N
N

N

HAL

open science

New conditions for subgeometric rates of convergence in
the Wasserstein distance for Markov chains

Alain Durmus, Eric Moulines, Gersende Fort

» To cite this version:

Alain Durmus, Eric Moulines, Gersende Fort. New conditions for subgeometric rates of convergence

in the Wasserstein distance for Markov chains. 2014. hal-00948661v1

HAL Id: hal-00948661
https://hal.science/hal-00948661v1

Preprint submitted on 18 Feb 2014 (v1), last revised 10 Jul 2015 (v3)

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00948661v1
https://hal.archives-ouvertes.fr

hal-00948661, version 1 - 18 Feb 2014

New conditions for subgeometric rates
of convergence in the Wasserstein
distance for Markov chains

Alain Durmus* , Gersende Fort T , and Eric Moulines }
* Ecole Normale Supérieure de Cachan, 61 av. du Pdt Wilson, 94235 Cachan Cedez, France
t ¥ LTCI, Telecom ParisTech & CNRS, 46 rue Barrault, 75684 Paris Cedex 13, France

Abstract: In this paper, we provide sufficient conditions for the existence
of the invariant distribution and subgeometric rates of convergence in the
Wasserstein distance for general state-space Markov chains which are not
phi-irreducible. Our approach is based on a coupling construction adapted
to the Wasserstein distance.

Our results are applied to establish the subgeometric ergodicity in Wasser-
stein distance of non-linear autoregressive models in R% and of the pre-
conditioned Crank-Nicolson algorithm MCMC algorithm in a Hilbert space.
In particular, for the latter, we show that a simple Holder condition on the
log-density of the target distribution implies the subgeometric ergodicity of
the MCMC sampler in a Wasserstein distance.

MSC 2010 subject classifications: 60J10, 60B10, 60J05, 60J22, 65C40.
Keywords and phrases: Markov chains, Wasserstein distance, rate of
convergence, Markov Chain Monte Carlo Method in infinite dimension.

1. Introduction

Convergence of general state-space Markov chains in total variation distance
(or V-total variation) has been studied by many authors. There is a wealth of
contributions establishing explicit rate of convergence under conditions implying
geometric ergodicity; see [15, Chapter 16], [16], [1], [5] and the references therein.
Subgeometric (or Riemanian) convergence has been more scarcely studied; [18]
characterized subgeometric convergence using a sequence of drift conditions,
which proved to be difficult to use in practice. [12] have shown that, for poly-
nomial convergence rates, this sequence of drift conditions can be replaced by a
single drift conditions, mimicking the classical Foster-Lyapunov approach. This
result was later extended by [7] to general subgeometric rate of convergence.
Explicit convergence rates were obtained in [19], [9] and [8].

The classical proof of convergence in total variation distance are based either
on a regenerative or a coupling construction, which requires the existence of
accessible small sets and additional assumptions to control the moments of the
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successive return time to these sets. The existence of an accessible small set
implies that the chain is ¢-irreducible.

In this paper, we establish rate of convergence for general state-space Markov
chain which are not ¢-irreducible. In such case, the Markov chain does not con-
verge in total variation distance, but nevertheless may converge in a weaker
sense; see for example [14]. We study in this paper the convergence in Wasser-
stein distance, which also implies the weak convergence. The use of the Wasser-
stein distance to obtain explicit rate of convergence has been considered by
several authors, most often under conditions implying geometric ergodicity. A
significant breakthough in this domain has been achieved in [10], which has
proposed an extension of small set adapted to the Wasserstein distance. The
main motivation of [10] was the convergence of the solutions of stochastic delay
differential equations (SDDE) to their invariant measure. Nevertheless, the tech-
niques introduced in this work have found several applications. [11] used these
techniques to prove the convergence of Markov chain Monte Carlo method to
sample in infinite dimensional Hilbert spaces. An application for switched and
piecewise deterministic Markov processes can be found in [6].

[4] generalized the results of [10], and established conditions which imply the
existence and uniqueness of the invariant distribution, and subgeometric ergod-
icity of Markov chain (in discrete time) and Markov processes (in continuous
time). [4] used this result to establish subgeometric ergodicity of the solutions
of SDDE. It is interesting to note that the rates obtained in [4] do not match
the rates established in [7] for the V-total variation.

In this paper, we complement and improve the results presented in [4]. The
approach developed in this paper is more probabilistic than [4], being extensively
based on coupling techniques. We provide a sufficient condition couched in terms
of a single drift condition for a coupling kernel outside a appropriately defined
coupling set, extending the notion of d-small set of [10]. We then show how
this single drift condition implies a sequence of drift inequalities from which we
deduce an upper bound of some subgeometric moment of the successive return
times to the coupling set. The last step is to show that the Wasserstein distance
between the distribution of the chain and the invariant probability measure is
controlled by these moments. We apply our result to nonlinear autoregressive
model with noise whose distribution can be singular with the Lebesgue measure;
we also study the convergence of the preconditionned Crank-Nicolson algorithm
for a class of target density having density w.r.t. a Gaussian measure on an
Hilbert space, under conditions which are weaker than [11].

The paper is organized as follow: in section 2, the main results on the conver-
gence of Markov chains in Wasserstein distance are presented, under different
sets of assumptions. In section 3, the applications of these results to nonlinear
algorithm and Crank-Nicolson sampling are considered . The proofs are given
in section 2 and section 5.
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Notations

Let (E,d) be a Polish space. We denote by B(E) the associated Borel o-algebra
and P(FE) the set of probability measures on (E,B(FE)). Let u,v € P(E); ais a
coupling of i and v if « is a probability on the product space (E x E, B(E x E)),
such that a(A x E) = u(A) and a(E x A) = v(A) for all A € B(E). The set of
couplings of u,v € P(E) is denoted C(u,v).

The Wasserstein metric associated with d, between two probability measures
w, v € P(E) is defined by:

Wa(p,v) = inf / d(x,y)dy(z,y) . (1)
veC(u,v) JEXE

When d is the trivial metric do(x, y) = 142y, the associated Wasserstein metric
is, up to a multiplicative factor, the total variation drv (see ([20, Chapter 6])
defined by:

Wi (1) = Gre(or) = sup (p(4) ~v(4)] )

When d is bounded, the Monge-Kantorovich duality Theorem implies (see [20,
Remark 6.5]) that the lower bound in (1) is reached. In addition, Wy is a metric
on P(FE) and P(E) equipped with Wy is a Polish space; see [20, Theorems 6.8
and 6.16]. Finally, the convergence in Wy implies the weak convergence (see
e.g. [20, Corollary 6.11]).

2. Main results

Let (E,d.) be a Polish space. Our goal is to provide sufficient conditions for
the ergodicity of a Markov kernel P on (E, B(E)) at a subgeometric rate in the
Wasserstein distance.

Definition 1 (Subgeometric functions). The set of measurable functions ¢ :
Ry — [2,+00), such that ry is non-decreasing, x — log(ro(z))/x is non-
increasing and
1
€T r——+0o0

is denoted Ag. The set of subgeometric functions A is the set of positive functions
r: Ry — (0,400), such that there exists 1o € Ay satisfying:

o) )

0 < liminf < limsu
z—+o00 7() m—>+o£) ro(7)

< +00.

The set A of subgeometric functions contains all the functions on the form
r(z) = (1 + log(l + 2))* (1 + x)? exp(cx?), with (o, ) € R? if ¢ > 0 and
€(0,1), and (o, 8) € (R x R%) U (R% x {0}) if v = 0.
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The key ingredient for the derivation of our bounds is the existence for all
(x,y) € E x E of a coupling kernel Q((z,y),-) of the probability measures
P(z,-), P(y,-) such that some iterate Q° satisfies a strong contraction property
when (x,y) belongs to the coupling set A. This assumption is combined with a
condition which implies that in n iterations of the coupling kernel, the number
of visits to A is large enough so that the Wasserstein distance between P"(z, -)
and P"(y,-) decreases at a subgeometric rate. Let us give a precise definition of
such a coupling set.

Definition 2 (Coupling set). Let A € B(E x E), { € N*, e € (0,1) and d be a
distance on E topologically equivalent to d.. A is a (£, €, d)-coupling set for the
Markov kernel P on (E, B(F)) if there exists a kernel Q on (E x E,B(E x E))
satisfying the following conditions

(i) for all z,y € E, Q((x,y),-) is a coupling of (P(z,-), P(y,-)).
(ii) for all z,y € E, Qd(x,y) < d(x,y).
(iii) for all (z,y) € A, Q%d(x,y) < (1 — €)d(x,y).

A simple way to check that A € B(E x E) is a coupling set is the follow-
ing. Let d be topologically equivalent to d., bounded by 1 and let € € (0,1).
If for all (z,y) € E? Wy(P(z,-),P(y,-)) < d(x,y), and for all (z,y) € A,
Wy(P(x,-), P(y,-)) < (1 —e)d(z,y), then [20, corollary 5.22] implies that there
exists a Markov kernel Q on (Ex E, B(E x E)) which makes A a (1, €, d)-coupling
set.

We provide sufficient conditions for the existence of an invariant probability
measure 7 for the Markov kernel P and for subgeometric ergodicity in Wasser-
stein distance, based on a drift condition on the product space F x E outside a
coupling set. Let us assume

H1. Let £ € N*, e € (0,1) and d be a distance on E topologically equivalent to
d. and bounded by 1. There exist a (¢, ¢€,d)-coupling set A for P.

H2. There exist

e a concave increasing function ¢ : Ry — Ry, continuously differentiable on
[1,400), and satisfying $(0) = 0, lim, o0 ¢(x) = 00 and lim, o ¢'(z) =
0,
e a constant b > 0 and a measurable function V. : E — [1,+00) with
supa{V(z) +V(y)} < +o0,
such that for all x,y € E:
PV(x) + PV(y) <V(x) +V(y) —o(V(z) + V(y) +blalz,y) . (4)

In H2, we can weaken the assumption on t — ¢(t) by assuming it is con-
cave increasing and continuously differentiable only for large ¢ (say |t| > Ry ).

Observe indeed that the function $ defined by

S0y {20/ ) = 25y 2B )R \f for 0 <t < Ry
o(t) fort > Ry ,
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is concave increasing and continuously differentiable on [1,400), ¢(0) = 0,
lim, 00 ¢(v) = 00 and lim,—,o ¢'(v) = 0. The drift inequality (4) implies that
forall z,y € £

PV(z)+PV(y) < V() + V(y) — ¢ (V(z) + V(y) + blaviv<ryy2(@,y) .

With b = bSUP( (0.1 (o)L V(O <Ry ) {(b (V(2) + V(1) — o (V(2) + V(t))}. There-
fore, since sup(, ,yea V(2) + V(y) < oo, the set AU{V < Ry }? is a coupling
set as soon as for any v > 0, {V < v} x {V < v} are (¢, ¢, d)-coupling sets; then
H2 holds with ¢ replaced with ¢.

Examples of functions ¢ satisfying H2 at least for large t are: ¢ — t7,v €
(0,1), t = (14 log(¢))*, & > 0, and ¢t — /(1 + log(t))*, a > 0.

Theorem 3 gives sufficient conditions for the existence of a unique invariant
probability measure for P.

Theorem 3. Assume H1-H2. Then, P admits a unique invariant probability
measure m such that m(¢oV) < co.

Proof: The proof is postponed to subsection 4.3. [

We now derive expressions of the rate of convergence and the dependence
upon the initial condition of the chain. The rate of convergence depends of
the concave function ¢ and the integrated subgeometric rate R, defined as
follows (see also [7]). For any nondecreasing concave function ¢ : Ry — Ry,
continuously differentiable and satisfying ¢(1) > 0 and lim;_,o ¢(t) = oo, set

t
1
Hy(t) = / —ds. 5
s(1) ) (5)
Since for t > 1, ¢(t) < ¢(1)+¢'(1)(t—1), the function Hy is monotone increasing

continuously differentiable, and its inverse, denoted H; !, is well defined and is
continuously differentiable. Define

ro(t) = (H 1) (t) = ¢(H, ' (¢)) (6)
t
frolt) = ro(0) + [ rp(s)ds )
Theorem 4. Assume H1-H2 and there exists C, such that for all t1,t2 € Ry,

fry(titz) < Cr fr, (t1) fr, (t2) . (8)

Let 7 be the invariant probability of P. There exists a constant C such that for
all x in E and alln > 1,

Wa(P"(x,),m) < CV(x) /¢ 0 fr,{n/log(fr,(n))} - (9)

Proof: The proof is postponed to subsection 4.4 [
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The condition (8) is satisfied for example with ¢(t) = t7,v € (0,1); and
with ¢(t) = (1 + log(t))*, > 0. In these cases, the rate of convergence ¢ o
frs (n/log(fr,(n))) is equivalent when n — oo to resp. (n/log(n))7, for 7 =
~v/(1 — 5); and to log(n)®. However (8) is not satisfied when ¢(t) = ¢/(1 +
log(t))®, a > 0. The following result is valid without any restriction on the rate
function f,,; when applied to rate functions satisfying (8), the rate given by
Theorem 5 is smaller than the rate given by Theorem 4.

Theorem 5. Assume H1 H2. Let m be the invariant probability of P. For all
0 € (0,1), there exists a constant C such that for allx € E and all n > 1

Wa(P"(x,-),m) < CV(2)/{f7, ()} . (10)

Proof: The proof is postponed to subsection 4.5 O
In the case ¢(t) =t/(1+1log(t))*, « > 0, which is not covered by Theorem 4,

—Tad

the rate ¢ ff¢ (n)) is equivalent when n — oo to n exp(on™) with 7 =
1/(1+ «).

We summarize in Table 1 the rates of convergence obtained from Theorem 4
and Theorem 5 for usual concave functions ¢.

In practice, it is often easier to establish a drift inequality on E instead of a
drift inequality on the product space E x E as in H2. We show in Proposition 7

that H3 implies H1 and H2.
H3. (a) There exist

e a concave increasing function ¢ @ Ry — Ry, continuously differen-
tiable on [1,+00) and satisfying #(0) = 0, lim, o ¢(x) = o0 and
limg o0 ¢I(x) =0,

e o measurable function V : E — [1,+00) and a constant b >0

such that for all x € E,
PV(z)<V(z)—¢oV(x)+b. (11)

(b) There exists v > ¢~ 1(2b) such that {V < v} x{V < v} is a (¢,€,d)-coupling
set, where £ € N*, ¢ € (0,1) and d is a distance on E, bounded by 1, and
topologically equivalent to d..

Remark 6. Here again, we can assume without loss of generality that ¢ — ¢(t)
is concave increasing and continuously differentiable only for large t.

Proposition 7. Assume H3. Set C = {V < v} and ¢ = 1 — 2b/¢(v). Then,
H1 holds with A = C x C and H2 holds with the same function V, ¢ < c¢ and
b+ 2b.

Proof: The proof of Proposition 7 is postponed to subsection 4.6. [

In many applications (see e.g. section 3), we are able to prove a stronger assump-
tion than H3-(b), namely: for any u > 0, there exist £ > 1, ¢ € (0,1) and a dis-
tance d bounded by 1 topologically equivalent to d, such that {V < u}x{V < u}
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is a (¢, ¢,d)-coupling set. In this case, we can choose v arbitrary large which
yields a constant c arbitrary close to one.

Our framework and results can be compared to [4] who also addresses the
convergence in Wasserstein distance at a subgeometric rate under H3-(a) and
the assumption

(B) There exists a distance d on E, bounded by 1, such that (E,d) is a
Polish space and

(i) the level set A = {(z,y) : V(2) + V(y) < ¢~ 1(2b)} is d-small for P

i.e. there exists € € (0,1) such that for all (z,y) € A, Wy(P(z,-), P(y,-)) <

(1 —e)d(z,y);
(ii) for all z,y € E, Wy(P(x,-), P(y,-)) < d(z,y).

Under these conditions, [4, Theorem 2.1] implies the existence and uniqueness
of the stationary distribution 7 and rates of convergence to stationarity; expres-
sions for these rates are displayed in the last row of Table 1 for various functions
¢. It can be seen that our results always improve on those of [4].

Let us compare our assumption H3-(b) to (B). According to [20, corollary
5.22], (B) implies that there exists € € (0,1) such that A is a (1, ¢, d)-coupling
set. Thus, [4, Theorem 2.1] only covers coupling sets of order 1; this is a serious
restriction since in practical examples this order is most likely to be large (see
e.g. the examples in Section 3). Checking H3-(b) is easier than checking (B)
since allowing the coupling set to be of any order provides far more flexibility.

When some level set {V < v} is (¢,¢,v)-small, i.e., there exist £ € N*,
€ € (0,1) and a probability measure v € P(E) such that for any z € {V < v},
PY(x,-) > ev, then H3-(b) is satisfied with d = dy the trivial distance. In
this case, the distance d in Theorem 4 and Theorem 5 is the trivial metric and
Wy is the total variation norm (see (2)). Therefore, our results also provide
convergence rates in total variation norm and can be compared to the results
reported in [7]. In this paper, it is assumed that P is phi-irreducible, aperiodic,
that the drift condition H3-(a) hold and that the level sets {V < u} are (£, v, €)-
small for some ¢ € N* € € (0,1) and a probability v that may depend upon
the level set. Under these assumptions, [7, Proposition 2.5.] shows that for any
T € R,

li7rln re(n) drv(P"(x,-),7) =0.

Table 1 displays the rate rg obtained in [7] (see penultimate row) and the rates
given by Theorem 4 and Theorem 5 (see rows 2 and 3): our results are nearly
the same as in [7]. Nevertheless, we would like to stress that our conditions
apply in a much more general context.
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Order of the rates P(x) = a7 o(x) = x/(1 +log(x))* | ¢(x) = (1 + log(x))®
of convergence in for v € (0,1) for a >0 for a >0
set T = /(1 —7) set T = 1/(1 + @)
Theorem 4 (log(n)/n)™* 1/log®(n)
Theorem 5 for all § € (0,1) 1/n7+% ™7 exp(—onT*) 1/1og®? (n)
[7] 1/n7* n*7 exp(—nTr) 1/log®(n)
[4] for all § € (0,1) 1/n%7 aC >0 1/log* (n)
3T exp(—dCn™*)

TABLE 1
Comparison of rates of convergence

3. Application

We illustrate our results by establishing the subgeometric ergodicity in Wasser-
stein distance of a non linear autoregressive model and a MCMC sampler in an
infinite dimensional Hilbert space.

3.1. Non linear autoregressive model

For ease of exposition, we assume in this section that £ = R? for some p € N*.
We will denote by || - || the Euclidean norm on RP. The metric d, is defined by
d«(z,y) = 1A ||z —y|, so that (RP,d,) is a Polish space. We consider a Markov
chain {X,, n € N} on RP, defined by the following non linear autoregressive
equation of order 1:

Xnt1 = Q(Xn) + €n+t1,

where
AR1. {e,, n € N} is an independent and identically distributed (i.i.d.) zero-
mean RP-valued sequence, independent of Xg, and satisfying

E [exp (20[|€0]| )] < 400

for some zo > 0 and vy € (0,1].

AR2. g: RP — RP s a measurable function and for all R > 0, there exists kr €
[0,1) such that g is kr-Lipschitz on B(0, R) with respect to || - ||. Furthermore,
there exist positive constants r, Ry, and p € [0,2), such that

lg@)l < ll2l|(X = rll=l ") df [« = Ro -

A simple example of function g satisfying AR2 is ¢ — z-max (1/2, |1 — 1/||z||?|)
with p € [0, 2).
Proposition 8 (combined with Remark 6) and Proposition 9 establish H3.

Proposition 8. [7, Theorem 3.3] Assume AR1 and AR2, and let p > ~yo. There
exist Ry, M > Ry, z € (0,z20) and ¢ > 0 such that for all x € B(0, R)¢ the drift
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inequality (11) holds with

d)(x) = C.I(l —+ log(x))17;)/(»)10/\(27p))7
V(x) == exp(z|jz| 0 E=P))
={z eR” |z < M} .

N
i

Proof: The proof of Proposition 8 is along the same lines as [7, Theorem 3.3]
and is omitted ! O

Consider the basic coupling (X1, Y1) between P(z,-) and P(y,):
X:=g(x)+e and Yi=g(y)+e .

It defines a Markov kernel @ on R? x R? given, for all z,y € F and A € B(EXE)
by
Q(x,9),A) = pe, (15,5(A)) (12)

where 7, ,(2) = (x + 2,y + 2) for all z,y,z € E and p, is the law of ¢;. We
now check H3-b). Proposition 9 implies that {V < u}? is a (1, ¢, d)-coupling set
for the metric d, which depends on the level set, chosen among the family (d,),
indexed by 1 > 0 and defined by

dy(z,y) :==1An "z -yl .

For all n1,m2 > 0, dy, and d,, are Lipschitz equivalent, i.e., there exists two
constants C1 and C5 such that for all z,y € RP, Cidy, (z,y) < dp,(z,y) <
Cady, (z,y). Note, in particular, d, = di, so that for all n > 0, d,, is Lipschitz
equivalent to d,, and therefore topologically equivalent. Finally, note that, by
the definition of the Wasserstein metric given by (1), W4, and Wy, are Lipschitz
equivalent for all n > 0.

Proposition 9. Assume AR1 and AR2. Let C be a bounded measurable set.
Then there exists n > 0 and € € (0,1) such that C x C is a (1,€,d,)-coupling set
associated with @ defined in (12).

Proof: Let R > 0 be such that C C B(0, R). Let > diam(C). Then d,(z,y) =
|z — yll/n for any z,y € C.
Then under AR2, there exists kg € [0, 1) such that for any z,y € C,
Eld,(g9(x) + €1, 9(y) + )] <n~Hlg(z) — gl A1 (13)
< krn~Hz =yl = krdy(2,y).

Finally, since AR2 implies that g is 1-Lipschitz on R?, (13) shows that E[d, (g(z)+
e1,9(y) +e1)] < dy(z,y) for all z,y e RP. O

I We point out that in [7], it is additionally required that the distribution of ¢y has a non-
trivial absolutely continuous component which is bounded away from zero in a neighborhood
of the origin. However, this condition is only required to establish the ¢-irreducibility of the
Markov chain, which is not needed here.
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For all n, Wy, and Wy, are Lipschitz equivalent. Therefore, by application
of Theorem 3, Theorem 5 and Proposition 7, we deduce from Proposition 8 and
Proposition 9, the following rate of ergodicity in d.-Wasserstein distance.

Theorem 10. Assume AR1 and ARZ2 hold, with p > ~o. Then P admits an
unique invariant probability m and there exist two constants C1 and Csy such that
forallz € E and n € N*

Wa, (P™(z,),m) < C1V(x) exp (—Con™) |

where d.(x,y) = 1A ||z —y|| and 7 = (0 A (2 —p))/p-

3.2. The preconditioned Crank Nicolson algorithm

In this section, we consider the preconditioned Crank-Nicolson algorithm in-
troduced in [2] and analysed in [11] for sampling a distribution in a separable
Hilbert (H, ||-||) having a density =  exp(—g) with respect to a zero-mean Gaus-
sian measure 7y with covariance operator C; see [3]. This algorithm is studied
in [11] under conditions which imply the geometric convergence in Wasserstein
distance.

Algorithm 1: preconditioned Crank-Nicolson Algorithm
Data: p € (0,1]
Result: {X,, n € N}
begin

Initialize Xo

for n > 0 do

Generate = ~ v, and set Z = (pXyp + /1 — p2E)
Generate U ~ U([0,1])
if U<oa(Xn,Z)=1Aexp(9(Xn)—g(Z)) then
| Xpp1=2
else
|_ Xn+1 = Xn

We consider the convergence of the Crank-Nicolson scheme when the function
g satisfies the following conditions:

CN1. The function g : H — R is B-Hoélder for some B € (0,1] i.e., there exists
Cy, such that for all z,y € H, |g(x) — g(y)| < Cyllz —yl|®.

Note that under CN1, exp(—g) is y-integrable (see Proposition 24 in section 5).
Examples of densities satisfying this assumption are g(z) = —||z||® with 8 €
(0,1]. The Crank-Nicolson has been shown to be geometrically ergodic by [11]
under the assumptions that g is globally Lipschitz and that there exist positive
constants C, Ry, Rs such that for z € H with ||z > Ry

_inf  exp(g(z) —g(2)) = C;
z€B(pz,R2)
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see [11, Assumption 2.10-2.11]. Such an assumption implies that the acceptance
ratio a(z, pr++/1 — p2£) is bounded from below as x — oo uniformly on the ball

€ € B(0,Ry/+/1 — p?). In CN1, this condition is weakened in order to address
situations when the acceptance-rejection ratio vanishes when ||z|| — oo: this
happens when limj|; - 400 9(p2) — g(z) = +00.

In the following, we prove that the conditions of H3 are satisfied.

Proposition 11. Assume CN1, and let p € [0,1) . Set V() = exp(||z||). Then
there exist c € (0,1), kK > 0, b,u € Ry such that for all x € H

PV(z) <V(z) = ¢oV(z) +bly<uy (@),

where ¢ satisfies the condition H3-(a) and ¢(t) = ctexp(—rlog(t)?) for large
enough t.

Proof: The proof is postponed to subsection 5.1. O
We now deal with showing H3-(b). To that goal, we introduce the distance

dr(z,y) =1AT Hlz —y]” (14)

for any 7 > 0 and for z,y € E, the basic coupling between P(x,-) and P(y,-):
the same Gaussian variable = and the same uniform variable U are generated to
build X; and Y7, with inital conditions x, y. It defines a Markov kernel Qpcn on
Ex E. Define Afzﬁy)(z) = (pz++/1 — p2z, py++/1 — p?z) and 7 the pushforward

of v by A?m )" Then an explicit form of Qpon is given by the following expression:

Qpon((@.9), A) = / a(z, ) A aly, )AF(z, 1) (15)

A

+ / (a(y.t) — al(z, 2)),, 1a (e, 1)z, 1)
HXH

[ (el ~ al0), 1200
HXH

+ 0z (D) /7-[ 7-[(1 —alz,z) Va(y,t)dy(z,1t)

where for r € R, (r)4+ = max(r,0). In Proposition 12, we prove that there exists
7 > 0 such that for any level set C = {V < u}, C xC is a ({,¢,d;) coupling set
for some £ € N* and € € (0,1) (the coupling may chosen to be Qpcn), showing
H3-(b). Note that for all 7 > 0, d, is topologically equivalent to || - ||.

Proposition 12. Assume CN1. Set V(z) = exp(||z||). Let 7 > 0 be given by
Lemma 25. For everyu > 1, there exist { € N* and € € (0,1) such that {V < u}?
is (£, €,d;)-coupling set.

Proof: See subsection 5.2 [
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As a consequence of Proposition 11, Proposition 12 and Theorem 5, Proposition 7,
we have

Theorem 13. Let P be the kernel of the preconditioned Crank-Nicolson al-
gorithm with target density dr o exp(—g)dy and design parameter p € (0,1].
Assume CN1. Then P admits w as an unique invariant probability measure and
for 7 > 0 sufficiently small and 6 € (0,1), there exists Cs such that for all
neN"andzr eH o izl
exp(||x
Wa, (P" (2, ), ) < ———— =
(b (f’l‘¢ (n)6)
with ¢(t) = ctexp(—rlog(t)?) for large enough t and k > 0, g, f,, are given
by (6) and (45) and d,(z,y) = 77 ||z —y||° A 1.

We did not find an analytic expression of the rate of convergence in Theorem 13.

But it is clear that ¢* = o(¢(t)) for a € (0,1), and ¢(¢) = o(t/(1+1log(t))®) for

a € (0,+00). Therefore, the rate of convergence given by Theorem 13 is between
the polynomial case and the subexponential one ; see Table 1 for details.

4. Proofs of section 2

Before proceeding to the actual derivation of the proof, we present the roadmap
of the proofs. The key step is given by Lemma 19 which provides an explicit
expression of B(n,m) such that for any z,y € F

Wa (P"(z,-), P"(y,-)) < B(n,m) (V(z) +V(y)) - (16)

First, this inequality will imply that P admits at most one invariant probability.
By applying (16) with n < n +m, and y < x, we then show that (P"(z,))n>0
is a Cauchy sequence in (P(E), Wy) and therefore converges in Wy to some
probability measure m, which may be shown to be invariant for P. Using that
P admits one invariant probability measure will imply that m, does not depend
on z, (see subsection 4.3) .

The proof of Theorem 4 and Theorem 5 also follow from (16) this time taking
n = m, and integrating this inequality w.r.t. the unique invariant distribution .
The only difficulties to be dealt with stem from the fact that the right hand side
of the inequality is not integrable; a truncation is therefore required to conclude
the proof.

Let us now explain the computation of the upper bound (16). Let @ be the
coupling kernel under which A is a (¢, ¢, d)-coupling set. Note that this implies
that for any n € N*and z,y € E, Q"((x,y), -) is a coupling of (P"(z, -), P"(y, -)).
Therefore, by (1),

Wa(P™(z,-), P"(y, ")) < Eqy [d(Xn, V)]

where ((X,,Y,),n > 0) is a Markov chain on the product space F x E with

Markov kernel ) and E. , is the associated canonical expectation when the
initial distribution is the Dirac mass at (z,y).
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The contraction property of @ (see Definition 2)
E,,[d(X:,1)] <d(z,y) forall (z,y) € Ex E, (17)

combined with the Markov property of ((X,,, ¥,),n > 0) imply that (d(X,,Y,),n >
0) is a supermartingale with respect to the filtration fn =0(Xo, Y0, , Xn, Yy).

The next step of the proof is to show that this supermartingale property
implies that for any n,m > 1, (see Proposition 17)

By [d(X0, V)] < (1= )"t + By [T > ]

where (T,,,m > 1) are the successive return times to A. More precisely, set
Ta = inf {n > 0|(X,,Y,) € A}, Ty = 7A 0 0*~1 + ¢ — 1 where /£ is given by H1;
and for any j > 1, define the successive return-times to A after £ — 1 steps by

Tj=tao00b 14Ty +0—1, (18)

where 6 is the shift operator.
By the Markov inequality, for any increasing rate function R, it holds

Euy [R(T0)]

Evy [d(Xn, Ya)] < (1 97" + =222

(19)

The last step of the proof is to compute an upper bound for the moment
E, y [R(T)]. Then m is chosen in order to balance the two terms in the RHS
of (19).

To get precise estimate of subgeometric moments of the return times, we
introduce, similarly to [18] a sequence of drift conditions; in our setting, it is
convenient to formulate this condition on the product space £ x E.

HA4. There exist

o a sequence of measurable functions (Vn)n>0, Vn: E X E — Ry,
e aset A€ B(Ex E), a constant b < oo and a sequence r € A

such that for all x,y € E and for every coupling o € C(P(x,-), P(y,-)):
/ Vit1(z, t)da(z,t) < Vy(z,y) —r(n) + br(n)la(z,y) . (20)
ExE

Moreover, there exist measurable functions (Vp)n>0, Vo : E — Ry such that for
all x,y € E and any n > 0:

Vo(x,y) < Vo(z) + Vo (y) and PViyi(x) <V, (x)+br(n). (21)
Finally, for all k >0,
sup {P*Vo(z) + P"Vo(y)} < +00 and, for all x € E, P*Vy(z) < +oo .

(z,y)EA
(22)
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Under H4, we will get some bounds on the moments IEzy [R(Tp)] for z,y € E
(see Proposition 17), where

R(n) = r(k)forn>1 R(0)=1. (23)

We will then distinguish two cases: these bounds on R(Tp) will provide bounds
on the moments R(T,,/m) and R(T,,). To that goal, in the first case R is
approximated by a convex function; while in the second case R is approximated
by some geometric sequence. This second approach, despite it provides a tight
bound when the sequence (R(n)), is of subexponential order exp(cn®), for ¢ >
0 and o € (0,1), is not appropriate when the sequence is of polynomial or
logarithmic order. This is the reason why our convergence results will always be
split into two parts (one applicable to polynomial or logarithmic sequences and
the other to truly subgeometric sequences). The above discussion is formalized
in Lemma 18.
Finally, in Proposition 22, we check that H4 is implied by H2.

4.1. Convergence results under a sequence of drift conditions

Proposition 14. Assume H1. Then, for all x,y € E, and n,m e N, m > 1 :
Eay [d(Xn, Yo)l < (1= ™' + By [T > 1] - (24)
We preface the proof by stating the following Lemma, which is a restatement
of [13, lemma 3.1].

Lemma 15. Let (Z,)n>0 be a nonnegative JF,-supermartingale upper bounded
by K. Let (1,)n be a sequence of increasing stopping times with respect to
Fn, with 19 = 0. Assume there exists € € (0,1) such that for every n > 1
E[Z:, | Fr.] < (1 —€)Z,,. Then, for alln,m e N, m > 1,

E[Z,) <K ((1—¢™ ' +Plr, >n]) .

Proof of Proposition 14: Set Z, = d(X,,Y,); under H1, {(Zm]‘zn)}nzo is a
bounded non-negative supermartingale and for all (z,y) € A, Eg [Z¢] < (1 —

€)d(z,y). Denote by Z, its f”z,y—a.s limit. By the optional stopping theorem,
we have for every m > 0:

E,, [ZTmH

]?TerE} < Zr,+¢ - (25)
On the other hand, the strong Markov property imply for every m > 0
way |:ZT7n+é “}f:T7ni| S (1 - G)ZTwn . (26)

By (25) and (26), it yields E,, [ZTW me} < (1 - €)Zr,. Under H1, Z, is
upper bounded by 1 and the proof follows from Lemma 15. [
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To get an estimate of ]?Dmy [T, > n] for z,y € E and n,m € N, we derive from
H4 some bound on E, , [R(Tp)], where R is given by (23).

Lemma 16. Assume H/ holds. Then, for all x,y € E and all k > 0

sup Q"Vo(z,y) < +oo  QMVy(z,y) < +00,
(z,y)€A

Proof: By (21) and definition of Q, Q*Vy(z,y) < P*Vy(z) + P*Vy(y), for all
kE > 0. Eq. (22) concludes the proof. O

Proposition 17. Assume H4 holds. Let R be the sequence defined by (23).
Then,

™ Vo(iE,y) ’ (Iay) gA
Bz [R(7a)l < {7‘(0) +cQW(z,y), (x,y) € EXE. 27)
where ¢ = supyen(r(k +1)/r(k)) is finite, and
sup E,, [R(Ty)] < +oo . (28)
(z,y)eA

In addition, for all 5 > 0 and (z,y) € E x E,

Py [T; <oo]=1. (29)
Proof: Since r € A, Lemma 36 shows that the constant c is finite. (27) follows
from [15, proposition 11.3.3]. The second statement follows from (27), Lemma 16

and the Markov property. Finally, (28) shows that for any x,y, Py (T < 00) =
1; (29) now follows by a straightforward induction. O

Lemma 18. Assume H1 and H4. Let R be the sequence defined by (23). Then,
o There exists a constant C' such that for all x,y € E and for all n,m € N,

N C
Py [T 2 1] < W(

e For all a > 0, there exists a constant Cy, satisfying for all x,y € E and
for alln,m e N,
~ Ca

1+ PVo(z) + PVo(y)) . (30)

(14 PVo(2) + PVo(y)) (1 +a)™ . (31)

Proof: Set Ca = sup, yen IEz)t [R(Tp)], finite by Proposition 17. We first es-
tablish (30). Let 4, be the increasing convex function given by Lemma 37 such
that that there exist positive constants C;, i € {1,2}, for every n € N*,

Crpr(n) < R(n) < Cator(n) . (32)
By the Markov inequality, since 1, is increasing,

Poy [T 2 0] < ¥r(n/(m + 1) By [0 (Tn/ (m + 1))]
< CoR(|n/(m+ 1)) Eoy [0r (T /(m +1)] . (33)
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By construction,

m—1

T =Ty + Z {TAOGT’C—M_l—FK—l} ,
k=0

with the convention that Z,::lo = 0. Since 9, is convex it follows from (32),
that

By [ (T / (m + 1))

m—1
E : (wr(To) + 3 Y (ra 0 6T g - 1))]

<E _
T 1 k=0

)

1 ~
<—E,
- (m + 1) Y

<R(To) + mi R(TA ofThtt=1 4 p_ 1)>

k=0

Using Proposition 17 and the strong Markov property, there exists C' > 0 such
that for any z,y € E and m > 0,

Eay [¢r (T /(m +1))] < (QVolz,y) +mCa +1).  (34)

¢
Ci(m+1)

It remains to use (21) and plug (34) in (33) to get the first upper bound.
We now consider (31). Again by the Markov inequality, since R is increasing,

ﬁav,y [T 2 n] < Ril(”)Ew,y [R(Tm)] - (35)

If m = 0, the result follows from Proposition 17. If m > 1, using the definitions
of T,,, and R, given respectively in (18) and (23), and the assertion Lemma 36-

(iv)
Eoy [R(T)n)] < Equy [R(Tyn1)] + CiEqy [r(T—1) R(7a 0 9T 40— 1)]
for a constant C7 > 0. Thus, by the strong Markov property

Ew,y [R(Tm)] < Ew,y [R(Tm-1)] + C2Ew,y [r(Tin-1)] (36)

where Cy = C1Ca. Let a > 0. According to Lemma 35-(iv), there exists N,
such that for any n > N, r(n) < aR(n). Then
Ew,y [r(Tm-1)] < 7(Na)+ O‘IEw,y [R(Tm-1)] ,

so that (36) becomes
IEw,y [R(Tm)] < (1+ C2Q)E:E,y [R(Tr—-1)] + Cor(Na) -
By a straightforward induction and definition of N,, we get,
Ezy [R(Tn)] < Call + Ca0)" (Bay [R(Ty)] +1)

for some constant C,, > 0. Plugging this result in (35) and using Proposition 17
concludes the proof. [
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Lemma 19. Assume H1 and H4. Let R be the sequence defined by (23). Then,

o There exists a constant C such that for all z,y € E, all n,m € N,

Wa(P"™(x,-), P"™(y,-)) < CR(L_nlogO(l —e)/log(RO(n))J) '

e Forallé € (0,1), there exists a constant Cs such that for all x,y € E and
n,m e N,

(37)

1+ PVy(z) + PV (y)
Ro(n)

Wa(P"(x,-), P""™(y,")) < Cs (38)

Proof: We first establish (37). Lemma 28 implies

Wd(Pn(;E?')uPner(yu )) < inf Wd(Pn(Zv )7Pn(t7 ))da(z7t) :
a€C(0z,0yP™) JEx E

Since Q((z,t),-) is a coupling of (P(z,-), P(t,)) then for any n > 1, Q"((z,1),-)
is a coupling of (P"™(z,-), P"(t,-)). Therefore,

Wa(P™(2,-), P"(t,")) < E. 4 [d(Xn, Yy)] -

The next step is to upper bound the RHS. By Proposition 14 and Lemma 18-
(30), there exists C' such that for all z,y in F and for all n > 0 and m > 1

Bay [d(Xn, Ya)] < (1= "1 4 By [T > 1)
1+ PZVQ(:L') + PZVO(y)
R(n/(m+1)])

Using this inequality with m = |—log(R(n))/log(l — €)] — 1 and since R is
increasing, there exists a constant C; such that for all z,¢t € F,

<Q-emt4cC

1+ PV (2) + P*Vo(t)

IEz,t [d(Xn,Yn)] < Ch R (|-nlog(l —¢)/log(R(n))])

(39)

The result now follows easily.

The proof of (38) is along the same lines, using Lemma 18-(31) instead of
Lemma 18-(30). In this case, for some fixed § € (0, 1), we choose m such that
(1—¢e)™ ! = R7%(n); and in Lemma 18-(31), we choose o > 0 such that

log(1+a) < — log(1—¢) .

O

Proposition 20. Assume H1 and Hj hold. Then P admits at most one invari-
ant probability measure.
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Proof: Under H1, (P(E), W) is a Polish space, and Wy is continuous on P(E) x
P(E); see [20, Theorem 6.16]. Therefore, (z,y) — Wy(P"(x,-), P"(y,-)) is mea-
surable.

Assume that there exist two invariant distributions 7 and v, and let « be a
coupling of 7 and v. According to Lemma 28, we have for every integer n :

Wa(m,v) = Wy(xP", vP™) < s Wa(P™(z,-), P"(y,-)) a(dx,dy) .

By (37), there exists a constant C' such that for all z,y € E and n > 0,

74 T YA
gnl,y) & Wa(P™(z,), P"(y,-) < C qu—z @?—l%ﬂ%)J) |

Since r € A, Lemma 36-(ii) and (v) shows that

(40)

lim R(|—nlog(l—c¢€)/log(R(n))]) =+co.

n—-+oo

Eq. (40) shows that the sequence of functions {g,, n € N} converges pointwise
to 0 and is bounded by 1 since, by assumption, the distance d is bounded by
one. Therefore, by the Lebesgue dominated convergence theorem, we have:

Wd(Pn(JJ,)7Pn(y7))04(d.’lj,dy) _)—+> 07
ExE n—Teo

showing that Wy(m,v) = 0, or equivalently v = 7 since Wy is a distance on
P(E).
O

4.2. From the drift condition H2 to the sequence of drifts H

Throughout this section, H2 is assumed to hold. Define for k > 0, Hy, : [1,00) —
Rt and Vy: E x E — RT by

Hy ()
Hy(z) = /O ro(t + k)dt = H ' (Hy(x) + k) — H ' (k) , (41)
Vi(z,y) = Hi (V(z) + V(y)) , (42)

where Hy and r, are respectively given by (5) and (6). Note that Ho(z) < z so
Vo(x,y) < V(z) + V(y). The proof of the following lemma is adapted from [7,
Proposition 2.1].

Lemma 21. Under the condition H2, for all x,y € E and every coupling o €
C(P($7 )7P(yu )); we have:

(k+1)

/ Viet1(z, t)da(z,t) < Vi(z,y) — re(k) + be 1a(z,y) ,
ExE 76 (0)

where vy and Vi, are defined in (6) and (42) respectively.
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Proof: Set V(z,y) = V(x)+ V(y). First, note Hy, that is twice continuously dif-
ferentiable on [1, 00) and concave for all & > 0 (see Lemma 32 and Proposition 33-
(ii)). This implies that for all w > 1 and x € R such that x +u > 1, we have

s (u+ ) — Hipr (u) < Hiyy () (43)
In addition, according to the proof of [7, Proposition 2.1]: for every u > 1
Hig1 (w) = ¢(u)Hy gy (u) < Hy(u) —rg(k) - (44)

Therefore, since Hy1 is concave, the Jensen inequality and (4) imply

/EXE Vitr1(z, t)da(z, t) < Hiyq </EXE V(z,t)da(z,t))
< Hk+1 (V(Ia y) - ¢ (V(Ia y)) + blA(xvy)) .

Using (43), (44) and the inequality H;  , (V(x,y)) < H;_ (1) we get that

/ Vit (2, t)da(z, t)
EXE

< Hipr (V(2,9)) — o(V(@,9) Hiyy (V(2,y)) + bHy 1 (D1a(2,y)
< Hy (V(x,y)) - T¢(k) + bHI/c-‘rl(l)lA(xv y) :

The proof is concluded upon noting that Hj; (1) = ry(k+1)/ry(0). O
Proposition 22. Assume H2 and let xy € E. Then H/ holds with the same set

A, r Ty,
b (b—i—V(xo) +1) re(k+1)

su ,
79 (0) won Ta(k)

V(z,y) < H,(V(x) +V(y)) and V,, < H, oV + ry(n) where Hy, is given by
(41).

Proof: Since Hy, is twice continuously differentiable and V' is measurable, V), is
measurable for all n € N. By Lemma 21,

ro(k+1)

74(0) la(@y)-

[ Venetidatet) < Vi) - ro®) +3
ExE
By Proposition 33(i), r4 € A and Lemma 36-(iv) shows that there exists a

constant C' such that sup, r4(k + 1)/rg(k) < C. Therefore

bC
74(0)

/ Vie1(z, t)da(z, 1) < Vi(z,y) —re(k) + ro(k)1a(z,y) -
ExXE
By Lemma 34-(ii), for any & > 0,

Vi(z,y) < Hp(V(z)) + He(V(y)) + 2rg(k) = Vi(x) + Vi(y) -
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By Proposition 33-(iii), for all z € F and k >0 ,

(b + V(l‘o))’l“¢(k + 1)
75(0)

b+V

;(fﬂo)c +C — 2> .

76(0)

Finally Vo(z) < V(z)+74(0), and by (4), PFV (z)+ P*V(y) < V(x)+V (y)+kb

for k € N. Therefore under H2, sup(Ly)eA(PkV(;v) + P*V(y)) < +oo for all

k € N; and P*Vy(x) < oo forany x € Eand k € N. O

By Proposition 22, H2 implies H4 with Vy < V 4 r4(0) and r < ry, where
e is given by (6). Thus Lemma 19 and the results of subsection 4.1 apply with
R <+ R4 where

PVk+1($) < Vk(:E) — 2T¢(/€) +

+ T¢(k + 1)

< Vila) + o)

Ry(n) = rg(k) forn>1 and Ry(0)=1. (45)
0

S
|

el
Il

Note that by iterating the drift inequality (4) applied with = =y, it holds

b
PV (z) <V(z)+ 5l WzLVreb. (46)

4.3. Proof of Theorem 3

By Proposition 20, if an invariant probability measure exists, it is unique. Let
us prove such a measure exists.

Let zy € E. We first show there exists (my)r such that (P™(xzg,-)); is a
Cauchy sequence for W,. By H2,

PV(x) < PV(z)+ PV (zo) <V(x)+ V(zg) —poV(xg) +b

where we used that ¢(V(z) + V(xg)) > ¢(V(z)). This implies, by Lemma 31,
that lim, n~ ' 3720 P*(¢ o V)(20) < b+ V(wp). Fix My > b+ V(xo); there
exists an increasing sequence (ng) such that limg ny = +o0o and

P (¢poV)(xo) < My, forall ke N. (47)
Let n, k, € N* and choose My > 0. By Lemma 28:
Wd(Pn(‘TOv ')7 prn (‘TOv ))

< inf Wq(P™ 27.7Pnt7. OédZ,dt
T € C(8zy,P "k (0,) JEXE d( ( ) ( )) ( )

< inf 1 Wy(P"™(z,-), P"(t, - dz,dt 48
T ae C(ém:’r}pnk(m(’f)){/ExE {V() =My} d( (Z ) ( ))0&( z ) ( )

+ / 1{V(t)<MV}Wd(P"(2,-),P"(t,-))a(dz,dt)} .
ExXE
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We consider the two terms in turn. Let a € C(0,, P™ (x0,-)). Since Wy is
bounded by 1,

/ LvwzmyyWa(P"(z,-), P"(t,))a(dz, dt) < P™ (z0,{V = Mv})
EXE

P (¢ o V)(xo) < My
(My) ~ o(My)

where we used (47) and the Markov inequality. In addition, by Lemma 19-(38)
applied with § = 1/2, there exists C' > 0 such that:

< P™ (20, {¢oV > ¢(My)}) <

(49)

/ Livy<ary yWa(P™(2,-), P™(t,-))a(dz, dt)
ExXE

(PV(z) + P'V (1)) a(d2, dt)

<< / |
= TR0 Joes {V()<My}

(V(2) + V(t) + () a(dz,dt),

<L/ |
—\/m B {V() <My}

where we used (46) in the last inequality. Furthermore, z — ¢(z)/x is non-
increasing so that V(t) < My o(V (¢))/d(My) on {V < My }. This implies

/E . Livy<amy yWa(P" (2, ), P"(t,-))a(dz, dt)
C My My
< —— <V(ZZ?0) +€b+ ¢(MV) >

— VERs(n)
Combining (49) and (50) in (48), we have for every My > 0, n,k € N*

L n+ng 0. - M¢7 C T M¢MV
Wa(P™ (g, -), P (z0,-)) < ¢(Mv)+ e <V( o)+ ¢b+ ¢(Mv)> :

Setting My = /Ry (n), this equation shows there exists a constant C’ such
that for all n, k € N*

V(o)
o (VRsm)
Let us define the sequence (my). By Lemma 36-(ii), lim, 400 ¢(x) = +00 and

by definition, limy_, .o nr = +00; hence there exists (ug); such that ug = 1
and

Wd(Pn(IOa ')aPn+nk (.Io, )) < C/

(51)

-1
Ugt1 = inf {nl |l e N;¢< R¢(nl)> < 2k1} . (52)

Set my = Zf:o u;. Since for all k& € N* mpi1 = mg + uky1, by (51) and
(52) Wa(P™* (g, -), P™+1(z0,-)) < C'27FV (z0), which implies that the series
> Wa(P™ (o, -), P™+1 (z0,-)) converges and (P"*(x, -))x is Cauchy for Wy.



hal-00948661, version 1 - 18 Feb 2014

22 A. Durmus, G. Fort and E. Moulines

Since under H1, (P(E),Wy) is Polish, there exists # € P(E) such that
limg 400 Wa(P™* (29, ), 7) = 0. The second step is to prove that 7 is invariant.
As Wy is continuous on P(E) x P(E), Wy(r,nP) = limy Wy(P™* (z0,-), 7P).
By the triangular inequality, it holds

Wa(m,mP) < lim Wa(P™(20,-), 65 P™ P) + lim Wq(8s,P™ P,P).

k——+oo —+o00
(53)
By Lemma 19-(38) and Lemma 28, there exists C' such that for any k > 1,
Wy (P™ (20, -), 65, P™ 1) < inf Wy(P™ (z,-), P™(t,-))da(z,t)
aEC((smO,(SzOP) EXE
C

< ——— (P"V(20) + PV (20)) .

V Ro(mi)
By (46), PV (z0) + PV (x0) is finite. By definition, limy ms = +o0 so that
by Lemma 36-(ii), the RHS converges to 0 when k& — +oco. In addition, by
Lemma 30, Wy (6, P™* P, mP) < Wy(P™*(x0,-),7), and this RHS converges to
0 by definition of 7. Plugging these results in (53) yields Wy(w,7P) = 0, and
therefore 7P = .

Finally, Lemma 31 implies that m(¢o V) < oo.

4.4. Proof of Theorem

Fix My > 0 such that 7(V < My) > 1/2; such a constant exists since 7(E) =1
and E = (J,en{V <k} Note that n({V < M}) > 1/2 for any M > My.
Fix M > My and denote by 7y, the probability in P(E) defined by m(A) =
*(AN{V < M})/r({V < M}).

Since 7 is invariant for P, Wy(P™(z,-), ) = Wy(P™(x,-),7P™) and the tri-
angular inequality implies for all n > 1:

Wa(P"(z,-),m) < Wa(P"(x,-), mp P") + Wa(mp P*, 7P") . (54)
Consider the first term in (54). By Lemma 28, for all z € Fand n > 1 :
Wa(P"(x,-), mmP") < inf Wa(P"(z,-), P"(t,-)) da(z,t) .
a€ C(0z,mm) JEXE
By Lemma 19-(37), there exists C7 > 0 such that for all z € E and n > 1
Wa(P"(x, ), mar ™)

& . 0 £
inf (PV(2) + PV(t) doz,1)
—nlog(l=¢) |} a€ C(6s.m >/
R¢ (\‘ log(Rg(n)) J) e

i

o (|t )

IN

IN

(V(z) + 7 (V) +b0) . (55)
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where we used (46) in the last inequality. Finally, since x +— ¢(z)/x is non-
increasing and V(t) < M@(V(t))/d(M) on {V < M}. Tt yields:

(V) < m(poV) M <27T(¢OV)M

S TV <MD e0D = 6] (56)

We deduce from Proposition 33-(i), Lemma 36-(i) and (8), applied twice, that
there exists Cy > 0 such that

Ry ([—nlog(l —€)/log(Ry(n))]) = Cafr, {n/log(fr,(n))} . (57)
Using (56) and (57), (55) becomes:

Cr(bb+V(z)+2m(¢poV)M/p(M))
Cafr, {n/log(fr, (n))}
Consider the second term in (54). Since d is bounded by 1, Lemma 30 and

Lemma 26 imply Wy(mp P", 7wP™) < Wy(npr, 7)) < dpv(mar, 7). Since by defi-
nition of 7y it holds for any measurable set A

Wd(Pn(:E,~),7TMPn) S (58)

[ (A) = 7(A)| = | (A) (A —7({V < M})) + ma (A)w(V < M) — m(A)]
<7({V > M}) + 7 (A)r({V > M}) <2x({V > M}),

then by (2),

2 (¢poV)
P(M)
Combining (59) and (58) in (54), we have for all M > My and n > 1,

Wa(ma P", 7P") < 2x({V > M}) = 27 ({6(V) > (M)}) < . (59)

Ny ) Ci(lb+V(z)+2r(poV)M/Pp(M)) 2m(poV)
Wd(P ( ) )7 )S Cer¢ {n/log(fr¢(n))} d)(M)

For all n large enough, we choose M = f,., {n/log(f,,(n))} (note that by
Lemma 36-(i)-(ii) and (v), limy—4oc fr, {n/log(fr,(n))} = +oc so that M >
My for all n large enough). The proof is concluded upon noting that lim;_, o ¢(¢)/t =
0.

4.5. Proof of Theorem 5

The proof is along the same lines as the proof of Theorem 4: the upper bound
Lemma 19-(38) is used instead of Lemma 19-(37). Details are omitted.

4.6. Proof of Proposition 7

Proof: Note under H3, ¢ € (0,1). It is sufficient to prove that for all z,y € E,

PV(z) + PV(y) <V(2) +V(y) —co(V(z) + V(y)) + 2blexc(w,y) . (60)
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By (11),
PV (2) + PV(y) < V(@) + V(y) — 6 (V(x) + V(y)) + Blexc + Az, y)

where

Qz,y) = e V() + V() =¢(V (2)) =0V (1)) 425 {Lpxc-(,y) + Lesxp(e,y)} -

Let us show that for all z,y € E, Q(z,y) < 0. Since ¢ is sub-additive, for all
r,ye kb

Qz,y) < =(1=0) (6(V(2)) + o(V(¥))) + 26 {lexce (2,y) + leexn(z,9)}
On (ExC)U(Cx E), o(V(x)) + d(V(y)) > ¢(v). The definition of ¢ implies
that Q(z,y) < 0. Then, (60) holds and the proof of the proposition follows. O
5. Proofs of section 3

We will use the following results in the proof.

Lemma 23. Assume CN1 and set r(z) = (1—p)/2"/?||z||. Then, for all x € H,

_inf exp(g(z) — g(2)) = exp(=Cy(3/2)(1 = p)°z|?) . (61)
z€B(px,r(x))

Proposition 24. Let (H,||-||) be a separable Hilbert space and vy be a Gaussian
measure on H.

1. There exist 6 € Ry and a constant Cy such that

/ exp(6]1€]2)d(€) < Cy .
H

2. There exists a constant C, such that for all K > a/(26),
[ explalllan(©) < Caoxp(~08° +ak)
liel>K

Proof: (1) is Fernique’s theorem; see [3, Theorem 2.8.5].
(2) follows from [11, Proposition A.1]. O

5.1. Proof of Proposition 11

Set r(z) = (1 — p)/2"P||z||. Since lim, s, o 7(z) = 400, there exists R > 1,

such that for
1_ 2
o) VIZ0 4R, (62)
1—p2 20
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where 6 is given by Proposition 24-(1). Using the definition of the Crank-
Nicolson kernel,

swp PV@) < s [ exp (ol + VISR arle) (@)
2€B(0,R) z€B(0,R) JH
and Proposition 24-(1) implies that the RHS is finite.
Let z € H. Define the events .#(x) = {||E|| ST($)/\/1—p2}, o (x) =

{a(;v,px +/1—p%E) > U}, and Z(z) = {a(:b,px—i— V1-p2E) < U}, where

U ~U([0,1]), E ~~, and U and E are independent. It holds
PV(x) < E; [V(X1)ls@e] +Eo [V(X)ls@) (la) + Llaw)] - (64)
For the first term in the RHS, using again V' (X1) < max(V (z), V(pz++/1 — p2E))
B, [V L] < exp(lel) [ exp (VI= 2l dr(c)
Vi=p?llglz2r (=) ( )

By definition of R (see (62)) and by Proposition 24-(2), there exist constants
C; € RY such that for any = ¢ B(0, R),

E. [V(X1)1ls()e] < Crexp (—Car(z)® +r(z) +|z|) .
The RHS is uniformly bounded on H since —Cor(z)? + r(z) + ||z e
—Cor(x)? when ||z|| tends to infinity. Hence, there exists a constant b < oo such
that

sup Ez [V(Xl)].y(m)c} < b. (65)
z¢B(0,R)

Consider the second term in the RHS of (64) for x ¢ B(0,R). On the event
& (x) N .Z(x), the move is accepted and || X1 — pz|| < r(z). On Z(z), the move
is rejected and X7 = x. Hence,

Eo [V(X1)1s) Qo @) + 1aw)]

<E, sup  V(2) 1w | + B [V(@)lrwnzw] -
z€B(pz,r(x))

For z € B(pz,r(z)),V(2) < exp(p|lz| + (1 — p)/2'/8||z||) = exp(C ||z||) where
C € (0,1) since g € (0,1] and p € (0,1). Therefore for any = ¢ B(0,R),
SUP.eB(pa,r(2)) V (2) < IV (z), with I = exp((C — 1)R) < 1. This yields

E, [V(Xl)].f(w)(].m(m) + lg(m))] <IV(@)P[F(x) N (x)] +V(2)P[F(x) N Z(x)]
<V(@)P[L(x)] — (1 -V (2)P[(x) NI ()] .

Since U and = are independent,

P[o/(2) N5 (@)] =B [(1 A/ srtvI=02) 1 )]
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By definition of the set .#(z) and Lemma 23, there exists x > 0 such that
Pl (z) NI (x)] > e rlel’p [7 (z)] = exp(—rlog’ V(z))P[.£ ()] .
Hence, for any = ¢ B(0, R),

E, [V(X) L) (L) + 1aw)] < Vi(z)—(1-1)V(z) exp(—rlog’ V(x)()6.6)

~ Combining (65) and (66) in (64) and using (63), it follows that there exists
b > 0 such that

PV(z) <V(z)— (1 =1)V(z) exp(—rlog’ V(z))+b, VreH.

The proof is then concluded by Remark 6.

5.2. Proof of Proposition 12

We preface the proof of Proposition 12 by a Lemma establishing a first step to
the contracting property of QQpcn. Roughly, the idea of the proof is that the
probability the two moves of the basic coupling are accepted can control the
probability that only one is.

Lemma 25. Assume CN1. There exists T > 0 and for any L > 0 there exists
kr, € (0,1) such that

o forallx,y € B(0,L) and d-(z,y) <1,
QPCNdT(‘Ivy) < kL dT(‘Ivy) . (67)

o forallx,yeF,
Qpond-(z,y) < dr(z,y) . (68)
Proof: Let 7 € (0,1); for ease of notation, we simply write @ for Qpcn. Let
L > 0 and z,y € B(0,L) such that d.(z,y) < 1. Let (X1,Y1) be the basic
coupling between P(x,-) and P(y,-); let E, U be resp. the Gaussian variable
and the uniform variable used for the basic coupling. Set

s={Vi=PlEI<1} .
sz(x,y):{ ijx+\/1_— /\ozypy+\/1_— },
#(x,y) = {alw, pr + /1= PZ) Valy, py + V1 p?5) < U} .

On the event & (z,y), the moves are both accepted so that X1 = pz++/1 — p2E
and Y7 = py + /1 — p?Z; On the event Z(x,y), the moves are both rejected so
that X; =z and Y; = y. It holds,

Qdy(z,y) < Eqy [dr (X1, Y1)]
<Eqpy [dr (X1, Y1) Qe (zyyuzze)] + E [ @yyusiey)e] » (69)
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where we have used d, is bounded by 1. Since d.(X1,Y1) = p?d,(z,y), on
o (x,y), and d.(X1,Y1) = dr(2,y), on Z(z,y). Then,

E%y [dT(X17 m)(ld(x,y)uﬂ(:c,y))] < deT(xay)]P) [ﬂ(:&y)] +dT(‘T7y)P [%’(x,y)] :
Since P [« (z,y)] + P[Z(x,y)] < 1, we have

Eqy [dr(X1, Y1) Ls(ay)0(00)] (70)
<d.(z,y) — (1= p”)d-(2,y)P [ (z,y)]
< dr(z,y) - (1—pﬁ)dr($7y)ﬁ”[~@f($7y)ﬂf] :

Set

Az, y,§) = ‘a(%ﬂw + V1= p%) —aly,py + M&)\ - (71)
Since d; is bounded by 1 and = and U are independent, it follows
(e (a) U@ )] < [ Alwy (6. (72)
Plugging (70) and (72) in (69) yields
Qdr(2,y) < dr(z,y)
— (= e By [0 1 )+ [ A9 (73)
Let us now define h : H — R by
h(z) = g(2) — g(p2) - (74)
We bound from below P [« (x,y) N #]. Since U is independent of Z, it follows
]P’[.;zf(x,y)ﬂf]zEK :cpx—i-\/l—— /\aypy—i—\/l—— ) } .
By CN1, for all £ such that /1 — p2||¢|| < 1, it holds for z € H

9(2) = g(pz + /1= p2) > h(z) —

Then,

a(z, pr + /1= p*) Naly, py + V1 — p€)

> 1A (e Coe@)) A (e=Coeh®)) > ¢=Co {1 A eh(m)Ah(y)} _

Therefore,
P o (z,y) N F] > e Cs [1 Aeh<f>Ah<y>} Pls] . (75)
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We now upper bound the integral term in (73). Define the partition of H,

Hi(z,y) ={E € H  alw,pr+/1—p2) = aly, py + /1 — p2¢) = 1}
Ha(x,y) ={€ € H : alw,pr+/1-p26) =1> aly, py + /1 - p?0)}
Ha(w,y) ={E € H:aly, py + V1 - p%6) = 1> a(z, pr + /1 - p2¢)}
Ha(z,y) ={§ € H : aly, py + /1 - p¢) <1and a(z,pz + /1 - p2¢) < 1} .

Since on 1 (x,y), A(z,y,&) =0,

/ Ay, €)dy(€ Z / (2,9, €)d1(€) . (76)

For any a,b > 0, we have |a —b| = (a V) [1 — ((a/b) A (b/a))]. Set
S(@,y,€) = alx, pr + /1 — p26) V aly, py + /1 — p%) .
Upon noting that 1 — e~ < ¢ for any ¢ > 0, we have
Az, y,) < S(w,y,¢) ‘g(y) —g(z) = g(py + V1 = p%¢)
g(pz + ﬂ&)] Lot () Ut () U () (€) -
By CN1, this yields
Az, y,8) < 2Cq|ly — 2|1S(2,,€) < 2Cy7dy (2,9)S (2, y,€) -

On Aa(z,y), (74) h(z) = glpz + /1 —p*¢) — g(pz), and by CN1, h(z) =
—Cy(1 = p*)?/2[|€]|P. Then,

/ Ay, O)dN(E) < 2Cy7d (2,y) / dy(€)
a2 (x,y) Ha(x,y)

< 20g7’d7-($,y) { leh(m)/ ecg(1p2)5/2|§|5d7(§)1 A 1}
Ho(x,y)

< Orrd, (z,y) {ehm A 1} : (77)

for a constant Cy, which is finite according to Proposition 24-(1). By symmetry,
on H3(z,y),

[ A0 < Crretey {0 a1} (78)
H3(2,y)

On 4 (z,y), using CN1,

alz, pr 4+ /1 — p2€) = 9@ =90V 1=0%9) 5 | < (eh<m>ecg<1fp2>ﬁ/2n5nﬁ) AT
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and by symmetry, we obtain a similar upper bound for a(y, pyy/1 — p2£). It

follows
S(z,y, &) < Cal=p) ZIEN" (h@)Vh(v) A 1)

Hence, using again Proposition 24-(1), there exists C; < 400 such that
/ Ay, €)d() < Crrde(a,y) [V A1 (79)
Ha(z,y)
Plugging (77), (78), (79) in (76), it follows
[ A 0(€) < 3CTdr () [0 1]
H

Finally by CN1 and since d,(z,y) < 1, |h(z) — h(y)| < 2C,|jx — y||? < 2C,7P.
Therefore e?(@VA®H) A1 < 207" [e"@MRhW) A1], and

| A1) < Crd ) [0 21] (50)
for C; = 3C1e*Cs. Plugging (75) and (80) in (73) yields
Qdr(w,y) < dr(w,) (1= {(1 = ph)eSP 7] = Cyr} [P A1)}
Therefore, we can choose 7 such that there exists § € (0,1) and

Qd(z,y) < d;(x,y) (1 - [eh(I)Ah(y) A 1D . (81)

(81) implies (67) upon noting that by definition, inf g,y h > —o0.

We now consider (68), let z,y € H. If d-(x,y) = 1, Qd,(z,y) < 1 since d; is
bounded by 1. If d-(x,y) < 1, there exists L > 0 such that z,y € B(0, L), and
(67) implies Qd.(z,y) < d,(z,y). O

Proof of Proposition 12 Let {(X,,Y,), n € N} be a Markov chain with Markov
kernel @ given by (15). We denote for all n € N*, E,, and U,, respectively
the common gaussian variable and uniform variable, sampled to build (X,,,Y;,).
Note that by definition the variables {Z,,,U,; n € N} are independent.

For ease of notation, we simply write d,. instead of d,, and @ for Qpcn.
Since {z : V(z) < u} = {z : ||z|| <log(u)}, for u > 1, we only prove that for all
L > 0, there exist £ € N* and € > 0 such that B(0,L)? is a (¢, ¢, d,)-coupling
set; see Definition 2 By definition of @ and Lemma 25 the condition (i) and (ii)
of Definition 2 are satisfied. Let L > 0, and x,y be in B(0, L). Assume first
d-(xz,y) < 1. Then by Lemma 25, there exists k, € (0,1), independent of z,y,
such that Qd.(z,y) < krd,(z,y). Then by Lemma 30, for every n € N*

QndT(xvy) < Qn_ldT(‘T?y) << deT(xvy) . (82)
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Consider now the case d,(z,y) = 1. Let {(X,,Y,), n € N} be the Markov chain
with Markov kernel @) starting in (z,y). Let n € N* and denote forall 1 <i <n

i(x,y) = {U; < U(Xi-1,Yi1,E:)}

Sy = () ((VI=PIE < Lin} 0 (@) |

1<j<i

where W(X;_1,Y;_1,5;) = a(Xi—1, pXi—1+/1 — DAY 1, pYio1+4/1 —
On the set o (z,y), X; = pX;_1+ /1 — p?=; and YJ =pY;_1++/1—p?E; for
all 1 < j <. Then, since d,(X,,Y,) < 77X, — Y,.||?, on @™ (x,y) it holds
dr (X, Yy) < 771087z — y||?. This inequality and d,(z,w) < 1 yield
Q"dr(z,y) = By [dT(Xnv Yn)(lgﬁ(myu) + 1(Jl(wyy))c)}

<o w = ylIPB [ (@ )] + P [( ()]

<P RL)P [ (w,y)| + P [( (2, 9))]

<1+ ("2L)f —1) P [,Q;%(x,y)} . (83)

As p € (0,1), there exists £ such that, p?*(2L)? < 1. It remains to lower bound
Pw,y {.127 (x, y)} by a positive constant to conclude, which is done by the fol-

lowing inequalities, where we use the independence of the random variables
{Ei, U;; 1 € N*}

]P’{.Q?E(x,y)]
=P [(" (@) 0 (1VI-PIE A|<L/£}))}
<Bay [0 Yir 20 |7 @ (VIS AIEd < /0]

For all 1 <i </, on the event ;, {\/1 — P25l < L/E}, it holds

U(X;-1,Yi1,Z;) >exp | — sup z)+  inf z)| =9,
( ! 1) ( zeB(o,zL)g( ) zEB(0>2L)g( )

where ¢ € (0,1). Therefore, since Z; is independent of J‘l(x, y), we have
P (@,9)] = 6 Ploda(o,y)] P{VT— ISl < L/0}] .
An immediate induction leads to
¢
P (@,y)] 2 ( {\/1 — 2= < D 5.

Plugging this result in (83) and (82) implies there exists s € (0, 1) such that for
all .I,yEB(O,L), QedT(Iay) SSdT(‘Ivy) u
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Appendix A: Wasserstein distance: some useful properties

Lemma 26 ([20, Particular Case 6.16)). Let (E,d) be a Polish space. Then, for
all p,v € P(E):

Walp,v) < sup di(z,y) drv(p,v) .
z,yel

Hence, when d is bounded, the convergence in total variation distance implies
the convergence in the Wasserstein metric.

For any measurable function [ : F x E — R, we define the optimal trans-
portation for u,v € P(E) by:

Wi(u,v) = inf / Uz, y)da(z,y) . (84)
aeC(u,v) JExE

Note that we may have Wi(u,v) = 400, and for all z,y € E x E, Wi(05,d,) =
I(x,y). We consider the case when the function [ is a distance-like function (see
also [10])

Definition 27. A function !l : E x E — R is said to be a distance-like if

1. For all (z,y) in E?, I(z,y) = 0 if and only if z = y.
2. 1 is lower semicontinuous.
3. For all (z,y) in E?, I(x,y) = l(y, x).

The following lemma establishes the convexity of W, when [ is a distance-like
function.

Lemma 28. Let (E,d) be a Polish space. Let P be a Markov kernel on (E, B(E))
andl: E x E — Ry be a distance-like function. For any p,v € P(E)

Wi (uP,vP) < inf Wi(P(z,-), P(y,-)) a(dx,dy) .
a€eC(p,v) ExXE
Proof: Let a be a coupling of y and v. We get

,uP(dz):/EP(a:,dz),u(dx):/E EP(x,dz)oz(dx,dy).

vP(dz) = /E EP(y,dz)a(dx,dy) .

Therefore,

Wi (uP,vP) = W, ( [E P(z,)a(dz, dy), /

P(y, ~)a(dx,dy)> )
ExE

XE
Since [ is lower semicontinuous and ! > 0, by [20, Theorem 4.8]

Wi (uP,vP) < Wi(P(z,-), P(y,-)) a(dz,dy) .
EXE

The proof is concluded since this inequality holds for all coupling . [
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Lemma 29. Let (E,d) be a Polish space and let P be Markov kernel on (E,B(E)).
Assume that d is weakly contracting for P, i.e.

Wd(P(Ia ')aP(ya )) < d(x,y) ) V(Iay) € E% (85)
Then for all p,v € P(E),
Wa(uP,vP) < Wa(u,v) . (86)

Proof: According to Lemma 28 and using the stated assumptions,

Wd(,upa VP) < inf Wd(P(.I, )7P(y7 ))Oé(d.f,dy)
a€eC(p,v) EXE

< inf / d(z,y)a(dz,dy) = Wa(u,v) .
aclC(p,v) JEXE

O
Lemma 30. Let (E,d) be a Polish space and let P be a Markov kernel on
(E,B(E)). Assume there exists a Markov kernel Q on (E x E,B(E x E) satis-
fying:

(i) for allz,y € E, Q((x,y),-) is a coupling of (P(x,-), P(y,"))-
(it) for all z,y € E, Qd(z,y) < d(x,y).

(z,
Then for all z,y € E, Wy(P(x,-),P(y,-)) < d(z,y) and for all probability
measures u,v € P(E),

)

Wy(uP,vP) < Wa(u,v) . (87)

Proof: By assumption and the definition of the Wasserstein distance (1), we have
for all z,y, Wa(P(z,-), P(y,-)) < Qd(x,y) < d(z,y). The second statement is a
consequence of Lemma 29. O

Appendix B

Lemma 31 ([4, lemma 4.1]). Assume that there exist a measurable function
V:E — Ry, a nonnegative constant b and a measurable function ¢ : Ry — Ry
such that

PV 4+¢poV<V+b. (88)
Then for everyn > 1,

n—1

> P ¢oV)<V4nb. (89)

i=0

If 7 is an invariant probability measure for P, then w(¢p o V) <b.

We remind that for ¢ given by H2, Hy and r, are respectively given by (5)
and (6). Here are some results about H.
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Lemma 32. Let ¢ : Ry — Ry be a non-decreasing, concave, and differentiable
function satisfying lim ., ¢ = +00. Then,

(i) Hy given by (5) is concave, increasing, C* on [1,+00) and lim{ Hy =
+o00.
(ii) H(;l :Ry — Ry is C?, increasing, convex and lim H;l = +00.
Proof: (i) is trivial. For (ii), note that (H;l)’ =¢o H(;l and since both y —
H;l(y) and y — ¢(y) are non decreasing, y — (H;l(y))' is non decreasing

showing that H(;l is convex. [

Let Hj, be given by (41) and set

Ve =H,oV . (90)
Proposition 33 ([7, Lemma 2.3 and Proposition 2.1]). Assume H2 holds.

(i) ry € A and is log-concave.
(ii) for every k >0, Hy, is concave.
(iit) for allzo € E and k>0

re(k+1)
r¢(0)
Here are some additionnal properties on the functions Hy and ‘N/k

Lemma 34. Assume H2. Let ry, Hy and Vi be given by (6), (41) and (90).

PVig1 < Vi — (k) + (b + V(zo))

(i) There exists some nonnegative constant C' such that for every z € E

Vi(@)
k>0 T (k)

< CVy(z) < CV(a) .

(ii) For all x,y € [1,+o0[, and every integer k > 1
Hi(z +y) < Hy(x) + Hi(y) + 2rg(k) .
Proof: (i): By definition for every x € RY,
Hy(z) 1 /H¢(m)
= ro(t + k)dt .
o)~ reB) Jo 7

Since by Proposition 33-(i) 74 € A, Lemma 36-(iv) shows that there exists a
constant C' such that for any ¢,k > 0, rg(k +t) < Crg(k)re(t). Then

Hy.(x)
7o (k)
Applying this inequality with z + V(z) concludes the proof.
(ii): by Proposition 33 z — H(z+1) defined on R, is concave, and Hy (1) = 0;
thus it is sub-additive. Then, since H}, is nondecreasing, it yields

Hg (x)
< C/ re(t)dt = CHy(z) < Cz .
0

Hi(x+y) <Hg(x+y+1) < Hy(zx+1)+ Hy(y + 1).
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Since Hj, is concave, for every z > 1
Hy(z+1) — Hiy(z) < Hi(z) < Hi, (1) = ry(k).
These two inequalities imply that for all z,y > 1,
Hy(z +y) < Hi(z) + Hi(y) + 2rg(k) .
O

Appendix C: Subgeometric functions and sequences

For r € A, we denote by t — f,(t) the function

I () =7(0) —l—/o r(s)ds . (91)

Lemma 35. Let r € Ay, R and f, be resp. given by (23) and (91).
(i) [17, Lemma 1]: For all t,u € Ry,

r(t+u) < r(t)r(u). (92)
(ii) f is convex, increasing to +oo, and there exists C > 1 such that for all
t>0:
[rt+1) <Cf(t) (93)
(iii) There exists a constant C € (0,1) such that
Cfr(n) < R(n) < fr(n) VneN, (94)
Cfe(t) < R([t]) < fr(t)  VE=0.

(iv) lim, o 7(n)/R(n) = 0.

Proof: (ii) By Definition 1 r is non-decreasing, thus is bounded on every com-
pact set; then, f,. is continuous. Moreover, it is differentiable and its derivative
is r, which is non-decreasing. Then f, is convex. In addition r(0) > 2, thus
fr is increasing to +o0o. Let us show (93). By (91), for all ¢ > 0 f,.(t + 1) =
r(0) + fol r(u)du + fg r(1 4 u)du. Then by (92), and since f, is increasing, for
allt >0
frt+1) < fr(1) +r(D) £ () -
The proof is concluded since lim;_, o fr(t) = +00.
(iii) Since r is non-decreasing, by (91) and an integral test we get for all n > 1,

fr(n =1) < R(n) < fr(n) .

This inequality combined with (93) implies (94). The upper bound in the second
inequality is a consequence of the first one and the monotonicity of f,.. For the
lower bound, by (94) and the monotonicity of f, there exists Cy such that

Cifr(t=1) < R([t]);
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by (93) there exists Co > 0 such that f.(t)/C2 < f(t — 1). The monotonicity
of f, concludes the proof.
(iv) Set uy, :=log(r(n))/n. By Definition 1 w,, is decreasing, then

log (1 N w) ~log (M) (i — tn) + g1 < st -
r(n) r(n)
(95)
In addition, by (3) lim,— 4oy, = 0, 80 limy,—s 100 (r(n+ 1) —r(n)) /r(n) = 0.
Therefore, for all € > 0, there exists IV such that for all n > N,
(r(n+1)—r(n)) <er(n) .

This result implies that for n > N, >0y (r(k+1) —r(k)) < e> p_yr(n), so
that

r(n)/R(n) <e+r(N)/R(n) Vn>N. (96)
Since R(n) > nr(0), lim, 1o R(n) = +00. This concludes the proof. O

The following lemma is a trivial consequence of Definition 1 and Lemma 35.
The proof is omitted.

Lemma 36. Let r € A; and let (R(n)), and f, be resp. given by (23) and (91).
(i) There exist two positive constants C1,Co such that for all t > 0,

Cifr(t) < R([t]) < Cofi(t) -

(i) lim,,—, 1o R(n) = +00.
(7ii) lim,— 100 r(n)/R(n) = 0.
(iv) There exists a non-negative constant C' such that for all z,y > 0, r(z+y) <
Cr(x)r(y). In particular, limsup,_, r(z +1)/r(z) < +oo.
(v) limy, 400 log(R(n))/n = 0.

Lemma 37. Let v € A. There exist a measurable, increasing and convex func-
tion ., and two positive constants C1,Cy such that for every integer n > 0

Cldjr(n) < R(n) < Cﬂ/’r(”) ’
where the sequence (Ry, )y is defined by (23).

Proof: Since r € A, there exist rg € Ag and positive constants ¢y, ca such that for
any n > 0, ¢1rg(n) < r(n) < carg(n). The result now follows from Lemma 35.
O
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