right hand side of (5.31) can be shown to converge to zero
as follows: by (5.2) and Chebychev’s inequality,

EO[/O b(s + b, X" (([s/h] + 1)h, 2)) (5.32).
~bre(s + b, X (([s/h] + Dh, z))|ds]
< /0 Eo[C(b)(1X"(([s/h] + Dk, x)| + 1); | X"(([s/h] + )k, z)| > R']ds

< 2C(b)T(O<§gg+hM(ph(s, )+ 1)/ (R +1),

which converges to zero as h — 0 and then R' — oo by Lemma 5.1 and (5.21).
By Lemmas 5.4 and 5.8, the second part on the right hand side of (5.31) converges
to zero as h — 0 and then R’ — co.
Q. E. D.

6. Proof of Theorems 2.4 and 2.5.

In this section we prove Theorems 2.4 and 2.5. We fix T" > 0.
Let us first prove Theorem 2.4.

Proof of Theorem 2.4.

For {S(t7 x)}OgtST,meRd € AT;

Fol /0 U S, ) de P (6.1).

> QEO[/T < b(t, S(t, ), dS(t,z)/dt > dt] — EO[/T b(t, S(t, 2)) ],

and

Eo[/OT < b(t,S(t,x)),dS(t,z)/dt > di] (6.2).
= —Eo[logp(T, S(T', z)) + ¥(S(T’, x)) — log p(0, 5(0, z)) — ¥(5(0, z))]

T
+ EO[/ 0logp(s,S(s,x))/0sds]
0
= EO[/O < b(s,X(s,x)),dX(s,x)/ds > ds| = EO[/O b(s, X (s,2))|%ds]

by Theorem 2.3. Here we used the following;:
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T
/ s / 19log p(s, ) /Dsp(s, y)dy < oo. (6.3).
0 RA

Let us prove (6.3) to complete the proof. By (4.8), (A.3) and Theorem 2.2, we
only have to show the following:

T
/ ds/ |Ay logp(s, z)|p(s, x)dx < oo, (6.4).
0 R
since by Theorem 1.1,
sup M(p(s,-)) < 0. (6.5).
0<s<T

(6.4) can be shown by the following: by (5.27), for i = 1,---,d, in the same way
as in (4.23),

T
/ ds/ |0 log p(s, z)/022|*p(s, x)dx (6.6).
0 R¢
S / p(Ta Z)dZE[(/ < azvx Ing(T_ta ZT(ta (O,Z)),dW(t) >)2]
R¢ 0
= [ T 2)d=B(0010g (0. 27 (T, 0.2)) = ilogp(T. )

n /T[aiA\IJ(ZT(t, (0,2)+ < &;VE(ZT (¢, (0,2)))

Vg lng(T —t, ZT(t’ (07 Z))) >]dt)2] < 0,

by (A.3), (A.6), Theorem 2.2, (6.5) and Lemma 4.2.
Q. E. D.

The proof of Theorem 2.5 can be done almost in the same way as in Theorem
2.3. The following lemma plays a similar role to that of Lemma 5.1.

Lemma 6.1. Suppose that (A.1)-(A.6) hold. Then the following holds: for h € (0,1)

[T/h) i i Tth
> Eo[| X" ((k+1)h, )~ X" (kh, x)|*] /h < / Eol|b(s, X (s,7))[*ds] < co. (6.7).
k=0 0

(Proof). The proof is done by the following: for any k =0,---,[T/h],

Eo| X" ((k + 1)h,z) — X" (kh, z)|?] (6.8).
(k+1)h

< Eo[|X((k+ 1)h,z) — X (kh,z)|?] < h/kh Eo[|b(s, X (s, ))|*ds]
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(see (2.9)) by Schwartz’s inequality.
Let us finally prove Theorem 2.5.

Proof of Theorem 2.5.
Let us prove the first part of Theorem 2.5. For {S(t,%)}o<i<7zera € Af,

T
/ FolldX™ (1, z) /dt|2dt (6.9).
0

N
~
=

-1
Eo[|X"((k + Dh,z) — X" (kh,z)[?]/h

[
]

~
>

[T/h]—1 [T/h]h
< Eo[|S((k+ 1)h,z) — S(kh,:z:)F]/h < / EoHdS(t,x)/dt\z]dt,
0

>
Il
=

where the equality holds if and only if dS(t,z)/dt = dX"(t,z)/dt dtPy(dz)-a.e. by
definition (see (2.9)).

Let us prove the rest part of Theorem 2.5. In the same way as in (5.29)-(5.32),
by Lemma 6.1, we only have to show the following;:

T
/0 Eo[|br (s, X" (s,z)) — (X"(([s/h] + 1)h, z) — X" ([s/h]h, x))/h|*]ds — 0, (6.10).
as h — 0 and then R’ — oo. Let us prove (6.10).

[T/h)h . N N
/0 Eo[jbr (s, X" (s,2)) — (X"(([s/R] + 1)h,z) — X" ([s/R]h,x))/h[*]ds  (6.11).

[T/h]h R [T/h] ~ ~
= [ Bullbw (s X (s,0))Plds + Y- Boll X ((h + D) — X kb )P/
0 k=0

[T'/h]h . . .
- 2/0 Eo[< br (s, X" (s,2)), (X"(([s/h] + Dh,x) = X"([s/h]h, x)) /h >]ds,
and by Lemma 6.1, we only have to show the following:
[T/h]h _ T
/ Eo[[br: (s, X" (s, 2))[*]ds — / Eol[b(s, X (s,2))|*]ds,  (6.12).
0 0
[T/h]h R ~
| Bl b, X)) (R (/] + Do) (6.13).
~ T
— X"([s/h)h, x))/h >]ds — /0 Eol|b(s, X (s, 2))|*]ds,
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as h — 0, and then R’ — ooc.
(6.12) can be shown as follows:

[T/h]h R
/O Follbr (s, X" (s, 2))[2]ds (6.14).
[T/h]h B B
— / Eollbr (s, X" (,2))|? — [br (5, X" (s /hh, 2))[2)ds
[T/h]h B
n / Eollbr (s, X" ([s/h]h, 2))|2)ds.

By the continuity of p(¢,z), we only have to show that the first part on the right
hand side of (6.14) converges to 0 as h — 0, which can be done as follows:

[T/h]h - -
| Eallbw (s, (s, — b5, X ({5l )P (6.15).
0
<2 sup |br(s,')|oo sup |D.br/(s,)|oo

0<s<T 0<s<T

(T /bl )
« /0 Eol| X" (s,2) — X"([s/hh,x)[lds — 0 (as h— 0)

by Lemma 6.1 (see below (5.6)).
Let us prove (6.13). By the continuity of p(¢,z) and (6.3), we only have to show
that

[T/h]h B 5
/0 o< Vo (X" (s,)), (X"(([s/h] + 1)h, z) (6.16).
— XN ([s/hh, x))/h > {log p(s, X" (s,x)) + W(XN (s, 2))})ds — 0,

as h — 0 and then R’ — oo. This is true, since by (5.8)-(5.9),

[T/ h]h ) ) )
_ /0 Fol< b (s, X"(s,2)), (X" (([s/h] + V)h, z) — X" ([s/hlh, 2))/h >]ds
= Eylor (X"([T/h]h, x)){log p([T/h]h, X" ([T /h]h, x)) + ©(X"([T/h]h, x))}
T /nin i )
— ¢r/(z){logp(0,7) + ¥ (x)}] — /0 Eolpr (X" (s,2))0logp(s, X" (s,2))/0s

+ < Vor (X" (s, 2)), (X"(([s/h] + Dh, x) — X"([s/h]h, x)) /b >
x {logp(s, X" (s,z)) + U (X" (s, x))}]ds.

Let us prove (6.16),
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[T/hlh 5 B
| Bl Von (X (s.0). (X"([5/1 + Db (6.17).
— X([s/h)h, 2))/h > {logp(s, X" (s,7)) + W(X"(s,2))})ds
[T/hlh B B B
- / Bol< Vo (X" (s,)){logp(s, X" (s,2)) + W(X"(s,2))}

= Vor (X" ([s/hlh, x)){log p(s, X" ([s/h]h, x)) + W(X"([s/h}h, x))}
(X" (([s/h] + 1)h,x) = X"([s/h]h, x)) /b >]ds

[T/hlh B B
+ / Eol< Vi (X" ([s/h]h, z)){log p(s, X" ([s/h]h, z))

+ (X" ([s/h]h,2))}, (X" (([s/h] + 1), x) — X"([s/hlh, ) /b >]ds.

The first part on the right hand side of (6.17) can be shown to converge to zero as
h — 0 in the same way as in (6.15), by Lemma 6.1. The second part can be shown
to converge to zero, as h — 0 and R’ — oo by Lemma 6.1, the continuity of p, (5.8),
(5.32), (A.3) and Theorem 2.2, since for y € R%

IVor (y){logp(s,y) + ¥(y)}|
< Iirrar+1) (W) (R) 71 + (2R + 1)) log p(s,y) + ()| /(1 + [y]*),

and since M (p(t,-)) € L*>([0,T];dt) by Theorem 1.1.
Q. E. D.
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