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Abstract

We show how to use the Malliavin calculus to obtain a new exact formula for the density p
of the law of any random variable Z which is measurable and differentiable with respect to a
given isonormal Gaussian process. The main advantage of this formula is that it does not re-
fer to the divergence operator & (dual of the Malliavin derivative D). The formula is based
on an auxilliary random variable G := (DZ,—DL™'Z) %, where L is the generator of the so-
called Ornstein-Uhlenbeck semigroup. The use of G was first discovered by Nourdin and Peccati
(Probab. Theory Relat. Fields 145, 2009) in the context of rates of convergence in law. Here,
thanks to G, density lower bounds can be obtained in some instances. Among several examples,
we provide an application to the (centered) maximum of a general Gaussian process. We also
explain how to derive concentration inequalities for Z in our framework.
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1 Introduction

Let X = {X(h) : h € $H} be a centered isonormal Gaussian process defined on a real separable Hilbert
space $). This just means that X is a collection of centered and jointly Gaussian random variables
indexed by the elements of §), defined on some probability space (2, &, P), such that the covariance
of X is given by the inner product in $: for every h, g € ),

E(X(MX(g) = (h,8) o

The process X has the interpretation of a Wiener (stochastic) integral. As usual in Malliavin calculus,
we use the following notation (see Section 2|/for precise definitions):

e 12(Q,Z,P) is the space of square-integrable functionals of X; this means in particular that &
is the o-field generated by X;

e D2 is the domain of the Malliavin derivative operator D with respect to X; this implies that
the Malliavin derivative DZ of Z € D"? is a random element with values in $), and that
E[IDZ]I}] < oo.

e Dom 6 is the domain of the divergence operator 6. This operator will only play a marginal role
in our study; it is simply used in order to simplify some proof arguments, and for comparison
purposes.

rom now on, Z will always denote a random variable in D™* with zero mean.
F Z will al denot d bl D12 with

The following result on the density of a random variable is a well-known fact of the Malliavin
calculus: if DZ/||DZ ||2fJ belongs to Dom 6, then the law of Z has a continuous and bounded density

o given, for all z € R, by
(z2)=E |1 (Z)o z (1.1)
p(z)= . . .

From this expression, it is sometimes possible to deduce upper bounds for p. Several examples are
detailed in Section 2.1.1 of Nualart’s book [16].

In the first main part of our paper (Section 3), we prove a new general formula for p, which does
not refer to . For Z a mean-zero r.v. in D2, define the function g, : R — R almost everywhere by

gz(z)zE((DZ,—DL_12)5|Z=z). (1.2)

The L appearing here is the so-called generator of the Ornstein-Uhlenbeck semigroup; it is defined,
as well as its pseudo-inverse L1, in the next section. By [15, Proposition 3.9], we know that g is
non-negative on the support of the law of Z. Under some general conditions on Z (see Theorem /3.1
for a precise statement), the density p of the law of Z (provided it exists) is given by the following
new formula, valid for almost all z in the support of p:

P(Z e ds) = p(x)dz = 22 ( f de)d (1.3)
zZ)= z)az = ex — Z. .
P 2¢,) TP\, ax0)
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We also show that one simple condition under which p exists and is strictly positive on R
is that g(z) = crrznin hold almost everywhere for some constant aﬁlin > 0 (see Corollary
for a precise statement). In this case, formula (1.3) immediately implies that p (z) >
E|Z|/ (2g7(2)) exp (—zz/ (ZUim)), so that if some a-priori upper bound is known on g, then

p is, up to a constant, bounded below by a Gaussian density.

Another main point in our approach, also discussed in Section 3, is that it is often possible to express
gz relatively explicitly, via the following formula (see Proposition 3.7):

g7(2)= f e "E((®;(X), @z(eT"X + V1 —e2X")) ¢|Z =2)du. (1.4)
0

This is a consequence of the so-called Mehler formula of Malliavin calculus; here X’, which stands
for an independent copy of X, is such that X and X’ are defined on the product probability space
(QxQ,F®F' PxP); E denotes the mathematical expectation with respect to P x P’; and
the mapping ®, : R? — § is defined P o X !-a.s. through the identity DZ = &,(X) (note that
e UX + /1 —e 2ux’ Z X for all u > 0, so that ®,(e7UX + /1 —e2uX’) is well-defined for all
u=0).

As an important motivational example of our density formula combined with the explicit ex-
pression (1.4) for g, let X = (X,, t € [0, T]) be a centered Gaussian process with continuous paths,
such that E(X, — X,)*> # 0 for all s # t. Consider Z = supp, 11X — E(supy 77X ). Understanding
the distribution of Z is a topic of great historical and current interest. For detailed accounts, one
may consult textbooks by Robert Adler et al., from 1990, 2007, and in preparation: [1], [2], [3].
Expressing the density of Z, even implicitly, is a subject of study in its own right; in the case of
differentiable random fields, geometric methods have been used by Azais and Wschebor, based on
the so-called Rice-Kac formula, to express the density of Z in a way which allows them to derive
sharp bounds on the tail of Z: see [4] and references therein.

Herein we will apply our density formula to Z, resulting in an expression which is not restricted to
differentiable fields, and is not related to the Azais-Wschebor formula. To achieve this, we will use
specific facts about Z (see explanations and references in Section[3.2.4). It is known that Z € D',
that, almost surely, the supremum of X on [0, T] is attained at a single point in I, € [0, T], and
that the law of Z has a density p. The underlying Wiener space can then be parametrized to
imply DZ = 1q;,;- We note by R the covariance function of X, defined by R(s, t) = E(X;X,). Let

I, := argmax[o 71 (e™"X + /1 — e~2X") where X’ stands for an independent copy of X (as defined
above). Using the Mehler-type formula (1.4), we show

gz (z)= J e “E(R(Iy,I)|Z =z)du.
0

Therefore by (1.3), for almost all z in the support of p, we have

@) E|Z| JZ xdx (1.5)
zZ)= ex — . .
P zf(;x’ e “E(R(Iy,I)|1Z = 2)du P 0 fo°° e “E(R(Io, I,)|Z = x)du

In particular, if R is bounded above and below on [0, T], we immediately get some Gaussian lower
and upper bounds for p over all of R. Moreover, now that we have a formula for p, it is not difficult
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to derive a formula for the variance of Z. We get

o0

Var(Z) = f e “E(R(Io,1,))du. (1.6)
0

Our general density formula (1.3) has found additional applications reported in other publications.
In the context of Brownian directed polymers in Gaussian and non-Gaussian environments, this
paper’s second author obtained fully diffusive fluctuations for some polymer partition functions in
[20] using slightly different tools than we have here, but the techniques in this paper which lead to
(1.5) would yield the results in [20, Section 5] as well. In a direct application of (1.3) in the same
style as (1.5), Nualart and Quer-Sardanyons proved in the preprint [18] that the stochastic heat and
wave equations have solutions whose densities are bounded above and below by Gaussian densities
in many cases.

In the second main part of the paper (Section[4), we explain what can be done when one knows
that g, is sub-affine. More precisely, if the law of Z has a density and if g, verifies g,(Z) < aZ + 8
P-a.s. for some a = 0 and 8 > 0, we prove the following concentration inequalities (Theorem 4.1):
for all z > 0,

2

b4 ZZ
P(Z = Z) < exp (—m) and P(Z < —2) < exp (—%) . 1.7)

As an application of (1.7), we prove the following result. Let B = (B,, t € [0,1]) be a fractional

Brownian motion with Hurst index H € (0,1). Let Q : R — R be a ¢! function such that the

Lebesgue measure of the set {u € R : Q’(u) = 0} is zero, and |Q’(u)| < C|u| and Q(u) = cu? for some

positive constants ¢,C and all u € R. The square function satisfies this assumption, but we may
. 1 1

also allow many perturbations of the square. Let Z = fo Q(B;)ds —puwhere u=E [ f o Q(Bs) ds] )

Then inequality (1.7) holds with

c? 1 1 T C
(2H+1)c( 2H+1\/;) and = (2H+1)c( 2H+1\/7 \/7) (1.8)

The interest of this result lies in the fact that the exact distribution of f 01 Q (B,) du is unknown; even
when Q (x) = x?2, it is still an open problem for H # 1/2. Note also that classical results by Borell
[5] can only be applied when Q (x) = x? (because then, Z is a second-chaos random variable) and
would give a bound like Aexp(—Cz). The behavior for large z is always of exponential type. The
proof of (1.7) with a and 8 as above for this class of examples is given at the end of Section[4.1]

A related application of relation (1.7) from our Theorem is reported in [6], by this paper’s first
author, together with J.C. Breton and G. Peccati: they describe an application in statistics where
they build exact confidence intervals for the Hurst parameter associated with a one-dimensional
fractional Brownian motion.

Section 4] also contains a general lower bound result, Theorem (4.3, again based on the quan-
tity (DZ,—DL™'Z) g via the function g, defined in (1.2). This quantity was introduced recently
in [15] for the purpose of using Stein’s method in order to show that the standard deviation of
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(DZ,-DL™1Z) 5 provides an error bound of the normal approximation of Z, see also Remark (3.2
below for a precise statement. Here, in Theorem and in Theorem 4.1 as a special case (a = 0
therein), g,(Z) = E((DZ,—DL™'Z) $/Z) can be instead assumed to be bounded either above or
below almost surely by a constant; the role of this constant is to be a measure of the dispersion of
Z, and more specifically to ensure that the tail of Z is bounded either above or below by a normal
tail with that constant as its variance. Our Section [4 can thus be thought as a way to extend the
phenomena described in [15] when comparison with the normal distribution can only be expected
to go one way. Theorem|[4.3 shows that we may have no control over how heavy the tail of Z may
be (beyond the existence of a second moment), but the condition g,(Z) = o2 > 0 P-a.s. essentially

guarantees that it has to be no less heavy than a Gaussian tail with variance o2.

The rest of the paper is organized as follows. In Section 2, we recall the notions of Malliavin calculus

that we need in order to perform our proofs. In Section 3, we state and discuss our density estimates.
Section 4 deals with concentration inequalities, i.e. tail estimates.

2 Some elements of Malliavin calculus

Details of the exposition in this section are in Nualart’s book [16, Chapter 1]. As stated in the
introduction, we let X be a centered isonormal Gaussian process over a real separable Hilbert space
$. For any m > 1, let H®™ be the mth tensor product of § and $®™ be the mth symmetric tensor
product. Let & be the o-field generated by X. It is well-known that any random variable Z belonging
to L2(Q, Z, P) admits the following chaos expansion:

Z= Inlfu); 2.9
m=0

where Iy(f,) = E(Z), the series converges in L%(Q) and the kernels f,, € H®™, m > 1, are
uniquely determined by Z. In the particular case where §) is equal to a separable space L(A, .«/, u),
for (A,.«/) a measurable space and u a o-finite and non-atomic measure, one has that §°" =
Lsz(Am, /®™M u®™) is the space of symmetric and square integrable functions on A™ and, for every
f € 9°™" I..(f) coincides with the multiple Wiener-Itd integral of order m of f with respect to X.
For every m = 0, we write J,, to indicate the orthogonal projection operator on the mth Wiener
chaos associated with X. That is, if Z € L%(Q, Z,P) is as in (2.9), then J,,F = I,,(f,,) for every
m = 0.

Let & be the set of all smooth cylindrical random variables of the form

where n > 1, g : R" — R belongs to 6,° (the set of bounded and infinitely differentiable functions
g with bounded partial derivatives), and ¢; € 9, i = 1,...,n. The Malliavin derivative of Z with
respect to X is the element of L?(1, §) defined as

n

o,
DZ= 3 5 (K92, X(9) b

i=1
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In particular, DX (h) = h for every h € §. By iteration, one can define the mth derivative D™Z (which
is an element of L2(2, H®™)) for every m > 2. For m > 1, D™? denotes the closure of % with respect
to the norm || - [|,,, », defined by the relation

m
I1Z112 , = EZ) + Y E(IID'ZII%s.).
i=1
Note that a random variable Z as in (2.9) is in D2 if and only if

o0
D mmt il 2en < oo,
m=1

and, in this case, E(llDlef.j) =D sy mm! ||fm||f§®m. If § = L%(A, .o/, u) (with u non-atomic), then

the derivative of a random variable Z as in (2.9) can be identified with the element of L%(A x )
given by

[e8)

D,Z= Y mly(fu(~a), a€A
m=1
The Malliavin derivative D satisfies the following chain rule. If ¢ : R® — R is of class €' with
bounded derivatives, and if {Z;},_; _, is a vector of elements of D2, then ¢(Z,,...,Z,) € D"? and

.....

n a(p
an(Zl,...,Zn)=Zax.(Zl,...,Zn)DZl-. (2.10)
i=1 t

Formula (2.10) still holds when ¢ is only Lipschitz but the law of (Z;,...,Z,) has a density with
respect to the Lebesgue measure on R" (see e.g. Proposition 1.2.3 in [16]).

We denote by 6 the adjoint of the operator D, also called the divergence operator. A random element
u € L%(Q, H) belongs to the domain of §, denoted by Dom &, if and only if it satisfies

|E(DZ,u)ﬁ{ < cuE(Zz)l/2 forany Z € &,

where ¢, is a constant depending only on u. If u € Dom §, then the random variable 6 (u) is uniquely
defined by the duality relationship

E(Z8(u) = E(DZ,u)s, (2.11)

which holds for every Z € D2, Notice that all chaos variables I,,(f,,) are in Dom §.

The operator L is defined through the projection operators as L = Z?:o —mJ,,, and is called the

generator of the Ornstein-Uhlenbeck semigroup. It satisfies the following crucial property. A random
variable Z is an element of Dom L (= D*?) if and only if Z € Domé&D (i.e. Z € DY? and DZ €
Dom 6), and in this case:

6DZ =-L7Z. (2.12)

We also define the operator L™!, which is the pseudo-inverse of L, as follows. For every Z €
L*(Q,Z,P), weset L™1Z = Zm>1 —#Jm(Z). Note that L™! is an operator with values in D*2, and
that LL™'Z = Z — E(Z) for any Z € L?(Q, Z,P), so that L™! does act as L’s inverse for centered
LV.S.
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[ee)

The family (T,, u > 0) of operators is defined as T, = >, e ™, and is called the Orstein-
Uhlenbeck semigroup. Assume that the process X', which stands for an independent copy of X, is
such that X and X’ are defined on the product probability space (2 x ', ® Z’,P x P’). Given a
random variable Z € D2, we can write DZ = &,(X), where &, is a measurable mapping from R
to $), determined P o X ~!-almost surely. Then, for any u > 0, we have the so-called Mehler formula:

T,(DZ)=FE'(®7(e "X + V1 —e 24X")), (2.13)

where E’ denotes the mathematical expectation with respect to the probability P’.

3 Formula for the density

As said in the introduction, we consider a random variable Z € D2 with zero mean. Recall the
function g, introduced in (1.2):

87(2) =E((DZ,~DL™'Z)4|Z = 2).
It is useful to keep in mind throughout this paper that, by [15, Proposition 3.9], g,(z) = 0 for almost
all z in the support of the law of Z.
3.1 General formulae

We begin with the following theorem.

Theorem 3.1. The law of Z has a density p if and only if the random variable g,(Z) is strictly positive
almost surely. In this case, the support of p, denoted by supp p, is a closed interval of R containing zero
and we have, for almost all z € supp p:

()= ElZ] exp (—JZ de) (3.14)
P = 58,() . g0 '

Proof. Let us first prove a useful identity. For any f : R — R of class ¢ with bounded derivative,
we have

E(Zf(2)) =E(L(L7'Z) x f(2)) =E(6(D(-L7'Z)) x f(2)) by (2.12)
=E((Df(Z),-DL™'Z)g) by (2.11)
=E(f'(Z)(DZ,-DL™'Z)g) by (2.10)
=E(f/(Z)gz(Z))- (3.15)

Now, assume that the random variable g,(Z) is strictly positive almost surely. Combining (3.15)
with an approximation argument, we get, for any Borel set B € %(R), that

z
E(ZJ 1B(J’)d)’) =E(13(Z)gZ(Z)). (3.16)

—00
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Suppose that the Lebesgue measure of B € %B(R) is zero. Then E(13(Z)gz(Z)) = 0 by (3.16).
Consequently, since g,(Z) > 0 a.s. by assumption, we have P(Z € B) = 0. Therefore, the Radon-
Nikodym criterion implies that the law of Z has a density.

Conversely, assume that the law of Z has a density, say p. Let f : R — R be a continuous function
with compact support, and let F denote any antiderivative of f. Note that F is necessarily bounded.
Following Stein himself (see [19, Lemma 3, p. 61]), we can write:

E(f(2)g,(2)) =E(F(2)Z) by (3.15)

=f F(z)zp(z)dz = f f(z) U yp(y)dy) dz
R ) Jr z

I yp()dy
=F (f D= )

Equality (*) was obtained by integrating by parts, after observing that

o0
f yp(y)dy — 0 as |z| = o0
z

(for 2 — 400, this is because Z € L1(Q); for z — —o0, this is because Z has mean zero). Therefore,
we have shown

5 yp()dy
p(z) -

Since Z € D2, it is known (see e.g. [16, Proposition 2.1.7]) that suppp = [a, 8] with —oco < a <
B < 400. Since Z has zero mean, note that a < 0 and 8 > 0 necessarily. For every z € (a, 8), define

g7(Z)= P-as.. (3.17)

¢ (2) =f ye (y)dy. (3.18)

The function ¢ is differentiable almost everywhere on (a,3), and its derivative is —zp (z). In
particular, since ¢(a) = () = 0 and ¢ is strictly increasing before 0 and strictly decreasing
afterwards, we have p(z) > 0 for all z € (a, 8). Hence, (3.17) implies that g,(Z) is strictly positive
almost surely.

Finally, let us prove (3.14). Let ¢ still be defined by (3.18). On the one hand, we have ¢’(z) =
—zp(2) for almost all z € supp p. On the other hand, by (3.17), we have, for almost all z € supp p,

v(z) = p(2)gz(2). (3.19)

By putting these two facts together, we get the following ordinary differential equation satisfied by
P )
p'z) =
o(z)  gz(2)
Integrating this relation over the interval [0, z] yields

for almost all z € supp p.

xdx
gz(x).

log ¢(2) =1log ¢(0) — f
0

2294



Taking the exponential and using 0 = E(Z) = E(Z,) — E(Z_) so that E|Z| = E(Z,)+ E(Z_) =

2E(Z,) =2p(0), we get
@) 1 £)Z] ( fz xdx )
Z)= — ex — .
i 2 P 0 gz(X)

Finally, the desired conclusion comes from (3.19).

O

Remark 3.2. The ‘integration by parts formula’ (3.15) was proved and used for the first time by
Nourdin and Peccati in [15], in order to perform error bounds in the normal approximation of Z.
Specifically, [15] shows, by combining Stein’s method with (3.15), that, if Var(Z) > 0, then

sup |P(Z <) =~ P(N <2)| < var(g2(2)

) .

where N ~ (0, VarZ). In reality, the inequality stated in [15] is with Var((DZ, —-DL™1Z) 5) instead
of Var(gz(Z)) on the right-hand side; but the same proof allows to write this slight improvement;
it was not stated or used in [15] because it did not improve the applications therein.

As a corollary of Theorem|3.1, we can state the following.

2

Corollary 3.3. Assume that there exists 0. > 0 such that

g,(2) = o> P-as. (3.21)

min’
Then the law of Z, which has a density p by Theorem has R for support and (3.14) holds a.e. in
R.

Proof. It is an immediate consequence of Theorem (3.1, except the fact that suppp = R. For the
moment, we just know that suppp = [a, f] with —co < a <0 < f§ < +00. Identity (3.17) yields

o0
f yo (y)dy =02 _p(z) foralmostallz € (a,f). (3.22)

Let ¢ be defined by (3.18), and recall that ¢(z) > 0 for all z € (a, ). When multiplied by z € [0, ),

the inequality (3.22) gives % = —05 —. Integrating this relation over the interval [0,z] yields

22
2
2 Umin

log ¢ (2) —logp (0) = — i.e., since ¢(0) = %ElZI,

22

o2

o
1 ——z
¢(z)= f ye (¥) dy = JE|Z|e *“min. (3.23)

Similarly, when multiplied by z € (a,0], inequality (3.22) gives % < ——7—. Integrating this

2, i.e. (3.23) still holds for z & (a, 0].

Now, let us prove that 8 = +o0. If this were not the case, by definition, we would have ¢ () = 0;
on the other hand, by letting z tend to 8 in the above inequality, because ¢ is continuous, we would
2

relation over the interval [z, 0] yields log ¢ (0)—log ¢ (2) <

have ¢ () > %E|Z|e_% > 0, which contradicts f < +00. The proof of @ = —oo is similar. In
conclusion, we have shown that supp p = R.
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O

Using Corollary|3.3} we can deduce the following interesting criterion for normality, which one will

compare with (3.20).
Corollary 3.4. Assume that Z is not identically zero. Then Z is Gaussian if and only if Var(g,(Z)) = 0.
Proof: By (choose f(z) =2), we have
E((DZ,-DL7'Z)g) = E(Z?) = VarZ.
Therefore, the condition Var(g;(Z)) = 0 is equivalent to
g7,(Z)=VarZ, P-as.

Let Z ~ A4(0,02%) with o > 0. Using (3.17), we immediately check that g,(Z) = o2, P-a.s. Con-
versely, if g;,(Z) = 02 > 0 P-a.s., then Corollary(3.3/implies that the law of Z has a density p, given
2

by p(2) = %6_227 for almost all z € R, from which we immediately deduce that Z ~ A4(0, c?).

Observe that if Z ~ A(0,02) with o > 0, then E|Z| = 1/2/m 0, so that the formula (3.14) for p
agrees, of course, with the usual one in this case.
When g, can be bounded above and away from zero, we get the following density estimates:

Corollary 3.5. If there exists O, Omax > 0 such that

2 2
oo < 8z(Z)<o;,, P-as,

then the law of Z has a density p satisfying, for almost all z € R,

E|Z| 22 < o) < E|Z| z2
ex - RS Z) X ex - .
202 P\ T2 p 202 P\ 7552

max min

Proof: One only needs to apply Corollary(3.3!
O

Remark 3.6. General lower bound results on densities are few and far between. The case of uni-
formly elliptic diffusions was treated in a series of papers by Kusuoka and Stroock: see [14]. This
was generalized by Kohatsu-Higa [13] in Wiener space via the concept of uniformly elliptic random
variables; these random variables proved to be well-adapted to studying diffusion equations. E.
Nualart [17] showed that fractional exponential moments for a divergence-integral quantity known
to be useful for bounding densities from above (see formula (1.1) above), can also be useful for de-
riving a scale of exponential lower bounds on densities; the scale includes Gaussian lower bounds.
However, in all these works, the applications are largely restricted to diffusions.
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3.2 Computations and examples

We now show how to ‘compute’ g,(Z) = E((DZ,—DL™1Z) $|Z) in practice. We then provide several
examples using this computation.

Proposition 3.7. Write DZ = ®,(X) with a measurable function ®, : R? — §. We have

(DZ,-DL7'Z)¢ = J e " (®,(X),E (z(e7"X + V1 —e 2X"))) gdu,

0
so that o
82(Z) = f e "E((®7(X), ®z(eTX + V1 —e7X"))4lZ)du,
0
where X' stands for an independent copy of X, and is such that X and X’ are defined on the product
probability space (2 x Q' F ® F',P x P’). Here E denotes the mathematical expectation with respect

to P X P’, while E’ is the mathematical expectation with respect to P’.

Proof: We follow the arguments contained in Nourdin and Peccati [15, Remark 3.6]. Without loss
of generality, we can assume that §) is equal to L%(A,.<f, u), where (A,.¢/) is a measurable space
and u is a o-finite measure without atoms. Let us consider the chaos expansion of Z, given by
Z=3"  In(fn), with f,, € H°™. Therefore —L~'Z =3 _, ilm(fm) and

o0
—DL7'Z = Iy (fu(n), a €A
m=1

On the other hand, we have D, Z =Y~ mI,,_1(f,(-,a)). Thus

f e “T,(D,Z)du :J e ! ( me_(m_l)ulm_l(fm(.,a))) du
0 0 1

m=

S s ()

m=1
Consequently,

o0
-DL7'z = f e UT,(DZ)du.
0

By Mehler’s formula (2.13), and since DZ = &,(X) by assumption, we deduce that
o0
-DL7'z = f e "E'(®(e7'X + V1 —e24X"))du,
0

so that the formula for (DZ, —DL_lz)ﬁ follows. Using E(E’(...)|Z) = E(...|Z), the formula for

27(Z) holds.
O

By combining Theorem|3.1]with Proposition we get the following formula:
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Corollary 3.8. Let the assumptions of Theorem|3.1 prevail. Let &, : R® — §) be measurable and such
that DZ = ®,(X). Then, for almost all z in supp p, the density p of the law of Z is given by

E|Z|
2 [ e E((,(X), @7 (e X + V1 — e X)) g|Z =2)du

p(z)=

xdx

X exp —f =
o [ eVE((®,(X), ®5(e"X + V1 —e X)) |Z = x)dv

Now, we give several examples of application of this corollary.

3.2.1 First example: monotone Gaussian functional, finite case.

Let N ~ A,(0,K) with K positive definite, and f : R® — R be a ¢' function having bounded
derivatives. Consider an isonormal Gaussian process X over the Euclidean space $) = R", endowed
with the inner product (h;,h;)s = E(N;N;) = K;;. Here, {h;},<;<, stands for the canonical basis
of $ = R". Without loss of generality, we can identify N; with X(h;) foranyi =1,...,n. Set Z =
f(N)—=E(f (N)). The chain rule (2.10) implies that Z € D2 and that DZ = &,(N) = Y1, j—i(N)hi.
Therefore

i d ]
(@,(X), ®z(e"X +V1—e2X)) g = Z Kij%(N)%(e‘”N +V1—-e 2N,
i,j=1 i J

for N/ = X'(h;), i = 1,...,n. In particular, Corollary(3.5 combined with Proposition|3.7|yields the
following.

Proposition 3.9. Let N ~ A,,(0,K) with K positive definite, and f : R® — R be a 6! function with
bounded derivatives. If there exist a;, 3; = 0 such that a; < %(x) < Biforanyie{l,...,n}and x €
R", if K;; = 0 for any i,j € {1,...,n} and ifzzjzl a;a;K;; > 0, then the law of Z = f(N) — E(f(N))
admits a density p which satisfies, for almost all z € R,

E|Z| 22
exp | —
22?,1:1 BiB;K;; 22?,;‘:1 a;a;K;;

<p() < E|Z| 22
<p(z) < exp | — )
2350 o K 2350 =1 BiBiKij

3.2.2 Second example: monotone Gaussian functional, continuous case.

Assume that X = (X,, t € [0,T]) is a centered Gaussian process with continuous paths, and that
f :R — Ris ¢! with a bounded derivative. The Gaussian space generated by X can be identified
with an isonormal Gaussian process of the type X = {X(h) : h € £}, where the real and separable

2298



Hilbert space §) is defined as follows: (i) denote by & the set of all R-valued step functions on [0, T],
(ii) define $ as the Hilbert space obtained by closing & with respect to the scalar product

<1[O,t]> 1[0,5])&') - E(Xth).

In particular, with such a notation, we identify X, with X(1[p,7). Now, let Z = fOT fX,)dv —
E (fOTf(Xv)dv). Then Z € D%? and we have DZ = &,(X) = fOTf’(XV)l[O’V]dv. Therefore

(@,(X), ("X +V1—e2X))g
= f f F/XOf (e7'X, + V1 —e 24X JE(X, X, )dvdw.
[0,T]2

Using Corollary (3.5 combined with Proposition we get the following.

Proposition 3.10. Assume that X = (X,, t € [0, T]) is a centered Gaussian process with continuous
paths, and that f : R — R is €. If there exists a, 3,0 min, Omax > O such that a < f’ (x) < B for

all x € R and O'mm E(X,X,) < amax for all v,w € [0,T], then the law of Z = f fX,)dv —
E (fo f(Xv)dv) has a density p satisfying, for almost all z € R,

72 22
E|Z| ZaZUZi T2 p(z) S E|Z| e Zﬁzo'rznaxTZ'
2 T2 T2

max InlIl

3.2.3 Third example: maximum of a Gaussian vector.

Let N ~ A,(0,K) with K positive definite. Once again, we assume that N can be written N; = X (h;),
for X and h;, i =1,...,n, defined as in the section[3.2.1. Since K is positive definite, note that the
members hq,...,h, are necessarily different in pairs. Let Z = maxN — E(maxN ), and set

I, = argmax, ¢;<,(e “X(h;)+ V1 —e 2X'(h;)) foru=0.

Lemma 3.11. For any u > 0, I, is a well-defined random element of {1,...,n}. Moreover, Z € D2
and we have DZ = ®,(N) = hy.

Proof: Fix u = 0. Since, for any i # j, we have
P(e™X(h)+V1—e2X'(h) =e“X(h))+ V1—e 2X'(h)))
=P(X(h) =X (h;)) =0,

the random variable I, is a well-defined element of {1,...,n}. Now, if A; denotes the set {x €
R" : x; < x; for all j}, observe that —max(xl, e Xp) = 1A (x1,...,x,) almost everywhere. The

desired conclusion follows from the L1psch1tz version of the chain rule (2.10), and the following
Lipschitz property of the max function, which is easily proved by induction (on n = 1):

n
|max(y1, vee, Yp) —max(xq,. ..,xn)| < Z |y; —x;| for any x,y € R™. (3.24)
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In particular, we deduce from Lemma 3.11/that

(@70X),7(e™X +V1—e2X)) =K | . (3.25)
so that, by Corollary(3.8) the density p of the law of Z is given, for almost all z in supp p, by:

@) E|Z| fz xdx
P(E)= exp |~ | 7w :
2, e “E(Ky,;,|1Z = z)du o [, e VE(Ky ;|2 =x)dv

As a by-product (see also Corollary|3.5), we get the density estimates in the next proposition, and a
variance formula.

Proposition 3.12. Let N ~ A;,(0,K) with K positive definite.

o If there exists O i, O max > O such that arznin <Kj; < Ufnaxfor any i,j € {1,...,n}, then the law
of Z=maxN — E(maxN) has a density p satisfying

E|Z| z2 < o) < E|Z| z2
ex — I Z)x ex —
202 P 202 p 202 P 202

max min min max

for almost all z € R.

e With N’ an independent copy of N and I, := argmax(e “N + /1 — e 2“N’), we have
(0.0)

Var(maxN) = J e “E(Kj, 1, )du.
0

The variance formula above is a discrete analogue of formula (1.6): the reader can check that it is
established identically to the proof of found in the next section (Proposition[3.13), by using
formula (3.25) instead of formula (3.26) therein. It appears that this discrete-case variance formula
was established recently using non-Malliavin-calculus tools in the preprint [8, Lemma 3.1].

3.2.4 Fourth example: supremum of a Gaussian process.

Assume that X = (X,,t € [0,T]) is a centered Gaussian process with continuous paths. Fer-
nique’s theorem [12] implies that E(sup[QT]Xz) < 00 . Assume E(X, — X,)?> # 0 for all s # t.
As in the section above, we can see X as an isonormal Gaussian process (over ). Set Z =
suppo 11X — E(suppg r1X), and let I, be the (unique) random point where e X + /1 — e 2ux’
attains its maximum on [0, T]. Note that I, is well-defined, see e.g. Lemma 2.6 in [11]. More-
over, we have that Z € D%? and the law of Z has a density, see Proposition 2.1.11 in [16], and
DZ = ®4(X) = 1y ,], see Lemma 3.1 in [9]. Therefore

(@;(X),®(e™"X +V1—e2X"))y =R(Iy,1,) (3.26)

where R(s,t) = E(X,X,) is the covariance function of X. Hence, (1.5) is a direct application of
Corollary(3.8. The first statement in the next proposition now follows straight from Corollary (3.5|
The proposition’s second statement is the variance formula (1.6), and its proof is given below.
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Proposition 3.13. Let X = (X,, t € [0, T]) be a centered Gaussian process with continuous paths, and
E(X, —X,)*>#0 forall s # t.

o Assume that, for some real O iy, Omax > 0, we have Urznin S EXX,) < Urznaxfor anys,t €[0,T].

Then, Z = sup(o 11X — E(sup[o,r1X) has a density p satisfying, for almost all z € R,

VA —— Elz| -
2 5 e min Sp(z)g 2 e max , (3.27)
amax min

e Let R(s,t) = E(X,X,), let X’ be an independent copy of X, and let
I, = argmaxpo (e “X + V1 —e 2X"), u>0.
o0
Then Var(supX) = fo e “E(R (Io,1,) )du.
Proof: The first bullet comes immediately from Corollary [3.5. For the variance formula of the
second bullet, with Z = sup(o 71X — E(sup[g r1X), using (3.15) with f(z) = z, we get E(Z?) =

E({DZ,—DL"'Z)g), so that the desired conclusion is obtained immediately by combining (3.26)

with Proposition
O

When applied to the case of fractional Brownian motion, we get the following.

Corollary 3.14. Let b > a > 0, and B = (B,, t = 0) be a fractional Brownian motion with Hurst index
H € [1/2,1). Then the random variable Z = supy, ;1B — E(sup[a’b]B) has a density p satisfying
(3.27) with o, = a and o, = b

Proof: The desired conclusion is a direct application of Proposition|3.13 since, foralla <s <t < b,

E(B;B;) < 1/E(BSZ) ‘ /E(Bf = (st)f < p?H

and
1
E(B;B,) = —(tZH + 52 — (¢ —s)ZH) =H(2H —-1) lv —ul*2dudv
2 [0,s]x[0,t]

> H(2H — 1)ff lv — ul*2dudv = E(B?) = a*.
[0,a]x[0,a]
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4 Concentration inequalities

In this whole section, we continue to assume that Z € D2 has zero mean, and to work with gz
defined by (1.2).

Now, we investigate what can be said when g,(Z) just admits a lower (resp. upper) bound. Results
under such hypotheses are more difficult to obtain than in the previous section, since there we
could use bounds on g,(Z) in both directions to good effect; this is apparent, for instance, in the
appearance of both the lower and upper bounding values o ;, and o, in each of the two bounds
in (3.27), or more generally in Corollary 3.5 However, given our previous work, tails bounds can
be readily obtained: most of the analysis of the role of g,(Z) in tail estimates is already contained
in the proof of Corollary(3.3|

Before stating our own results, let us cite a work which is closely related to ours, insofar as some
of the preoccupations and techniques are similar. In [10], Houdré and Privault prove concentration
inequalities for functionals of Wiener and Poisson spaces: they have discovered almost-sure condi-
tions on expressions involving Malliavin derivatives which guarantee upper bounds on the tails of
their functionals. This is similar to the upper bound portion of our work (Section[4.1), and closer
yet to the first-chaos portion of the work in [21]; they do not, however, address lower bound issues.

4.1 Upper bounds

The next result allows comparisons both to the Gaussian and exponential tails.

Theorem 4.1. Fix a = 0 and 8 > 0. Assume that

@D gz(Z)<aZ+p, P-as.;
(ii) the law of Z has a density p.

Then, for all z > 0, we have

22

22
P(Z=22)< -_—— d P(Z<-2)< —-— 1.
( z) exp( 2az+2[3’) an ( z) exp( 2[5)

Proof: We follow the same line of reasoning as in [7, Theorem 1.5]. For any A > 0, define m, :
[0,400) = R by my(6) =E (eez 17<4})- By Lebesgue differentiation theorem, we have

m,(0) = E(Zeezl{zsA}) forall 0 > 0.
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Therefore, we can write

A
m,(0) = J ze% p(2)dz

—o0

00 A %)
= —eeAf yp(y)dy +6 J e%” (f yp(y)dy) dz by integration by parts
A b4

A o0 N
< GJ e%* (j yp(y)dy) dz since onoyp(y)dy >0
= 0E(gz(2)e%” 1iz<ny)s
where the last line follows from identity (3.17). Due to the assumption (i), we get
m;\(G) <6 am;\(O) + 6 B mu(0),

that is, for any 8 € (0,1/a):

m',(6) < ma(6). (4.28)

1-60a
By integration and since m,(0) = P(Z < A) < 1, this gives, for any 8 € (0,1/a):

my(0) < ex " _Pu du | <ex ﬁ—GZ
A7) S €XP o 1—au = CXp 2(1-06a) |’

Using Fatou’s lemma (as A — o0) in the previous relation implies

92
E(eez) < exp (h)

for all 8 € (0,1/a). Therefore, for all 6 € (0,1/a), we have

02
P(Z 2 2)=P(e% = e%) < e % E (%) <exp (—2(1[5 ) Gz) .
—fa

Choosing 6 = azz_—i-ﬁ € (0,1/a) gives the desired bound for P(Z > z).

Now, let us focus on the lower tail. Set Y = —Z. Observe that assumptions (i) and (ii) imply that Y

has a density and satisfies gy (Y) < —aY + f3, P-a.s. For A > 0, define m, : [0, +00) — R by m,(9) =

E(eeyl{ygA}). Here, instead of (4.28), we get similarly that m/,(6) < % ma(0) < 6 mu(0) for

all 6 = 0. Therefore, we can use the same arguments as above in order to obtain, this time, firstly
o?

that E(e%Y) < e 2 for all & > 0 and secondly that P(Y > 2) < exp (—%) (choosing 6 = z/f3),

which is the desired bound for P(Z < —3). -

Remark 4.2. In Theorem|4.1, when a > 0, by the non-negativity of g, (Z), (i) automatically implies
that Z is bounded below by the non-random constant —f3/a, and therefore the left hand tail P(Z <
—z) is zero for g < —f3/a. Therefore the upper bound on this tail in the above theorem is only
asymptotically of interest in the “sub-Gaussian” case where a = 0.
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We will now give an example of application of Theorem 4.1, Assume that B = (B, t € [0,T]) is
a fractional Brownian motion with Hurst index H € (0,1). For any choice of the parameter H, as
already mentioned in section the Gaussian space generated by B can be identified with an
isonormal Gaussian process of the type X = {X(h) : h € $}, where the real and separable Hilbert
space §) is defined as follows: (i) denote by & the set of all R-valued step functions on [0, T], (ii)
define $) as the Hilbert space obtained by closing & with respect to the scalar product

1
<1[0,t]: 1[0’S]>ﬁ = E(BtBs) = E(tZH 420 _ |t —S|2H).

In particular, with such a notation one has that B, = X(1q ;7).

Now, let Q be a 6! function such that the Lebesgue measure of the set {u € R : Q'(u) = 0} is zero,
and |Q’ (u)| < C|u| and Q (u) = cu? for some positive constants ¢, C and all u € R. Let

Z= JolQ(Bs) ds—E [J:Q(Bs) ds] .

Observe that Z € D2, with DZ = fol Q'(B;)1{gqds. Denoting B® = e "B+ y/1—e 2B/, and
zW = fol Q(BS(“))ds —E Uol Q(BS(“))ds] , we first note that the Malliavin derivative of Z easily ac-

commodates the transformation from Z to Z®. In the notation of formula (1.4), we simply have

1

®,(z") = f Q'(BM)1pg41ds.
0

Thus, by Proposition 3.7, we calculate

(DZ,—-DL7'Z)

roo 1 1
= | due™ <J Q'(B) 1o 1ds; E/ (J Q’(BE”))l[O,t]dt)>
0 0 0 5

[ J'

= due™ dsdtQ'(B)E' (Q'(B™)) (10,4, 110,

], o172 ( t )< [0,s]> [ t]>g)
[

_ due_”f dsdtQ'(B,)E’ (Q’(BE”))) E(B,B,).

Jo [0,1]2

e

We now estimate this expression from above using the fact that |E (BSBtN < sHtH and the upper

2304



bound on |Q’ | :

(DZ,—DL7'Z)

0

oo -
<C? J due™® J dsdtsHtH|Bs|E'(|B§“)|)
0 [0,1]2
[ (f
= CZJ due ”J dsdts® tH|B,|E’ (le_”B[ +v1-— e_2“B£|)
0 [0,1]2
[ f — e 2u
< Czj due “J dsdts™tf|B| (e‘”IBt|+ \/ Mﬁ)
0 [0,1]2 T
oo 1 2 _ —2uy (1
:Czj due™ | e (f |Bs|sts) + ! \/2(1 ¢ )J |B,|sH ds
0 2H +1 T 0

2

2
c? ! T !
:—(J |Bs|SHdS> + \/—J |BS|SHdS.
2 0 8 Jo

Now we wish to make Z appear inside the right-hand side above. Note first that, using Cauchy-
Schwarz’s inequality and thanks to the lower bound on Q,

1 2 1 1
|Bs|sts s ———
o (2H+1)c J,

where u =E [fol Q(Bs)ds] . By using |x| < x?+ ‘1‘ in order to bound fol |B,|s*'ds, we finally get that
c
-+ — (Z+u)+-

(DZ,—DL'Z) is less than
N \/F \/7
2 2H+1V 8 4V 8|’

CZ
(2H+1)c

so that g,(Z) < aZ + f3, with a, 8 defined as in (1.8). Therefore, due to Theorem[4.1} the desired

conclusion (1.7) is proved, once we show that the law of Z has a density.

2H +1

__Ltu
- (2H+1)’

1
< B2d
2H+1 |,

Q(B,)ds

S

1 1

For that purpose, recall the so-called Bouleau-Hirsch criterion from [16, Theorem 2.1.3]: if Z € D2
is such that [|[DZ||¢ > 0 P-a.s., then the law of Z has a density. Here, we have

IDZ|I5, = J Q'(B,)Q'(B,)E(B,B,)dsdct,
[0,1]?

from the computations performed above. We can express it as

1 2
IDZ][3, =f Q'(B\)Q'(B.)E(B;B)dsdt,= E U Q’(Bs)Bsds) ,

[0,1]2 0
where B is a fractional Brownian motion of Hurst index H, independent of B, and E denotes the

. 1 .

expectation with respect to B. Then, ||DZ ||f6 = 0 implies that f o Q'(B,)B,ds = 0 for almost all
the trajectories B, which implies that Q'(B,) = 0 for all s € [0,1], so that Q’(u) = O for all u in
the interval [mine[q 17 Bs, Maxsepo,1]Bs], which is a contradiction with the fact that the Lebesgue
measure of the set {u € R : Q’'(u) = 0} is zero. Therefore, ||DZ||s > 0 P-a.s., and the law of Z has a
density according to the Bouleau-Hirsch criterion. The proof of (1.7) is concluded.

2305



4.2 Lower bounds

We now investigate a lower bound analogue of Theorem Recall we still use the function g,
defined by (1.2), for Z € D2 with zero mean.

Theorem 4.3. Fix 0, a > 0 and 8 > 1. Assume that
1) g;,(Z2)= ofnin, P-a.s.
The existence of the density p of the law of Z is thus ensured by Corollary 3.3 Also assume that

(ii) the function h(x) = x"*Pp (x) is decreasing on [a, +00).

Then, for all z = a, we have

I )>1(1 1)E|Z|1 ( 22 )
ZZ)=z < - = —exp| — 5 .
2 [5 z 2o-min

Alternately, instead of (ii), assume that there exists 0 < a < 2 such that

(i)’ limsup,_, ., 2z~ *log g,(z) < co.

Then, for any 0 < & < 2, there exist K, zy > 0 such that, for all z > z,

ZZ
P(Z?Z)?Kexp(—m .
min

Proof: First, let us relate the function p(z) = f Zoo yp(y)dy to the tail of Z. By integration by parts,

we get
0()=2P(Z =2) +J P(Z = y)dy. (4.29)

2z

B
If we assume (ii), since h is decreasing, for any y > z = a we have %g)) < (%) . Then we have,

for any z > a (observe that p(z) > 0):

o0

d
dysz;a(z)zﬁj 2=
. yHh B

ye ()
zp (2)

P(ZZZ)=zp(z)J 1
-

By putting that inequality into (4.29), we get

[0.9]

p(z)<zP(Z 22)+%J yp(y)dy =zP(Z >z)+%<p(z)

z

sothat P(Z = z) = (1 - %) @. Combined with (3.23), this gives the desired conclusion.
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Now assume (ii)’ instead. Here the proof needs to be modified. From the result of Corollary 3.3

and condition (i), we have
) > E|Z| z2
2) = exp| — .
p 2g,(2) Pl 7252

min

2
Let ¥ (z) denote the unnormalized Gaussian tail fzoo exp (— S ) dy. We can write, using the

2 O-ﬁﬂn
Cauchy-Schwarz inequality,

0o 2
V2(z) = U exp (—#) Ve, )

min

2
1
vgz()’) )

S| exp|——5 | &Wdyx | exp|—-5— | —=dy
z 20-min z 2O-min gz(_)’)

P(Z>Z)=f p(y)dy

Z
o0
Z%J e—yz/(ZUfmn 1 dy
2 ), gz(y)
2
- E|Z| w4 (z)

2 f:o e_yz/(zarznin)gz (_y) dy

so that

Using the classical inequality f:o e’ 12q y =z 147:22 e/ 2 we get
4 2 exp [ —=
E|Z| 9 min® P T min
P(Z22)> — . e - . (4.30)
(Omin +2°)7 [Pexp (—zgz, ) gz(y)dy

Under condition (ii)’, we have that there exists ¢ > 0 such that, for y large enough, g,(y) < "
with 0 < a < 2. We leave it to the reader to check that the conclusion now follows by an elementary

calculation from (4.30).
O

Remark 4.4. 1. Inequality (4.30) itself may be of independent interest, when the growth of g,
can be controlled, but not as efficiently as in (ii)’.

2. Condition (ii) implies that Z has a moment of order greater than 3. Therefore it can be
considered as a technical regularity and integrability condition. Condition (ii)’ may be easier
to satisfy in cases where a good handle on g, exists. Yet the use of the Cauchy-Schwarz
inequality in the above proof means that conditions (ii)’ is presumably stronger than it needs
to be.

3. In general, one can see that deriving lower bounds on tails of random variables with little
upper bound control is a difficult task, deserving of further study.
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