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Abstract

Extensions of the Nourdin—Peccati analysis to R"-valued random variables are obtained by taking condi-
tional expectation on the Wiener space. Several proof techniques are explored, from infinitesimal geometry,
to quasi-sure analysis (including a connection to Stein’s lemma), to classical analysis on Wiener space.
Partial differential equations for the density of an R"-valued centered random variable Z = (Zl, VAL
are obtained. Of particular importance is the function defined by the conditional expectation given Z of
the auxiliary random matrix (—D[l*] VAl | DZj), i,j=1,2,...,n, where D and L are respectively the
derivative operator and the generator of the Ornstein—Uhlenbeck semigroup on Wiener space.
© 2009 Elsevier Inc. All rights reserved.
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1. Introduction

We set up various systems of partial differential equations for the density and other functionals
of the distribution of a random variable, extending to the n-dimensional case a formula from [12]
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based on the Nourdin—Peccati analysis introduced in [8]. The basic tool is the projection (or
equivalently the image) of a vector field defined on the Wiener space through a centered non-
degenerate map Z, as defined in [7, p. 70]; we connect this projection to [8] and [12] by extending
the use of the random variable A = (—DL~'Z | DZ) defined and employed in those references,
where D is the derivative operator and £ is the Ornstein—-Uhlenbeck generator; these are defined
precisely below, also see [7].

For instance, for an R"-valued random variable Z = (Z Lz2 Z™) having a density p the
one-dimensional density formula in [12] is generalized herein to the system of partial differential
equations in R”

9 d d .
E(ﬂjp)-l—a—xz(ﬂjp)-i-"-—f-a(ﬁ;p):—xjp for j=1,2,....n, (0.1)

where ,3;? is the function on R” given by the conditional expectation
k Z= 1 k
Bi(x)=E*=*[(-pL™'Z/ | DZY)]. 0.2)
First, we introduce definitions and notations, including those needed for the above expressions.
1.1. Non-degenerate maps
We denote by £2 the Wiener space, by u the standard Wiener measure and by H its Cameron—

Martin space. For a function & € H, and w € §2, we define the derivative operator D, see [6,7],
by

1
DyF () = lim F(“’“? —F :/DSF(a))h/(s)ds. (1.1.1)

0

For a vector field V on the Wiener space and F : 2 — R, we denote Dy F := (V | DF) where
(.| .) is the scalar product in the Cameron—Martin space. The divergence operator § is the dual
of the operator D in Li. This means that for a vector field A and a random variable ¥ (i.e. ¥ is
a real-valued measurable function defined on the Wiener space £2), respectively in the domain of
the operators § and D,

E[8(AW¥]=E[(A| DW)]. (1.1.2)
We define the Ornstein—Uhlenbeck operator L by
L:=-8D. (1.1.3)

‘We have

1
LF = —/DSF(a))da)(s). (1.1.4)
0
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The pseudo-inverse £~! of the operator £ plays an important role in our study. For a function
F : 2 — R such that E[F] =0, we put

“+o00

L =— / e'Ldt. (1.1.5)

0

Using Wiener chaos, for any F € Li(.Q), we can find a sequence of symmetric func-
tions f, € L?([0,1]"), n = 1,2,..., such that F = E[F] + ZZOZ] I,(fp) and Var[F] =
thozl ”!”f"”%Z([o,l]ﬂ) where I,(f) is n! times the iterated It integral of f w.r.t. the Wiener
process w:

1 Sp—1 52

In(f)zn!f f --~f.f(sl,...,sn)dw(sl)-~-da)(sn).
0

0 0

Then it turns out that LF = — > 2%, nl,(f,) and L7'F = =%  n=!1,(f,). Details are in
Nualart’s book [13, Chapter 1].

Let Z=(Z',Z2,...,Z") be an R"-valued random variable defined on the Wiener space £2.
Assume that Z € D (£2), i.e. Z is infinitely differentiable with respect to the operator D. Let
M be the n x n Gram matrix having for coefficients (DZ' | DZ/); assume that [det(M)] ! € L},
for every p: if all the above conditions are fulfilled, we say that the map Z is non-degenerate.
It is known from [7] that the law of a non-degenerate map Z has a density p relatively to the
volume measure of R”, and that p is infinitely differentiable. We denote Z * p the image of u
through the map Z; thus Z x u = p(x)dx. For f :R" - R

/f(Z(w))du(w)=/f(x)p(x)dx (1.1.6)

where dx = dx;dx;---dx, is the volume measure on R”. Let @ be an R-valued function de-
fined on the Wiener space and consider the measure dv = @ (w) d u(w); we denote Z x @ (w)du
the image measure of v by Z. If this image measure has a density with respect to the volume
measure dx, we denote this density dZ % (@ du)/dx. The conditional expectation of @ given
Z=(x1,x2,...,Xp) 18

dZ (@ dw)/d
EZ=iaei) o) = 42X @AW/dx (1.1.7)
dZ xdu/dx

We denote this function by E4[®]. By definition, for any integrable function v : R* — R,
E[Y(Z()®(w)]= / U (Z(@) P (w)du(w), (1.1.8)

/W(X)Ezzx[éb]p(X)dxZ/W(Z(w))d’(w)du(w). (1.1.9)
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1.2. Inner action of vector fields on differential forms

Let v be a vector field on a differentiable manifold M of dimension n, we assume n > 2;
denote /\p (M) the vector space of differential forms of degree p on M; for p > 1, the inner
product

i) : AP(M) > AP M) (1.2.1)
is defined through the identity
(i(V)(@),e1 A ANep1)= (O, vAer A Aep_i) (1.2.2)
where ey, ..., e, are generic vector fields on M. In particular if M =R", and
0 :=dx' A Adx" (1.2.3)

is the canonical volume form of R”, then i(v)(0) € /\"_1(R") and if we represent the vector
field v as

v:Zﬂki (1.2.4)

we get
: _al 2 n 2 1 3 n
i(w)@)=B xdx“A---Adx" —B"xdx" Ndx’ N---Ndx" +---

:Z(—l)j+1ﬁj X /\dxk. (1.2.5)
Jj=1 k#j

Let d be the classical differential: if # : R” — R is a function, then du = Z’,Z: 1 (fx—“k dx* and for
forms, if

o= Z ail...,-pdxi‘ Adx2 Ao Adxr

i1 <ip<-<ip
then
de= > (deyy.i) Adx"T Adx? A ndx. (1.2.6)
i1 <ip<-<ip
‘We obtain

d(i()(©)) =dB' Adx* A---Adx" —dB* Adx" AdxP A AdX" -

=YY" 0 (1.2.7)
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and

du Ni(v) (@) = (Z ) Ai()(9)

n

B
:Zﬂka_uxezDvuxe (1.2.8)

where v is the vector field (1.2.4) and we denote

n

ou
_ k
Dyu = kg_l B _Bxk' (1.2.9)

1.3. Image of a vector field V on the Wiener space through a non-degenerate map Z : 2 — R"

Given a measure m(dx) and a vector field v on R”?, n > 1, we define the function div,, (v) via
the relation

/divm(v)(x)x//(x)dm=/Duw(x)dm, V¢ :R" — R, v integrable.  (1.3.1)

Assume that m(dx) = e* dx where dx = 0 is the volume measure and u : R” — R is a function.
Ifv=> B~ % then integration by parts yields

W uie My B
/;ﬂkm@me ( )dx=—2k://3k(x)t/f(x)a—me “dx—;/w(m@(x)e @) dx

which is the same as

. apk
div,, (V) (x) = —Dyu — Z oo (1.3.2)
k
or equivalently, letting m(dx) = p(x) dx,
divy gy (v)(x) = Z (B K@ )). (1.3.3)

k

Let V be a vector field on §2 and let Z = (Z], zZ2 ..., Z") be a non-degenerate map Z : 2 — R”
with density p with respect to the volume measure dx on R”, then for any integrable function
Y :R" — R,

_ - )
/w(x)EZ_X[SV]p(x)dx =E[V) @)V (Z(w))] Z E[%(Z)(V | DZ")]
k=1
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We define the vector field v on R" as
- 9
v = Zﬂ"(x)a—k with g*(x) = EZ=*[Dy ] = E*=*[(V | DZ")]. (1.3.4)
X
k=1

Then from Theorem 2.4, p. 70 in [7], we have
div, g, (v) = EZ[8V]. (1.3.5)
The relation (1.3.5) extends to differential forms, see Section 7.3, p. 142 in [7].
1.4. Stein and Nourdin—Peccati lemmas
Recall the following (see Lemma 1.2, part (iii) in [8], and Stein’s original presentation [15]).

Classical Stein equation. For a measurable function s : R — R such that ||s||s < 1, denote

E[s(V)] =/(27‘[)_1/2s(y)e_y2/2dy
R

where N is a centered gaussian variable with variance 1, then

X

f(x)zexz/zf[S(r)—E[s(N)]]e"z/zdz (14.1)

—00

is the unique bounded solution of the differential equation

f(x) =xf(x)=sx)— E[s(N)] (14.2)

for a.e. x; it satisfies || f|loo <4+/27 and || f/| 0o < 4.
The differential equation for f is called Stein’s equation. One main interest of Stein’s equation
comes from the boundedness properties of f and f’. See Lemma 2.5, p. 594 in [15]. Nourdin and

Peccati [8] proved that the existence of a bounded solution for Stein’s equation (Stein’s lemma),
an analytic result, is equivalent to the following non-analytic (probabilistic) interpretation.

Nourdin—Peccati lemma. For a measurable function s : R — R, such that ||s||o < 1, there

exists a continuous and Lebesgue almost everywhere differentiable function f with a derivative
bounded by 4 which satisfies

E[f(Z)(1 - h(2)]=E[s(2)] - E[s(N)] (1.4.3)
for every non-degenerate map Z : 2 — R and its corresponding function / defined by
h(x)=E*=*[(-DL™'Z | DZ)] (1.4.4)

and N denotes a standard normal r.v.
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The Nourdin—Peccati lemma is useful when one wishes to compare the distribution of a ran-
dom variable Z to the normal distribution, by considering its action on all the functions s in the
unit ball: indeed, the boundedness of f’ in the above lemma shows that an upper bound on the
difference between the expectation of s(Z) and the corresponding normal expectation, for any
such s, is 4 times the quantity E[|h(Z) — 1|] = fR |h(x) — 1]|p(x)dx. Since the function /z does
not depend on s, but only on the law of Z, this device identifies the proximity of Z to a normal
r.v. by how close the function # is to the constant 1. Many details on this technique can be found
in [8-11].

The equivalence of Stein’s equation with Nourdin—Peccati identity (1.4.3) can be seen via the
key formula (1.1.2). Starting from Stein’s equation, we replace the variable x by Z and we take
the expectation, it gives

E[f(Z2)—Zf(2)] = E[s(Z)] — E[s(N)]. (1.4.5)

Since Z = —8DL~'Z, with (1.1.2), we deduce

E[Zf(2)]=E[(-DL'Z | DZ)f'(2)] = E[h(2)f (2)]

and we obtain (1.4.3). Conversely, from (1.4.3), with (1.1.2), we deduce (1.4.5). Indeed, for any
non-degenerate map Z with density p,

/ (rf @) = f'@)px)dx = — / (s() — E[s(V)])p(x) dx.

R R

This implies that f satisfies Stein’s equation.

Other applications are estimates for the distribution function of Z, see (3.14) in [17]. The
Nourdin—Peccati lemma applies to areas as diverse as mathematical physics and theoretical statis-
tics, this can be found in [3,14,17]: the first deals with estimating the long-memory parameter
of a fractional Brownian motion, the second finds upper and lower bounds for the density of
the solution of a stochastic heat equation with non-linear drift, the third proves that Brownian
polymers in some spatially correlated white-noise environments have diffusive fluctuation.

In Section 2, the analysis of Nourdin and Peccati, via the random variable A =
(—=DL~'Z | DZ), is extended to R" in a general geometric setting thanks to an infinitesimal
proof and the functional identity (1.3.5). Section 3 explains the relation between Stein’s lemma
and a lemma of Nourdin and Peccati, by employing the quasi-sure analysis on Wiener space.
An extension of the Nourdin—Peccati analysis for R"”-valued random variables is presented in
Section 4, thanks again to the quasi-sure analysis on Wiener space. In Section 5, we introduce
an approach to the n-dimensional Nourdin—Peccati analysis via partial differential equations for
the density of R”-valued random variables. The results of Section 5 are used in Section 6 to
propose a way of comparing conditional probabilities of a pair of random variables to Gaussian
conditional probabilities.

It is possible to obtain all the results in this paper as corollaries of the main Theorem 2.1. We
have chosen to present various other proofs of the results in Sections 3-5.
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2. Extension of the Nourdin—Peccati analysis to R"
Theorem 2.1. Let Z = (Zl, z2 ..., Z™"), Z : 2 — R" be a non-degenerate map; given a smooth

function f :R" — R. Set F = f o Z; assume that F € D*°(82) and that E[F] = 0. Define on £2
the gradient vector field

vi=—pL~Y(F),

where L is the Ornstein—-Uhlenbeck generator; define the image of V/ through Z by
' n P
vl = ];ﬁ’%x)a?, where B (x) := EZ=*[ D, Z}]

then if 6 := dx) dx, - - - dxy is the volume measure on R",

f=diV,o><0(Uf)- 2.1

Proof. From Theorem (2.4) on p. 70 in [7], EZ((V)) = div,xg (v): see the identity (1.3.5). To
see that (2.1) is true, it is thus enough to verify that

f(x)=E*=*[8V]. (2.2)

This results immediately from the definition of V = —DL~!(f o Z), and the identity § D = —L
which implies §V = foZ. O

Lemma 2.2. Ifn > 1, let 0 :==dx' Adx? A --- Adx" be the volume form in R", then the identity
f= dinX,g(vf) is equivalent to

—(fp) x 0 =d(p x i(v')(®)). (2.3)
Proof. The notations are those of Section 1.2. Set p = exp(u), then (2.3) becomes
— 0 =du Ai(vF) (@) +d(i(v]) (). (2.4)
We calculate each term in the right-hand side of (2.3) with the help of Section 1.2: d 1)) =
Dok g%ﬁ x 0 and du A i(v/) () = D,ru x 6. Then (2.4) becomes

P k
—f=Dyu+) —af - (2.5)
k

thus the identity (2.3) is equivalent to f = divpxg(vf). O

By integration and by classical Stokes theorem, we immediately obtain the following.
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Corollary 2.3. For every domain O C R" defined by O = {¢(§) > 0} where ¢ : R* — R is a
smooth map, denoting 00 the boundary of O, we have

/(f,o)xa’xl/\dxz/\-u/\dx”:—/,oxi(vf)(dxl/\dx2A~~-/\dx"). (2.6)
o 200

The case n = 1. When n =1 and f(x) = x, we have v/ = —DL£~'Z, and therefore B in
Theorem 2.1 takes the simpler expression

B(x):=E*=*[(DZ | -DL'Z)] (2.7)

which is the fundamental function introduced by Nourdin and Peccati in their analysis [8] for
the purpose of comparisons of random variable laws to Normal and Gamma laws via Stein’s
lemmas (see Section 1.4 for a description of this comparison). When n =1, f(x) = x and dx is
the Lebesgue measure on R, Theorem 2.1 gives

0
x =divy gy <,3(x)a> (2.8)

that is for any smooth integrable function ¥ : R — R,

/XW(X)p(X)dx=/l3(X)1/f’(X)p(X)dx. (2.9)

Let x( be fixed, then this last identity stays valid for the function ¢ = ¥ such that ¥.(x) =0 if
x<xg—¢€, Ye(x) = é(x —xp+¢€)if xg —e < x < xg and Y (x) =1 if x > xg. Passing to the
limit when € goes to zero, we deduce

+00

[ xp(x) dx = B (x0)p(x0)- (2.10)

X0

In [12] the function 8 in (2.7) (called g in [12]) was subsequently used to derive a density
formula. Writing ¢(x) = fxoo tp(t) dt, this yields ¢’ (x) = —x@(x)/B(x). It implies the following
density formula (Eq. (3.14) in [12]).

Lemma 2.4. With Z a non-degenerate real-valued map with a density p with respect to Lebesgue
measure, we have

o) 9(0) [y
= =7 — | ——d 2.11
PN =80 = B eXp( J Q) y) @1

on its support, where p = EZ[(DZ | —DL™'Z)). This function B was called g in [12].
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The case n > 1. For n > 1, the identity f = div,xp(v/) in (2.1) from Theorem 2.1 can be
written as

n

d
v/ (log(p()) = —f (1) = > = (B* ). (2.12)

k=1

If we vary f, taking successively f(x1,x2,...,x,) =x; for j =1,...,n, we obtain the system
(0.1)—~(0.2) which is the n-dimensional analogue of the density formula of [12] (Lemma 2.4
herein). We can also give a direct proof of (0.1)—(0.2). Summarize we have the following result.

Theorem 2.5. Ler (Z1, VAT Z"y =7 : 2 — R" be a random variable. Assume that under
the Wiener measure W, Z has a density p with respect to Lebesgue measure. We define

W (x) = E*=*[H"] where H"/ = —(DL™'Z | DZY).
Then p satisfies the system of partial differential equations:

d

. 9 .
P (h/’zp) +d—(r"p)=—xjp forj=1,2,...,n.

j.1
(Wp) + 3 9%,

il
X2

Proof. For any suitable test function g : R” — R, using the relation £ = —§ D, the duality rela-
tion for § and D, and the definition of conditional expectation, we have

1:=E[Z/g(Z" 7% ....2" ] =—E[8(DL™'Z7)g(Z", Z%,..., 2")]

_E[i(Dﬁ—lzJ‘|Dzk)<£7kg>(zl,22,,,.,zn)i|

k=1

n
P .
Z/(a—x,cg>(x1,x2, . ..,x,,)hf’k(xl,xz, e X p(x1, X2, ..., x,) dx.
k=1
We integrate by parts, to get
n ) ‘
1= —Z/g(xl,xz, .. .,Xn)@(h”"m,xz, co X)) P(X1, X2, -, X)) X
k=1
On the other hand, by definition of 7, we have

1=/xjg<x1,x2,...,xn>p(x1,xz,...,xn)dx.

The result follows by identifying the last two expressions for /. O
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3. Density formula and quasi-sure analysis on Wiener space

The proof of Theorem 2.1 is done without quasi-sure analysis. However it is interesting to
relate Stein’s lemma to the coarea formula and quasi-sure analysis. See [7, pp. 86—148] for a
survey of this theory. In the following, we show how the density identity in the case n = 1 can be
deduced from the Stokes formula on a tube in the Wiener space. Let a random variable be given
by a non-degenerate map Z : £2 — R. We consider the random variable

H:=(DZ|A) andits conditional expectation h(x) := E?=¥ (H) (3.1)
where A is the vector field on the Wiener space defined as
A=-DL7'Z. (3.2)
Here the notation & coincides with 8 used in Lemma 2.4. Since £ = —§ D, it holds that
5(A)=1Z. (3.3)
Recall the expression of conditional expectation through the coarea formula established in [2]

and exposed in [7, Theorem 6.3.1, p. 140], where Z is any non-degenerate map from the Wiener
space to R":

E[l//(Z) det(Z’) X u] = / Y(x) x |: / u(x)a(dx):| dx (3.4
R" Z7x)
where a is the area measure on the submanifold Z~!(x) of the Wiener space. (See [7] for a

detailed definition and [4] for the classical coarea formula.)
In the case n = 1 we have

det(Z")=|DZ| = (DZ|DZ). (3.5)

Denote N the vector of norm 1 defined as

1
N:=——DZ. (3.6)
IDZ|

Note that N,, is the unit normal at the hypersurface Z 1 (x) for Z(w) = x. Takingu = (A | N) =

(A| DZ)/||DZ|| and writing p(x) for the density of the law of Z relatively to the volume mea-
sure, it holds

E[y(DIDZ| x u] = E[y(Z)(A| DZ)]

= / Y@ET[(AIDD)]p(x)dx = / Y@ E*= [Hlp(x)dx.
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Therefore from (3.4),

EZ=*[H] = —— f (Au | Na)adu). 3.7)
p(x) :
Z7(x)

Theorem 3.1. Consider the tube

D(x,x):={weR2; Zw) e[x,x']}, x'>nx, (3.8)
then
- / (Au | Ny)a(du) + f (Ay | Ny)a(du) = f Z p(dw). (3.9
Z-1(x)) Z-1(x) D(x,x")

Proof. From the Stokes formula in [7, p. 143], identifying vector fields with 1-differential forms
we get

- / (Ay | Ny)a(du) + / (Au | Ny)a(du) = / 3(A) u(dw) (3.10)
Z=1(x") Z-1(x) D(x,x")

which, together with (3.3), proves the theorem. We also give the following direct proof of (3.10)
via an approximation: if x < x’, define the continuous function ¢, : R — R with ¢.(n) = 1
ifx<n<x,¢(n) =0if n <x —e or n > x" + ¢ and linear otherwise. Since ¢.(n) = 0 if
x <n<x’', wehave

E[6A)i<z@<v]
x x'+e
=81gnof¢;<u>< / (A|N)da(w>)du+g%f¢;<u>( / <A|N)da<w)>du.
x—¢& At) x/ Z= ()

Taking into account that ¢, (n) =1/e if x —e <n <xand ¢.(n) =—1/eifx’ <n < x'+¢e, we
obtain (3.10). Then with (3.10) and (3.3), we get (3.9). O

Combining (3.9) with (3.7) yields the following.

Corollary 3.2. Let Z be a real valued non-degenerate map with density p. Then for any
X1, x2 € R, with the function h defined in (3.1),

X2

—p(x2)h(x2)+p(x1)h(x1)=/xp(x)dx- (3.11)

X1

Letting x — +o00 leads immediately to the density formula of Lemma 2.4.



H. Airault et al. / Journal of Functional Analysis 258 (2010) 1763-1783 1775

4. Nourdin—-Peccati analysis for R”-valued random variables and quasi-sure analysis on
Wiener space

The above quasi-sure analysis and resulting theorem can be generalized to a non-degenerate
R"-valued random variable Z = (Z L z2 Z"). Consider the R"-valued function F =
(F', F%,..., F") defined by

F'(xp) = f x p(dx) = [ ZN(ydu(), i=1,2,....,n, (41
D(xp,+00) Z-H(D(xp,+00))
where D(xg, +00) is the positive orthant with corner x, i.e.
D(xg, +00) := {x e R"; x' > x{, Vi}. 4.2)

The function F is similar to a cumulative distribution function: it would be thus if one removed x’
from the integrand. The presence of the factor x’ is to facilitate comparisons to Gaussian r.v.’s,
just as is the case when n = 1: see (2.10) and Lemma 2.4.

Assume E[Z] = 0. Similarly to A in (3.2), let A’ be the vector fields defined by

Al:=-D(L7")(ZY). 4.3)

The relevant analogue of the scalar r.v. H in (3.1) from the Nourdin—Peccati analysis is the
random matrix

H":=D,z/ =(A"| DZ/), (4.4)
along with its conditional expectation
W (x) = E=*[H"]. 4.5)
Since
sAI =71
we can rewrite
Fi(xo) = / SA (w)dp(w). (4.6)
Z=1(D(x0,+00))
We can use an approximation technique to prove the following theorem when n = 2.

Theorem 4.1. With Z a centered non-degenerate random variable in R?, with F' defined in (4.1),
and hJ defined in (4.5), we have for each i = 1,2, and each x = (x', x?) € R?,

o0 0
Fi(x)=/hi’l(x1,u2)p(xl,u2)du2+/hi’z(ul,xz)p(ul,xz)dul. 4.7
Xl

x2
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Proof. By (4.6) we have

Fi(x',x?) = / SA @) du(w) = E[8AT 151 alp 2], j=1,2.

Z=1(D(x0,+00))

Then we proceed as in the direct proof of (3.10). We define an approximation of the set
function 1p(x, +o0). For small ¢ > 0, we define the continuous and almost everywhere differ-
entiable function ¢, : R> — R by ¢. (11, n2) = 1if n = (1, 12) € D(x, +00) and ¢, (91, 172) =0
if n=01,m) ¢ D(x — (e,¢),+00). We join these two pieces by planes. For that we put
¢e(m,m)=e"'(n' — (' —e)) ifx! —e <n' <x'and ! —x! <~ then ¢ (n1,12) =
el — (2 —g))ifx2 —e <n? <x?and n' —x' > n? — x%. We have

1D(x,400) = g% ¢, almost everywhere w.r.t. the measure dx

and the derivatives of ¢, exist almost everywhere. We deduce

Fi(x',x?) = lin%)E[(Squbs(Zl(a)), Z*(w))]

E—>

= lim E[(A/ |Dz ) 09 (Z (@), Zz(w))}

e—0

+ lin})E|:(Aj | Dz) 9% (Z (®), Zz(w))} (4.8)

The partial derivatives of ¢, are zero for n € D(x, +00) and n ¢ D(x — (g, €), +00). On the strip
(of width &) x! —e <! <x!and n' — x! < n? — x2, we have d¢, /91 = e~'. We thus obtain
the theorem from (4.8). O

For fixed x € R?, we proved the above theorem approximating the boundary of the domain
D(xp, +00). However we may define the boundary of the submanifold Z -1 (D(xg, +00)) in

Wiener space. The boundary 0D (xq, +00) is constituted by the two half-lines I, [, starting
from x satisfying dxo |, =0, and dxo l, =0, 1ie.

I ={(nl,xg), 771 Exé} and lzz{(xé,nz), n22x§}. 4.9)
Fork=1,2and j=1,2, j#k,welet Ly = Z"'(p), i.e.
Ly ={Z¥w) > xk, 7/ (@) =]} (4.10)

thus L1, L, are two submanifolds of codimension 1 of the Wiener space and the boundary of
271 (D(xq, +00)) is

[z 1(D(x0, +00))] = L1 U Ly. (4.11)

Then with quasi-sure analysis [5,16], we can consider the previous theorem as a projection on R?
of the Stokes formula on the Wiener space. Let A be a vector field on the Wiener space. For a
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differentiable function ¥ : 2 — R, it holds f Y(w)(S A)du(w) = f(A | DY) du(w). If ¢ is not
differentiable but is the set function 1;-1py, +o0))» We have Stokes theorem

/ (bA)dp(w) = / A
Z=1(D(x9,400)) 3[Z=1(D(xg,+00))]

where we specify the meaning of the boundary integral of the vector field A on the right-hand

side by
/ A:/A—i—/A.
Ly Ly

3[Z=1(D(x0,+00))]
This interpretation therefore generalizes to the n-dimensional case, as follows.

Theorem 4.2. Let Z : 2 — R”" be a non-degenerate map and A be a vector field on 2. Let
xo = (x!,x2,...,x") € R". The boundary 3[Z~'(D(xo, +00))] is

[z (D(xo.+00)]= | P

1<k<n
where Py is the subset of the Wiener space defined by
Pe={Z"Nw)=x*, Z/ () = x7, Vj#k).
It is a submanifold of codimension one in the Wiener space. We have

/ A du(w) = / A:Z/A
j=lp,

Z=1(D(x0,+00)) AZH(D(x0,+00))]

with

f (A| DZF)dp(w)

Py 021Dy, 400))
where we put n = (n', 0%, ..., n").

Proof. Following [18], one only needs to consider distributions on the Wiener space: we have

n

: a
/ (8 A)du(a)) :ZE[(A ’ DZJ) X l—[ lzk(a))>xk X mlzj(w)>xji|. Od

Z-1(D(x0,+00)) J=1 ko k7
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5. Approach to n-dimensional density formulae via partial differential equations

In dimension n > 2, as we have seen that (0.1)—(0.2) are consequence of Section 2, it is
possible to find implicit expressions for the density of an R”-valued random variable Z using
partial differential equations as a consequence of Theorem 2.1.
5.1. A system of PDEs employing DZ and LZ

If one is able to calculate functions based on DZ and LZ, a system was already known in [1,
pp.- 355-360]. Let Z : 2 — R” be an R"-valued random variable, Z = (Zl, VAR Z"). We

assume that Z has a density p(xg, x2, ..., x,) with respect to the Lebesgue measure dx. We
denote

Bij(x)=E*=*[(DZ" | DZ')] and y;=—-E*=*[L£Z/]

then according to [1], the density p satisfies the system of partial differential equations (S):

=—yjp forj=12, ... n (S)

Like in Section 2, we can deduce the system (S) from a more general result, as we now see.

Proposition 5.1. Ler Z = (Zl, z2 ..., Z") : 2 — R" be an R"-valued random variable with
density p. Let ¥ : R" — R, and denote

Bl (x) = E?=[(D(y 0 2) | DZ")] and yy(x)=—E*=[L(Y 0 2)]

then

0
> 5.7 Bip)==rup. (5.1.1)
k=1

Proof. For any test function g : R” — R with suitable boundedness and smoothness assump-
tions, and u the Wiener measure, we have by definition of the density and the conditional

expectation, first using —£ = § D, then integration by parts, and finally the duality relation be-
tween § and D and the chain rule for D,

/g(x)m(x)p(x)dx:_/g(z)ﬁ(\”OZ)dM=/g(Z)8D(1/foZ)du
= a_g k o —/ a_g k
_zk:/axk(Z)(DZ | DY 0 2))dn= ;8Xk(x)ﬁ¢(x)p(x)dx.

Integrating again by parts yields (5.1.1). Another proof of this proposition is to apply Theo-
rem 2.1 with f(x) =yy(x). O
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Example 5.2. Let Z = (w(t1), w(f2)), then B;; =t; At; and Lo (t;) = o(t}), thus y;(x, x2) =
EZ:(’””‘Z)[[,a)(tj)] = Ez[a)(tj)] = x;. The system (S) becomes

d ad d d
Ho—p+HuANbh—p=—x1p, HAb—p+h—p=—x2p0.
9x1 9x2 0x1 dx2
The solution is given by p(x1, x2) = exp(— 2” ) exp(— (f(ztz_x;l)) ).

As can be seen in the above example, the proposition is easily interpreted when Z is jointly
Gaussian: one notes that then the system (S) becomes

n

)
E ﬂ"fa—)j:—xjp(x) forj=1,2,...,n
- i

whose solution is evidently the density of Z. An economy of functional parameters can be
achieved, and a greater ability to compare the law of an arbitrary random variable Z to a Gaus-
sian law, if one reverts to the use of the matrix /# defined in (0.2), see Theorem 2.5. The Gaussian
case is equivalent to the case where / is a constant matrix, equal to the covariance matrix of Z.
We easily see in this case that the system (S) is identical to the system (0.1)—(0.2). In general,
this is not the case. Indeed, while the matrix « in (S) is always symmetric, the matrix 4, which
coincides with the matrix « only in the Gaussian case, is typically non-symmetric when Z is not
Gaussian. On the other hand, from the point of view of PDEs, assume that the h/* are constants
and that the matrix (h/%) is invertible; then the system (0.1)—(0.2) has a solution if and only if
the matrix (A7) is symmetric. This is proved writing the integrability conditions for the system
as follows. Let 7! be the inverse of the matrix #. We have dlog ,o/ax] Zk(h 1yJ, kxk and
82 log p/oxpox; = (h™ 1)J-P The condition that 3% log p/0xp dx;j is symmetric in j, p implies
that the matrix (h~')/'? is symmetric.

5.2. A general system. Comparison of two random variables

The following proposition is also a consequence of Theorem 2.1. It covers both system (S)
and system (0.1)—(0.2), see Theorem 2.5. Let ¥ = (Y, Y2, ..., YP)and Z = (Z', Z2,...,Z")
be two random variables with values respectively in R” and in R”. Let f : R” — R. In the next
proposition, to obtain the system (S) of Section 5.1, we take n = p and Y/ = Z/ and to obtain
(0.1)~(0.2), we take Y/ = L1 Z/,

Proposition 5.3. Ler  : R? — R With Y = (Y', Y2, ....YP) and Z = (Z"',Z%,...,Z") as
above, we denote, for x € R",

vy () =E"=* L oY)] and Bj(x)=—E*=[(D(oY)|DZ")].

We assume that the variable Z has a density p with respect to the n-dimensional Lebesgue
measure. Then p satisfies the following system of PDEs for j =1,2,...,n

n

5
Z 7. (Bup) =—vup.
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Proof. The proof is similar to those of Theorem 2.5 or of Proposition 5.1. For a bounded differ-
entiable test function g : R” — R, we calculate

E[L(yoY)g(Z' Z%,...,2")]

in two different ways:

E[L(yoY)g(Z' 2%, ....2")]= /g(xl,xz,...,xn)Z* (L@ oY))du

Zx (LY oY)du
Z/g(xleZ’ <y Xn

Zxd
Zxdu H”

= /g(xl,xz, X EZ[LG 0 V)] (x1, X2, . X)) Z % d
= / g(X)yy (0)p(x)dx.
On the other hand
E[L(yoY)g(Z' 2%, ..., 2") ] =-E[8(D(y o V))g(2', 2%, ..., 2")]

- —ZE[(D(w oY) | Dz aag (z, 22,...,2”)}
k=1

ax
-y f B (1) 2% (1) p(x) dx
k=1 v o

- ]
=— — (B}, ) (x)g(x) dx
1;/ Xy v

finishing the proof of the proposition. 0O

The above general proposition gives information when n = 1, p = 1, for calculating condi-
tional expectations for D-differentiable r.v.’s. Indeed, assume Z and V are D-differentiable, and
let Y = £7'V. Then

y(x)=E[V|Z=x] and B(x)=—-E*=*[(DL™'V,DZ)].

Let p be the density of Z. The proposition yields (8p) = —yp. In particular,

o0

ﬂ(X)p(X)=/7/(y)p(y)dy=E[V12>x].

X

This relation helps to see how 8 and y are connected to the issue of how Z and V are correlated.
For instance one way to signify that V and Z are from the same distribution but are non-trivially
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correlated, is to say that there is some constant K € (0, 1) suchthatforx > 0,y (x) = E Z=x Y] <
K x. Then for x > 0,

+oo

B(x)p(x) < K / 70(z2)dz = K¢(x)

X

where we used the notation ¢ as in Lemma 2.4. Recall from therein that the density formula of
Lemma 2.4 is equivalent to ¢ = ph where h(x) = —EZ:J‘[(DL',_1 Z,DZ)] as usual. Therefore
on the support of Z, with x > 0 therein,

B(x) < Kh(x).

In other words, the non-trivial correlation of ¥ and Z can be read off of the above inequality as
well.

6. Estimating conditional probabilities
Theorem 4.1 is a special case, in dimension 2, of a corollary of the PDE-based Theorem 2.5
(i.e. of the system of PDEs (0.1)—(0.2)), which we now give. Theorem 4.1 and this corollary have

the advantage of not referring to the derivatives of p.

Corollary 6.1. Under the assumptions of Theorem 2.5, recall the distribution-moment-type func-
tion F defined in (4.1), i.e.

oo 0 o
Fi(x) = / / T / yie()dy,---dy>dy, = E[Zi121>x1122>x2 T 1Z,,>x,,]
X1 X2 Xn
fori=1,2,...,n, and the corresponding matrix h from (4.5). Then for each i, and each x =
(xl,x27~--7xn) Ean

n

Fly=> 1"

j=1

where
o0 ’O\O o0
I/ :=/~--f-~-[h”f(Z1,...,xj,-.-,zn)p(m,...,x./,...,zn)dm~--dz/~~--dzn,
X1 Xj Xn

where the symbol .~ means that the corresponding expression is to be omitted.

Proof. For each fixedi =1,2,...,n, if we integrate the corresponding equation in the system
of PDEs (0.1)-(0.2), over the orthan_t _D (x, +00), the expression on the left-hand side of (0.1) be-
comes precisely the sum — Z?:l IJ above, while the expression on the right-hand side of (0.1)

becomes precisely — F! (x), proving the corollary. O
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Let us now go back to the special case n = 2. Consider the conditional distribution function
of Z? given Z!, and conversely: with p,: the density of Z’, we define

]

vla)= / p(x1,22)dza = p71 (x)) P =122 > xa],

X2

o]

Y (x) 5=/p(11,x2)dZ1 =,ozz(x2)P22:"2[Z1 > x1].

X1

Note that F' is an antiderivative with respect to x; of —z; . Given prior information about the
marginal densities pz, and pz,, estimates on H translate into relations on the two functions ;,
as the next proposition shows.

Proposition 6.2. With the notation of Theorem 2.5 with n =2, assume that, for some ¢ € R, for
all x e R?, ki (x) <1 fori=1,2, and h"J (x) < c when i # j. Then

/x/f‘m,xz)adm <Yl + ey’ (),

e ¢]

/ V2 (x1, 22)22dz2 < e (x0) + Y2 (x).

X2

Similarly, if the inequalities in the assumptions are both reversed, then so are the inequalities in
the conclusions.

Proof. This follows immediately from Corollary 6.1 (or Theorem 4.1), the fact that F'! (x1,x2) =
fxolo Vl(z1, x2)z1dzy (similarly for F 2, the non-negativity of p, and the definitions of ¢'. O
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