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Abstract. In this paper, we consider a birth—death process with generator £ and reversible invariant probability 7. Given an
increasing function p and the associated Lipschitz norm || - || jp(p), we find an explicit formula for I(=£)~! ILip(p)- As a typical

application, with spectral theory, we revisit one variational formula of M. F. Chen for the spectral gap of £ in Lz(rr), Moreover,
by Lyons—Zheng’s forward-backward martingale decomposition theorem, we get convex concentration inequalities for additive
functionals of birth—death processes.

Résumé. Dans ce travail, nous considérons un processus de naissance et de mort de générateur £ et de probabilité invariante réver-
sible 7r. Btant données une fonction strictement croissante p, et la norme lipschitzienne || - [|Ljp(p) par rapport & p, nous trouvons

une représentation explicite de (—£)~! ILip(p)- En guise d’une application typique, nous retrouvons une formule variationnelle

de M. F. Chen pour le trou spectral de £ dans L%(7). De plus, par la décomposition des martingales progressive-rétrogrades de
Lyons—Zheng, nous obtenons des inégalités de concentration convexe pour des fonctionnelles additives de processus de naissance
et de mort.
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1. Introduction

Consider a birth—death process (X;);>0 on N= {0, 1,2, ...} with birth rates (;);cn and death rates (a;);cn, 1.€., its
generator L is given for any real function f on N by,

LEO=bi(fG+D~f@)+a(fi—1—f@), (1.1)

where b; and a; are positive for any i > 1, with furthermore by > 0 and ag = 0. For any real function f, f(—1) is
supposed to be zero to simplify the notations. Throughout this paper, we assume that the process is positive recurrent,
i.e.,

+00
ZMn Z(/}Libi)il =00 and C:= Z,un <400,
n=0

n>0 i>n
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where u given by

boby -+ -by—
po=1, g = 2T s
ayjay - --ay

is an invariant measure of the process. Define the normalized probability = of u by 7, = % for any n > 0, which is
actually the reversible invariant probability of the process.

Our first problem of this paper is related with the spectral gap A of £ in L2(xr), i.e., the infimum of the spectrum
of —L in L?(7r). Let (P,);>0 be the corresponding semigroup of the process. Then A1 is the optimal constant ¢ in the
inequality

”Ptf_n(f)HLZ(n) Se_gtnf_n(f)”LZ(n)»

which characterizes the exponential decay of (P;);>0 to 7. On the other hand, A is the best constant ¢ in the following
Poincaré inequality,

cVarg (f) <& (f),

where Vary (f) :=Y ;.omi (f (i) — Jr(f))2 and E7 (f) ==Y ,omibi(fG+1) — f(i))2 are respectively the variance
and Dirichlet form of f with respect to 7. N

Since Chen and Wang in their paper [8] (1993) used the coupling method to obtain the first eigenvalue on manifold,
they and their working group obtained fruitful results (the reader is referred to [6,7] for an account of art). The work
of Chen ([2], 1996) was the original one to prove two exact variational formulas of the spectral gap for birth—death
processes by coupling method (the diffusion case is due to Chen and Wang ([9], 1997)). For both birth—death processes
and diffusion processes, a simple analytic proof of those variational formulas was given by Chen ([3], 1999). Miclo
([17], 1999) extended the Muckenhoupt’s generalized Hardy inequality from R to N and so derived upper and lower
bounds on A which are different only by a factor 4, generalizing the previous work of Bobkov—Gotze ([1], 1999) for
one dimensional diffusion processes. Chen ([4], 2000) showed that the results of Bobkov—Gotze and Miclo could be
derived from his variational formulas. See [5—7] for further results and references on this well developed subject.

The coupling strategy of [2,8,9] etc. consists in finding some appropriate increasing function p so that
I P flILip(o) < e_”||f||Lip(p) with ¢ > 0 as large as possible, and it is shown therein that the supremum of such
e =¢(p) is exactly A1. Our approach here is different: for convex concentration inequalities (our other aim), we must
control the norm in the space of Lipschitz functions w.r.t. p of the Poisson operator (—£)~!. We are inspired by
the work of Djellout and Wu ([10], 2007) who calculated explicitly ||(—£)~!|| Lip(p) for one dimensional diffusion
processes (so yielding another proof of Chen—Wang’s variational formula of A1), and applied that formula to give a
bound of log-Sobolev constant for Gibbs measure. As in [10] we obtain an exact expression of || (—Li)_l ILip(p)» but
now for birth—death processes.

Our second aim is about convex concentration inequality. Two random variables F and G satisfy a convex concen-
tration inequality if

E[¢(F)] <E[¢(G)] (1.2)

for all convex functions ¢ : R + R such that the inequality takes sense. This concept was firstly introduced by Ho-
effding ([12], 1963) and was realized for general martingales by Klein et al. ([14], 2006). By a classical argument, the
application of (1.2) to ¢ (x) = exp(Ax), A > 0, entails the deviation bound: for any x > 0,

P(F > x) < inf E[e}F—) < MF=)] < MG-2)] ‘
(F>x)< A11;01['3[6 LiF=x] < A11;%]E[e ] = ){EEE[e ] (1.3)

Hence the deviation probabilities for F' can be estimated via the Laplace transform of G and that is why lots of jobs
have been done on this subject.

Given g a function on N, we consider functionals S; = fot g(Xy)ds. We will prove concentration convex inequali-
ties for (S;)s>0 and then some deviation inequalities for (t71S,);=0. This kind of deviation inequality will characterize
the speed of the decay of the empirical measure (L; := 1 f(; dx,ds);>o to .



60 W. Liu and Y. Ma

The remainder of the paper will be organized as follows. In Section 2 we concentrate on the representation of
(=£)~! lliLip(p) and in Section 3 we give another proof of Chen’s variational formula of the spectral gap A for
L in L2(r). The last section is devoted to convex concentration inequalities for additive functionals of birth—death
processes.

2. Representation of ||(—L',)_1||Lip(p)

Given an increasing function p: N+ R, define d, (i, j) = |p(i) — p(j)| a metric on N with respect to p. We call a
function f on N Lipschitz with respect to p (or p-Lipschitz) if

FG) = )
i = ; ; ) 2.1
I lpo =200 sy = o) =+ @D

which is equivalent to

|l = sup LD = SOL
PO el D) = p(i)

The space of all p-Lipschitz functions is denoted by Crip(p). Throughout this paper, we assume that p € L'(7r) and

denote by (C&p( o) Il - lILip(p)) the space of all p-Lipschitz functions with 7 (f) := [ f dz = 0. In addition, || - [|Lip(o)

is a norm restricted to Cgi .

By the equality (1.1), the equation £f = 0 admits constant solutions and so identically zero solution when
7 (f) =0 is required. Then for any function g € C&p( o) there exists an unique solution f on N with 7 (f) =0
to the Poisson equation

—Lf=g.
Thereby (—£)~! is well defined on C&p( ) BY definition, £ has a spectral gap in C&p( ) if 0 is an isolated eigenvalue
of —L in Cﬁip(p), or equivalently (—£)~! :C&p(p) — C&p(p) is bounded.

Recall the usual Lipschitz norm of (—£)~! on CEip(p):

H(_‘C)_luLip(p)él ”sup H(_E)_lg”up(p)zl sup H(_‘C)_lgHLip(p)‘

gllLip(p) =<1 llgllLipoy=1

The main result of this section is

Theorem 2.1. Let L, p, || - |ILip(p) be fixed as before and assume that p € L'(r). We have

. k) —
[0y = s0p ZEZLE D 1), 22

i=1 miai(p@)—p@i—1))
Remarks 2.2. The parameter I (p) defined in (2.2) is not surely finite. Indeed, if 1 (p) is finite, the operator (—£)~!
maps the space Cgip(p) to CEip(p) itself. Otherwise, there exists at least one function g € Cgip(p) such that (—L£)"'g is

not p-Lipschitz.

Our approach to this theorem is similar to that of Djellout and Wu [10] while working for one dimensional diffusion
processes. We begin the proof with two lemmas.

Lemma 2.3. Given a function g on N with w(g) =0, consider the Poisson equation

—Lf=g. 2.3)
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For any i > 0, the solution of the above Eq. (2.3) satisfies the following relation:

Yiomig(i)

Ti+1di+1

faG+1)—f)=- 2.4

Proof. This lemma, to some extent, is known in the sense that one only needs an obvious change in the proof of Lemma
4.1 in [2]. But we still state it for the convenience of the reader. Indeed, the formula (2.4) follows from

=Y mig(N =Y _mLf()=> [miaj(fG—1—f())+mbi(fGi+ 1D —f())]
j=0 j=0

J=0

=Y [-maj(f) = FG=D)+mmaja(FG+1D = £())]

=0
=mip1aim1(fG+ 1) = f@)). O

Now we prove the crucial point of this section:

Lemma 2.4. Provided that | g||Lip(p) = 1 and w(g) = 0, we have for any k > 0,

> omigi) <Y mi(pi) —m(p)). 2.5)
i>k i>k
Proof. Set

+00 +00
Fly=Y mgi)—Y mi(p@)—m(p)),

i=k i=k

which satisfies that F(0) = 0 and limy_, o, F (k) = 0. It suffices to show either F' = 0 or there exists some K € N,
such that F (k) is nonincreasing for k < K and F (k) is nondecreasing for k > K. Below we suppose that F is not
identically zero.

Simple calculus gives us

Flk+1) = Fk) = —mg(k) + mi(p (k) = 7(p)) = mi(p (k) — g (k) — 7 (p)).
Define

Flk+1) = F(k) _

Gk) = =p(k) —glk) —m(p).

Since ||g|lLipp) = 1, we have
Glhk+1) =Gk =plk+1)—pk) — (gtk+1) — g(k)) = 0.
If G(0) > 0, then G (k) > O for any k > 0, which implies that F is increasing. We have

0= lim F(k) = F(1) =mG(0) > 0,
— 00

a contradiction. Thus G (0) < 0.
Since G is nondecreasing, there is at most one time to change its sign. If G does not change its sign, it means
G (k) <0 for any k > 0, then F is nonincreasing. For any N € N,

0= lim F(k) < F(N)<--- < F(0) =0,
—00
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which shows F = 0, it is not our case. Hence G changes its sign, i.e., there exists some K > 0, such that
G(k)>0, k>K and G(k)=<0, k<K.

That is to say, for any 1 <k < K, F(k) < F(k — 1) and F(k — 1) < F(k) when k > K, which completes the
proof. ]

Remarks 2.5. Applying (2.5) to —g, we get

> mig)

i>k

< D7) = 7(p)). (2.6)

i>k
Proof of Theorem 2.1. By Eq. (2.3), for any function g € C&p(p) with ||gllLip(p) = 1, we have

O 'g=f. 2.7)
Therefore with the definition of || - ||Lip(p) and Lemma 2.3, we have

Ul — sap GV =)
) =2 pl+ 1) — o)

- PRI
i=0 (i +1) = p(D)mit1ai41

Then

|1 i) — (@)

(—ﬁ)_1 . = sup S - ;
” ||L1p(p) lgllLip(y =1 i=0 (0@ +1) —p@)mwit1ai+1
1 +o00
= sup ; . sup mj(8(j) —m(g)
i=0 Tit1ai+1(0 G + 1) = p(D) Jg]lip=1 j;H 'l( )

52imi(p(j) —m(p))
<su

, 2.8
= T (o) — pli— 1)) @9

where the last inequality follows from (2.6). On the other hand, [|o — 7 (0)||Lip(p) = 1, then

% 75 (0 () — 7(p)
el j=i
R e T ST T 29)

Combining (2.8) and (2.9), we have

B > Geimi(pj =1 (p))
(=0 ”Lip(p) = ?‘zlfl’ i (pG) —pG = 1)’

the desired result. O

3. Application to spectral gap on L2(x)

Let A be the set of all real increasing functions p on N such that p € L' (7). As an application of Theorem 2.1, we
revisit one of the variational formulas of the spectral gap A1 for birth—death processes, due to M. F. Chen [2]:
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Theorem 3.1. Let Ay be the spectral gap of L in L*>(r), then we have

a=supl(p)”", 3.1
peA

where I (p) is the same as in Theorem 2.1.
Proof of Theorem 3.1 (Following [19,21]). We prove at first the “>" of the formula (3.1). Taking any p € A, let
D=L®@@)N cﬁip(p),

a dense subset of L(%(n), where 0 represents zero mean under 7. We may assume that 7 (p) is finite (trivial otherwise).
The operator L is self-adjoint and negative definite, so it admits a spectral decomposition on L(z)(n) (see [22]),

iy - 2dE;, (32)
(0,400)
then
(-£)" 1= / A~ LdE;. (3.3)
(0,+00)

We prove now the following assertion:
given g € (0, 1(p)™ "), Ey,f =0 forany f €D. (3.4)

For any function g with ||g||Lip(p) = 1 and w(g) =0, we have

lglh ==Y |g®) | <D (ptk) = p(0))mx + |2(0)]|

k=0 k=0
=m(p) —p0) + 12 k=1 mes )l
o
<n(p) —m(0)+ > ke Tk (p(k) — 7 (p))
o
=2((p) — p(0), s

where the last but one inequality is ensured by the inequality (2.6) and 7 (p) — p(0) is positive because p is increasing.
Theorem 2.1 and the finiteness of / (p) guarantee that forany n > 1, (—£)™" f isin C&p( p) once f belongs to Cgip( o)
Precisely for any f € D,

[ =07 F gy = 101 ILipeo)- (3.6)
Thus with (3.5), we have
(£ O < I fllso [ O £l =20 (0) = pO) 1 flloo [ (=L 7" f | Lipe,)
<2(x(p) = P(O)) Il fllooll £ lILip(o) I ()"

On the other hand, in [0, +-o00] we always have

(f.(-L)"f) = f WA f. f)n

(0,+00)
=g (Ex fs [
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Combining those two inequalities, we get

(Exofs [z <C(H) (M0l (p)", (3.7)

where C(f) =2(m(p) — p(O)l fllooll fllLip(p) is a finite constant independent of n. Then the assertion (3.4) follows
from (3.7) by letting n — 4-00. Since D is dense in L%(n) and E,, is bounded, then E;, f =0 for any f € L2(m),
which means E;, = 0. Equivalently

=10
and so immediately

A= supI(p)~"
peA

Now take p the eigenfunction of £ corresponding to A in weak sense, i.e.,
Lp=—X\ip pointwise.

It is known that p is an increasing function on N in L!(7) (see Lemma 4.2 in [2] for details) and then belongs to A.
As showed in the proof of Theorem 2.1, the parameter

1P =D g = 5o 07 g = @)

1gllLip)=1

attains the supremum at p, then equals to 1/A;. The proof is complete now. |

Remarks 3.2. In his paper [2], Chen established the variational formula (3.1). Then in [3-5], he reproved it by
different methods. And furthermore with this variational formula, Chen in [4] derived explicit bounds on the spectral
gap, which recovered the lower and upper bounds, differing up to a factor 4, obtained originally by Miclo in [17] via
generalized Hardy’s inequality.

Now we are in position to state convex concentration inequalities.

4. Convex concentration inequalities for additional functionals: The method of Lyons—Zheng forward-back-
ward martingale decomposition

4.1. A general result

In this section, (N;);>¢ is always supposed to be a standard Poisson process independent of (X;);>0 and p is an
increasing function in L' (). Let

Cc:={¢:R> R, ¢ is convex and ¢” is nondecreasing}.

In the sequel, we will add the notation of the probability to be precise with respect to which the expectation is
considered. Firstly, we recall one result for pure jump martingales (see [14,16] for details):

Theorem 4.1. Let (M;);>0 be a pure jump martingale on some probability space (E, £, P) satisfying for all t > 0,
|AM| <K and |{M)||, <-+o0,

where |[{(M)|loo := esssup,,cg [{M):(w)|. Then for any function ¢ € C. and any t > 0, we have

M)illoo
Er[¢(M; — Ep[M;])] < ]E[‘P (KN|<M>,|OO/1<2 - %)} 4.0

Moreover, (4.1) still holds if | (M)« is replaced by some deterministic function bounding above such a quantity.
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Now we return to the birth—death process (X;);>o. Recall the operator I" of birth—death processes with respect
to £, which is defined for any functions f and g on N as,

P9 = 5[£09) ~ £fs L]
Noting I"(f, f) := I'(f), we have for any k > 0,

FHE =an(Fl— 1) — FO) +be(fk+ 1) — R
For any ¢ > 0, define

My = £ = fxo = [ Lrxyds.
Theorem 4.1 entails the following

Proposition 4.2. Let f be a function satisfying K = supys|f(k) — f(k — )] < 00 and |I'(f)llec :=
supgso I (f) (k) < co. Then for any function ¢ € C. and t > 0,

r 00
E[¢M))] < IE[¢<KN||1*(f)||C,O:/1<2 - %)} 4.2)

Proof. Given any T > 0, the process (M;)o<;<7 is a pure jump martingale. By definition, for any 0 <7 < T, we have

|AM,| <K, since |AM;| <sup|f(k+1)— f(k)|.
k>0
On the other hand, for any 0 <t < T, by Ito’s formula, E[M,z] = Ef(; I'(f)(Xs)ds, hence

<[P

e e]

t
(M)t lloo = H/o I'f(Xs)ds

Then the inequality (4.2) is satisfied for any 0 < ¢ < T and in particular holds for 7. The arbitrariness of T completes
the proof. (]

Remarks 4.3. Taking p as p(i) =i for all i € N deriving the classical metric, suppose that f € CLipp) and
1T (f)leo < 00. Thereby we have for any function ¢ € C. and t > 0,

117 () lloot
E[¢M))] < E[¢’(”f”Lip<P>N|r<f>|oot/||f|fip(p> - m)]

Now given g a function on N with 7 (g) = 0 for simplicity. Consider functionals S; = fé g(Xs)ds, we want to give
convex concentration inequalities for (S;);>0. Lyons—Zheng’s forward backward martingale decomposition theorem
(see [15,20]) inspires us for any ¢ > 0 to define

t
M, = f(X;) — f(Xo) —fo Lf(X,)ds
and

t
3, = F(Xo) — F(X) — /0 LF(Xy)ds,
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where f satisfies —L f = g. Obviously S; = %(ﬁ + M),) and moreover by the reversibility of ((X;);>0, Pr), M: and
E have the same distribution under P;;. Therefore we have for any convex function ¢,

= E[¢ M))].

2 - 2

Er[¢(S)] =Ex [qs(ﬁf + ﬁr)} _ Exlg (1) + ¢ (M))]

If we impose some hypotheses on g such that the solution f to the Poisson equation —L f = g verifies the conditions
of Proposition 4.2, we could derive convex concentration inequalities for (S;);>0. The following essential hypotheses
appear here just for this aim.

e Hypothesis A:

o0 .
- TT; 1
K = sup |2 2 mig ()] - oo
k=1 Tkak

’

e Hypothesis B:

0 i)\ 2 o mgi))\2
Sup{ak<2i=k”18(1)) +bk(2,=k+1mg(z)> }<oo

k>0 Tkdk T+1ak+1

Remarks 4.4. By Lemma 2.3, we have K = sup;~|f(k) — f(k — 1)| and the Hypothesis B is equivalent to
1T (f)lloo < 00. Moreover if p — 1w (p) verifies the Hypotheses A and B, so does any g € C&p(p).

The functions f, g used together thereafter are supposed to satisfy the Poisson equation —L f = g. We have

Theorem 4.5. For any function g verifying the Hypotheses A and B, we have for any ¢ € C. and t > 0,

E ! 117 () oot

Furthermore, the inequality (4.3) still holds for any g € CEip(p) if p — (p) satisfies the Hypotheses A and B.

Remarks 4.6. Suppose that g — 7w (g) satisfies the Hypotheses A and B. As introduced before, the Laplace transform
of the right-hand side of (4.3) offers a deviation inequality for t " f(; g(Xy) ds, precisely for any x > 0 and t > 0,

P (i [ e(xyd >x) < inf A r —e“f—u(—1}
ﬂ(t /Og( s) s—n(g)_x)_;r;oexp{— tx+” (f)”oo K2
17 (f)lloot < Kx >}
— _ h , 4.4
exp{ k2 \IT (Dl o

where h(u) = (1 +u)log(1 +u) — u. Similarly, the inequality (4.4) is true for any g € CLip(p) When p — 1 (p) satisfies
the Hypotheses A and B.

Remarks 4.7. Suppose that v is a probability on N absolutely continuous with respect to w with 3—; e L*() and
g — 1 (g) verifies the Hypotheses A and B. With the inequality (4.4) and Cauchy—Schwarz inequality, we could have

forany x > 0andt >0,
{ 17 () oot ( Kx )}
expy — >—h .
L2(n) 2K 17" (lleo

Remarks 4.8. In [13], Joulin obtained also deviation inequalities, which are somewhat similar to (4.4), with respect to
the probability measure Py. His proof relied on Wasserstein’s curvature whose positivity is guaranteed by the discrete

dr

t
P, <t_1/ g(Xs)ds —m(g) zx) < ‘
0
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Bakry—Emery criterion. In fact, this criterion ensures that 1 (p) is finite and so when the space of Lipschitz functions
is considered, the second condition in his Lemma 5.4 is equivalent to our Hypothesis B. However our Hypothesis A
and the first condition in his Lemma 5.4 are not comparable.

Even though our hypotheses are quite natural with our method, they seem complicated to be verified. Next we give
two classical birth—death processes to show how such hypotheses are satisfied.

4.2. Two classical examples

The M/M/1 queueing process
The M/M/1 queueing process is a simple birth—death process whose generator is given for any function f on N by,

L@ =rfG+D—f@)+vliz(fi—1—fG@), ieN,

where the positive numbers A and v correspond respectively to the input rate and service rate of the queue: the
independent and identically distributed interarrival times and independent and identically distributed service times of
the customers follow an exponential law with respective parameters A and v. We assume here that o := A/v < 1, then
the process is ergodic and its reversible invariant probability 7 is the geometric distribution with parameter o, i.e.,

m=(1-0)k, Vk>0.
For this simple example, we have

Proposition 4.9. Let (X;);>0 be the M/M/1 queueing process defined above. Suppose that w(g) =0 and K :=
vlTA SUPg>1 | Z?io 7wig(i + k)| < 0o. Then for any function ¢ € C. and t > 0, we have

t
E, [«p ( /0 g<xs>ds)] < E[¢(K Nootoy — O+ )K1)]. “.5)

Proof. By Theorem 4.5, it is sufficient to verify the Hypotheses A and B. We have

gi s 100 T 1 00 .
Sup Zl—knlg(l) =Sup _ZG gk(l) :_Supzo.lg(l+k)
k>1 Tkdk k=1|\Vizg O Vk>1 =0
1 =
=—(1—0) "sup|Y migli +k)|=K < oc.
Y k=1i=0

Furthermore, the Hypothesis B is verified as the Hypothesis A since we obtain
IrH],, < *+vK? < +oo. O

Remarks 4.10. Suppose that p satisfies
o
Clp):=supy mi(pli +k) —p(D) < oo.
k=10

Then Proposition 4.9 is verified with K = C(p)(v — A) for any g € C&p(p).

The M/M /oo queueing process
The M/M/oo model is a particular birth—death process whose generator L is given for any functional f on N by,

LEH=AMfG+D—f@)+vi(fi—1D—f@0),

where A, v are two positive numbers. Then this process is ergodic with reversible invariant probability 7, the Poisson
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measure on N with parameter o := A /v, i.e.

nkze_aﬁ, k e N.

For this model, we have

Proposition 4.11. Given a function g satisfying 7(g) =0 and

| o g(z)/z'l

where K is a positive constant, we have for any ¢ € C. and t > 0,

Ex [¢ ( fo g(X,) ds)] <E[¢(K Noguy — O+ v)Kr)]. @7

Proof. As for M/M/1 model, we verify the Hypotheses A and B. Indeed,

+oo

Z?()

i=k

k — K
( ) <sup— =K,
k>1 vk

sup
k>1

X
Nz

which implies the Hypothesis A and moreover | f(k — 1) — f(k)| < As a consequence,

IrH], <r+nK?,
the Hypothesis B. (]
Here we translate again the above proposition to Lipschitz space.

Corollary 4.12. Take p as p(i) = /i for any i > 0. Then the condition (4.6) is satisfied with K = e° llgllLip(p) /v for
any function g € C](_),ip(p)'

Proof. Foranyi > 1,k > 1, the following inequality holds

k+iy . (+D! i+k\ .
where (kzi) is the combination function. Therefore we have
| a'gi)/i!] ool (i) — m(p))/i!
su \/—— su = )
k>rl) okvk/k! _kzll) GkV\/E/k! lg1ILip(o)
Lo ok itk

<sup - , llgllLi
kzﬁ) v (z +k)! \/— &IILip(p)

00 l
lgllLi
< - ;:'( +k)«/—> ip(p)
1 X ol e’
. (1 + ; 7) & lLipeo) = —lIgLipGe)-

where the first inequality follows from Lemma 2.5, the positivity of 7 (p) guarantees the second one, and the third is
due to the inequality (4.8). The proof is now complete. |

I /\
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Remarks 4.13. In fact, such a function p of order 1/2 is optimal in the sense that Corollary 4.12 fails when p (k) =
k, k > 0 for any a > 1/2. Joulin [13] worked on this model with the metric d(i, j) = Zi:i ﬁ forany 1 <i < j.

Since for any i > 1,

1 1
—— <Vi+1-Vi<—,
2/i+1 2./i

his metric is equivalent to ours. In addition, Guillin et al. in [11] studied this model with the same metric while they
obtained a Gaussian tail estimation via information inequality.
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