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We obtain dimension-free concentration inequalities for £7-norms, p > 2, of infinitely divisible random
vectors with independent coordinates and finite exponential moments. Besides such norms, the methods
and results extend to some other classes of Lipschitz functions.
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1. Introduction

The goal of the present paper is to investigate the concentration of measure phenomenon for
norms of infinitely divisible random vectors with independent coordinates. Let X ~ ID(y, 0, v)
be an infinitely divisible (ID) vector without Gaussian component in R, and with characteristic
function

o(t) =Ee %) =exp{i(t, ) +/ (el —1 —i(t,u)1||u|2<1)v(du)}, 1.1)
]Rd

where ¢, y € R? and where v # 0 (the Lévy measure) is a positive Borel measure on R¢, with-
out atom at the origin and such that fRd(l A ||u||%)v(du) < 400 (throughout, (-, -) denotes the
Euclidean inner product in R?, while || - ||, is the corresponding Euclidean norm). Properties of
X can be read from properties of v. For example, X has independent components if and only if
v is supported on the axes of RY, that is,

d
v(dxy,...,dxg) = Z 8o(dx1) - - - 8o(dxg—1) Vg (dxg)So(dxgy1) - - - So(dxg) (1.2)
k=1

for some one-dimensional Lévy measures Vg, the i.i.d. case corresponding to vy = ¥, for
k=1,...,d. For simplicity of notation, we shall often assume in the sequel that X has i.i.d.
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components rather than merely independent ones. It is an easy matter, left to the reader, to trans-
form any i.i.d. result obtained below into an “independent” one; often it just involves introducing
ming—p, 4 1n the notation.

In a seminal work, Talagrand [13] proved a concentration inequality for the product of (one-
sided) exponential measures (see also Maurey [9]). This inequality was the first to mix two dif-
ferent norms (¢! and £2), improving upon some aspects of Gaussian concentration. Rewriting it,
in functional form, it asserts that if X is a random vector in R? with i.i.d. exponential components
and if f is a real-valued Lipschitz function on R? such that

,,,,,

Jo, B>0,¥x,yeR? | f(x) = f(3)| < min(allx = yl2, Bllx — ylh),

then there exists a universal constant K > 0 such that

C(x* x

P(f(X) —m(f(X)) = u) < eXp( Kmm(az, ﬂ>)
where m(f (X)) is a median of f(X). What is remarkable here is the dimension-free nature
of this concentration inequality. For instance, applying it to the Euclidean norm, we note that
o = =1 and that the only dependency in the dimension d is through the median itself. This
result of Talagrand, which clearly continues to hold for Lipschitz images of the exponential
measure, is actually true for any law satisfying a Poincaré inequality (see Bobkov and Ledoux
(2D.

We would here like to obtain dimension-free concentration for infinitely divisible vectors with
finite exponential moments, of which the exponential measure is a particular case. The need to
have finite exponential moments to obtain dimension-free results is clear, in view of Proposi-
tion 5.1 of [13] (see also [1]). On the other hand, by a result of Borovkov and Utev [3], one-
dimensional laws satisfying a Poincaré inequality must have a non-trivial absolutely continuous
component, thus making our results non-vacuous. The class of infinitely divisible laws is quite
encompassing and, for example, on R™, any log-convex density is infinitely divisible. The situa-
tion is more subtle as far as one-dimensional log-concave measures (which necessarily satisfy a
Poincaré inequality) is concerned and, for instance, the (infinitely divisible) gamma law with pa-
rameters o > 0 and 7 > 0, and with density o’x’~1e™**/'(r), x > 0, is log-concave if and only
if + > 1. Let us also mention that double Wiener—Itd integrals form another important example
of infinitely divisible laws (we refer the reader to Sato [12] for a comprehensive introduction to
infinitely divisible laws).

For general Lipschitz functions and general ID vectors, generic results have already been ob-
tained, but when specialized to vectors with i.i.d. components, they are not always dimension-free
(we refer to [6] for more precise statements). In fact, it is not clear whether or not an extra as-
sumption, such as convexity, might be needed in order to obtain dimension-free concentration for
generic Lipschitz functions. As shown below, for £7-norms, p > 2, we do obtain dimension-free
concentration.

Let us state a first result for the Euclidean norm.

Theorem 1. Let X = (X1, ..., Xq) be an ID vector with i.i.d. coordinates, characteristic func-
tion (1.1) and Lévy measure as in (1.2). Let Ee'lX12 < 400 for some t > 0, let M = sup{r >
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0:Ee'lX1l < +o00} and also let | = —logIE[e_X%]. Then, for all x > 0,
P(IX 12 = E[X||z +x) <™ Wozr=r[v=[y 280151 (1.3)

where, for0 <t < M,

1210g(2)
!

)/ |u|(ef'“'—1)a(du)+§/ ) (1! — 1) (du)
R I Jr

and where T is such that forallt <T,tg(t) <1/2.

g(t) = (8 +

Inequality (1.3) does recover Talagrand’s inequality for the Euclidean norm (up to the
value of the constants). Indeed, for the symmetric exponential law, in which case v(du)/du =
e"”‘/|u|, u € R, u # 0, we obtain T =~ 0.06. Moreover, since g(0) = 0, there exists a C > 0 such
that fé 2g(s)ds < Ct’forallr <T. Taking t = x/(2C) for x <2CT and t = T otherwise, we
get bounds of the form exp(—xz/(4C)) for x <2CT and K exp(—Tx) for x > 2CT.

We next obtain a result for general £”-norms, p > 2, but under some assumptions on the law
of X.

Theorem 2. Let X be as in Theorem 1 and let X| be either symmetric or non-negative. Let
2<p<oo.Then,forall0 <x <h,(M™),

PAIXN, —EIXNp = x) Sexp<—/0 h,,l(S)dS), (1.4)

where the (dimension-free) function h, is given by
41/p )\ %P2
hy(t) = p2/ [(1 + #) +22P+1m—22”]|u|(ef'" — 1)i(du),
p m
R my P

where 0 <t < M and where, for any g > 1, mq =E[|X1]7].

The hypotheses on X may seem restrictive, but we shall see that a similar result (see Theorem 5
in Section 4) holds under far more general conditions. However, the dimension-free bound we
obtain in that general framework is more complicated to express.

Note that Theorem 2 also recovers a bound of the form exp(— min(cx?, ¢'x)), as in Talagrand’s
result. Moreover, the constant ¢’ is now asymptotically optimal. More precisely, suppose that X
is infinitely divisible (without Gaussian component), one-dimensional and satisfies

log P(|X| > x) ~ —Agx (1.5)

as x — oo, for some constant Ag > 0. Then, for every A < XA,

/ |ue] (e — 1)D(du) < 00
R
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and, therefore, h;l is well defined on [0, Ag). It follows that if we study the £7-norm of
(X1,...,X,), where the X; are i.i.d. and have the same law as X, Theorem 2 gives, for every
& > 0, a bound of order exp(—(Ag — €)x) for large x. In view of (1.5), we see that this bound is
optimal, up to some subexponential factor.

For instance, suppose that ¥ is concentrated on R, has a density k and there exist two con-
stants Ag, ¢ > 0 such that, as x — oo,

—q
k(x) < x"9e™"0,

where, as usual, < indicates that the ratio of the two quantities is bounded, above and below, as
x — 00. Then, if 2 < p < g /2, Theorem 2 gives, for large enough x, a bound of the form

PUIX1lp, —EIX[lp = x) < c(x)e™0%,

where logc(x)/logx — 0 as x — oco. On the other hand, if p > sup(2, ¢/2), then for every
A < Ap, if x is large enough,

PIX], —E[X], >x) <c(x)e™.

Moreover, if the Lévy measure v has bounded support, Theorem 2 gives a bound of order
exp(—x logx) for large x. This is known to be the right order of magnitude for a Poisson random
variable (see, e.g., [6]). In turn, this kind of bound entails the existence of more-than-exponential
moments. The most precise result we obtain is the following dimension-free extension of the
results of [6,11].

Theorem 3. Let X be as in Theorem 1, let v have bounded support and let R = inf{p : v(|x| >
p) = 0}. Then,

E[e(1X12/RogtIXI2/B)] < 4 oq,

for all ) such that \V*/R? < 1/e, where V? = SfR lu |2 (du).

Further results of a similar flavor, dealing with projections, £”-norms or integrals with respect
to a Poisson process, are given in the remainder of this paper. All these results are based on a
covariance formula that can be derived from a result in [5]. This formula, together with its first
applications, is proved in Section 2. Theorem 1 is then proved in Section 3. In Section 4, we state
and prove Theorem 5, which is a generalization of Theorem 2. The last section is devoted to the
proof of Theorem 3.

2. The covariance formula and its first applications

2.1. The covariance formula

The result at the root of every proof in this paper is the following one.
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Proposition 1. Let X = (X1, ..., Xq) ~ ID(y, 0, v) have independent components and be such
that Be'' X2 < 400 for some t > 0. Let f:R? — R be such that Ef(X) = 0 and let there
exist by e R, k=1,...,d, such that | f(x + uex) — f(x)| < brlu| for all u e R, x € RY. Let
M =sup{t > 0:Vk =1, oo d, EetoxIXel < 400}, Then, forall0 <t <M,

Efeth/IEz[zd:/ S +uer) = FOE 41w = SO
0 =1 'R

thylu| _ 1
x ef (V)<67)\7k(du)j| dz,

by |ul

where the expectation B, is with respect to the ID vector (U, V) in R of parameter (y,y) and
with Lévy measure zvi + (1 — 2)vp, 0 < z < 1. The measure vy is given by

vo(du, dv) = v(du)do(dv) + 8o (du)v(dv), u,veR?,
while vy is the measure v supported on the main diagonal of R .

An important feature of this proposition is the fact that the first marginal of (U, V) is X
and so is its second marginal. Therefore, the main problem in estimating the right-hand side
of the inequality in Proposition 1 will be to decouple U and V, that is, to split the product
| £ (U +uex) — f(U)|?eV) without changing the term e'7V) To do so, a first attempt could be
to use a supremum.

Corollary 1. Let X = (X1,...,Xg) ~ ID(y,0,v) have independent components and be such
that Ee''XI2 < 400 for some t > 0. Let f:R? — R and let there exist by e R, k=1,...,d,
such that | f (x + ueg) — f(x)| < blu| forallu e R, x e R?. Let

thlul _

d
hy(t) = sup Z/R|f(x+uek)—f<x>|2e—f)k<du), 0<1<M,

xeR? by lu|
where M =sup{t > 0:Vk =1, ...,d, Ee'® Xl < 4-00}. Then,
P(f(X)—Ef(X)>x) < o iy 0 @1
forall0 <x < h;l(M_).

Proof of Proposition 1 and Corollary 1. Below, and throughout, by “ f Lipschitz with constant
a” we mean that | f(x) — f(y)| <allx — y| forall x, y € R (the Lipschitz convention stated in
[6] also applies). Let us start by recalling the following simple lemma which will be crucial to
our approach [5] (or [6] for a sketch of proof). The lemma is the infinitely divisible version of the
covariance representation for functions of Gaussian vectors obtained via Gaussian interpolation.
Its proof is also obtained via infinitely divisible interpolation and, below, the law of the vector
(U, V) is as in the previous proposition.
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Lemma 1. Let X ~ ID(y,0,v) be such that E||X||% < +00. Let f,g:R? — R be Lipschitz
functions. Then,

Ef(X)g(X) —Ef(X)Eg(X)
(2.2)

1
- [ & [/Rd (FU +1) = FW))(8(V +u) - g<V>)v(du)] dz,
where E; is as in Proposition 1.

We then follow [6]. First, by independence,
C={t>0:Yk=1,....d Ee'"X < 4 o0}

:{t>0:‘v’k=1,...,d,/ eth"“lf)k(du)<+oo}.
lu|>1

Next, we apply the covariance representation (2.2) to f satisfying the above hypotheses and
moreover assumed to be bounded and such that E f = 0. Hence,

1 d
Efef :/ E. |:etf(v)2/(f(U+M€k) — f(U)) (VeI 1)‘7k(d14)i| dz
0 k=1 R

1 d
< / Ez[e‘“wz / |f (U +uex) — f(U)]
0 k=1 R

thilul _

| F(V + uep) — f(V)] ebw ak(dm} dz

< [® erf<v>2d:/ W+ ue) — [V +uer) — FV)2
“Jo = /R

2
(etbklu_1>
X | ———— )V (du) | dz,
Dc|u|

which gives Proposition 1. For Corollary 1, we continue.
Efe <hyn)E[eV],

where we have used the “marginal property” mentioned above and the fact that 4 ¢ () is well
defined for 0 <t < M. Integrating this last inequality, applied to f — E f, leads to

Ee!U~EN < elohs®ds o<t oy, (2.3)

for all bounded f satisfying the hypotheses of the theorem. Fatou’s lemma allows us to remove
the boundedness assumption in (2.3).
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To obtain the tail inequality (2.1), the Bienaymé—Chebyshev inequality gives

t v
}P’(f(X)—IEf(X)zx)sexp<— sup <tx—/ hf(s)ds>>=ef6 hy @ds
0

O<t<M

by standard arguments (see, e.g., [6]). (]

2.2. First applications

In general, the above corollary does not provide dimension-free results, even if it slightly im-
proves a result of [6]. However, for particular functions, the above formula can, in fact, be quite
efficient. As a consequence of the previous corollary, we present some almost dimension-free
results. First, we have the following.

Theorem 4. Let X be as in Theorem 1. Let € > 0. Then, forall 0 <x <h(M™),
P(IX[l2 = (1 +&)E|X |2 +x) <e o #70d, (2.4)

where the (dimension-free) function h is given by

2d
_ el _ 1) 3(atlul _ 1\5
h(t)_SfR|u|(e 1)v(du) + (8E||X||2)2fR|”| (e 1)v(du).

Theorem 4 still has some weak dimension dependency via the term ¢E| X |, (the expecta-
tion and the median playing the same role up to some constant). In particular, it does not pre-
cisely recover Talagrand’s result, even for the Euclidean norm. However, the function 4 itself is
dimension-free, in that it can be both upper and lower bounded independently of the dimension d
since for X = (X1, ..., Xg), dminj—,._a(E|X;)? < (B[ X[2)? < d maxi—i,..a E(X}).

The advantage of Theorem 4 is that it does not require any additional assumptions, in contrast
to Theorem 2, and that it recovers the x log x-type bound when v has bounded support, which is
not the case of Theorem 1. We refer the reader to [7], whose results are sometimes superseded
by the present paper, for various applications of Theorem 4.

Actually, the mild dimension dependency in Theorem 4 is not much of a problem in the statis-
tical applications we have in mind. However, a statistician would prefer not to have any unnec-
essary extra assumptions on the variables themselves. Let us explain these comments by means
of an example.

Assume that we observe n Poisson processes on [0, 1] with intensity s with respect to the
Lebesgue measure. We would like to estimate the function s. A simple way to do it is to discretize
the problem. So, let d be some integer (usually smaller than /7 if s is regular enough) and for
alli, 1 <i <d, let N; be the total number of points that have appeared between (i — 1)/d and
i/d. Therefore, the variables N; are independent and N; obeys a Poisson law with parameter
S, = f(’i/:i 1/ 45(ndx >~ (n/d)s(i/d). If we want to understand the behavior of the estimator
N =(Ny,...,Ng)around S = (Sy, ..., Sgz), we need to control |[€||», where we write, for all i,

N;i =S§; +€;.
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We deal here with a regression problem where the noise € = (¢, ..., €,) has independent com-
ponents, but these components are not identically distributed. More generally, we would like to
encompass the case where the noise is centered with independent infinitely divisible components.
Classical regression corresponds to a Gaussian i.i.d. noise and we refer the interested reader to [8]
for an extensive study of the link between concentration and estimation of the signal S through
model selection methods in that framework.

We would not only like to drop the i.i.d. assumption in Theorem 4 (which is rather easy to
do), but we would also like to have an inequality which is valid under a very mild assumption on
the noise. The next corollary only assumes that there exists a known bound on the support of the
Lévy measures, which is, for instance, the case for the Poisson problem we described above.

Corollary 2. Let X ~ ID(y, 0, v) have independent components and be such that Ry = inf{p >
0, vk (x| > p) = 0} is finite, with R = max|<k<q Ri. Let ¢ > 0 and let

d
2
V2 =8 max 2 (d —_— / 4D (du).
‘ lsksd/u 8 “H(eEnxuz)z,; I
Then, for all x > 0,
P(IX 2 = (1 + OB X 12 +x) < ¢/ RO/ REVEROoaLHRx/VE),

The above result improves upon known concentration inequalities for Poisson processes. One
can easily prove that in the framework mentioned above with X = N — S, the factor Vs2 appearing
in Corollary 2 is of the order 8nB/d, where B is an upper bound on s, as soon as s is bounded
from below and d << +/n. So, applying Corollary 2 to N — S, we obtain that there exists a
constant C > 0 such that for all x > 0,

P(”N _ S||2 > (1 + S)E”N _ S||2 +x) < efcmin(xzd/Bn,xlog(xd/Bn)).

Applying instead Theorem 4 of [10] to our problem, we see that there exists a constant C’ > 0
such that for all x > 0,

P(IN = Sl2 = (1 + &)E|IN — S|l2 + x) < e~ C'min(x*d/Bn.x).

Thus, even in this simplest case (of a Poisson process), we see that Corollary 2 (optimally)
improves known results by a logarithmic factor.

However, if one is interested in recovering the function s from the observations of the n Pois-
son processes and if s is not very smooth and varies greatly on a very small interval, looking at
a regular partition might be rather useless. It might, instead, be much more fruitful to look at the
function s discretized on very small intervals (d = n) and then to look at the projection of the
signal S on a space & which is generated by, say, a few Haar wavelets. Now, if the signal S is
sparse on the Haar basis, it means that one can find (and use) a space S, with a dimension much
smaller than n, to provide a good approximation for S. However, one now needs to understand
the behavior of ||[I1s(N — S)||2, where I1g is the orthogonal projection on S. As before, we want
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to deal with more general infinitely divisible noise than simply centered Poisson variables. The
two following corollaries provide such results.

Corollary 3. Let X ~ ID(y,0,v) have independent components. Let S be a subspace of RY
and Tlg the orthogonal projection on S. Let M = sup{t > 0:Vk =1, ...,d, Ee'™*| < 4-00}. Let
E > 0. Then, forall 0 <x <h(M™),

P(IMs(X)l2 > EIMs (Xl + E +x) <e”h 170 2.5)

and
P(IMsX|2 <EIMs(X)[2 — E —x) <e Jo 7 )5, (2.6)

where the function h is given by

d
2
h(t) =8 JQE;/R Jue] (&) — 1) Dx (du) + ﬁ; ||ns<ek)||‘2‘/R|u|3(ef'“‘ — 1) Dk (du)

for0<t <M.
The next version, which assumes i.i.d. coordinates, in contrast to the above, can sometimes be
easier to use. For the statistician, the i.i.d. case appears when dealing with a regression problem

where the noise does not depend on the signal itself.

Corollary 4. Let X be as in Theorem 1. Let S be a subspace of R? and let T1g be the orthogonal
projectionon S. Let € > 0. Then, for all 0 < x < h(M™),

P(ITs(X)]2 > (1 + &)/ E[Ms(X)[3 +x) <e ™o /™) 2.7)

P(IMs(X)l2 < EIMs(X)2 — &\/EIMs(X)[3 —x) <e o0, (2.8)

where the (dimension-free) function h is given by

and

u ~ 2 u ~
h(l):g\/l;“”(etl |_1)U(du)+m\4|u|3(e’| \_l)v(du)
forO<t <M.

Finally, in the density framework [4], it is known that the Euclidean norm does not suffice to
assess the performance of one estimator: if the density s belongs to a Sobolev space H*, linear
estimators cannot achieve the optimal rate of convergence for the L -norm if p > 2, whereas
they can for the L,-norm. This corresponds to sparse signals S that can be approximated by their
projection on a subspace with small dimension with respect to n but for the L ,-norm. So, in that
context, it is necessary to work with general L ,-norms and concentration results for £,-norms
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are more relevant than for the £;-norm. Such results are presented in the following corollary with
a weak dimension dependency and in Theorem 5 without any dimension dependency and with
as few assumptions as possible on the noise (see Section 4). These results are given in their i.i.d.
version for the sake of simplicity, but one can easily see their non-i.i.d. version from the given
proofs.

Corollary 5. Let X be as in Theorem 1. Let p > 2 and & > 0. Then, for all 0 < x < h(M™),

P(IXIp = (1 +eE(X]|,) +x) se o i O 2.9)
and
P(IXp < (1 = OE(IX],) —x) e o 7162, (2.10)
where the function h is given by
|u|d1/(2p72) 2p-2 y
h(t):pZA;(l—}-W) lue) () — 1)D(du)
forO<t <M.

2.3. Proofs

Let us proceed to the proof of the results of the previous subsection. We begin with Corollary 3,
the other proofs being easier.

Proof of Corollary 3. We apply Corollary 1 to f(x) = (J|ITs(x)|l2 — E)™. First, it is easily
verified that for each k, | f(x +uer) — f(x)| < [IIMs(x +uer)ll2 — Ts(x) 2|14, , where Ay =
{ITls(x + uex)ll2 > E or ||IIs(x)|l2 > E}. We then have

12(uTTs(ex), Ts(x)) +u?| Ts(ex) 131 1a,
ITIs(x + uex) |2 + TIs(x) 2

_ 2lul|{Ms(en)., Ms@))| | u?lITs(ex) 3
T sl E

[ f(x+uep) — fX)] <
@2.11)

Moreover, since | f (x 4+ uer) — f(x)| < |u|, we have

etbklul _

1
Zf|f<x+uek) FEPS—— e ()

(M (ex), Ms ()2 2u4||ns<ek)||3><eflul _1>~
+ d
/( ITLs (0113 E2 )

|(ex, M5 ()| 2u4||ns(ek>||;‘> (e’“' - 1)~
+ du).
/< IITLs (x)113 E? ) )

IA
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Hence, iy < h. To complete the proof of (2.5), note that |[TTs(X)]l2 — E < (JIITs(X)]l2 — E)t
and that E(|TTs(X) |2 — E)T < E||TIs(X)|l2. To get the lower bound (2.6), just proceed as above,
but with the function f(x) = —(||IT1s(x)|2 — E)™ and note that (||TIs(X)|> — E)™ < |[TIs(X) ]2
and that E[|TTs(X)|l2 — E < E([Tls(X)[l2 — E)*. O
Proof of Theorem 4. We apply Corollary 3 with § =R¢ and E = ¢E| X ||». (Il

Proof of Corollary 2. It is sufficient to note that, proceeding as in Corollary 3, h(t) < ho(?) =
ng (e*® —1/R) and that M = +oo0. It remains to integrate the reciprocal of . (]

Proof of Corollary 4. Again applying Corollary 3, let us take £ = ¢,/ E(||I1s(X) ||%). Then, note
that in the centered i.i.d. case,

d 2
E[Ms(X)[3] =E [Z(quns(ew,e») ]
=1 \k=l1

d
d

> EIX{(Ms(er), )

»

d
=E[X{1) IMs(eo

k=1

d
> EIXT1) | ITs(enlls

k=1

since [[Ms(er)ll2 < leclla = 1. -

Proof of Corollary 5. We apply Corollary 1 to f(x) = (|lx|l, — e]E(||X||p))Jr to get the first
result. For the second one, it is sufficient to do the same with —(||x|, — eE(||X||p))+. The
end of the proof is as in Corollary 3. Let x be in R?. First, it is easily verified that for each
k, | f(x +uex) — fO)] < |llx + uekllp — llxllp|1a,, where Ap = {llx + uekll, > eE(] X]| ) or
llxllp = eE( X »)}. Since

ja? — bP|
VYa,b >0 la —b| < ——, 2.12)
sup(a, b)P—!
we have
[lxk +ul? — |xk|?|
[f(x +uep) — f(x)] < (2.13)

1 Ak
sup([lx 1. lx + ekl )P =1

But since x — x? is convex, we have

|1k 4+ ul? — |x]?| < (il + [u))? — x| 7|
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Combining this with the fact that
V=0  (1+p”—1<pyd+pP!
implies that

plul(lxe] + lu)P~!
sup(||x | p, llx + ue |l )
plul(lxg| + lu)P~!

= sup(||x[l p, eE(| X | p))P~!

Moreover, since | f (x + uex) — f(x)| < |u|, we have

| f(x +uer) — f(0)] <

p—1 Ak
(2.14)

elbklul _

Z/|f<x+uek>—f<x>| T

2p-2

x|+ lul 11555
’ d tul ~
=p f lul(e"™ — 1)v(du) (2.15)
& sup([lx ||, eE([ X[ ,))2 2 ( )

- I2p—2\*"72
sz/(llxllzp 2+ lulll2p 2) (€ = 1)),
R\ sup(|lx[|p, eE( X))

where I = (1,...,1) e R? and |x| = (|x1], ..., |xq]). Since p >2,2p —2 > p and lxll2p—2 <
l|x| p, which implies that

tbklul

1
Z/|f(x+uek) feoP e k(@)

) R e,
<p /(1+|u|—) (= 1) (du).
. SE(IX],) (=)

Here, again, the upper bound is dimension-free since E(|| X || ,) > E(|X;])d'/?. O

3. Proof of Theorem 1

Another method to decouple U and V in Proposition 1 is to use the following inequality, which
is a particular instance of Young’s inequality (for the pairs of conjugate functions ce* and
ylog(y/c) — y, with the optimal c) and has already been used in [8].

Lemma 2. Let A > 0 and let X and Y be random variables for which all the expectations below
exist. Then,

E[Xe* | <E[YerY] +

X M
M%E[e”] _ %E[C,\y]‘ (3.1

g
A
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Proof. Indeed, if

MY
dQ = ——dP,
Q E[e)‘Y]
then, by Jensen’s inequality,
AEQ(X —Y) <logEq(e**~1). O

With the help of the previous lemma, the following holds.

Corollary 6. Let X = (X1,...,Xq) ~ ID(y,0,v) have i.i.d. components and be such that
Ee'lXl2 < +00 for some t > 0. Let f:R? — R be such that E f(X) = 0 and let there exist
b € R such that for all k, | f (x + uex) — f(x)| < blu| for all u € R, x € R, Assume, moreover,
that for all u € R, there exists a function C,, such that

d
> /R |f (X +uex) — £(X)PVi(du) <u*Cy(X)
k=1

and such that E[e* D€« < oo for A(u,t) > 0. Then, for all t for which all the quantities
below are well defined, we have

(1 —h(n)E[fe] < g(OE[E], (3.2)
where
1 erPlel — 1 _
h(I)Z/RA(u,t)M - D (du)
and

[ In(pu,n) e —1
g(t)—/ D) Jul ————b(du),

and where ¢ (u, t) = E[e*®-DCu(X)],

Proof. Applying Proposition 1 to f, the above assumptions entail that

1 thlu| _
Efeth/ ]Ez[/ Metﬂ‘/)Qm!) f)(du)] dz.
0 R 2 b

Next, apply Lemma 2 to A(u,#)Y =tf(V) and to X = C,(U) or X = C, (V). Since Y has zero
mean, one can ignore the last term in (3.1), and this leads to

! L et w tf w~
Efe S_/R[E</\(u,t)fe >+ @D EY) ||ul . 5 (du).

which concludes the proof. ]
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(3.2) is non-trivial only when %(#) < 1. One of its applications is to prove Theorem 1, with the
help of our next two results.

Lemma 3. Foroa >0, let Ly, = — lnE[e_“X%]. Then, for all A > 0, v > 0 such that, £y, > A /v,

Ad ak
Elexp| —5— ) ) =1+exp| ——— ).
IX12 + v b — /v

Proof. Let ¢ > 0, to be chosen later. Let a = exp(m) and let b = exp(%). Then,
1

rd b rd
Eexpf :/Pexpf >t )dt
X103+ 0 I1X 12+
b
Ad
5a+/ P(—HXH%ZU——)dt
a Int

b

§a+/ E[efaxf]defawrotkd/lntdt
a

<a +e—dea+asd1E(xf)(b —a)

< a 4 edEBXD+G/V~t)

Taking ¢ such that eozE(X%) 4+ (A/v) — £, =0 leads to

ool gary ) =er = tre( i 557)
€X _— a €X .
ki) = = T = O

Lemma 4. There exists positive constants cy, ¢z, ¢3 such that for all x € R? and u € R,

d 2 Czdl,t2
> e + uerllz = lxll2] Suz(cl + 7)

2
P llxll2 4+ c3u

Proof. The proof is similar to an argument used in the proof of Corollary 3. We have

d

d 2 2
Z|||x+uek||z—||x||z}zsz< 2 1 )

k=1 i \lx +uegll2 + lixl2

But, forall ¢ > 0,

lx +uerll3 =D x7 + (o + ) = [Ix[13 + 2uxg + u® > ||x |13 — exi + (1 — &~ .
J#k
Therefore,

(lx + uerllz + I1x12)% = llx +uell3 + l1x113 > 2 — &) lx |3 + (1 — e~ u?.



940 C. Houdré, P. Marchal and P. Reynaud-Bouret
Taking ¢ = 3/2, completes the proof. ]
With the help of the previous lemmas, we now get the following.

Proof of Theorem 1. We want to apply Corollary 6 to f(X) = || X |2 —E| X||2. With the notation
of Lemma 4,

¢ du?

CaX)=c| +—
0=

works. We must then compute In(¢ (u, 7)). But,

Mu, H)cau?d
n(epu, 1)) =cii(u,t) + H( [CXP<”X”%+C3M2>D

and so from Lemma 3, it follows that

ar(u, t)cpu?
]n(¢(u, t)) < C])\,(lx{, t) + 11](] —i—exp(m))

for all & such that £, > A(u, t)ca/c3.
Taking o = 1 and A(u, t) = c3l/(2c7) gives

In(¢(u, 1)) < c1r(u, 1) +1n2 + c3u?,

which leads to the result by standard arguments. ]

4. Proof of Theorem 2

We state and prove in this section a generalization of Theorem 2. First, recall that the vector
X can be viewed as the value at time 1 of a Lévy process (X;, z > 0). For every z € [0, 1],
decompose X =Y, + Z,, where Y, = X, and Z, = X — X, so that Y,, Z, are independent. If
1 <k <d, we write (Yi);, (Zy), for the kth coordinate of Y,, Z,. Furthermore, to simplify the
notation, we denote

Y;m = (YD)id(ry), >0 “4.1)

and likewise define Y,”, Z;", Z;.

Theorem 5. Let X be as in Theorem 1 and let 2 < p < 00. Then, for all 0 <x < h,(M™),

PAIXN, —EIXNp = x) Sexp<—/0 h,il(S)dS), (4.2)

where the (dimension-free) function hp, is given as follows:
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o if X has almost surely non-negative coordinates,

5 1 u 2p—2 1 2;772’,”2[7 .
hy(t) = —_— + — 414+ — — " —1Dv(du), (4.3
p()=p /ﬂh[(y/”—i_m;/”) + ( +21/p> 3 }u(e )v(du), (4.3)

where the moments ma ), m, are defined by my; = ]E[Xii]for q=p,2p;
o in the general case,

1/ 2p-2
h =0 [ [<1+$>'p”'> +22P’"2”}| = ), @4
R mpy m

_P

where the modified moments my,, m are defined, using the notation given in (4.1), by
m, = 6i[%f“[inf{E[u/; + ZIIPLENY, + 2211}
— z s

and

map = sup [sup{E[|Y." + ZF[*P1EY, + ZZ|*P1}].
z€[0,1]

When 1 < p <2, an inequality similar to (4.2) holds, where h, is now replaced by the following
function hy, g (wWhich is no longer dimension-free):

21/P |\ 2P 2 m .
hp,d(f)=P2/[d2/p_l(l+ ]/'p') +2%P ZP}I (e = 1) (du).
R m?2

mp

Observe that Theorem 2 is a particular case of this more general result. The obvious drawback
of Theorem 5 is that, except in the cases considered in Theorem 2, we do not have a precise
control of the quantities m mp, m3p. In particular, if m mpy = =0, then h, = 0o and we get a trivial
bound. However, it should be clear that when x does not have almost surely positive coordinates,
the quantity

inf [inf{E(Y + 27 |")ENY, + 2 17)]
Z€le,

is positive for every & > 0. So, the only case when m |, might be zero is the case when (X1);, the
first coordinate of the Lévy process X, taken at time ¢, has a probability tending to 1 or to O to
be positive as t — 0. This kind of behavior does exist, but in most ‘natural’ examples, this is not
the case and then Theorem 5 does give a non-trivial bound, although the expression of this bound
is not always easy to handle.

Proof of Theorem 5. The proof can be divided into three steps. Define the function f(V) =
VI, —EIXIp.
Step 1: We claim that

| Xg| + |ul )”‘1

—_—— 4.5
XN} + lulP)/p @

|f(X Fuer) — f(X)] < p|u|<
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Step 2: Using the notation of Proposition 1, we have

d
A:=E, [Z |f(V +uer) — f(V)|2e’f(V)j| < p*ul*F(p,d,wE[e V],
k=1

d
B:=E, [Z |f(U + uey) — f(U)IZe’f(V)] < p*lulPF(p.d.wE[e’ V)]
k=1

for some function F(p, d, u) that will be made explicit in the course of the proof.
Step 3: For h), and ) 4 as in Theorem 5, we have, if p > 2,

E(fe) < h,(t)EE’)
andif 1 < p <2,
E(fe') <h,a(t)EE/).

Integrating the inequalities of this last step leads to Theorem 5.
Proof of Step 1. First, for all reals a, b > 0,

a+b+|a—b| VP fa+b Ja—b\"P
2 2 2 2

a+b\"" la —b]\"/? la —b]\"/?
= 1+ —(1- .
2 a+b a+b
Since the function x — (1 4+ x)/? — (1 — x)/? is convex on [0, 1], is zero at zero and 21/? at 1,
we get

1/p
1p _ p o (atl ypla—bl\ _  la—b|
max(a, b) min(a, b) /P < ( > ) <2 atb ) @i 4.6)

max(a, b)'/? — min(a, b)"/? = (

Next, we want to apply (4.6) to a = ||X||, b = | X + uek||5. Put cx = u/ X, and distinguish
between three cases. First, if ¢; > 0, then

[1Xk +ul” = 1Xe1?| < plul (1 Xl + )P~
and
[ Xk +ul? +1Xkl? = 21Xk | + ul|?.
Second, if —2 < ¢ <0, then
[1Xk+ul? = X[ < plul| Xy P~
and we can check that for every A > 0,

| X - (A + e DI Xkl
(A+ Xk +ulP + | Xe|P)VP ™ (A+ [ XklP + ekl | Xi|P) P
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Third, if ¢x < —2, then
|1 X5+ l? = 1XlP] < plul| Xe+ul”~" = plull]1 + il Xe )P~

and we can check that for every A > 0,

1+ el [ Xkl - (A + ek DI Xkl
(A+ Xk +ul? + | Xe|P)V/P ™ (A4 [XklP + ek P | Xi|P) P

Combining the inequalities in these three cases with (4.6), we obtain (4.5).
Proof of Step 2. We will use the following well-known result.

Lemma 5. Let T be a random vector in R? with i.i.d. components and let A, B ‘RY — R be two
functions. For every i <d and every x € R~ define the functions Ay, By i:R— Rvia

A i) = A1, oo X1, 8 Xig 1y oo, Xd),s

By i(t) = (X1, ..., Xi—1,t, X1, ..., Xd)-

Assume that for every i < d and every x € R4~ one of the two functions Ay.i, By i is non-
decreasing and the other one is non-increasing. Then

E[A(T)B(T)] = E[A(D)IE[B(T)]. 4.7
Proof. When d = 1, the proof is obtained by writing
E[A(T)B(T)] — E[A(T)IE[B(T)] = JE[(A(T) — A(T"))(B(T) — B(T")],

where T is an independent copy of T, and using the monotonicity assumptions. When d > 1,
we proceed by induction. O

Let us first bound .A. Summing (4.5) over k, the triangle inequality for || - ||2,—2 gives

1/2p=2)\ 2p—2
A< p2|u|2EZ[<”V”2”‘2,,+ luld ) etf(Vq.
(VI + [ulP) /P

If2p—2> p, |Vlz2p—2 < IV, and, otherwise, |V |l2p—2 < ||V || ,d'/?P=2=1/P_ Consequently,

22 VI +1)YPN vy
A=< plul Ez[Qp(W € )

where the polynomials Q, are defined as follows:

e if p>2,0,:x> (1+1/x)?P7%
° lfp < 2, Qp X = (dl/(zpfz)*l/p + l/x)2p72.
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p 1/

We can apply (4.7) to T = || V||, since Qp(%) is decreasing in || V| ,, while /(")

is increasing. This gives

2 2 VD + lul?)!/P V)

Next, let us bound B. Summing (4.5) over k gives B < p?|u|*D with

WU+ 1ul)PN vy
D=Ez[Qp(We :

Note that the distribution P, of (U, V) is such that for all z € [0, 1], U = YZ’ + Z,, while
V =Y, + Z,, where Y., Y/ and Z; are independent and Y, and Y/ are identically distributed.

Hence,
pop o (WEAZ+ DN iz,
= Lz QP |u|d1/(2p—2) © '

Let us introduce the function M ,: for all real u, y, y,zin RY,

1/p
My(ul,y.y' . 2) = [Iul”+Z1sgn(yl-):sgn(yn:sgn(z,-)|Zi +Yf|p] :

1

Then, M, (lul,y,',2) < Iy’ +zlI5 + [u|P)!/? and since Q, is decreasing,

Mp(|u|,Yz,Yz/:Zz) tf(Y.+Z,)
DSEZ[QI’( |u|dl/2p=2) R

From now on, we split E, into Ey, y/Ez_, meaning that we first integrate according to the law of

Z. Let us fix Y, and Y/. Suppose, first, that (Z;)., (Yx); and (¥}). have the same sign. Then,

. M, (|ul,Y,.Y!.Z, . .. .
one of the two functions Q p(%), elf Ya+Z2) g non-decreasing in (Zy),, while the

(4.8)

other function is non-increasing in (Z),. Next, if two of the three reals (Z;),, (Yx), and (Y,é) z
have a different sign, then the function M, is constant in (Z),. Hence, we can use (4.7) and if
we denote by I the set of indices for which (Zy), is positive, we get

Mp(|u|7YZ’Y/’ZZ) Y.+Z.
D= ). ]EZZ[Q”< WD TNz 20w weny

Ic{l,....d}
My(lul,Y;, Y, Z)
p < < Y. +Z,
= > ]EZZ[Q"< |M|dl/(2p—z2) Bz [Nz 20 imken]
Ic{l,....d}

Mp(|u|7sz YZ’,ZZ) tf(Y.+Z2)
ZEZZ[Q”( |u|d/2P=D G|
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Integrating in ¥/ and then in Y, leads to

M (|u|9y1 Y/s ZZ) V
D < sup Eyg,z,[Q ( £ : E[e"™)],
SeRd Lz p |u|d1/(2p—2) [ ]

where there is no index z in the last expectation since all the marginals are the same. In this way,
we have proven the second step, with

My(lul,y, Y], Z
F(p,d,u>=supEyZ/,Zz[Qp( p(lul.y. Y. ))]

SeRd luld/Cr=2)

Proof of Step 3. Since Q, is continuous and decreasing, let us denote by V), its reciprocal. In
order to bound F'(p, d, u), we start by evaluating the probability

Mp(lul,y. Y], Z)
IF)YZ{,ZZ[QP< |M|dl/(2p_2) ES
Mp(|u|a y5 YZ/aZZ)
:PYg,ZZ[ |M|d1/(2p_2) S Vp(s) ’

which is, in fact, zeroif s > a = Qp(l/dl/(zl’_z)).
Suppose that y has k positive coordinates and d — k negative coordinates. Let I be the set of
i such that y; > 0 and let /_ be the set of i such that y; < 0. Set
m;(z) =E(Y} +2Z19),

g (2) = sup(m (z), m (2)),

and define m;(z) and m (z) likewise, using ¥~ and Z_. Then,

Mp(lul,y, Y., Z;)

=Py.z, [ ST ZHP Y WY 2017 <dP PP PV, (s)P — W}

iely iel_

<Py.z. [ P A AN LE S R A A L dp/(2p_2)|u|pr(s)p:|.

iE[+ iel_

Now, if s is such that dP/@P=2 |y |P Vy(s)? <dmp(z)/2, which is equivalent to saying that

d(p—Z)/(2p—2)mp(Z) 1/p
o),

2lulP
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then

Mp(lul, y, Y, Z;)
]P)Yz/’zz |:QP< |u|dl/(2p72) Z§

e e

iely iel_

dm(z)
2

+ — —_
SIP’Y;ZZ[ZWQ +ZIP DY YTz

iely iel_

<km} () +(d—km),(z) —

dmp(z)
> )

Using the Bienaymé—Chebyshev inequality, we obtain

o, [0 (Mol y .Y Z0Y _ hm2, @ + @ —kmy, )
Y. Z:| ¥p |u|dV/2P=2) == d?m ,2(2)

- dmz,(2) .
T dmp?(2)

Integrating this last probabilistic inequality gives

M (|u|ay7Y/7ZZ) a m2 (Z)
Ey: P z <b+4 =)=
Y.Z, |:QP( lu|d!/2r=2) =b+ d mPZ(Z)

Recalling that a = Qp(l/dl/(2p_2)), sothata/d < 22P=2 this entails

F(p,d,u)sb+22PmL(Z) (4.10)

mp*(@)
Then, using Proposition 1, where all the by are here equal to 1, together with Step 2 and (4.10),
we get Step 3.
The positive case. When X has almost surely non-negative coordinates, the following im-
provements are possible. First, (4.5) can be replaced by

X p-l
| X | + |ul ) @.11)

Indeed, we can use the proof of (4.5), but here we only have to consider the case c; > 0.
Second, if X has non-negative coordinates, we can apply (4.7) directly, without introducing
M ,. In this way, (4.10) can be replaced by

map

1 2p—2
F(dyp,u)§b+4<1+m) m—%, (4.12)
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where m, and m3, now stand for the usual moments, that is, m, = E[X?] for g = p, 2p. O

5. Proof of Theorem 3

Let

X AX
="logT[=).
g(x) R log ( R >
Note that g is a bijection from [R/A, +o0[ to [0, +oo[. To prove Theorem 3, it is thus sufficient

to determine for which 1, Ee$(1Xl2) converges. Let ¢ > 0 and let ¢ = max((1 4+ &)E[ X2, R/A).
Then,

+00 +00
Eeg(Han):/ P(es X1 Zt)dtieg(c)+f (s 0¥ > 1) dr.
0 e

2(0)
Setting # = e2(“*") in the last integral and applying Corollary 2, we get

+oo
Ee(IXI2) < g8 | / ot/ R—(u/R+VZ /R log(14-Ru/V2)
0

| Ly Lot (HeFW ) |acruriogt ticrurrm gy,
R R R

For this last integral to converge, it is sufficient that the power of ¢/

A R
1 +log+<$> — log<1 + V_’;> <0,

&

be negative, that is, that

at least for u large enough. But, if u tends to 4-00 in the expression above, we obtain that

141 M Co. thatis, a< O
0 <0, at 1s, <
SR V2

Next, we need to pass from V, to V. But, if A < RZe! / V2, then there exists & (quite large, of
course) such that A < R%e~!/ V2 and this concludes the proof.
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