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LOG-HESSIAN FORMULA AND THE TALAGRAND CONJECTURE

N. GOZLAN, XUE-MEI LI, M. MADIMAN, C. ROBERTO, P.-M. SAMSON

ABSTRACT. In 1989, Talagrand proposed a conjecture regarding the regularization effect
on integrable functions of a natural Markov semigroup on the Boolean hypercube. While
this conjecture remains unresolved, the analogous conjecture for the Ornstein-Uhlenbeck
semigroup was recently resolved by Eldan-Lee and Lehec, by combining an inequality
for the log-Hessian of this semigroup with a new deviation inequality for log-semiconvex
functions under Gaussian measure. Our first goal is to explore the validity of both these
ingredients for some diffusion semigroups in R" as well as for the M /M /oo queue on the
non-negative integers. Our second goal is to prove an analogue of Talagrand’s conjecture
for these settings, even in those cases where these ingredients are not valid.

1. INTRODUCTION

The aim of this paper is threefold. First, we give explicit formulas for the log-Hessian
of some diffusion semigroups in R”, and explicit lower bounds on some discrete ana-
logue of the log-Hessian for the M/M /oo queuing process on the non-negative integers
N := {0,1,...}. Second, we investigate deviation bounds for log-semiconvex functions,
in the above two settings. Third, we prove in each context an analogue of the Talagrand
Conjecture by different means. In the continuous setting of some class of diffusion semi-
groups in dimension 1, we generalize the approach developed in [17, 14, 26] based on the
log-Hessian and deviation bounds just mentioned; while for the M /M /oo queuing process,
we use a direct computation.

We will now present the conjecture by Talagrand first in its original version on the
discrete hypercube and then in the continuous setting of the Ornstein-Uhlenbeck process,
before moving to a historical presentation of its resolution in the continuous setting and
the presentation of our results.

Consider the following infinitesimal generator on the n-dimensional hypercube 2, :=
{-1,1}", acting on functions as Lf(c) = 1 7 (f(0?)— f(0)). Here ¢ is the configuration
with the i-th coordinate flipped (i.e. o = o; for all j # i and o} = —0;). Denote by
(Ps)s>0 the associated semigroup (sometimes called “convolution by a biased coin” in the
literature), and by p, = 27" the uniform measure on €, which is reversible for L. In [37],

Talagrand conjectured (see Conjecture 1 in [37]) that for any s > 0, it holds that

lim ¢sup sup pn({o: Psf(o) >t}) =0,
t=o0  n feF,

1
where i, := {f: @, — [0, 00) with [|f|ly = 1}, and || f[|, := (X, eq, [/(0)[P1n(0))? stands
for the ILP(uy,)-norm of f, p > 1. Moreover Talagrand formulated the following stronger
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statement (Conjecture 2 in [37]) :

1
1.1 t . P > 1) < , t>1
( ) fseu.}r—i /,Ln({O' Sf(a) = }) — C\/@

for some constant ¢ = ¢, depending only on s (and not on n). Both conjectures are still
open.

Let us underline that the difficulty of these questions completely relies on the uniformity
in the dimension n. For a fixed integer n, proving (1.1) with a constant ¢ depending on s
and on the dimension n is easy. This can be seen using for instance the following line of
reasoning, that we will call the “strategy of the supremum” in the reminder of the paper.
Observe that for all f: Q,, — R, it holds

Puf(@) = [ S Ko m)dua )
with Kg(o,n) = [[1n1(1 + e ®0y1;) and so
sup Psf(0) = sup Ks(o,n) = (14 %), Vo €y,
fE€Fn neQy,
Therefore, for t > 0,

t sup pn({o: Psf(o) > t}) <tpn({o: sup Psf(o) > t}) = tlyc(i4e—s)n}-
f€Fn fE€Fn

In particular,

t sup pn({o: Psf(o) >t}) =0
fEFn

as soon as t > (14 e~ %)™ and so, for any fixed s > 0 and n € N it clearly exists a constant
¢ = sy such that (1.1) is satisfied.

If one assumes that || f||, = 1 for some p > 1, then Markov’s inequality would give a
universal upper bound or order 1/t*~! which is much better than 1/y/logt. The hyper-
contractivity property of the semigroup [9, 7] also ensures that, if f: Q, - R and p > 1,
then || Psflly < || fll, with ¢ = 1+ (p — 1)e?. But this inequality does not say anything

when p = 1. Talagrand’s conjecture can therefore be seen as a weak L' type regularization
property of the semigroup.

While the above problems (Conjectures 1 and 2) are still open, a recent series of papers
deals with a natural continuous counterpart to the conjectures, related to the Ornstein-
Uhlenbeck semigroup. Denote by <, the standard Gaussian (probability) measure in
dimension n, with density

n —n/2 _@
R" >z — (27) exp 5 [

where | - | denotes the standard Euclidean norm on R”. For p > 1, let L?(v,) be the set
of measurable functions f: R™ — R such that |f|? is integrable with respect to 7,. Then,
given g € L'(v,), the Ornstein-Uhlenbeck semigroup is defined by the so-called Mehler
representation as

(1.2) Pfhg(z) == /g (e_tx + my) dyn(y), zeR" t>0.
By a change of variable, we may also write

(1.3) PPUg(x) = Zit/g(z)Mt(x, z)dz, zeR" t>0,
where

2
Milr )= exp {_2(1—e—x2|t)} = ek 7,2 €R 130
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and Z; = (2m(1 — e~2t))™/? is the normalizing constant and

ot
(14) Ct = \/ﬁ t> 0.
The semigroup (PP")s>0 is associated to the infinitesimal diffusion operator L°" := A—z-V
and enjoys the exact same hypercontractivity property as the convolution by biased coin
operator on the discrete hypercube defined above. It is therefore natural to ask for an

upper bound for

Ss(t):=t sup y({o: Pf(o) > t}), 5> 0.
f20,]| =1
In [14, 26] Eldan, Lee and Lehec fully solved the problem by proving that for any s > 0
there exists a constant ¢ € (0, 00) (depending only on s and not on the dimension n) such

that Ss(t) < \/fos@ for all ¢ > 1 and this bound is optimal in the sense that the factor

Vlogt cannot be improved. In an earlier paper [4], Ball, Barthe, Bednorz, Oleszkiewicz
and Wolff already obtained a similar bound but with a constant ¢, depending on the
dimension n plus some extra loglogt factor in the numerator. Later Eldan and Lee [14],
using tools from stochastic calculus, proved that the above bound holds with a constant
¢s independent on n but again with the extra loglogt factor in the numerator. Finally
Lehec [26], following [11], removed the loglogt factor.

In both Eldan-Lee and Lehec’s papers, the two key ingredients are the following:

(1) for any s > 0, the Ornstein-Uhlenbeck semigroup satisfies, for all non-negative
function g € L(v,),

Hess (log P%g) > —c21d,

where Hess denotes the Hessian matrix and Id the identity matrix of R™.
(2) for any positive function g with Hess (log g) > —pId, for some 3 > 0, and [ gdy, =
1, one has
Cs
ty/logt

m({g > t}) < Vit > 1,

with Cs = amax(1, §).
More recently, following the above strategy, four of the authors [17] gave an alternative
elementary proof of Eldan-Lee-Lehec’s result in dimension 1, opening new lines of in-
vestigation. At this point we note that problem (1) is also at the heart of some of the
fundamental problems in the Analysis of Loop Spaces. A program of Gross [21] is to prove
Logarithmic Sobolev and Poincaré inequalities from Gaussian measures to Brownian mo-
tion and conditioned Brownian motion measures. The main problem involves constructing
an Ornstein-Uhlenbeck process on the space of loops, obtaining integration by parts for-
mula for these measures, and Poincaré inequalities. The latter is notoriously difficult,
with counter examples by Eberle [13] and defective inequalities by Gong-Ma [16]. The
Poincaré inequality is only proven to hold for very few classes of manifolds: see Aida [2]
for asymptotically flat manifolds and Chen-Li-Wu [11] for hyperbolic spaces. The idea is

to compare log p;, its gradient and Hessian with that of the Heat kernel on the Euclidean
dQ(%y))
5 )

g

space and one wishes to obtain information on tHesslog p(t, z,y) + Hess (

In Section 2, we investigate Item (1) above for general diffusion semigroups (Ps)s>0, in
any dimension. In fact, using the Feynman-Kac formula, we are able to give an explicit
representation for Hess(log Psg) that leads, under some assumptions, to a similar bound

as in Item (1). We also investigate Item (2) for diffusions, in dimension 1 only, of the

form L = % — h’% (which corresponds to the Ornstein-Uhlenbeck operator for the
choice h(z) = 32?), when 0 < ¢ < h” < C. Our results might therefore be seen as

perturbations (though potentially unbounded) of the Ornstein-Uhlenbeck setting. Then
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we apply the approach developed in [17] to prove the Talagrand Conjecture for such
diffusions in dimension 1.

In Section 3, we investigate Item (1) and Item (2) in the discrete setting of the M /M /oo
queuing process on the integers. We will prove that, in that setting, a result similar to that
of Ttem (1) still holds. On the other hand it appears that the picture is very different for
Item (2) in the discrete setting. In fact, if g is “log-convex”, in the sense that Alogg > 0,
where A is a discrete analogue of the Laplacian (see Section 3 for the definition), then
a statement similar to Item (2) holds. In contrast, we will construct counterexamples
of the result of Item (2) for g satisfying Alogg = —f, with 8 > 0. The first property
transfers to Talagrand’s conjecture for the M/M /oo queuing process. More precisely,
if g is “log-convex” (in the discrete sense), then the strategy developed in [17] leads to a
positive conclusion regarding the Talagrand Conjecture but restricted to convex functions.
However, as shown in Section 3.5, the strategy of the supremum presented above appears
to be powerful in the case of the M /M /oo semigroup on the integers and will allow us to
(fully) prove the conjecture in this setting.

It should be noticed here that the strategy of the supremum holds in the case of the
Ornstein-Uhlenbeck semigroup in dimension 1 [4], but does not seem to apply to the per-
turbations of the Ornstein-Uhlenbeck considered in this paper. Therefore the situation is
very different between the continuous and the discrete setting, and somehow in opposi-
tion (at least for the M /M /oo queuing process and the family of diffusion semigroups we
consider): the strategy of the supremum works in the discrete, but not in the continuous;
in contrast, the strategy consisting of proving (1) and (2) above works in the continuous,
but fails in the discrete setting.

In fact, as will be shown in Section 4 by considering yet another class of semigroups
(namely, the Laguerre semigroups on (0,00)), the picture can be different from the two
previous ones. Namely we will show that neither Item (1) nor item (2) holds for the
Laguerre semigroup, but the analogue of Talagrand’s conjecture still holds.

We may summarize the different situations in the following diagram (in the present
paper we investigate and prove results in the last three columns):

Semi-group: Ornst.-Uhl. | 0<e<h'<C | M/M/cxo Laguerre
Ttem (1): Lower Yes (under some
bound on Yes assumptions Yes No
(log P.f)" on h)
Item (2): Deviation Yes (under some
bounds for semi- Yes assumptions No (8> 0) | No (5 >0)
log-convex functions on h) Yes (8 =0)
((log )" = =)
Talagrand’s (1) + (2) (1) + (2) strat. sup. | strat. sup.
conjecture [14, 26, 17] or ﬁ 7%/01%? tli\/loigt
dimn =1 strat. sup. [4]
Talagrand’s (1) + (2)
conjecture [14, 26] unknown unknown unknown
dimn >1

The paper is organized as follows. In the next section, we deal with the continuous
setting of diffusion semigroups (we give a formula for the log Hessian and apply our result
to the Talagrand Conjecture in dimension 1). Section 3 is dedicated to the M/M /oo
queuing process: again bounds on some discrete analogue of the log-Hessian are given,
with a partial application to Talagrand’s conjecture (restricted to log-convex functions).
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In Section 3.5, we develop the strategy of the supremum to fully prove the conjecture.
Finally, in the last section we quickly deal with Laguerre semigroups.
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2. DIFFUSION SEMIGROUPS

In this section, we derive an explicit formula for the Hessian (second-order space de-
rivative) of log P.f for general diffusion semigroups. As a warm up, we start with the
easy case of the Ornstein-Uhlenbeck semigroup itself, in dimension 1, in Section 2.1. Sec-
tion 2.2 contains the proof of the formula for the Hessian, which is the technical heart of
our results on diffusion semigroups. In the subsequent subsections, focusing on dimension
1, we use this formula to first show semi-log-convexity of P.f (Section 2.3), then explore
deviation inequalities for semi-log-convex functions (Section 2.4), and finally put these
together to prove that the Talagrand Conjecture holds (Section 2.5) for a wide class of
diffusion semigroups.

Notation:

o C% denotes the set of C* real valued functions with compact support.

e D™ n =0,1,..., denotes the set of C" real valued functions whose derivatives and
the function itself have polynomial growth.

2.1. Bounds on the Ornstein-Uhlenbeck semigroup in dimension 1. In this sec-
tion we deal with the dimension 1 for simplicity, and set v := ; with density denoted
o(z) = (27)"Y2e**/2 1 € R. Denote by
= '7:2/2 — nﬁ 7I2/2
Hy(x) = " (-1)" (e772)

the Hermite polynomial of degree n = 0,1,..., with the convention that Hy = 1. It is well
known that the family of Hermite polynomial is an orthonormal basis of I.?(7). Simple
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computations lead to Hy(z) = x, Ha(x) = 2% — 1, H3(z) = 23 — 32 etc. Now, by a direct
induction argument, the following identities hold:

(Pg) @) = [ g (7w + V= ey Haly)d (o), new,

with ¢; defined by (1.4). Fix a positive integrable function g and, for any x € R, denote
by E, the expectation with respect to the probability measure with density

= (efta; +V1- e—Qty) //g (eitx +v1- e—Qty) d(y)
with respect to the Gaussian measure . The above identities then read
(PPg)™ (x)

PPtg(x)

Our next step is to explore the first derivatives of x — w;(z) := log PP"g(x). Letting
for simplicity g.(z) := P"g(z), we get after simple algebra

dn(z) = =B, (Hp(Y)), zeR,neN.

() = if(aa) = 0y (2) = By [H) (V)] = ¢Eo[Y]

1" /N 2
w(@) = %) = (2] (@) = dala) = (@) = & (B Ha(V)] = BulE (V)]2) = F (=1 + pa(a).

where pg(x) = E.[Y?] — E.[Y]? > 0. In particular,
(log P"g)" (2) = uf (z) > —¢}
which corresponds to Item (1) in the Introduction.

2.2. Representation for the Hessian of perturbed Ornstein-Uhlenbeck semi-
groups. In this section, we give an explicit formula for the Hessian of log P; for a wide
class of diffusion operators. We need to introduce some additional notation. For a,o > 0,
consider the general Ornstein-Uhlenbeck operator Lg¥, on R"

1
Low = §U2A —azr-V,

where the dot stands for the scalar product. Observe that the Ornstein-Uhlenbeck operator
given in the introduction corresponds to o = v/2 and a = 1. In what follows, we will write
L°" instead of Lg%, in order not to overload the notation. Let (B:)i>o be a standard
Brownian motion on R™ on a (filtered) probability space (2,P) which we fix. For any

x € R™ let (X7T)s>0 be the (unique strong) solution to
t
X7 :ac—i—aBt—a/ XZds.
0

This is the so-called Ornstein-Uhlenbeck process (with parameters a, o) starting at z ; its
infinitesimal generator is L°". For any ¢t > 0, the law of X}’ will be denoted by 7{ and is
given by the (general) Mehler formula

1
dri(y) = o Mi(w,y) dy
t
with
’ a‘y —e atx|2
My(z,y) = M (z,y) = exp (02(16—2@ , yeRY

and Z; a normalizing constant. We will denote by « the equilibrium measure of the process

given by
/2
1 aly|? ro2\"
’7<dy) = Eexp <_ o2 dy7 Z = T .
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Note that when a = 1 and ¢ = v/2, then 7 = 1, is the standard Gaussian distribution on
R™.
We also consider the following perturbation of the Ornstein-Uhlenbeck operator

LV =L"-V

where V: R” — R is a potential that acts multiplicatively, namely LY f = L°"f —V f. The
associated semigroup will be denoted by (P, );>o. We recall that P)" can be represented
by the Feynman-Kac formula:

Proposition 2.1. Suppose that V : R™ — R is continuous and bounded from below and
define for t > 0 the operator P} by

t

PV f(a) =E|f(xF)e o VD ypere v e L2(y).

Then (PY)i>0 is a semigroup on IL2(v) with infinitesimal generator LV .
In the sequel we will need the following definition.

Definition 2.2. Lett > 0, x € R and let f € L?(y)\ {0} be a non-negative function. We
define the probability measure Qy, on Q0 (which depends also ont and V') by

r) = 7/ Xg)e Jo VD gp
Qf,lﬂ( ) Ptvf(x) r f( t )
and use By, for the expectation with respect to Qy .

The following result gives an explicit representation for the Hessian of log P f:

Theorem 2.3. Suppose that V: R™ — R is bounded from below and in D). Fort > 0
and r € R", set

e t o sinh(a(t — s)) 2ae~ %
Al = _/0 VXD sinh(at) ds + o2(1 — e2at)

Let f € L2(y) \ {0} be non-negative ; with the notation of Definition 2.2, it holds
V(P f)(w) = Ef. (A7)

(X} —e ).

and

(2.1)
2qe~2at

Hess(log Ptvf) (x) + mld

t /sinh(a(t — s))\ >
—— [} (P e VX)) + BT © A7) — Bl A7) © By (4.

The notation V denotes the gradient with respect to the standard Euclidean metric
(note that the Riemannian metric, intrinsic to the equation, is V = ¢2V).

The interested reader may find a series of articles on first/second order Feynman-Kac
formulas for general elliptic diffusions on manifolds in [36, 15, 33, 3]. Moreover Hessian
estimates can be found in [28, 30] under general conditions that are non-trivial to check
(exchanging orders of operators, non-explosion, existence of global smooth flows). In
the proof of Theorem 2.3, we are able to compute the derivatives thanks to an explicit
formulation of Ornstein-Uhlenbeck bridge (which appears to be linear in its initial position)

and the introduction of the probability Q. (see [31, 29] for more on elliptic diffusion
bridges).
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Remark 2.4. Observe that, whenV =0, a = 1 and 02 = 2, PtV is the Ornstein- Uhlenbeck
semigroup. In dimension 1, after a change of variable, (2.1) reads

t
oz PY 1) (x) = = + Varyo (A7) — [ (s By (VV(X7)ds

= uf = ¢ (=1 + pa(x)),
using the notation of Section 2.1.

Proof of Theorem 2.3. Fix z € R and ¢t > 0. According to Proposition 2.1, it holds
t x t T
PY $(a) =B () hVO0%) — 271 [ e (B YO0 XE = y) Moy dy,
RTL

where Z = Z; is the normalisation constant for My(z,y) that does not depend on x.

Conditioning on X7 = vy, (X7)o<s<:¢ is distributed as the Ornstein-Uhlenbeck bridge
(Y¥)o<s<t, which begins at x and ends at y at the final time t. To determine the
dependence of the functions with respect to the variable x, we use an explicit representation
of Y = Y"¥ as solution of the following equation

dY, = 0dB, — aYsds + 02V log M;_ (Y, y)ds,

with the initial value Yy = x and where V, stands for the derivative with respect to the
x variable. It has a singular drift at the terminal time ¢ and so it is initially defined for
s < t, and then extended by continuity to Xs = z for s > t. We have

_ —at QCLe_at _ —at
Vi log My(z,y) = (y —e x)m =di(y — e "),

(which is a drift pulling toward y), where we set d; := 02(21‘15%;;(”) Thus we get
2 —a(t—s) 1 —2a(t—s)
(2.2) dYy = 0dBs + aye s—a te Yids

1 — e—2a(t—s) 1 — e—2a(t—s) S

The difference Y*¥ — Y2 solves a time dependent linear equation and is given, for all
s €[0,t], by

sinh(a(t — s
(2.3) Yo — ysovy = (), where ai(s) = si(nh((at)))
Therefore we have

PV fa) = [ @ (b VO ) M)y

_ . f(y)IE (6_ jo V(at(s)x+Y;0<,y)ds> Mt(a:,y)dy,

(2.4)

Take f € C%; since Y does not depend on z, it holds
t z, t z, t
(2.5) Va (e— Jo v y)ds> — e o vOrIds / ay(s)VV (Y5 ds.
0
So,
t z, t
VD) == [ 1wE (e b0 Loy e ds) M)y
(2.6) R . 0
z,Y
4 [ e (e BT 9, b o, y)dy.
]Rn

Plugging in the expression for V, log M;(z,y) and reversing the conditioning process, we
see that

v ) =~ [ 'E () e VOG0 ) o) ds + i & oV £ (XF — ) )
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Therefore, for 0 < s <'t,

V(log P f)(z) = Efa(A7).

In the calculations above, we have taken liberty to differentiate under the integration sign,
which holds for any smooth functions with compact support. Since Y is Gaussian and
has moments of all order and |VV| growth at most polynomially, if a sequence f, € CZ
converges to f € L?(7) then the right hand side of the latter converges uniformly. Hence
PY f is differentiable and the identity holds for any f € L2(y).

Using the same conditioning strategy, we can similarly compute the second order deriv-
ative of P} f, treated as a symmetric matrix. For this we go back to (2.6) and differentiate
under the integral signs: for any w € R,

(Hess(P f)(z), w ® w)

= [ st (e Srvorne | " (5)2 (Hess V(Y2), w0 ) ds) M. y)dy
+ [ 1w (efé V07 ([ o) 9V () 0) d>) M, (e, y)dy

) / fly ( S /O wvven, w)at(s)ds> (Vo Mi(z, y), wdy
+E <e* Jo VXD 5 x7) (Hoss, My (x, 2), w @ w>dy) .

The differentiation procedure holds for f in C¥, and the same approximation argument
as before shows that it holds also for any f € L?(vy). Next we observe that the following
identity holds

Hess, log M (x,y) = —d;e”*'1d
where Id is the n x n identity matrix. Therefore,

Hess, M (z,
Hesse MAT,b) _ poss, 1og My(a.9) + V. log My(a.9) @ V. log My(a.9)
Mt(xa y)
= —de YA+ B (y — e %z) @ (y — e M2).
Using (2.3) and (2.5) we get
(Hess(P) f)(x), w ® w)
PY f(x)

=~ [ B gl (Hess VOXD) w0 ) d”E“((/ot“t WV, >d5)2)

t
%R, </ (VV(X2), wyan(s)ds dy (XF — e~ ) BB (X7 = e, w)?) — dieuf?
0
t
= —/ at(8)’E . ((Hess V(XT),w @ w))ds
0
t 2
+Ef, <</ ar(s)(VV(XY), w)ds + de(X¢ — e‘“%,w)) ) — dye” " |w|?
0

t
= [ (o) Epa((Hess V(X3), w @ w))ds + Epo((47,0)?) — die '’
We then use the identity

Hess(P) f)(z) V(P f)(z) @ V(P f)(x)
P f(x) PY f(z)?

Hess(log PY f)(x) =
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to obtain the following
¢
Hess(log P f)(x) = — dye”%1d — / at(s)’E; . (Hess V(XY))ds
0
+Epo(AF @ A7) = Ep o (A7) @ Ep o (A7)
This completes the proof. O

Remark 2.5. Using Equation (2.2) we see that the Ornstein-Uhlenbeck starting from x
conditioned to reach z at time t has the following explicit reprersentation:

v 5 a sinh(a(t — s)) s sinh(a(t — $))
Z9% = oy(s)x + Z/o (el 1) /0 sinh(a(t — 1)) T))dB'r.

The one dimensional case can be found in [12], see also [6] and the reference therein.

Remark 2.6. In some situations, it might be also useful to control the second order
derivative of the semigroup by the derivatives of f themselves. For example, in [18, 19], the
authors deal with log-semi-convex functions in order to get a characterization of transport
inequalities. The result below shows how such a log-semi-convexity transfers to the semi-
group. More precisely, assume that, in addition of the hypotheses of the theorem, f: R™ —
R is in D@ then, with the notation in the proof of the theorem, it also holds

t
(2.7) Hess(log P f)(x) =e 2R, . (Hess(log f)(X})) — / E . (Hess(V)(XT))e 2*%ds
0
+Ejo (A7 © A7) — Ep (A7) @ Ef o (A7)
where A7 := [IVV(XZ)e %ds.
Observe that X7 = e x40 [ e~ dB, so that, using the Feynman-Kac formula,

R 1) = ( (et o [ etnap, ) e Vi e )
it holds i
VEY f(a) = B (VO h VD) i (07 [ 9V e mase V).
Differentiating one more time, we get

Hess(PY f)(a) = 1B (Hess(f)(XP)e o V9%
_9F <vf(th) o /t TV (X)etdse™ IN V(X;)ds>
0

t N
—-E (f(Xtm) / HessV(Xsm)e*Q‘lsdse* J, vixz )dS)
0

"t

t t .
+2(10p) [ wvememass [ Tvice s e by D)
0 0
from which the expected result follows.

2.3. Semi-log-convexity for diffusion semigroups. Thanks to the result of the pre-
vious section and with the help of the h-transform, we can obtain explicit formula for the
log-Hessian of general diffusion semigroups. In turn we may obtain explicit lower bounds
that will be useful for applications.

Given W: R" — R, smooth enough, and the operator LY = A —z -V —V on L?(v,),
we define the operator £V on L2(e""/24,,) by the unitary transform (h-transform) below:

LWJ(' — 67W/2LV(6W/2f)

1 1 1
:Aff(x—VW)-Ver(iAW+Z|VW\2—§x~VW—V>f,
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whose associated semi-group P}V is intertwined with PV by
PWf _ E_W/2PV(€W/2f).

Let h: R® — R and define duy,(x) = e "dx. If we seek a representation for the reversible
operator

Ly:=A—-Vh-V
on IL2(uy) of the form Ly f = LW f = e W/2LV(eW/2f), we choose W and then V so that

|| 1 1 , 1

A function f belongs to L2(py,) if and only if fe'"/2? belongs to L2(v,). We denote by
(Pt)e>0 the semi-group associated to the diffusion operator Lj := A — Vh -V. The
operator Ly, is essentially self-adjoint on C%, see [27]. Theorem 2.3 and Remark 2.6 (with
a=1and o = /2) then admits the following immediate corollary.

Corollary 2.7. Let h: R® — R belongs to D@, Set py,(dz) = e @) dx and

W(zx) := % — h(z), Vix) = %(n — Ah) — i(\:ﬂz —|VR]?), x€R"™

Assume that V is bounded from below. Let f € L%(up) \ {0} be non negative and, for
all x € R™, denote by ]E . the expectation with respect to the probability measure (@ w

2 f
introduced in Definition ,2 2. Then

Hess(log P, f)(x) = —1(101 — Hess(h)(z)) + EW, (A7 ® AY) — EW, (A7) o B, (A7)
(2.8)

sinh(¢ "
_ 21— /( b )]E ' (Hess V(X7))ds

where

smh( s) et 4
XF —
/VV nh(?) d8+1—e*2t( ;S —e'x)
and ¢, is given by (1.4). Assume in addition f € DW, then for A¥ := fé VV(XT)e *ds,
the following holds

(2.9)
Hess(log P, f)(x) = —%(Id — Hess(h)(z)) + eiZ‘ItEKv(Hess(log HEXD)

7 e ~ ~ t
+EY (A7 ® A7) — EY, (A7) @ B}, (A7) — /0 EY, (Hess(V)(XZ))e 2% ds.

Observe that, as for Theorem 2.3, Corollary 2.7 contains the case of the Ornstein-
Uhlenbeck semigroup which corresponds to the trivial case W =V = 0.

For applications, especially in dimension 1, it will be useful to get a lower bound on
(log P;)”. To that respect (2.8) is useful since we can remove the non negative (co)variance
term. Then one is left with estimates on h” and V”.

Proposition 2.8. Let h: R — R be of class DY with up(de) == e "M@z q finite proba-
bility measure. Set V(z) := (1 — h'"(z)) — 1(2® — W?(z)), z € R and assume that V is
bounded from below. Then, given f € L%(uy) non-negative, for all x € R and t > 0, one
has

(210) (10 Pof)' () >~ — 51— H'(x)) — 5 sup V"(3).
yeR
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Proof. This is a direct consequence of Corollary 2.7 above and the fact that

/t <sinh(t - s))2 J et — e 4 -
SIS s =
0 sinh(t) 2(e?t +e2t —2) —

1
- t>0.
2’ -

O

As an example of application, one can consider h(x) = % + (1 + 22)P/2, with p < 2.
Then it is easy to see that h satisfies the hypotheses of the latter and that —3 (1 —h"(z)) —
%supyek V"(y) > —c, for some constant ¢, depending only on p.

2.4. Deviation bounds for semi-log-convex functions. The aim of this section is
to prove a deviation bound for semi-log-convex functions, following [17]. Namely, the
following holds.

Theorem 2.9. Let up be a probability measure on R of the form dup(z) = e @) dg
with h: R — R a symmetric C? function. Assume that there exist c,C > 0 such that
c < W' < C. Then, for any C? function f: R — (0,00) such that (log f)" > —f for some
B >0, it holds

C+p 1
>t d < vt > 2.
Mh({f* /f “h})*< c )t\/logt’ =
Remark 2.10. The assumption h symmetric is here for simplicity. A similar statement
would hold with h non symmetric. The special case h(z) = x%/2 is given in [17] with a

factor (1+ 3)/\/2 which is slightly better than 1+ 3 (since ¢ = C = 1 when h(x) = x2/2).

The proof of Theorem 2.9 relies on the following technical lemma whose proof can be
found at the end of this section.

Lemma 2.11. Let up be a probability measure on R of the form dup(x) = e~ @) da with
h: R — R a symmetric c? function. Assume that there exists C > 0 such that 0 < h"” < C.
Then, for any p: R — R of class C? such that ¢ > —f3 for some B > 0, it holds

o(z) — log (/ e’ duh) < %log (%) + h(z), Vx € R.

Proof of Theorem 2.9. Set ¢ = log f, which satisfies ¢” > —(. Without loss of generality
one can assume that [e?dup = 1. Define a = %log (C;rﬁ). From Lemma 2.11 and by
symmetry of h we have, for all ¢ > 2(a + h(0))

00 zeaeft
>t} < h(z) >t—a <2/ e hMOdy < —— —
/.Lh({@ = }) = :U‘h({ ( ) = }) = h=1(t—a) = h/(hfl(t _ a)))
where we used the following bound, valid for any s > 0 (recall that &’ is increasing on R™)
o) [eS) h/(x) e*h(s)
h(e) 4y < / D) =hie) gy = £
/S e z < . (s e x 7 (s)

Now observe that, since h is smooth and symmetric, '(0) = 0 so that h(z) < h(0)+ 3Cz?
and h/(z) > cx, © > 0. Therefore

W(h™z)) > W (\/Z(xch(o))) > C\/Q(xch(())) for any = > h(0).
(

In turn, since we fixed ¢ > 2(a+ h(0)), 2 ((t — a) — h(0)) > t and thus, thanks to the latter

- 2((t = a) = h(0)) t
K (h™(t —a))) 20\/ c 20\/%.
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We conclude that, for any ¢ > 2(a + h(0)),

2V/Ce?e! _ C+Be’
c VT eV2r Vi

Next we deal with t € (0,2(a + h(0))). Using Markov’s inequality, since [ e¥du;, = 1, we

have
u({p >t}) <e ' <\/2(a+ h(o))eﬁt.

Since [e"dx =1 and h(0) + c% < h(x), we have 21(0) < log 2% so that
C+p
c

pn({e > t}) <

V/2a+21(0) < \/log((C + B) /¢) <

where the last inequality follows from a direct computation. O

Proof of Lemma 2.11. We follow [17, Lemma 2.1]. The bound is trivial if [ e®du, = +o0
so let us assume that [e®du;, = 1. Define g(z) = ¢(z) — h(z) + a%, z € R, with
a = C 4 . The function g is convex on R and so, by Fenchel-Legendre duality, it holds

9(x) = supyeg {zy —g*(y)}, © € R, where g*(y) := sup,er {yz —g(z)}, y € R, is the
convex conjugate of g. Therefore, for all y € R,

1= / 2@ —h(z) gy / R () / oru—at g g w) [T

«

So g*(y) > %log (%’T) + %, for all y € R. Therefore,

()<11 (a)+ y? 11 (a)+ z?
x —log | — supxy — =— » = —log | — a—
I =598 on yeg Y7 %0 2%\ 2r 2’
which proves the claim. [l

2.5. The Talagrand Conjecture for a class of diffusion, in dimension 1. In this
section we prove that for some class of potentials h, the associated diffusion semigroup
satisfies the Talagrand Conjecture, in dimension 1.

Theorem 2.12. Let up be a probability measure on R of the form dup(z) = e M) gy
with h: R — R a symmetric function of class D* such that ¢ < h" < C where ¢,C are
positive numbers. Set V(z) := 3(1—h") — 1(2? — W'?). Assume V is bounded below, with
sup,>o V" (z) < co. Finally denote by (P¢)i>0 the semi-group associated to the diffusion
operator Ly := 88—; - h’(a:)a% symmetric in L2 (up).

Then, for all s > 0, there exists a constant D (that depends only on s, ¢, C' and
sup,~o V" (x)) such that for all non-negative g € L (uy,)

1
P Zt/d <D~ Vi > 2.
Mh({ g g Mh}) t\/@

Example 2.13. As an example of application, one can consider h(x) = % +(1+ x2)p/2,
with p < 2 which satisfies the assumption of the Theorem. Note that this example corre-
sponds to an unbounded perturbation of the Gaussian potential.

Many bounded perturbations of the Gaussian potential also enter the framework of the
above theorem. However, due to the assumption V bounded below, even apparently very
tiny perturbation of the Gaussian potential does not enter the framework of the theorem,
as for example h(z) = 1—22 + cos(x)! We believe that the reason is technical and that the
Talagrand’s conjecture should hold also in this case.
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Proof. Fix g € L?(uy,) positive and s > 0. Thanks to Proposition 2.8,
1

1
(log Psg)” = —c5 = 5(1 =) = 31V ]loe = =B

with 8 := max(0,c¢2 + 3(1 — ¢) + 3[[V”||s) > 0. Therefore, by Theorem 2.9 applied to
f = Psg, one can conclude that, for all £ > 2,

c+p8 1
Pag >t / dun)) <
p({Psg 2t [ gdpn}) < — Vst
which is the desired conclusion for g € L.?(yuy,). Applying the previous bound to g A n,
n > 1, for non-negative g € L!(uy,) and letting n — oo completes the proof. O

3. THE M/M /oo SEMIGROUP

In this section we deal with the M /M /oo queuing process, which is a discrete analogue
of the Ornstein-Uhlenbeck process on the integers N := {0,1...}. First we obtain lower
bounds of Alog P, f, where A is the discrete Laplacian. Then, we investigate the deviation
property of semi-log-convex functions and prove that such a property, contrary to the
continuous setting, does not hold unless the function is log-convex. In the last subsection,
we prove that the Talagrand Conjecture holds by means of the strategy of the supremum
presented in the introduction. We start with the notation.

3.1. Notation and setting. In all what follows, we will deal with the following classical
probability distributions on N :

e B(n,p) stands for the binomial probability measure of parameters n € N and p €
[0, 1), with the convention that B(n,0) = dp (the Dirac mass at 0) and B(n, 1) = 0.
When n = 1, we simply denote by B(p) the Bernoulli distribution of parameter p.

e P(6) stands for the Poisson probability measure of intensity § whose probability
distribution function will be denoted by my and is given by ma(k) = e~ 90%/k!,
k € N. At some points, we will make a slight abuse of notation and write 7p(A4) =
> acamol(a), for A CN,

The M/M /oo queuing process is defined through its infinitesimal generator L, acting
on functions on the integers as

(3.1) Lf(n) :=np[f(n—1) = f(n)]+ Alf(n+1) = f(n)], neN
where A, > 0 are fixed parameters. In the above expression, there is no need to define
f(=1) since it is multiplied by 0. We use the following notation for the discrete derivative:

Df(n):=f(n+1) = f(n), neN,
and for the discrete second order derivative (Laplacian):
32)  Af(n):=fln+1)+f(n—-1)=2f(n) = DDf)(n—-1), neN\{0}.

Then Lf(n) = AAf(n) + (nu— X)Df(n—1).

Denote by (X;);>o the Markov (jump) process associated to L, so that for all (say)
bounded function f it holds P,f(n) = E(f(X:)|Xo = n), n € N. A remarkable feature of
the M /M /oo queuing process is that

L(Xt|Xo = n) = B(n,p(t)) » Ppa(t))
where x stands for the convolution,
p(t) ==, q(t)=1-p(t), p= o

In other words
Fif(n) =E(f(Y: + Zt))
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with Y; ~ B(n,p(t)) independent of Z; ~ P(pq(t)) which can be seen as an analogue of
the Mehler Formula (1.2) for the Ornstein-Uhlenbeck semigroup.

Finally, we recall that the M /M /oo queuing process is reversible with respect to the
Poisson measure P(p).

In the next section we deal with estimates on the Laplacian of log P; f.

3.2. Semi-log-convexity of the queuing process. In this section we investigate the
behavior of Alog P,f. The main result of the section (Proposotion 3.1) is that for any
starting function f on the integers, as for the Ornstein-Uhlenbeck semigroup, Alog P, f is
bounded below by some universal constant depending only on ¢ and on the parameters of
the process (namely A and u), but not on f.

Proposition 3.1. Let f: N — R not identically vanishing. Then for allt >0 ,

2
(3.3) Alog Pof(n )>log<112 (1(p+p£p)2)2>> n=1,2...

with p=p(t) = e " and p = \/p.

Remark 3.2. Notice the right hand side of (3.3) tends to —oo when t — 0T, as it should
be, since f can be any function. On the other hand, the right hand side of (3.3) tends
to —log(12) as t tends to oco. This comes from the technicality of the proof, we believe
however that there should exist a lower bound on Alog P, f(n) that tends to 0 as t tends
to infinity.

The proof of Proposition 3.1 relies on the following lemma which asserts that a positive
combination of log-convex (or more generally semi-log-convex) functions is log-convex
(semi-log-convex).

Lemma 3.3. Let f;: N — (0,00), i = 1,..., N, be a family of positive functions, with
N possibly infinite. Assume that for all i and alln =1,..., Alog f;(n) > —p; for some
Bi € R. Then, for all ay,...,an >0,

N
Alog (Z aifi) > — max, Bi.

i=1

The continuous counterpart of this result is classical and could be used to prove this
discrete statement. For the sake of completeness we give below a direct proof.

Proof of Lemma 3.5. By induction, and possibly taking the limit, it suffices to prove the
result for N = 2. Moreover, by homogeneity we can assume without loss of generality that
a; =ay =1. Solet f,g: N — (0,00) be two positive functions with Alog f > —3; and
Alogg > —B4 with 3¢, 3, € R. Then, by definition

(f(n+1)+g(n+1)(f(n—1)+g(n—1))
exp{Alog(f +g)(n)} = Fo) + g(n)?
_fn+Df(n-1)  f(n)? L 9t Dg(n—1) g(n)?

2 (f(n) + g(n))? g(n)? (f(n) +g(n))?
gin=1) flg(n)  fln=1)g(n+1) f(n)g(n)
f(n)g(n (f(n) +g(n))? fn)gn)  (f(n
By —Bg g(n)2

(f(n) +g(n))? (f(n) +g(n))
N (e_gf_gg f(n)g(n) f(n—1Dg(n + 1)) f(n)g(n)

~—
+
e}
—~
3
=
[\

no

fn—Dgn+1) " Fm)gn)
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where we used the hypotheses Alog f > —f3; and Alogg > —f, on the one hand to
bound the first two terms, and on the other hand to write % > e Pr f{é@l) and

g(n=-1) > e P 9() _ Next we observe that

Tg(n) g(n+1)°
-8, f(n)g(n) fin—Ngln+1) (g5, L\ _ o (5r+80)/
e B8 = Dgln £ 1) Fin)g(n) > 21;8 <a:e Br=Bg 4 E) — 9¢—(Bs+B9)/2

It follows that
exp{Alo s CPRE@)? (e Plg(m)? | 2f (n)ePrg(n)e Pl
p{Alog(f +g)(n)} > (f(n) + g(n))? + (Ff(n) + g(n))? (f(n) + g(n))?

L UeIP dgme B2
= Gy 2.

This leads to the expected result. O

Proof of Proposition 3.1. Fix t > 0; we have
Pof(n) = E(f(X0)|Xo = n) zf X, =k Xo=n), VneN.

For all k € N, denote by Fi(n) = P(X; = k|Xo = n), n € N. According to Lemma 3.3, it
is enough to show that for all k¥ € N, it holds

L. »
(3.4) Alog Fy(n) > log 2 1 bl —p2) ) Vn > 1.

Since P; is reversible with respect to P(p), it holds

]P(Xt = TLlXO = k)

P(X; = k| Xo =n) =m,(k) -] )

n € N.

Therefore,
log Fj;(n) = log m,(k) — log m,(n) + log Gi(n),
where Gi(n) = P(Y; + Z; = n), with as above, ¥; ~ B(k,p) and Z; ~ P(p(1 — p)). A

simple calculation shows that, for any parameter 6 > 0, it holds for all n > 1

B mo(n+ 1)mp(n — 1)\ (n!)? B n
Alogmy(n) —10g< o (n )2 ) _logm _lognJrl.

From this follows that Alog Fy(n) = 0, n > 1, and that for k& > 1, Alog Fx(n) >
Alog Gi(n), n > 1. So it is enough to show that the bound (3.4) is satisfied by Gy.
Let us first treat the case k = 1 and show the following slightly better lower bound:

1 v’ _
Alog Gy > log (2 (1 — MW)) = —«

or equivalently
(3.5) G1(n)* < e*Gi(n+1)Gi(n — 1), Vn > 1.
For all n > 0, it holds
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So, for n > 1,

G+ DGn-1) _ o (0-p) +pgf b)((l—p)mﬁib)

I R )
o (<1—p>+pﬁ)2— (pgfmf
ntl ((1—p)+pﬁ)

%

(1 )
-
2 (p(1—p)%2+p)

and so taking the log gives the announced lower bound for Alog G;.

Remark 3.4. Note that one could be more accurate by keeping the 5 factor which
eventually yields to the bound

2
p
Alog Fi(n) >log(1— ———— |, n > 1.
1) < <p(1p>2+p>2>

Now let us treat the case k > 2. It will be convenient to write ¥; = Y/ + & with
Y/ ~ B(k—1,p) and &, ~ B(p) two independent random variables also independent of Z;.
Conditioning with respect to Z; + &; and using (3.5), we get

(3.6)

n—1 1/2
= P(Y] = n)G1(0) + /2 (Z B(Y/ = j)Ga(n+1 - j)) Gi(n —1)/2
j=0

Now let us treat separately the cases :
(a)n>k>2, b)1<n<k—-2k>3 (c)n=k—-1,k>2.
(a) Suppose n > k > 2, then P(Y/ =n) = 0 and so (3.6) yields to
Gr(n) < e*?Gr(n + 1)V2Gj(n — 1)/

(b) Fix k > 3. Let us admit for a moment that there exists 8 > 0 (independent of k)
such that forall 1 <n <k — 2,

(3.7) P(Y} =n) < e’PP(Y/ =n—1)'V?P(Y/ =n+1)"?, Vi<n<k-2.
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As we will see below, the optimal 3 is log3. If 1 < n < k — 2, then inserting (3.7) into
(3.6) gives

Gi(n) < P2 (B(Y, =n+1)G1(0))* (P! = n — 1)G1(0)"*

1/2

n—1

+ /2 (Z P(Y; = 7)G1(n +1 —j)) Gi(n—1)"/?
i=0

el 1/2
< emx(@A/2 | (B(Y! = n +1)G1(0)/* + (Z P(Y} = j)Gi(n+1— j)) Gr(n — 1)/
7=0

< \/iemax(a;ﬁ)/ZGk<n + 1)1/2Gk(n — 1)1/27

where the second inequality comes from P(Y; = n — 1)G1(0) < Gi(n — 1) and the third
inequality follows from +/a + Vb < V2va+b, a,b>0. To determine £ in (3.7) note that

1/2 1/2
(’“ - 1>p"<1—p>’“n < P2 ((fj_ Dp“(l - p)k”> ((fj A Dp““(l - p)k“)

is equivalent to
1 < B 1 1
mE—n-D)2 =% n—Dlk—n) (n+ Dk —n—2)!

which is equivalent to

n—i—lgeﬁk—n—l

, Vi<n<k-2.
n k—n
Observe that
(n—i—l)(k:—n):lJr k .
nk—n—1) n(k —1) —n?
The minimal value of the function n +— n(k — 1) —n? on {1,...,k — 2} is k — 2 (reached

(n+1)(k—n)

nhon—1) — 1+ ﬁ =2+ ﬁ < 3. Therefore, one can

at 1 and k — 2) So maxi<n<k—2
take $ = log 3.

(c) Finally, let us assume that & > 2 and n = k — 1. Let us admit for a moment that
(38) B =k-1DGi(0) < B = k- 1G1(1) " (B = k- 2)61(0) .
Then, inserting (3.8) into (3.6), and reasoning exactly as in the case (b) gives

Gr(k —1) < V222G (k)2 G (k — 2)Y2.
To prove (3.8), first observe that P(Y/ = k—1) = p* 1, P(Y/ = k—2) = (k—1)p*2(1—p)

and so P(Y{ =k —1) < (£ P(Y/ = k —2). Since, G1(0) = (1 — ple PP and G1(1) =

((1=p) +potsy) (p(1 = p))e 1P, we see that G1(0) = =gz G (1). Therefore,

P(Y{ = k—1)G1(0) <

= WP(Y{ =k —2)G1(1) <P(Y/ = k — 2)G1(1)

which gives (3.8).
Putting everything together, one gets for all £k > 0 and n > 1,

Alog Gi(n) = —max(a; ) —log2 > —a — f — log2 = log (112 (1 - (p(l—];;—i—p)z>>

which completes the proof. O
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3.3. Remarks on the action of the M/M/co semigroup on structured functions.
In this section, we collect some more facts about the action of P, on log-convex (resp. log-
concave) functions. The first statement, which is a simple application of Cauchy-Schwarz
inequality, asserts that if f is log-semi-convex, then so is P;f. The second statement is
due to Johnson [22] and shows that P, also leaves stable the class of log-concave functions.

Proposition 3.5. Let f be a positive function on N such that, for some 8 > 0 and all
n=1,2..., Alog f(n) > —f5. Then

Alog P.f(n) > —p n=12..., t>0.

Proof. Recall that P, f(n) =E(f(e1+---+e,+Y)) with ¢; ~ B(p) i.i.d. and independent
of Z ~P(pq), ¢ =1—p, and similarly for P,f(n — 1) and P,f(n + 1). Hence, computing
the expectation with respect to the Bernoulli random variables ¢, and €,11 respectively,
we have

Pif(n+1)=p°E(f(e1+ - +en1+Z+2) +2p(1 — p)E(f(e1 + -+ +ep1 + Z + 1))
+ (1 —p)’E(f(e1+ -+ en-1+2))
and
Pif(n)=pE(f(e1+  +en1+Z+1)+ (1 —pE(f(e1 + - +en1 + 2)).
Letting X :=¢e1+--- 4+ ¢e5-1 + Z, we get
Alog P;f(n) = log (Ptf(n _;tlf)(it)];(n — 1))
~log (pZE(f(X +2))E(f (X)) + 2pqE(f (X + D)E(f(X)) + qZE(f(X)V) .

PE(f(X + 1)) + 2pgB(f (X + 1))E (f(X))+q2E(f(X))

Now, since Alog f > —/, we infer that e ﬂ/Qf </ f(n+1)f(n—1). Therefore, using
the Cauchy-Schwarz Inequality,

e PE(F(X +1))* SE(\/F(X +2)f(X))? < E(f(X +2))E(f(X)).

Hence
PE(f(X +2))E(f(X)) + 2pgE(f(X + 1)E(f(X)) + ¢°E(f (X))
> pPe PE(f(X +1))° + 2pgE(f (X + 1)E(f(X)) + ¢°E(f(X))?
> =7 (PE(F(X + 1)) + 2pgB(£(X + 1)E(f(X)) + ¢°E(f(X))?)
which leads to the desired result. O

Recall that a function f : N — (0,400) is said log-concave if Alog f(n) < 0, for all
n > 1, or in other words if

f()? = f(n=1f(n+1), Vn>1.
It is said ultra-log concave if n — n!f(n) is log-concave, or equivalently

f(n)g > n+1

It is easily checked that f is ultra-log-concave if f/my is log-concave for some (and thus
all) 6 > 0.
The following result is due to Johnson [22].

fn=1)f(n+1), Vn > 1.

Theorem 3.6. Let (X;)i>0 be the M /M /oo process with generator (3.1), associated semi-
group (Py)¢>0 and reversible distribution m,. For all t > 0, denote by hy the distribution
function of the law of X;. If hg is ultra-log-concave, then for allt > 0, h; is also ultra-log-
concave. Equivalently, if fo : N —= (0,400) is log-concave and integrable with respect to 7,
then, for allt > 0, fi = P.f is also log-concave.
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We note that the preservation of ultra-log-concavity by the M /M /oo process was proved
in [22] en route to proving the maximum entropy property of the Poisson distribution;
related properties connected to Poisson and compound Poisson approximation may also
be found in [23, 5]. For the sake of completeness, we briefly sketch Johnson’s proof (see
[22] for details).

Sketch of proof. Fix some t > 0. The proof relies on the following explicit representation
ofAQ:

Xo
Xi=> en+72,
k=1

where, as in Section 3.1, the random variables Xy, Z, €, kK > 1, are independent, Z
has law P(p(1 — p)) and ¢; has law B(p), k > 1, with p = p(t) = e . According to
[22, Proposition 3.7], the random variable Z,)C(:Ol e (which corresponds to a thinning of
X)) has an ultra-log-concave distribution. On the other hand, it is easily checked that Z
has also an ultra-log-concave distribution. Since the class of ultra-log-concave functions
is closed under convolution [38, 32], we conclude that the distribution function of X is
ultra-log-concave. Finally, observe that if fo € ! (mp) is a log-concave function such that
(without loss of generality) [ fodmr, = 1 and Xy has distribution function hy = fom,,
then hg is obviously ultra-log-concave and so, according to what precedes, the distribution
function h; of X; is also ultra-log-concave. Since P; is reversible with respect to m,, it
holds hy = (P, fo)m,. And so f; = P, fo is log-concave. O

3.4. Deviation bounds for semi-log-convex functions. In this section, we investigate
deviation bounds of the type mg({n : f(n) >t [ f dmy}) for log-convex, and more generally
log-semi-convex, functions f. In other words, we address the analogue of Item (2) from
the introduction for the Poisson distributions. As our results will reveal, in this discrete
setting, an analogue of Item (2) does not hold in general, but it does hold if f is assumed
to be log-convex. Omne reason for this spurious effect is that the tail of the measure
> ksn mo(k), in discrete, is of the same order as mg(n), i.e., with no extra factor, while in
the continuous, [J° e dt ~vg oo %

In all what follows, will make a frequent use of a non asymptotic version of Stirling
formula. More precisely, the following inequalities for the factorial are known (see [35]) to

hold

1 _ 1 11
V2™ e T < pl < V2 e m n>1.
Hence,
1 1
(3.9) n"t2e™™ < pl < 3p"ta2em

for n > 1 (since v/2me!/12" < 3).
Let us begin with a precise tail bound for the Poisson distributions.

Lemma 3.7. Let § > 0 and define ®p(z) = zlogez — xloghd —x + 6, x > 1. Set
Fyo(u) := mp([u, 00)) for the tail of the distribution function of mg. For uw > 26, we have

2
Fyfu) < —= exp ()}
Proof. 1If u > 20,

ekefe _ 9”679 ekfu

Fo(u) = B Zk(k—l)...(u—i—l)

k>u T k>u
gue—?

u!

Gue—?

u—k — iex —®(u
< Igz _QU!S\/E p{—®(u)}

where we used (3.9). O
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Proposition 3.8. For any 0 > 0, there exists a constant ¢ that depends only on 0 such
that for all t > 4 and all positive functions f on the integers satisfying Alog f > 0, we

have
Vl1oglogt
>t d <ec——k——.
mo((f =t [ fam)) < B8
Proof. We assume without loss of generality that [ fdmg = 1 and we follow [17]. Define

f: [0,00) — (0,00) as the piecewise linear interpolation of f. Since Alog f > 0, log f

is convex so that log f(x) = sup,>o{ry — g(y)}, * > 0, where g(y) = (log f)*(y) =

sup,>oiyr —log f(x)}, y > 0, is the Legendre transform of log f. Then, since, for any

n € N and any y > 0, log f(n) =log f(n) > ny — g(y), we have

1= / fdrg > ¢~ IW) / Mdrmg(n) = exp{—g(y) + 0(e! — 1)}.
Therefore
gly) = 0(e’ = 1),  y=0,
and in turn
~ 1 —log0) — 0 ifn>0
log f(n) = log f(n) < sup{ny — 0(e — 1)} = n(logn —log) —n + 1 "=
y>0 0 if n <6.
= max([n(logn —logf) —n+0,0].
Hence, for t > ef~1/6,
mo({f = t}) < mp({max(n(logn —log#) —n +0,0) > logt})
= mp({n(logn —logh) —n+ 0 >logt}) = mp({Ps(n) > logt})
=mo({n € N:n>d, (logt)})
where we set ®y(x) := zlogz — zlogh — 2z + 6, > 1 and denoted by <I>;1 its inverse

function which is increasing on [6 — 1 —log 6, 00). Using Lemma 3.7, we get for ¢ > ¢y, for
some constant depending only on 6,

e~ 20(®; ' (logt)) 2

V@5 (log ) - t\/@, (log 1)

To end the proof it suffices to observe that ®y(z/logx) = x —z[loglog z+log 0+1]/log x+
0 < x for x large enough so that ®,'(z) > x/logx (for x large). O

mo({n e N: f(n) 2 1}) <2

Remark 3.9. Let us note that the bound in Proposition 3.8 is of optimal order. Indeed,
consider the function fy(n) = e*c()), where ¢(\) = exp{l — e}, A > 0, is taken to be
the normalizing constant that makes [ fadmy = 1. Observe that Alog fy = 0 since log f

is linear. Now
mtn =) =m (|58 (55) ).

We are interested in lower bounds on this Poisson tail. Let us take A = logk and t =
ekFe™®, for some integer k, so that %10g (ﬁ) = k. Observe that, using (3.9),

1 1 k-1 k
’/Tl([k, +OO>) > % > %k’ 2e”.

Therefore, after some calculations, we get

ty/logt 1 1+kloghk —k \2
sz ) (k)
Vloglogt 3 \klog(l+ klogk — k)

and the right hand side goes to 1/3 as k — oo, which proves optimality.
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The next proposition goes in the opposite direction to Proposition 3.8. It states that
the log-semi-convex property is not enough to ensure a deviation bound better than just
Markov’s inequality. In what follows, § > 0 is fixed and we define for all § > 0

Fs:={f: N— Rsuch that Alog f > —/ and /fd7r9 =1}

Proposition 3.10. For all 8 > 0, the following holds
limsupt sup mp({n : f(n) >t}) > 0.

t—oo  feFs

Proof. For a > 0, define f, as
faln) = exp{fg(nfa)2 +Z(a)}, neN, with Z(a) :=— log/exp{fg(nfa)Z}dﬁg(n)
so that [ fydmg = 1. Moreover

Alog f(n) = fg ((n+1—a)2+(n71fa)2—2(n—a)2) = —B.

Hence, for all a > 0, f, € Fg. The expected result will follow if we are able to prove that
there exists T': [0,00) — RT with T'(a) — oo as a — oo such that

(3.10) lim sup T'(a)mp({fa = T(a)}) > 0

since clearly limsup, . T'(a)mo({fa = T'(a)}) < limsup,_,o tsupscr, mo({f = t}).

Set Up: RT - R, u s fg(ufa)2flog [(u+1)+ulogf—0 where I'(z) := [ t* e~ tdL,
z > 0, is the Gamma functional. It is well known that logI' is convex on (0, c0) so that
W, is strictly concave on RT. Since limy 0o ¥o(u) = —o0, this guarantees that ¥, has a
unique maximum on R achieved at a (unique) point we denote by u, € [0, 00).

We claim that A := {a > 1 such that u, € N} is infinite and unbounded and u, — +0o0,
as a € A tends to +00. We postpone the proof of the claim and continue with the proof
of (3.10).

Set, for a € A,

T(a) := exp <—§(ua —a)® + Z(a)) .

Now we observe that

mo({fo = T@)) =m0 ({n: =50 =07 2 =5 (o~ @} ) = mo(ua) =

Therefore, since u,! = T'(u, + 1) for a € A,

T(a)mg({fa = T(a)}) > exp{log(T(a)) — log(ug!) + uglogd — 0} = exp{V,(us) + Z(a)}.

Our aim is to bound from below the right hand side of the latter. We notice that, by
definition of ¥, and since n! =T'(n + 1),

Quae—?

Ug!

/exp{—g(n —a)?}dmg(n) = Z exp{—g(n —a)? —log(n!) + nlogh — 0}
n=0

=3 exp{Wa(n)).
Since ¥ < —3 and W/, (ug) = 0 Wen}:aove
W) < Wi otg) + W (1) (1 — 1) — 5 (0= 0)” = Waaa) — 5 (0 — ).
Hence

/exp{—g(n —a)*}dmg(n) < e¥alta) i exp{—g(n — Ug)?} < 2e¥elva) i e /2,
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Setting cg = —log (2 > 675”2/2» one gets

(3.11) Z(a) = —log/exp{—g(n —a)*})dma(n) > cg — Wo(uq).
The latter implies two useful conclusions. First, for all a € A,
T(a)me({fo >T(a)}) > exp{¥q(uq) + Z(a)} > €.

Second, T'(a) = fg(ua —a)?+ Z(a) > cg +log(ug!) — uglogf+60 — oo as a € A tends to
infinity.

The desired conclusion follows as soon as we prove the claim above. The equation
U/ (uq) = 0 shows that the map a — u, is continuous. Hence the claim will follow if we
can prove that u, — oo as a goes to infinity. We observe that ¥/ (u) = —f3(u — a) —
(u+ 1) + log§ where ¢(u) := I'"(u)/T'(u) is the digamma function, which is increasing
on [1,00). The following asymptotic is known, ¥ (u) = logu + o(1), as u tends to infinity.
Therefore W, (y/a) > B(a — v/a) —log(y/a) + ¢ > 0 for a large enough. In particular, for a
large enough, u, > +/a which proves the claim. O

3.5. The Talagrand Conjecture. In this section we will prove the Talagrand’s conjec-
ture for the M /M /oo queuing process. This is one of the main result of this paper. We
will use the strategy of the supremum presented in the Introduction. Recall that p = A/
and that the M /M /oo semigroup (P;);>0 is reversible with respect to the Poisson measure
7, of parameter p. For simplicity we will assume from now on that p = 1. All the results
below remain valid for any p > 0, but at the price of more technicalities in the proofs, non
essential for the purpose of the whole paper. As a motivation, it should be noticed that the
M /M /oo semigroup enjoys some sort of hypercontractivity property, see [8, Section 7] (cf.
[10, 24, 34]). Hence the question raised by Talagrand about the regularization property of
the semigroup for functions in L' makes perfect sense. Here is a positive answer.

Theorem 3.11 (Talagrand’s conjecture for the M/M /oo queuing process). Let (P;)i>o0
be the M /M /oo semigroup (with p=1). Then, for every s > 0, there exists a constant ¢
(that depends only on s) such that, for all t > 4,

cy/loglogt
sup m ({n: Pf(n) >t}) < —=—.
£20: [ fdm=1 tyv/logt

Remark 3.12. For any fized s > 0, this bound is optimal for large values of t. Indeed,
using the notation of Remark 3.9, it easily seen that Psfy = f(s), with A(s) = log(1 +
e~*(e) —1)). According to Remark 3.9, the deviation bound of Proposition 3.8 is optimal
for the family (fx)x>o0. Therefore the deviation bound of Theorem 3.11 is also optimal.

The proof of the theorem is based on an estimate on the following quantity

1 P+ Z,=k)
LG = — : >0
S(n) n' zgro) Wl(k) b S -

where Y,  is a binomial variable of parameter n and ps = et and Z, is a Poisson variable
of parameter gs = 1 — p;.

Lemma 3.13. For all s > 0, there exists a constant ¢ (that depends only on s and p)

such that for anyn > 1, Ug(n) < ﬁ
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Remark 3.14. We observe that 1/+/n is the correct order. Indeed, assume that ne® € N.
Considering the special case k = n/ps € N and then the sole term j = n in the sum we get

1 P(Yn,s Y7, = n/ps) ~ n/ps i ( >qun+(n/m) 23

Us(n) > ! T1(n/ps) - = ((n/ps) — J)!

(n/ps)!

> Ds n nCIs/ps
“ nllng./pt" "
Therefore, using (3.9), we have

1 1
logUs(n) > ps + (ﬁ + f) log <£) o log3 — <n—|— 7) logn +n
Ds 2 Ps Ds 2

1
“log3 — (nQS + 7) log <nQS> + ngs + ngs
Ds 2 DPs DPs DPs

+ nlogps log gs

1 1 1
=ps —2log3 — §1ogqs — ilogn > —2log3 — §1ogn

from which we get Us(n) > 9f

Proof of Lemma 3.13. Denoting by X = (X¢)i>0 the M/M /oo process, we know that

P(Y, s+ Zs = k) = P(Xs = k| Xo = n). Since 7 is reversible for X, we have

P(Xs = k| Xo=n)
7T1<k’)

and so Ws(n) = esupyso P(Xs = n|Xo = k) = esupy>o P(Yy,s + Zs = n). Using (3.12), one

first sees that if 0 < k <n — 1 then

(3.12) m1(n) = P(X, = n|Xo = k)

kU1
P(Xs=nlXo=k) < < —
n! = n’
Now, if £ > n, then using Lemma 3.15 below, we see that

k
c c
P(Y; Zg = :glP’Y =i)P(Zs=n—-1) < PV, =i) < & < -E
(k,s+ s =) , (k,s )P(Zs =n Z)_Osglz‘lgk (k,s Z)_\/E_\/ﬁ’

which completes the proof. [l

Lemma 3.15. For any p € (0,1), there exists ¢, > 0 such that
0<i<k

k . k—i Cp
3.13 S Pt (1 — P =, vk > 1.
( ) up <Z>p( p) \/E

Proof. When p € (0,1), it is well known that the mode of the binomial distribution B(k, p)
is i := [ (K + 1)p]. In other words,

LAW —i LAWY —i
sup <.>p’(1—p)’“ = ( )pk(l—p)’c g
0<i<k \ % i

Using (3.9), one gets that, when 1 <i <k —1

kY i —i k i(l_ )k_l k

where the last inequality follows from the fact that the function f(s) = s(1 — s)k—1,
s € [0, 1], reaches its maximum at s = ¢. Therefore, if 1 <4 <k — 1, it holds

K\ e \k—in k L
<ik>p (1=p)y <3 k=)~ VR
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1-p. £ )=
] ) p ) 1-p/-
ko. So letting ¢, = SuPg<i<k k<k, VE®)pi(1 — p)F~*, we see that (3.13) holds with ¢, =

max(cy; cp).-

for some c; depending only on p. Now i, = 0 or i, = k can only occur if £ < max(

O

With Lemma 3.13 in hand, we are in position to prove Theorem 3.11.
Proof of Theorem 3.11. We first observe that (strategy of the supremum)

sup m ({n: Psf(n) >t}) <7 ({n sup Psf(n)zt}) .

£20: [ fdm=1 £20: [ fdm=1
We claim that

P(Y, Zs=k
sup P;f(n) = sup (Yns + Zs )
[>0: [ fdmi=1 k>0 1 (k)
where we recall that Y, s is a binomial variable of parameter n and ps = e™* and Z; is
Poisson variable with parameter ¢; = 1 — p,. Indeed if one considers f, = 1y, /71 (k,), for
some integer k,, one immediately sees that

P(Xn,s + Ys = ko)

sup Pif(n) = Psfo(n Zfo P(Xns+Ys=k) = L
sz:f fdm =1 771( 0)
Therefore SUD f>0: [ famy=1 P, f(n) > supy>q M%W. On the other hand, for any f

non-negative with [ fdm =1,

W) = 3 FP(Xs+ Y = ) = 3 F()m ()7 e =R < Pt =)

which proves the claim.
Recall the definition of ¥, right before Lemma 3.13. From the claim and Lemma 3.13,
we have

sup  m ({n:Psf(n)>1t}) <m ({n:nl¥(n) >t}) <m {n:nl/vn>t/c})
F20: [ fdm=1

for some constant ¢ depending only on s. Using (3.9), we have n!/y/n < 3exp{nlogn—n}.
Hence, setting H(x) := xlogx—x, which is an increasing function (hence one to one whose
inverse we denote by H~!),

sup m ({n: Psf(n) >t}) <m ({n el > t/(3c)})
F20: [ fdm=1

=1 ({n:n > 17" log(t/(3)})
= ({n:n > [H " log(t/(Bo))T})

(Here, as usual, [-] denotes the ceiling function, that maps x to the least integer greater
than or equal x). Next we observe that, according to Lemma 3.7, for any integer u > 2,

e—®1(u) e—H(u)
m({n:n>u}) <2

Vi S
Since z — e (@) /+/x is decreasing, for ¢ large enough, we end up with
P e~ H([H~"(log(t/(3c))1) - e—H(H™(log(t/(3¢))))
oo MBI 2 ) S e G VA os e/ Ge)
3c
t\/H (log(t/(3¢)))
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Finally, we observe that H~!(z) > log — for x large enough, from which the expected result

follows. O

4. LAGUERRE’S SEMIGROUPS

In this section we deal with the Laguerre semigroups on (0,00). We may prove that
both properties of Item (1), and item (2) in the introduction, do not hold. On the other
hand, the strategy of the supremum applies and will allow us to prove the Talagrand
Conjecture for the Gamma probability measures.

In the next subsection, we introduce the Laguerre operator in its full generality. How-
ever, in the subsequent sub-section we may, for simplicity, reduce to the sole case o = 3/2
(see below) which is simpler to handle. Many computations could probably be done for
general o but at the price of heavy technicalities. We preferred a simpler presentation
rather than a complete one in order to present the phenomenon occurring in the setting
of Laguerre’s operators.

4.1. Introduction. On (0,00) denote by v,, with a > 0, the Gamma distribution with

density
1 a—1_—x
T) = ——x% e x>0
906!( ) F(O[) ’
with respect to the Lebesgue measure on (0,00). It is the reversible measure of the
diffusion operator L® (which is negative), called Laguerre operator, defined on smooth

enough functions f as

L*f(z) = zf"(2) + (a —2)f'(z), z>0.
The Laguerre Operator is well-known and related to Laguerre’s polynomials

1 dk
o —a+1 kta—1,—
Qi (x) = @ exw(m e z), kEeN, z>0.

First Laguerre’s polynomials are (we omit the super scripts « for simplicity) Qo(z) = 1,
Qi(x) = a —x, Q2(x) = @ — (o + 1)z + 322, Moreover, the family (Qf)g>o is
an orthogonal decomposition of L® in £2((0,00),7,): namely it is an orthogonal basis

of £2((0,00),7a) and each Qf is an eigenfunction of L® with associated eigenvalue —Fk,
k =0,1,.... The associated semigroup, we denote by (Pf*):>0, takes the form (see e.g.

(1)
Prf@) = [ GEey)f (9)idvaly)
for any f € LP((0,00),7q) for some p > 1, with kernel
a—1
C(a)et [e) 2 1 2/ xyet
G (o) = (w exp {— @) f Lo ().
Here I3 denotes the modified Bessel function of the first kind of order 8 > —1, defined as

> 1 z\ 28
b= Y e (3) 0 F0

n=0

4.2. Semi-log-convexity for the Laguerre semigroups. We will prove in this section
that there does not exist any uniform lower bound (in z and f) on (log P*)”(z). For
simplicity, and since I} jo(x) = /2/mx sinh(x), x > 0, is explicit, we may focus only on the
case o = 3/2 for which we have (we omit the superscript a = 3/2 all along this subsection)

et [ et 1 x Vayet
RI@) = [ G fanty), Glay) = 52 (xy> exp {50, (Zt e )
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with dv(z) = e(z)dz = W%e*xdm. Now consider the special test function f(y) =
8,/¢(y) so that P,f(z) = Gy(x,y) and therefore, setting ¢, := 2¢¥/2 /(e — 1),
T

; 1—I—logsinh(ct./xy)
et —

where ¢y 4, c;!’t are constants that depend only on y and ¢. It follows that

1 1
log P;f (z) = Cyt =3 logm—%—l—log I% (ctn/TYy) = c;,t—é log x—

(log Pf)'(z) = f% — i T+ C;ﬁ coth(ci/7y)

and

2
(08 )" () = 515 = o0 cothen/7) + (1 = coth(cry/77)°)

1
== (2 + clxy — cpy/Ty coth(ce/TY) — [ct\/@coth(ct\/@)]z)

- b (2 + 2% — zcoth(z) — 22 coth(z)Z) _ 2— 272 — zcoth(z)
4x2 42 (sinh 2)2

where in the third line we set z = ¢;,/Ty. Since zcothz — oo as z tends to infinity, and

since z/sinhz < 1 (for z > 0), the latter shows that (log P,f)”(z) cannot be bounded

below by a constant independent on f and z. Hence, Item (1) of the introduction does

not hold.

4.3. Deviation bounds for semi-log-convex functions. In this section, we investigate
item (2) in the introduction. We prove that, due to the weak tail of the measures v, the
log-semi-convexity property does not help to get a better bound than Markov’s inequality.
More precisely, setting Fg o := {f > 0: (log f)” > =8, [ fdva = 1}, § € R, we have the
following proposition.

Proposition 4.1. Let a > 0. Then, for oll g > 0,

limsupt sup vo({z: f(z) >1t})>0.
t—o00 fe]-'&a
Proof. We proceed as in the proof of Proposition 3.10. Fix 8 > 0 and, for a > 0, define
falz) = exp{—g(x —a)?+Z(a)} where Z(a) := —log [ exp{—g(gv —a)?}dvy () is devised
so that [ fedv, = 1. It is easy to prove (we omit details) that Z(a) < cp,(a) for some
positive constant ¢ that depends on 8 and «. Hence,

valfa 2 1) 2 va (@ = 0)? < S(0gt +log pula) + loge)) .

Now choose a so that %(logt + log vq(a) +logc) = 1. We infer that

a+1

Va(fa>t) >va(x€la—1,a+1)) = /{171 Ya(r)dr > pala)

where the last inequality holds for a large enough and follows after some approximation
and algebra left to the reader (here ¢’ is a constant that depends only «). But a has been
chosen so that ¢, (a) = %” for some constant ¢’ > 0 depending only on « and 3. Hence,
tve(fo > t) > ¢’ which proves the proposition. O

Remark 4.2. In [17], deviation bounds for log-convex densities (8 = 0) under the expo-
nential measure (o = 1) were deduced from the Gaussian case using a simple pushforward
argument. The same argument could be easily used to get deviation bounds for log-convex
functions for other Gamma distributions.

As already mentioned, the above result (8 > 0) is due to weak tail of vo. Indeed, for
such measures, we have [° dva ~oo pa(z), while for example for the standard Gaussian
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measure, [° e~ t/2dt ~oo efxz/g/x, i.e. there is a gain of a factor 1/x with respect to the
Gaussian density in this case.

4.4. The Talagrand Conjecture. In this final section, we prove Talagrand’s conjecture
for Laguerre’s semigroups, by means of the strategy of the supremum. Such a conjecture
makes sense also in this setting since the Laguerre semigroups enjoy an hypercontractive

property [25, 20].

Theorem 4.3. Let o > 0 and denote by (PY)s>0 the Laguerre semigroup reversible with
respect to v,. Then, for any s > 0, there exists a constant ¢ (that depends only on s and
a) such that for all non-negative real functions f in IL1((0,00),vs) with [ fdve =1,

va({POf > 1)) < —=

ty/logt’

Proof. Fix s > 0 and t > 1. We will use the strategy of the supremum. Namely, we first
observe that

t> 1.

sup Voc({Psaf > t}) < Va({ sup Psf > t})
120, [ fdva=1 £20,[ fdva=1

Then, it is easy to see that, thanks to the kernel representation,

sup  P{f(z) =supGi(z,y), z=>0.
120, [ fdva=1 y>0

Therefore we are left with an estimate on Gs(z,y) (we look for an upper bound). The

following asymptotics are know [1] to hold Ig(z) ~oo \/% and Ig(x) ~o %. Up to a

constant ¢ that depends on «, we can safely assert that I,—1(u) < ce*/+/u, for u > 1 and
I,1(u) < cu®! for u < 1. In particular,

eS—1

l—a x a—1 Y 1

) Ll Z a1 — 1 —
supGS(z,y) <cdx™2 e @ Tmax|x 2 sup e - l;x2 4supy 2 e -1
y>0 0<y<yz Y>Ya

1—2a y +2\/$y€s>

1—a a—1

— T
=cdz72 e F1 max(a: 2

1 1-2 -1
xfi exp { sup ( ozi(e ) logy —y + 2\/:1:y65} )

e’ —1 Y>Yz

for some constant ¢’ that depends on s and o and where g, is such that QVQfﬁTleS =1, ie.

Yp = (62;613)2. Hence, we need to bound from above
1—-2 s—1
sup %logy—y—kﬁ/xyes = sup alogz+bz— 2
Y>Ys 4 2>(es—1)/b

where we set a = %2(65_1) and b = 2v/ze® (and used the change of variable z = VY
together with the fact that \/y; = (e* — 1)/(2vze®) = (e — 1)/b). Denote by H(y) :=
alog z+bz—22. It is a tedious but easy exercise to prove that there exists a constant ¢ > 0
than depends only on s and «, and 2, > 0 such that sup,. - H(z) < c+ Slogx + xe®
for x > x, and S, /m H(z) < —é for x < x,. Hence, after some algebra

sup G (z,y) < ¢ (1 T e’”)

y>0
for some constant ¢’ that depends only s and a. Denote by F(z) := 2 + % logz, >0
and observe that F' increasing for = large enough with inverse function we denote by F~*
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is also increasing. It is easy to see that x > F~!(z) >z — % logz (for x large enough).
Therefore, for ¢ large enough

swp ol (P2F 2 1) <o ({o: Pla) 210g (- 1) })

£20,[ fdva=1

AN
=N
o
_
N
—
o
o
/T
I
—
~
~~
7
-
m\
o
-
—
o
)
—
e
|
=
N
S~—

< /q’(log t)a—le— log(t)+ 17220‘ log log(t) ! 1

B t/logt

where we used that [°° z® le %dx < ku® e " for u large enough and k, k' are constants
that depends only on « and s. For ¢ close to 1, the result follows from Markov’s inequality
(at the price of a possible bigger constant x’). O
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