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Abstract

Given a random variable F' regular enough in the sense of the Malliavin calculus, we are able to measure
the distance between its law and any probability measure with a density function which is continuous,
bounded, strictly positive on an interval in the real line and admits finite variance. The bounds are given
in terms of the Malliavin derivative of F. Our approach is based on the theory of Itd diffusions and the
stochastic calculus of variations. Several examples are considered in order to illustrate our general results.
© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

Let (§2, F, P) be a probability space and (W;);>0 a Brownian motion on this space. Let F
be a random variable defined on {2 which is differentiable in the sense of the Malliavin calculus.
Then using the so-called Stein’s method introduced by Nourdin and Peccati in [7] (see also [9,8]),
it is possible to measure the distance between the law of F and the standard normal law N (0, 1).
This distance can be defined in several ways, e.g. the Kolmogorov distance, the Wasserstein
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distance, the total variation distance or the Fortet-Mourier distance. More precisely we have, if
L(F) denotes the law of F,

d(L(F), N0, 1)) < c\/E(l —(DF, D(=L)"'F) 2401y - )

Here D denotes the Malliavin derivative with respect to W, and L is the generator of the
Ornstein—Uhlenbeck semigroup. We will explain in the next section how these operators are
defined. The constant ¢ in (1) depends on the distance considered: is equal to 1 in the case of
the Kolmogorov distance as well as in the case of the Wasserstein distance, ¢ = 2 for the total
variation distance and ¢ = 4 in the case of the Fortet—-Mourier distance.

Stein’s method related with Malliavin calculus has been generalized to Gamma and Pearson
distributions (see [10,5]). Our purpose is to extend the above bound to a more general class of
probability distributions. Actually, given a random variable F regular enough in the sense of
the Malliavin calculus, we are able to measure the distance between its law and any probability
measure with a density function which is continuous, bounded, and strictly positive on an interval
in the real line and admits finite variance. Our approach is based on the following idea. Consider
a given probability density function p which is continuous, bounded, with finite variance, it is
strictly positive on an interval (I, u) (—oo <l < u < o0) and it vanishes outside the interval
(I, u). This class includes almost all the commonly used probability densities. Then we will
construct an ergodic Itd diffusion which admits p as invariant density. The procedure to construct
such a diffusion is explained in [3] (see also [1] or [13]) and it will be recalled in Section 3 in our
paper. The diffusion associated with the density p (by associated with p, we mean that it admits
p as invariant density) has the form

dX[ = _(X[ — m)dt =+ Vv a(X[)dW[,

where m is the mean of p, (W;);>¢ is a standard Wiener process and the diffusion coefficient
a can be written explicitly in terms of the function p and of the constant m (see formula (5)
in Section 3). Then we will consider the generator of the diffusion X above and we will use the
properties of this operator and the integration by parts on Wiener space in the spirit of [7] in order
to obtain a bound between the law of an arbitrary random variable F and the law with density
p. This bound, that we will call Stein’s bound, will involve the Malliavin derivative of F and
it reduces to the results contained in [7,10] in the particular cases of the Gaussian and Gamma
laws.

We mention that there already exists a scientific literature relating Stein’s method and
Berry—Esséen bound to diffusion theory. We refer to the survey [13] and the reference therein
(see among others [2,14]) or to the recent Ref. [5]. The novelty of our approach is related to the
use of the Malliavin derivatives. This approach has several advantages. Firstly, it is unitary, in
the sense the Stein’s bound we give is available for several metrics between the laws of random
variables. Secondly, it is rather complete since, as we explain in Section 3, it applies to almost
every absolutely continuous probability distribution. And thirdly, it allows us to characterize the
random variables with a given probability distribution in terms of its Malliavin derivatives (see
Theorem 2).

Our paper is structured in the following way: Section 2 contains the basic notion on Malliavin
calculus. In Section 3 we construct our general theory to derive the Berry—Esséen bound for the
distance between an arbitrary random variable and a given probability measure. In Section 4
and we consider several examples (the uniform distribution, the Pareto distribution, the Laplace
distribution etc.) used to illustrate our bound.
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2. Preliminaries

This paragraph is devoted to introduce the elements from stochastic analysis that will be used
in the paper. Consider H a real separable Hilbert space and (B(¢), ¢ € H) an isonormal Gaussian
process on a probability space ({2, A, P), which is a centered Gaussian family of random
variables such that E (B(¢)B(¥)) = (¢, V). Denote I, the multiple stochastic integral with
respect to B (see [12]). This 1, is actually an isometry between the Hilbert space H®" (symmetric
tensor product) equipped with the scaled norm \/1 |- l¢=» and the Wiener chaos of order n which

is defined as the closed linear span of the random variables H,,(B(¢)) where ¢ € H, |l¢|ln = 1
and H,, is the Hermite polynomial of degree n > 1 given by

_1\n 2 n 2
H,(x) = ( nl') exp (x )jn <exp <—%>> x eR.

The isometry of multiple integrals can be written as: for m, n positive integers,

E(Li()In(9) = n!(f, §pen ifm =n,
E (/) In(g) =0 ifm#n. 2
It also holds that I,(f) = I, ( f) where f denotes the symmetrization of f defined by

fxt, .o xn) = % Y ves, f o), s Xom)-

We recall that any square integrable random variable which is measurable with respect to
the o-algebra generated by B can be expanded into an orthogonal sum of multiple stochastic
integrals

F = Zln(fn)’ (3)

n>0

where f,, € H®" are (uniquely determined) symmetric functions and Io( fo) = E[F].
Let L be the Ornstein—Uhlenbeck operator

LF ==Y nl(f)

n>0

if F is given by (3) and it is such that ).~ | n2n! ”f"||H®" < 00.
For p > 1 and o € R we introduce the Sobolev—Watanabe space D“? as the closure of the
set of polynomial random variables with respect to the norm

I Flla,p = 1T = L)2 FllLr(0)

where I represents the identity. We denote by D the Malliavin derivative operator that acts on
smooth functions of the form F = g(B(¢1), ..., B(¢,)) (g is a smooth function with compact
support and ¢; € H)

9
DF = Zl a—i(B(sol), - Blon)ei.

The operator D is continuous from D%? into D*~ 17 (H) . The adjoint of D is denoted by &
and is called the divergence (or Skorohod) integral. It is a continuous operator from D*~ 17 (H)
into D*P. The following key relation provides a connection between D, L and § and plays an
important role in the so-called Stein’s method: for any centered random variables F € D2 it
holds that F = LL™'F = —§DL™'F.
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3. The general theory
3.1. Ito diffusion with given invariant measure

In this paragraph we will describe the construction of a diffusion process with given
invariant measure u that admits a density p with respect to the Lebesque measure. We refer to
[3,1] for more details and proofs. Assume that the density p satisfies the following conditions:
it is continuous, bounded, admits finite variance and p is strictly positive on the interval
(l,u)(—o0 <l < u < o0) and it is zero outside (I, u). Denote by m the expectation of n
and consider the stochastic differential equation

dX, = — (X, — m)dt + Va(X)dW,, >0, 4

where (W;);>0 is a standard Brownian motion and the diffusion coefficient is defined by

alx) = 2 [ (m—y)p(y)dy _2mF(x) - 2 yp(y)dy, e, 5
p(x) p(x)

where F(x) = [ xoo p(y)dy,x € R is the distribution function associated with the density p.

Then the following holds (see Theorem 2.3 in [3]):

e The stochastic differential equation (4) with diffusion coefficient given by (5) has a unique
Markovian weak solution.
e The diffusion coefficient a (5) is strictly positive for x € (/, u) and satisfies

Ea(X) = /u a(x)p(x)dx < o0,
I

where X ~ u (this notation means that the random variable X follows the law ).

e The solution X to (4) is ergodic with invariant density p.

e If —0o </ oru < oo then (4) is the only ergodic diffusion with drift —(x — m) and invariant
density p. If the state space is the whole real line, then (4) is the only ergodic diffusion with
drift —(x — m) and invariant density p such that fl" a(x)p(x)dx < oo.

Table 1 in [3] provided many examples of diffusion associated with a given density p. We
will use some of them in our paper (the normal distribution, the Gamma distribution, the uniform
distribution, the Beta distribution, the log-normal distribution, the Laplace distribution, the log-
normal distribution) and we will recall the diffusion coefficients associated with this law. Besides
these examples, many others can be found in [3] and the list is not exhaustive. In principle for any
density that satisfies the rather general assumption described at the beginning of this section, one
can associate a diffusion process. For some classes of distributions it is not possible to determine
an explicit expression for the squared diffusion coefficient a similar to (5). In this case, some
approximation method can be applied (see Section 3 in [3]).

Remark 1. The construction of the diffusion process presented above is a particular case of a
more general result. That is, given a density p as above and given a drift coefficient b such that
there exists areal number k € (I, u) suchthatb(x) > Oforx € (I, k) and b(x) < Oforx € (k, u),
bp is continuous and bounded on (/, ) and

/M b(x)p(x)dx =0
l
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then the stochastic differential equation

dXt = b(X[)dt + \/Q(Xt)th, t > 0

2 b(»)p(y

. dy . . . . D
witha(x) = 200 M hasa unique Markovian weak solution which is ergodic with invariant

density p.

This way is not the only one to construct a diffusion process with a given invariant density.
Another method for constructing such a diffusion is given in [4].

3.2. Stein’s method of invariant measures associated to one-dimensional second order
differential operators

The purpose of this paragraph is to derive the bounds for the distance between the law of
an arbitrary random variable Y and a given continuous probability distribution. We will situate
ourselves in the general context described in Remark 1.

Let S be the interval (/,u) (—oo0 < [ < u < 00) and u be a probability measure on S
with a density function p which is continuous, bounded, strictly positive on S, and admits finite
variance. Consider a continuous function » on S such that there exists k € (/, u) such that
b(x) > O0forx € (I, k) and b(x) < O for x € (k, u), bp is bounded on § and

/u b(x)p(x)dx = 0. (6)
1
Define
2 X
a) = 2Py 7
p(x)

Then, the stochastic differential equation:

dX; = b(X)dt + a(X;)dW;, t>0

has a unique Markovian weak solution, ergodic with invariant density p (see Remark 1).
In the next result we express the density p in terms of the coefficients a and b. The equation
in the following proposition is same as the formula (6.22) on p. 241 in [6].

Proposition 1. Take c € S, then

_ P@ald) rEgay s
a(x)

px)

Proof. Relation (7) implies that

a(r)p(x) =2 /[ b p(y)dy.

Note that the left-hand side of this equality is differentiable, since the right-hand side is differen-
tiable. Differentiating both side, we have

2b(x)
a(x)

d
7 )] = a(x)p(x).
X
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Hence, it holds that
2b(x)
a(x)’

By integrating both sides from ¢ to x we have the assertion. [J

(loga(x)p(x)) =

For f € Cy(S) (the set of continuous functions on § vanishing at the boundary of §), let
my = fl” f(x)p(x)dx and define g by, for every x € S,

2 X

~ — _ d 8
grx) —a(x)p(x)/, (f) —mg)p(y)dy (3)

2 u
= - - dy. 9
a(x)p(x)/x (f ) —myp)p(y)dy ©)

Then, by Proposition 1 we have
gr(x) = /x 2O =mp) <— fx 2b(Z)dz> dy, xeS. (10)

! a(y) y a@

Then, gr(x) := f(;‘ g(y)dy satisfies that f — m ; = Agy and by the definition of m ; we have

1 - .
fx) —E[f(X)] = Ea(X)gf(X) +b(x)gr(x), (11)
where X is a random variable with its law p.

Remark 2. Relation (11) is called Stein’s equation and it is a general extension of the Stein’s
equation for normal and Gamma distributions considered in [7,10] or [13]. Indeed, when the
measure  is the standard normal distribution N (0, 1), the state space is S = (—o0, 00) and the
coefficients of the associated operator are defined by a(x) = 2 and b(x) = —x. Therefore, (11)
becomes, for X ~ N (0, 1)

fx)—Ef(X)= gf(x) —xgr(x), xekR.
When we deal with the Kolmogorov distance and take f(x) = 1_(c0,7j(x) then
- 2 [F _a?
grx)=ez f [l(—0c1(@) — P(2)] €™ Zda
—0o0
which is the solution of Stein’s equation presented in [7] or [13] for example.

We also retrieve the results in [7] in the case when w is the Gamma distribution. We refer to
Section 4 for details.

Now we consider the bounds for the functions g s and g}.
Proposition 2. Assume that there existl', u’ € (I, u) such that b is non-increasing on (I,1") and

(', u). Consider f : S — R such that gy is well-defined and || f |loo = sup,cg | f(x)] < 0.
Then we have

I18fllc < Cill flloo and lagylloo < C2ll flloc,

where C1 and C; are strictly positive constants.
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Proof. Note that the condition imposed on b implies lim, , b(x) < 0 and lim,_,; b(x) > 0. By
(6), (7) and (9) we have

2l = fx”(fiy) —my)p(y)dy
Je b p(y)dy
By L’Hopital’s rule we have
— [f(x)—my

lim |g7(x)] < lim
X—>Uu X—>U

b(x)

‘S C I flloos

where C]Jr is a strictly positive constant. Similarly we have
lim g7 ()] < Cy Il flloo,
x—1

where C; is a constant. Hence, the continuity of g7 yields the first assertion. In view of (11), to
show the second assertion, it is sufficient to prove

1681 lloc < C3ll flloo- (12)
By (6), (7) and (9) we get
b(x) [, p(y)dy
Ji b p(y)dy

Since b(x) is non-increasing on [u’, u), we have
g

1b(x)& r ()] = 2| flloo

b(x) / p()dy > f b Py, x € s u).

Hence, since b is positive on (k, u), limy [b(x)gr(x)| = 2| flloo- And similarly we have
limy—/ [b(x)& £ (x)| < 2|l flsc- Therefore, (12) holds from the continuity of bg¢. [

Remark 3. The hypotheses assumed on b are satisfied for all the distributions considered
throughout our paper. This is true because in all the examples the function b is of the form
b(x) = —(x — m), m being the expectation of the law u.

The estimates in Proposition 2 are sufficiently good when a is uniformly bounded and strictly
positive. But, when a degenerates at the boundary of S, we need another estimate instead of the
second estimate.

Proposition 3. Assume that if u < 00, there exists u' € (I, u) such that b is non-decreasing
and Lipschitz continuous on [u', u) and lim,_,  a(x)/(u — x) > 0; if u = 00, there exists u’ €
(I, u) such that b is non-decreasing on [u',u) and lim__ , a(x) > 0. Similarly, assume that if
I > —o0, there exists I’ € (I, u) such that b is non-increasing and Lipschitz continuous on (I, 1']
and lim,_,a(x)/(x —1) > 0; if | = —o0, there exists ' € (I, u) such that b is non-decreasing
on (I,1'] and lim,_;a(x) > 0. Then we have

18 lloo < Calll flloo + 1l.fllo0)
for f € Cé(S) where Cy4 is a constant.

Proof. When u = oo, we have lim,_, o |g/f(x)| < (2|l flloo by a similar argument to that in

the proof of Proposition 2. Similarly, when [ = —oo, we have limy—s —oo |g}(x)| < G|l flloo-
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In view of the continuity of g}- it is sufficient to show that
E g% () < Cs(ll flloo + 1 f loc),  When u < oo, (13)
)lci_—r?z 8% () < Cs(ll flloe + 1f loc),  Whenl > —oo, (14)
where Cs is a constant. Consider the case that u < 00. Choose ¢ > 0 such that b(x) < —e for

x € [u',u) and K > O such that |b(x) —b(y)| < K|x — y| forx, y € [u', u). By (6), (7), (9) and
(11), we have

o 2 @ S —mp)p(yndy
109 =0 {(f (= mp) T b p(dy }

Hence, for x € [u/, u)
2

a() |[* b)) p(y)dy|
—(f(x) = mp)b(x) / p(y)dy

18| =

(G0 —m ) / b p(y)dy

() = mpb(x) / pO)dy — b(x) / (F) = m ) p(y)dy

a() [ [ () p()dy| ‘(f () =my) f [b(y) = b()1p(y)dy

() f L) — f(y)]p(y)dy‘

IA

2 u
K| fleelu— dy +b
YT dy[ 1 f oot — ) f pO)dy + b(x)

XN f Nloo (u —X)/ P(y)dy}
2(u — x)

ea(x)

[2K | flloe + bCONf loo] -

This estimate and the assumption on a implies (13) with a constant Cs5. When [ > —o0, we can
show (14) by a similar argument. [

There are many examples when our argument applies in Table 1 on p. 8 in [3]. Several exam-
ples will be discussed in detail in the next section. We just make some general comments below.

We are now able to derive the Stein’s bound between the probability measure w and the law
of an arbitrary random variable Y. The following result extends the findings in [7,10] in the case
where u is standard normal law and the Gamma law respectively. We mention that (-, -) 5 denotes
the scalar product in H.

Theorem 1. Assume X ~ p and let Y be an S-valued random variable in DY2 with b(Y) €
L*(£2). Then for every f : S — R such that gf g} are bounded,

[ELf(Y) = f(XO]l < IIE}IIooE[

+ 187 llooE[B(Y)]]. (15)

1
Sa) + <D(—L)—l {(b(Y) — E[b(Y)]} . DY> H
H
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and

[ELF(Y) = £
~/ 1 —1
< 18}l HE [Eam +(DL7 b ~ B, DY>H‘ Y} H

+ 118 loclE[B(Y)]]. (16)
Proof. First, by (11)

1
E[f(Y) = f(X)] =E[§a(Y)g~}(Y)+b(Y)§f(Y)}- a7

Recall that LF := —D*DF for F € D"?2 centered. Then, since (—L)~'{b(Y) — E[b(Y)]} €
DI,Z’

1
E [Ea(Y)é’f(Y) + b(Y)éf(Y)}

=E Ba(Y)gﬂY) + (D=1 b(V) — B, g}-(Y)DY)H}
+E[bM)IE[Z(1)].
Hence, by (17)
[ELF(Y) = £
= ’E [g’,»(Y) (%am +(DL7 b ~ b)), DY}HH

+ Elgr(MIE[b(Y)] '

< ||g’f||ooE[

+ 18l [E[B(Y)]]. (18)

]
Sa) + <D(—L)—l {(b(Y) — E[b(Y)]} . DY> H
H

It is possible to give an alternative bound for the distance. Actually, the above calculation can be
refined as follows.

E[f(Y) - f(X)]
_® Ea(y)é}m +(DL) br) — BB} () DY)H}
+EDLMIE[g, (V)]
—E [é’}(Y)E [ <%a(Y) + <D(—L)*1 {b(Y) — E[b(V)]} . DY>H>‘ Yﬂ

+E[bMWMIE[g/()]
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and thus
[ELF(Y) = (]
< 17} IcE HE Bam +(D=1)7 b(r) — E), DY)H‘ Y} H
+ 127l E B O

Remark 4. (a) Theorem 1 is applicable for functions f € Cé(S). Also the hypothesis b(Y) €
L2(£2) holds for b(x) = —(x —m) once Y € D2,

(b) In the case © = N (0, 1) (recall a(x) = 2, b(x) = —x) we obtain from Proposition 2 that for
a centered random variable ¥ € D2

sup [ELf(Y) = OOl = CE[[1 = (D(~1)"'¥, DY)y
FeCo(S)
where C is a constant independent of Y. Notice that in this case we do not need f € Cé )
due to Proposition 2 and Remark 4 since inf,cg a(x) = 2. We mention also that is well known

from [14] that g, g}. are bounded under different assumptions on f (see also Lemma 2.1
in [7]).

The Kolmogorov distance dx between the L(F) and L£(G) (the laws of the random variables
F, G) is defined by

dg (L(F), L(G)) = SU}) [ELf(F)] — ELf(G)]I,
feFk

where Fx = {1z € (l,u)}). Forx € S and f(x) = 1 ;(x), we can choose f;, € Co(S)
such that { f,} is an increasing sequence and f; (x) converges to f(x) for all x € S. Hence, by
the dominated convergence theorem it holds that

Jim (B[ f, (F)] = E[f (O] = [ELf ()] = ELf (G)]I.
This implies the following estimate:

dg (L(F), L(G)) < sup [E[f(F)] — E[f(G)].
£E€CO(S): 11 fllo=1

If infyes a(x) > 0, then by this estimate, Theorem 1, and Proposition 2 we obtain an estimate
for the Kolmogorov distance between X and Y as follows:

dg (L(Y), )

<CE H%a(Y) + <D(—L)_1 {b(Y)—-E[b()]}, DY>HH + CIE[b(Y)]I, (19)

where C is a positive constant. Note that if w is the normal distribution, we can choose a(x) = 2
and b(x) = —x.

Generally, consider a distance between distributions of random variables F and G on S
defined by

dn(L(F), L(G)) = fSU% [E[f (F)] — ELf(G)]], (20)
€
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where H is a set of functions on S. If for all f € H there exists a sequence f, € F such that f,
converges to f in suitable sense, we have

dn(L(F), L(G)) < suglE[f(F)] —E[f (O]l
fe

Hence, by this estimate and (15) we obtain an estimate for the distance between X and Y as
follows:

1
(LYY, ) < sup ||g}||ooEH§a(Y)+(D(—L)‘ (b(Y) —Elb(1}, DY) H
feF H
+ sup g7l [E[B(Y)]]. (21)
feF

There are many kinds of distance between distributions defined by (20). For example, by
taking H = {f : || fllL < 1}, where || - ||z denotes the usual Lipschitz seminorm, one obtains
the Wasserstein (or Kantorovich—Wasserstein) distance; by taking H = {f : || f|lpr < 1}, where
Il-le = Il - Iz + Il - llco» OnE Obtains the Fortet—Mourier (or bounded Wasserstein) distance; by
taking ‘H equal to the collection of all indicators 1 of Borel sets, one obtains the total variation
distance.

In the case of the Wasserstein distance or the Fortet—-Mourier distance, for all f € H we can
choose F := {f € C}(S); || f'llsc < 1}, because we can choose f, € {f € CJ: I f'llo < 1}
such that f,, converges to f uniformly in every compact set. Hence, (21), Theorem 1 and
Proposition 3 implies that

1
dy(L(Y), 11) < CE HE“(” +(DL)7 (b(r) — B, DY>H H + CIE[b(M)]],

where C is a positive constant. Note that we do not assume inf,ecsa(x) > O in this case.
This means that, even if © has the Gamma distribution, the Wasserstein distance and the
Fortet—-Mourier distance are dominated.

In the case of the total variation distance, we choose F := C(S), because we can choose
Jfn € Co(S) uniformly bounded and such that f;, (x) converges to f(x) for each x € S. Hence, a
similar argument to the case of the Kolmogorov distance is available, and if infycg a(x) > 0 we
obtain the same estimate (19) for the total variation distance.

We will discuss in the next section the significance of the bound given by (15) and (16).
The above computation leads to an interesting characterization of the random variations whose
distribution is the invariant measure pu of the semigroup associated with the operator A.

Theorem 2. A random variable Y € D2 with its values on S has probability distribution . and
satisfies that b(Y) € L*(£2) if and only if E[b(Y)] = 0 and

E [%a(Y) +(D(=L)'b(Y), DY)y

y} —o. (22)

Proof. Suppose that E[b(Y)] = 0 and (22) holds. Then, due to (15), the distance between the
law of Y and w is zero and then Y ~ . Suppose now that ¥ ~ u. (6) implies that E[b(Y)] = 0.
Let h € CF(S). Define

1

- d
fx) = 2p(0) dx lax)p()h(x)], x€S.
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Note that (7) implies that ap € C 1(8). Since h has compact support in S, we have f e Co(S)
and mp o= flu f(x)p(x)dx = 0. Hence, the definition of f and (8) implies that 7 = §’f~ where

g 7 defined by gy with replacing f by f. This argument yields that for & € CZ(S) there exists
f € Co(S) such that 1 = g’f. Thus, (18) implies

E [h(Y)E [%a(Y) +(D(=L)"'b(Y), DY)y

YH =0, heCP().

This finishes the proof, because C%°(S) is dense in Co(S) and the functions in Cy(S) approximate
the indicator functions. [

Remark 5. (a) The same result has been obtained in [11] or [15] in the case of the Gaussian
distribution.

(b) When the random variable (DY, D(—L)~'(b(Y) — Eb(Y)))y is measurable with respect to
the sigma algebra generated by Y the bound (15) and (16) coincide. But, as it can be seen in
the sequel, this is not always the case.

4. Significance of the bound

The purpose of the section is to check the significance of the bound (15). By “significance
of the bound” we mean the following: given a random variable whose probability law is the
invariant measure X, then the distance between its law and X is zero. We will prove that this is
true in the case of several continuous probability distributions: the uniform distribution, the log-
normal distribution and the Pareto distribution. But it fails in the case of the Laplace distribution.
That means, for an explicit random variable ¥ which follows the Laplace distribution, we
will prove that the right hand side of (15) does not vanish almost surely. On the other hand,
as we have showed in Theorem 2, the right hand side of (16) vanishes almost surely. This
fact can be interpreted as follows: when the random variable (DY, D(—L)~"'b(Y)) is not
measurable with respect to the sigma-algebra generated by Y, the correct Stein’s bound is the
inequality (16).

In order to compute the right hand side of (15) we need to calculate the random variable
(DY, D(—L)_lb(Y)). This random variable (and its conditional expectation given Y) appears in
several works related to Malliavin calculus and Stein’s method (see [7,15,16]). In general, it is
difficult to find an explicit expression for it Y for general Y. But in the case when Y is a function
of a Gaussian vector we have a very useful formula proved in [11]: if Y = h(N) — Eh(N) where
h : R" — R is a function of class C! with bounded derivatives and N = (Ni,...,Ny)is a
Gaussian vector with zero mean and covariance matrix K = (K; j); j=1,...» then (we will omit
in the sequel the index H for the scalar product)

.....

(D(—L)~Y(Y — EY), DY)

o0 ‘- oh ah
:/ e "duFE/ Z Kij—(WN)— (e_“N +vV1- e—z"N’). (23)

0 =1 axi ax]'
Here N’ denotes and independent copy of N and we assume that N, N’ are defined on a product
probability space (2 x 2/, F ® F, P x P') and E’ denotes the expectation with respect to the
probability measure P’. Formula (23) is a consequence of the Mehler formula (see e.g. [12])
and it has been proved in [11, Section 3.2.1]. In the rest of this section the following context
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will prevail: (W;);c[o,77 Will denotes a standard Wiener process on ({2, F, P), by W (h) we will
denote the Wiener integral of h € L2([O, T1) with respect to W and W’ will be an independent
Wiener process on a probability space (2/, 7, P').

4.1. The gamma distribution

The case of the Gamma distribution is already known. The Stein’s bound (15) has been
obtained in [7,10] and already discussed in Section 3. We prefer to discuss it further in order
to compare the bounds (15) and (16). We will consider the random variable

Y = Wh)?

which has Gamma distribution with parameters a = % and A = % This is actually the chi-square
distribution and its associated coefficient are

a(x)=4x and b(x)=—-(x—1).

Proposition 3 implies that (note the assumptions are satisfied by the functions a, b above defined
on the state space (0, 00))

[Ef(X) —Ef(¥)]
< C(Iflloc + 1/'loo)E |2Y = (DY, D(=L)"' (¥ = )| + |[EY — 1| (24)

forany f € COl (0, 00). Note that EY = 1 for our choice of Y.

Remark 6. The bound (24) is a variant of inequalities (3.48), (3.49) in [7] which are stated for
the centered Gamma law and different classes of functions instead of Cé (0, 00).

We can easily compute the scalar product (DY, D(—L)_1 (Y — 1)) using (23) with h(x) = x2.
1
(DY, D(—L)"' (¥ — 1)) = 2W(x)/ da2F [aW(h) V1= azw’(h)]
0
1
= 4W(h)2/ ada = 2W (h)* = 2Y.
0

We can notice that the random variable (DY, D(-L)y Yy - 1)) is measurable with respect to
the sigma algebra generated by Y. Therefore the bounds (15) and (16) coincide and Theorem 2
provide an interesting characterization of the chi-square distribution random variables in terms
of the Malliavin derivatives: that is, a random variable Y has chi-square distribution (with one
degree of freedom) if and only if (DY, D(—L)~' (Y — 1)) = 2¥ almost surely.

4.2. The uniform distribution

We will discuss the case of the uniform distribution U ([a, b]) with co < a < b < 0. The
density of this law is p, p(x) = ﬁl[a,b] (x) and the mean of p, p is #. We will actually
restrict to the particular case a = 0,5 = 1 and let p(x) := po,1(x) = 1jo,17(x). This density is

associated with the stochastic differential equation

1
A%, = — (X _ 5) dt + VX, (1 = X)dW,
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in the sense that the solution X to the above equation is ergodic with invariant measure pu ~
U ([0, 1]). The diffusion coefficients a and b are in this case defined on (0, 1) and given by (see
Table 1 in [3])

ax)=x(1—x) and b(x)=— (x — %) . (25)

Let ¥ be a random variable in the space D'2 such that
1
EY =EUI[0, 1] = 7

In this case the Stein’s bound (15) becomes, for any function f € Cé([O, 1]) (we mention that a

satisfies the assumptions in Proposition 3 since lim,_, | % = lim,_, @ =1)

[Ef(Y)—EfU[0, 1]

IA

1 » 1
c ‘Eza(Y) - <D(—L) <Y — 5) : DY>‘

1 . 1
c ‘EEY(l —Y)— E<D(—L) (Y - 5) , DY>‘.

Let us check “how good” is this bound on an example. Let f, g € L2([0, T1) such that

I fllz2qo.ry = 18llz2qo.rpy =1 and  (f, &) r2¢o,77) = O-
Then W(f) and W(g) are independent standard normal random variables. Define the random

variable Y by

Y = e~ 2(WO+W(e)?) (26)

Then it is well-known that Y has uniform distribution U ([0, 1]) since the random variable
—% (W( f )2 + W(g)z) has exponential distribution with parameter 1. It is also clear that ¥ €

D2, Note also that ¥ can be expressed as a function of the Gaussian vector (W (f), W(g))
whose covariance matrix is the identity matrix /. Indeed, ¥ = h(W(f), W(g)) with

h:R? > R, h(x,y) = ef%(xzﬂ'z).

The function & satisfies the assumption in order to apply (23). Applying this formula to the
random variable (26) we get

(o2 (v~ 1))

= W(f)e_%(W(f)z+W(g)2)E//oo e Udu (e—u W(f)+V1— e—2u W/(f))

0
2
—%[(e_“W(fo/ e 2 W (D2 +(e W)/ T-e 2 W' (g) ) }
X e
o
+ W(g)g_%(W(f)2+W(g)2)E/f e “du (e_u W(g) + 1 —e2u W/(g)>
0
2 2
—%[(e*"w<f>+«/1—e—2“ W) +(e W+ T2 W' (g)) }

X e .



S. Kusuoka, C.A. Tudor / Stochastic Processes and their Applications 122 (2012) 1627-1651 1641

We made the change of variable e ™ = @ and then

(o2 (v~ 1))

1
— W(f)e 2 WDV O / da (aW () +VT=aW'())

0

-1 [(aW(fm/ W () +(aW o)/ 1—a2W’(8))2]

X e

1
+W(g)e WD HW @I / da (aW(g) +V1- aZW’(g))
0

-3 [(aW(fm/ 2w (D) +=(aW )t/ 1—a2W/(8))2i| o
e .

X

At this point we need the following lemma. It will be widely used throughout the paper.

Lemmal. Let K > —1,C € Rand a € (0, 1). Suppose Z ~ N(0, 1). Then

2
E67K<C+ 1—z)" _ 1 K i
J1+2K(1 —a?)

and

? _c? 1
E (C +v1- aZZ> e7K<C+ 17u22> = ¢ e cK 142K (1-a2) |
(1+2K1 —da?)

[SI[o%)

Proof. The proofs for the two equations are almost same. We only show the second one.

E(C+ 1—a2Z) efK<C+ kazz)z

1 Y R
:\/T/<C+ 1_a2x>e K(C-i- lax)e_de
T JR
2
2k2¢2(1-a?) _1 2 ( 2KC 17a2)
=;2e*’(c2e71+21<(1—a2> / <C+ ﬁl—a%c)e (142K (—a?) | v+ 200 i
A LT R
! <C 2KC(1_612) ) -c? l+2K(Il 2)
= _— e —a
1—|—2K(1—a2) 1+2K(1—a2)
= ¢ 67C2K1+2K(11—a2)‘ 0

(142K (1 —a?))?

Now, using Lemma 1, we have

2 2 2
—1 =2 W' _1d* W .
gl VOV | G o -

E (aW () +VT—aW()) vy maw )

1 a2w()?

—W(f)e 2 e 2—da®) 3a.



1642 S. Kusuoka, C.A. Tudor / Stochastic Processes and their Applications 122 (2012) 1627-1651

By inserting the above two identities in (27) we obtain

e o-2)-01

1
— (W + W (@)D fo e

_1 2 2y_2 _
T WPV g 5 22440

Since for any constant ¢
L1 1 2ac
_gc 2-a2 — ec 2—a2

da (2 _ a2)2
we get (with ¢ = —(W (/)2 + W(g)?)

p—n) (v =Y. pr)= L (e tovirrewen _ avinrewen) (28)
2 2

On the other hand, using (25),
aYy=Y(1-Y) (29)
and by (28) and (29) we concluded that the right hand side of (15) is zero.

Remark 7. It is interesting to note that %a(Y) — <D(—L)_1 (Y — %) , DY> is zero and not only
the expectation of its absolute value. That is, this quantity is zero for every w € 2. We will
also mention that in this case the random variable <D(—L)_1 (Y - %) , DY > is measurable with
respect to the sigma-algebra generated by Y. Therefore the bounds (15) and (16) coincide.

4.3. The beta distribution

Using the computations in the previous paragraph, it is immediate to treat the case of the
beta distribution with a particular choice of its parameters. Recall that the density of the beta
distribution with parameters «, B > 01is py g(x) = F];g))‘jl’fg)x“_l(l —x)f-1 Lo,1)(x). The mean

of this law is aaTﬁ while the coefficient of the diffusion associated with the beta law are a(x) =

(= and b(o) = = (x = 2%
check that a and b satisfies the hypothesis of Proposition 3. We will restrict here to the special

) . Similarly to the case of the uniform distribution we can

case o = %, B = 1. The distribution 8 (%, 1) is a power-function distribution. It is well-known
that if X ~ U[0, 1] then X> ~ B (%, 1). Consider the random variable ¥ = ¢~ (W) +W(@?)
Then obviously Y ~ (%, 1). Using formula (23) with A(x, y) = e_x2+y2, Lemma 1 we get

-1 IW_!
<DY, D(—L) (Y - 3>> = Ja(Y).

Again the random variable <DY, D(—L)~! (Y - %)> is measurable with respect to Y.

4.4. The log-normal distribution

We analyze here the case of the log-normal distribution. Let us first review some basic
properties of this probability distribution. A random variable Y has log-normal distribution with
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parameters 8 and o2 if log ¥ has normal distribution with mean 8 and variance o%. The density
of the log-normal distribution with parameters § and 6> > 0 is
1
V2mo2x

and the coefficients of the associated diffusion are defined on (0, co) and given by

b(x) = = (x = eH37)

2 < (10gx—8> <logx—8 ))
a) = — (o222 "0 & 31)
p(x) o o

(see [3, p. 8]), where @ denotes the cumulative distribution function of the standard normal
law, p is given by (30). We check the significance of the bound in the case of the log-normal
distribution with parameters § = 0 and o = 1. The function a satisfies lim,_, o, a(x) = oo and

a(x) ) l(logx)z log x _u? )
2 =2e2 flogx_le Tdu > 2.

Let us consider the random variable

_ 1 _ 52
¢ 2 BT 0 () (30)

and

Y = eW(h),

where 7 € L2([0, T]) has the L2 norm equal to 1. Then obviously Y follows a log-normal law
with mean 6 = 0 and variance o = 1. Let us first compute the scalar product

(DY, D(=L)"'(b(Y) — Eb(Y))) = — <DY, D(—L)"! (Y - e%)>.

Using formula (23) we get

oo
(py. D=1y~ (¥ = 7)) = f due™e" WE/ [ee“W<h>+\/1—e2uw'<h>]
0
1
_ eW(h)/ daE' |:eaW(h)+«/1—a2W’(h):|7
0

where W' (h) denotes an independent copy of W (). Since

E |:€aW(h)+«/1—a2W’(h)i| _ eaW(h)e%(l—a2)7

we obtain

1
(py. D07 (¥ —et)) = eW(h)/ dae™V M ez(1-a)
0

2 1
— eW(h)e%eW(Zh) / dae_%(a_w(h))z
0

W (h) 2
1 w? _a2
EPLAOPS P / e 2dx,

W(h)—1
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where we used the change of variables W (h) — a = x. Let us now compute
1 1 _
5a(X) =2 p(¥)~! (B(log(Y)) — @(log(¥) — 1))

log(Y) 2 2 W) 2
1 log(n)? g x Wk _x2
=e2Ye 2 / 2dx—eZeW(h) / e 2dx,
log(Y)— 1 W(h)—1

where we use the formula (30) for the density of the log-normal distribution and the expression
of the operator a. We can see that

%a(Y) - <DY, D(—L)~' (v ( - ez))

Remark 8. Again the quantity %a(Y ) — <DY D(—-L)™! ( — e%)> vanishes and not only its

expectation. Also (DY, D(-L)"' (v ( _ et >> is measurable with respect to the sigma algebra

generated by Y.
4.5. The Pareto distribution

Let us recall some basic properties of the Pareto distribution with parameter « > 1 (denoted
in the following by Pareto(x)). The probability density function of this law is

px) = a(l +x) !

and its expectation is m = ﬁ The functions a and b associated to the diffusion equation whose
invariant measure is Pareto(a) are given by

a(x) =

2 x(14+x) and b(x):—(x—L>, x € (0, 00).
-1 a—1

It is standard to see that a, b verifies the statement of Proposition 3.
We recall a well-known fact: if the random variable X follows a Pareto distribution with
parameter o > 1 then

log(Y +1) ~ Exp(a).

Let us consider the same context as in the previous examples. That is, we are on a probability
space ({2, F, P) and let (W;),c[0,7] be a Wiener process on this space. Consider two orthonormal
elements 1, hy € L2([0, T1). Then W (hy), W(h,) are independent standard normal random
variables and

W(/’ll)2 + W(h2)2 ~ Exp <%) =T (], %) )

Consider the random variable
Y = eaWhD)*+W(ha)?) _ |

Then, since %(W(fn)2 + W(h2)?) ~ I'(1,2) = Exp(2), we can see that Y follows a Pareto
distribution with parameter « = 2. Clearly, we have

la(y) —Y(1+Y) = exWODHWh)?) _ o q(Wh) +W (),
2
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Using (23) with h(x, y) = 1) 1 we will get (we recall that W’ is an independent copy
of W, see the beginning of this section)

(DY, D(-L) Y (¥ = 1))

1 LS|
:EW(hl)eﬂW(hl)”W(hz)z)/ daE (aW(h1)+\/1—a2W’(h1))

0

((aW(hl)—Q—«/l—aZW’(hl))2+(aW(h2)+«/l—aZW’(hz))z)

1
7
X e

1
da%E/ (aW(hz) +V1— a2w’(h2)>

+ W et f
2 0

%((aW<h1>+¢1—a2w’<h1>)2+(aw<hz)+vl—aZW’<hz>)2)

X e

and by Lemma 1 with K = _Tl and C = aW (h1), aW (hy) respectively, we can write

(DY, D(-L) 'Y = 1)) =Y(1 +Y) = %a(Y).

4.6. The Laplace distribution: failure of the bound (15)

The Laplace distribution with parameter « > 0 (denoted by Laplace(x)) is a continuous

probability distribution with density py (x) = %e“")", for every x € R. The mean of the law is
m = 0 and the diffusion coefficients (5) are
2
a(x) = a—2(1 + alx|), b(x) = —x. (32)

Is is known that if X, X, are two independent random variables such that X| ~ Exp(«), X2 ~
Exp(a) then X1 — X ~ Laplace().

Let us analyze the case of the Laplace distribution with parameter « = 1. In this case, (32)
reduces to

b(x) = —x and a(x)=2(1+ |x|).

Here the state space is whole real line (—oo, oo) and we can apply Proposition 2 in order to
obtain Stein’s bound. Consider the random variable

1
¥ =3 (Wh)? + W) = W) = W(he)?).
where as above h; (i =1, ..., 4) are orthonormal functions in LZ([O, T1). Since
l(W(h)z—i—W(h)z)fvE D oand ~ (Whs)?+ Wha?) ~ Exp(l
3 1 2 xp(l) an > (h3)” + W(hyg) xp(1)

it can be easily seen that Y ~ Laplace(1). It is easy to compute the quantity (DY, D(—L)~!
b(Y)) using formula (23). We obtain,
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(DY, D(=L)~'b(Y)) = ~(DY, D(=L)"'Y)
_ ! W (h1)? + W(h2)* + W (h3)?> + W (hg)? 33
=-3 1 2 3)°+ W(ha)”). (33)

It is obvious that is this case the difference %a(Y) + (DY, D(—L)~'b(Y)) does not vanish
almost surely. This signifies that the bound given by inequality (15) is not good in this case
and it has to replaced by (16). Theorem 2 ensures that the right hand side of (16) vanishes
almost surely. The reason why the bound (15) fails is given by the fact that the random variable
(DY, D(—L)~'h(Y)) is not measurable with respect to the sigma-algebra generated by Y.

The case of the Laplace distribution can be discussed on an other examples. Consider four
independent standard normal random variables W (h), W (h2), W (h3), W (h4) and define

Y1 = W(h)W(h2) + W(h3)W (hs).

Then again Y; follows a Laplace distribution with mean zero and variance 1. And we can see that
again the expression (33) holds for the random variable Y. Then

1
5a(N) + (DY, D(—L)"'b(1))

1
= L+ (W)W (ha) + W)W h)| = 5 (W) + W(ha)? + W (h3)? + W (hs)?)
and this does not vanish. On the other hand, we know from Theorem 2 that

n)=o

in this way we will obtain some interesting (and somehow unexpected) identities for functions
of the Brownian motion, which are difficult to be proven directly. That is

E (%a(m + (DY, D(—L)"'b(¥))

1
E (5 (WD + Wk + W) + W (h)?) | W)W (h2) + W<h3>W<h4>)
= L+ W)W (h2) + W (h) W (ha)|

dl

=1+ ‘% (W(h1)2 + W(h2)? — W (h3)* — W(h4>2)

and

(W2 + W) + W) + W (he)?)

N =

1
x5 (W + Wha)? = Why)? - W(h4)2))

5. Example

We will illustrate the bound obtained via Stein’s method through an example. Consider (%;);>0
a sequence of orthonormal elements of L2([0, T]) and define for everyi > 1

X; = e~ (Whi*=1) (34)
(the minus sign is added in order to have finite expectation) and

N
- _21<W<h1-)271>

1
Yn=(X1.. . Xy) VW —=e V2 (35)
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Then, applying the central limit theorem to «/%W ZlNz 1 (W (h;)> — 1), we have that Yy converges

in distribution, as N — o0, to the log-normal distribution with mean zero and variance equal to
1. Let us compute the bound given by the right hand side of (15) and (16). Define a, b and p
same as in Section 4.4. In this case we have

[Ef(Yn) — Ef(X)

<CE %a(YN) <DYN,D( L)” 1( N—62>>‘+C/

(=),

Since, with Z ~ N(0, 1)

N
N 1 \N N 2
EYNze\/j<Ee WZ) :e\/; 14+ —
V2N

we can see, by studying the asymptotic behavior as N — oo of the above sequence, that
VNEb(YN) = N—oo C with C a strictly negative constant. We compute now a(Yy) where a

is the function given by (31) with © = e%, 8 = 0and o = 1. Denote by

N
Sy=Y W(hj)?> and Zy= (W(h)*> —1).
2 fZ

We will have

1 log Yy 1 2 , [~ZN 2

-a(Yy) = i e T dx = ere PN e / e 2dx

2 P(YN) Jiogyy—1 V27 —-Zn-1

1 7 1 2 ~Zy %2 1 7 1 2 Zy+l x2
= e21Zn—1l / e~ Tdx = e2l#v1ll / e Zdx. (36)
—Zy—1 ZN
__1 v 2_

Now, using (23) with A(x, ..., xy) = e V2N Lim =D we can write

<DYN, D(—L)~" (b(Yy) — Eb(YN))> - <DYN, D(—L)~! (YN _ e%)>
N
2
= —W(hj)e #V
> ywine
/da[E’ aWhi) + V1 — a2 W(h))
= Z\/;W(hi)e_zl"

/ da[E’ aWh) + V1= a2W (h; )) |:(aW(h YA/ 1—a2 W' (h; )) —1}
—ﬁ[(uW(hﬂ—&-ﬁW’(h/)) —1}

[Z(aW(h Y/ 1—a? W' (h))?— 1]

N
X 1_[ E'e 37

J=lij#
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By applying Lemma 1 with K = F and C = aW (h;) we obtain

2 —GZW(}’! )2 1 1
ﬁ(dW(hj)+«/lfa2W/(hj)) _ 1 VN T 2

e
N
(aW(h )+ V1 — a2W'(h; )) e — A (aW )+ 1= W )>

i —a?W(h)? - %
aW (h;) . WHF(] a ).

3
2 _92v)2
(1 +A(-a ))
Using the above two identities and (37)

<DYN,D( L)” 1( N—e5)>

N 1 N —a?Wh)—A——1
/N /AN 2 12
- ]%IZ W (hi)*e “Ne 7/ daa( vl )>
i=1 i=1

LES
<1+,/ <1—a2>)
LES
2 —a? —a [2
NSNE ZNe\/>/ daae 2N " (l )<1—|— (1—a2)>
2

1 a N
2.2 1 —ZN <1+a2 7 2 ) <l— 5 3 >\/;
= (—\/_ZN—FZ)/ daae HART N AR
0

Ee

Since

log(1+\/7(1—a2)> \/7(1—a2)———(1—a2)2+0(N_1),

where o(N 1) is of Landau notation, and hence

_Np
2 ) Nﬂ(f(l —a)-132 (1—a2)2+o(N—1))
s a-a) = ,

we will have

2 1 —ZN<l+a2f_a>
<DYN,D( L)y~ (N—€%>> (%ZN-FZ)/ daae b+ o 1
0

2
- ,/f ( l—a2 1—a2)2+ N71>
Xe< lf(l az)) JE(U=a*)—}E(1-a?)?+o(N"")

= Ay + By,
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where
22 1 —ZN<1+al p ) (1—1 2”21 2) y
Ay —ZN/ daae 7w R
VN 0

;2 Z(1-a®)-} (17a2)2+0(N_1))

_ 2 1 _ a? N
(i) (e )V
By =2 daae V2N e Neng

0
f¥(ﬁ(lfa%%%(17a2>2+o<N*‘>)

‘We will first show that

E \WAN\ > Nooo Co

xXe

where Cy is a strictly positive constant. We can write, using the change of variables a®> = b with
2ada = db

| Y 1+b+> ﬂ[l—b*—(l—b)}
E‘\/NAN‘ — \/EEIZNl./ dbe < 14/ 2 a-b) e\/j 14/ 2 a-b) o8N )
0

where gy (b) = ¢1(1=7+0() Therefore

1
E‘\/NAN‘ = «/§E|ZN|/ dbe= 2N 1F0) b(1=D) psn (B)
0

1 —Zy|1+p——L— NMil—p—L— —(l—b)}
+\/§<E|ZN|/ dbe N< ”\/Z“b))e\/j[ 1+ % (1) v ()
0

1
_E|Zy| / dbe—zN<1+b>eb<1—b>egN(b>>_
0
Since Zy converges in law to N (0, 1), the first summand above converges as N — oo to
1
Co=~2¢""E|Z| / dbe™ 214D h(1-0) g3 (1-0)°
0

while the second summand converges to zero as N — oo by the dominated convergence theorem.
Let us handle the summand denoted by By. Actually, we will prove that

1
VNE By — 5@V | = N0 Dy (38)

with Dy a strictly positive constant. First, we write

N 1
7zN 1+ Nlicpb— L _(1-p)
0

_ [1dbe—ZN(Ier)eb(l—b)e%(lfb)z
0

By
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-Zy 1+b+) 1/%{171:%7(174
+/ldb . ( 1/ 7a-n/, 1+ % (1-b) SENB) _ ~Zy (b b(1—b) 5 (1=b)?
0

— gD 2
= By’ + By

and the limit (38) follows since (see (36)) Bz(\;) = %a(Y ~n) and for N large,

1 p !
l—b——(l—b)zb(l—b)\/j—i-o(—)
1+\/%(1—b) N VN

and

—ZN(I-‘rb%) 7
2
e a0/ _ e—ZN(l+b) < C| N|.

- WN

As a conclusion of the computations contained in this section, the distance between the law of
Yn given (35) by and the log-normal distribution with mean 0 and variance 1 is of order of \/Lﬁ
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