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Abstract. The Nagaev-Guivarc’h method, via the perturbation operator theorem of Keller and Liverani, has been
exploited in recent papers to establish limit theorems for unbounded functionals of strongly ergodic Markov chains. The
main difficulty of this approach is to prove Taylor expansions for the dominating eigenvalue of the Fourier kernels. The
paper outlines this method and extends it by stating a multidimensional local limit theorem, a one-dimensional Berry-
Esseen theorem, a first-order Edgeworth expansion, and a multidimensional Berry-FEsseen type theorem in the sense of
the Prohorov metric. When applied to the exponentially 1L?-convergent Markov chains, to the v-geometrically ergodic
Markov chains and to the iterative Lipschitz models, the three first above cited limit theorems hold under moment

conditions similar, or close (up to € > 0), to those of the i.i.d. case.

Titre (en frangais). La méthode de Nagaev-Guivarc’h via le théoreme de Keller-Liverani

Mots-clés : chaine de Markov, théoréme limite central, développement d’Edgeworth,
méthode spectrale

Résumé. La méthode de Nagaev-Guivarc’h, via le théoréme de perturbation de Keller et Liverani, a été appliquée
récemment en vu d’établir des théorémes limites pour des fonctionnelles non bornées de chaines de Markov forte-
ment ergodiques. La difficulté principale dans cette approche est de démontrer des développements de Taylor pour la
valeur propre perturbée de l'opérateur de Fourier. Dans ce travail, nous donnons une présentation générale de cette
méthode, et nous l’étendons en démontrant un théoréme limite local multidimensionnel, un théoreme de Berry-Esseen
unidimensionnel, un développement d’Edgeworth d’ordre 1, et enfin un théoréeme de Berry-Esseen multidimensionnel
au sens de la distance de Prohorov. Nos applications concernent les chaines de Markov L2-fortement ergodiques, v-
géométriquement ergodiques, et les modéles itératifs. Pour ces exemples, les trois premiers théorémes limites cités
précédemment sont satisfaits sous des conditions de moment dont l'ordre est le méme (parfois a € > 0 prés) que dans

le cas indépendant.
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1 Introduction, setting and notations

Let (X,), be a Markov chain with values in (E, ), with transition probability @ and with
stationary distribution 7. Let ¢ be a m-centered random variable with values in R? (with
d > 1). We are interested in probabilistic limit theorems for (£(X,,)), namely:

e central limit theorem (c.L.t.),

« rate of convergence in the central limit theorem: Berry Esseen type theorem,
o multidimensional local limit theorem,

o First-order Edgeworth expansion (when d = 1).

We want to establish these results under moment conditions on & as close as possible to
those of the i.i.d. case (as usual i.i.d. is the short-hand for “independent and identically dis-
tributed”). Let us recall some facts about the case when (Y;,),, is a sequence of i.i.d. R%-valued
random variables (r.v.) with null expectation. If ¥; € L2, we have the central limit theorem
and, under some additional nonlattice type assumption, we have the local limit theorem. If
Y, € L? and d = 1, we have the uniform Berry-Esseen theorem, and the first-order Edge-
worth expansion (under the nonlattice assumption). All these results can be proved thanks to
Fourier techniques. If Y; € L3, (Y,,),, satisfies a multidimensional Berry-Esseen type theorem
(in the sense of the Prohorov metric). The proof of this last result uses Fourier techniques
and a truncation argument.

To get analogous results for Markov chains, we shall use and adapt the Nagaev-Guivarc’h
method, introduced in [BI] [f3] in the case d = 1. This method is based on Fourier
techniques and on the usual perturbation operator theory applied to the Fourier kernels
Q(t)(z,dy) = W Q(x,dy) (t € R). The idea is that E[e® ZZ:lf(Xk)} is close enough to an
expression of the form A(¢)", and the calculations are then similar to those of the i.i.d. case.
Indeed, let us recall that, if (Y},), is a sequence of ii.d. random variables, then we have
E[eitzgzlyk] _ (E[eitYl])".

The Nagaev-Guivarc’h method, also called the spectral method, has been widely strength-
ened and extended, especially since the 80’s with the contribution of Le Page [54], Rousseau-
Egele [6Y], Guivarc’h [Bj], Guivarc’h and Hardy [Bd], Milhaud and Raugi [B0]. This is fully
described by Hennion and the first author in [i7], where other references are given. Roughly
speaking, to operate the Nagaev-Guivarc’h method, one needs the following strong ergodicity
assumption (specified below) w.r.t. some Banach space B, namely: Q™ — 7 in the operator
norm topology of B. Under this assumption, the sequence ({(X},)), then satisfies the usual
distributional limit theorems provided that (@, &) verifies some operator-moment conditions
on B. This method is especially efficient when B is a Banach algebra and £ is in B. Unfor-
tunately, on the one hand, since Banach algebras are often composed of bounded functions,
the condition & € B implies that ¢ must be bounded. On the other hand, usual models as
v-geometrically ergodic Markov chains or iterative Lipschitz models (typically E = RP) are
strongly ergodic w.r.t. some weighted supremum normed space or weighted Lipschitz-type
space which are not Banach algebras, and the above mentioned operator-moment condi-
tions then hold under very restrictive assumptions involving both @) and £. For instance, in
these models, the usual spectral method cannot be efficiently applied to the sequence (X,,),
(i.e. £(x) = z); an explicit and typical counter-example will be presented in Section 3.



In recent works [i3, {1, [4, BY, (6, B3, B, a new procedure, based on the perturbation
theorem of Keller-Liverani [5J] (see also [[] p. 177), allows to get round the previous dif-
ficulty and to greatly improve the Nagaev-Guivarc’h method when applied to unbounded
functionals €. Our work outlines this new approach, and presents the applications, namely :
a multidimensional local limit theorem, a one-dimensional Berry Esseen theorem, a first-order
Edgeworth expansion. We establish these results under hypotheses close to the i.i.d. case.
We also establish a multidimensional Berry-Esseen type theorem in the sense of the Pro-
horov metric under hypotheses analogous to Y; € L™ with m = max (3, |d/2] + 1) instead of
Y7 € L3. The reason is that, when adapting [[{1], we can use Yurinskii’s smoothing inequality
(valid for r.v. in ™) but we cannot adapt Yurinskii’s truncation argument.

When the usual perturbation theorem is replaced with that of Keller-Liverani, the main
difficulty consists in proving Taylor expansions for the dominating eigenvalue A(t) of the
Fourier kernel (¢). This point is crucial here. Such expansions may be obtained as follows:

(A) To get Taylor expansion at ¢ = 0, one can combine the spectral method with more
probabilistic arguments such as martingale techniques [[i4]. In this paper, this method is
just outlined: the local limit theorem obtained in [3] is extended to the multidimensional
case, and the one-dimensional uniform Berry-Esseen theorem of [[if] is here just recalled for
completeness.

(B) To establish the others limit theorems, we shall use a stronger property: the regularity
of the eigen-elements of Q(+) on a neighbourhood of ¢ = 0. We shall see that this can be done
by considering the action of Q(t) on a “chain” of suitable Banach spaces instead of a single
one as in the classical approach. This method, already used for other purposes in [pd, B, B3],
has been introduced in the spectral method [l to investigate the c.l.t. for iterative Lipschitz
models. It is here specified and extended to general strongly ergodic Markov chains, and
it will provide the one-dimensional Edgeworth expansion and the multidimensional Berry-
Esseen type theorem.

Next, we introduce our probabilistic setting, and the functional notations and definitions,
helpful in defining the operator-type procedures of the next sections.

Probabilistic setting. (X,,),>0 is a Markov chain with general state space (E, £), transition
probability @, stationary distribution =, initial distribution p, and & = (£1,...,&;) is a R%-
valued 7-integrable function on E such that 7(§) = 0 (i.e. the &;’s are w-integrable and
7(&) = 0). The associated random walk in R? is denoted by

Sn =Y &(X).
k=1

We denote by |- |2 and (-,-) the euclidean norm and the canonical scalar product on R?. For
any t € R and = € E, we define the Fourier kernels of (Q, ¢) as

Q(t)(z, dy) = "W Q(z, dy).

N(0,T) denotes the centered normal distribution associated to a covariance matrix I', and
“L>” means “convergence in distribution”. Although (X,,),>0 is not a priori the canonical
version, we shall slightly abuse notation and write P, IE,, to refer to the initial distribution.
For any p-integrable function f, we shall often write u(f) for [ fdu. For z € E, 6, will stand
for the Dirac mass: 0,(f) = f(z). Finally, a set A € £ is said to be 7-full if 7(A) = 1, and
Q@-absorbing if Q(a, A) =1 for all a € A.



Functional setting. Let 5, X be complex Banach spaces. We denote by L£(B, X) the space
of the bounded linear operators from B to X, and by || - |3 x the associated operator norm,
with the usual simplified notations £(B) = L(B,B), B' = L(B,C), for which the associated
norms are simply denoted by ||-||g. If T" € L(B), r(T") denotes its spectral radius, and 7ess(7")
its essential spectral radius. For the next use of the notion of essential spectral radius, we
refer for instance to [0, b3, 0] and [, Chap. XIV]. The notation “B < X” means that
B C X and that the identity map is continuous from B into X.

We denote by £!(7) the vector space of the complex-valued m-integrable functions on E, and
by CI(f) the class of f modulo 7. We call B the space of all bounded measurable functions
on E equipped with the supremum norm, and LP(7), 1 < p < +00, the usual Lebesgue space.
If BC L£Yn) and X C L(r), we shall also use the notation “B < X” to express that we
have CI(f) € X for all f € B and that the map f +— CI(f) is continuous from B to X.

If f € £1(n), it can be easily seen that the following function

Q) Q) (z) = [E £ () Q(a, dy)

is defined 7-a.s. and is 7-integrable with: #(|Qf|) < =«(|f]). If B c L£Y(x), Q(B) C B
and Q € L(B), we say that @ continuously acts on B. If B C L!(n), we shall use the same
definition with @ given by Q(Cl(f)) = Cl(Qf) (which is possible since CI(f) = Cl(g) implies
Cl(Qf) = Cl(Qg)). Clearly, Q is a contraction on B~ and LP().

Strong ergodicity assumption. Unless otherwise indicated, all the normed spaces (B, ||-||5)
considered in this paper satisfy the following assumptions: (B, || - ||5) is a Banach space such
that, either B C LY(7) and 15 € B, or B C LY(r) and Cl(1g) € B, and we have in both cases
B < LY(n). We then have ™ € B', so we can define the rank-one projection II on B:

If ==(f)le (f €B),
and we shall say that Q (or merely (X)) is strongly ergodic w.r.t. B if the following holds:

(K1) Q€ L(B) and lim, [|Q™ —1II||z = 0.

One could also say * geometrically ergodic w.r.t. B “. Indeed, one can easily see that the last
property in (K1) is equivalent to:

(K'1) 3ko<1,3C >0,Vn>1, [|Q" — 1|z < Cxy.

We shall repeatedly use the following obvious fact. If @ is strongly ergodic w.r.t. B, and if
f € B is such that (f) = 0, then the series >, Q" f is absolutely convergent in B.

Now, let us return to more probabilistic facts. When (X, ),, is Harris recurrent and strongly
mixing, the so-called regenerative (or splitting) method provides limit theorems, including
the uniform Berry-Esseen theorem [[[1] and Edgeworth expansions [5§]. We want to point
out that here the Harris recurrence is not assumed a priori. Moreover, the Markov chains
in Examples 1-2 below are strongly mixing, but for these two examples, our results will be
as efficient as all the others hitherto known ones, even better in many cases. The random
iterative models of Example 3 are not automatically, either strongly mixing, or even Harris
recurrent (see [[]).

Example 1: The strongly ergodic Markov chains on L2(r) (see e.g. [6f]). We assume



here that the o-algebra &£ is countably generated. Let us recall that the strong ergodic-
ity property on L%(7) (namely, (K1) on B = L?(7)) implies that (K1) holds on LP(r) for
any p € (1,400), see [66]. This assumption, introduced in [66] and called the exponential
IL2(7)-convergence in the literature, corresponds to ergodic and aperiodic Markov chains with

spectral gap on L?(r), see for instance the recent works [0, 7 (and the references therein).

The previous assumption is for instance satisfied if we have (K1) on B™ (see [6]): in this case,
according to the terminology of [B9], we will say that (X,,), is uniformly ergodic. Equiva-
lently, (X,), is aperiodic, ergodic, and satisfies the so-called Doeblin condition, see [p6]. This
simple example was used in Nagaev’s works [p], [69] (see Section 3).

The strong ergodicity on IL?(7) provides a first motivation and a good understanding of the
present improvements. Indeed, (except for the multidimensional Berry-Esseen theorem) for
results requiring Y7 € L™ in the i.i.d. case, whereas the usual Nagaev-Guivarc’h method needs

the assumption sup,cp [ |€(y)|™Q(z,dy) < +oo [62, B4, [[], the present method appeals to
the moment conditions & € L™ (7) or £ € L™ (7).

In more concrete terms, let (X,), be a strongly ergodic Markov chain on L2(7), and for conve-
nience let us assume that (X, ), is stationary (i.e. p = 7). From Gordin’s theorem (Section 2),
if 7(]¢|3) < 400, then (S, /+/n), converges in distribution to a normal law N(0,T) (see also
[(3, E1]). It is understood below that the covariance matrix I' is invertible. The nonlattice
condition will mean that the following property is fulfilled: there is no a € R?, no closed sub-
group H in RY, H # R%, no m-full Q-absorbing set A € £, and finally no bounded measurable
function 0 : E—R? such that: Vo € A, £(y) +0(y) —0(z) €a+H Q(z,dy) — a.s..

The next statements, that will be specified and established as corollaries of the abstract re-
sults of Sections 5-9, are new to our knowledge. Some further details and comparisons with
prior results will be presented together with the corollaries cited below:

(a) If 7(|€]3) < +o00 and & is nonlattice, then (£(Xy))n satisfies a multidimensional local limit
theorem (Corollary 5.5).

(b) (d=1) If n(|€®) < +o0, then (£(Xn))n satisfies a one-dimensional uniform Berry-Esseen
theorem (Corollary 6.3).

(c) (d=1) If 7(|£]*) < 400 with some o > 3 and £ is nonlattice, then (£(X,))n satisfies a
one-dimensional first-order Edgeworth expansion (Corollary 8.2).

(d) If 7(|€]§) < +oo for some o > max (3, [d/2] + 1), then (§(X,))n satisfies a multidimen-
sional Berry-Esseen theorem in the sense of the Prohorov metric (Corollary 9.2).

Application to the Knudsen gas model. Corollary 9.2 just above summarized enables us
to specify the slightly incorrect Theorem 2.2.4 of [f4] concerning the Knudsen gas model
studied by Boatto and Golse in [[[(]. Let us briefly recall the link with the uniform ergodicity
hypothesis, see [64] for details. Let (E,E,m) be a probability space, let T' be a 7-preserving
transformation. The Knudsen gas model can be investigated with the help of the Markov
chain (X,,), on (E, &, ), whose transition operator () is defined as follows, for some ¢ € (0, 1):

Qf =67(f)+(1—0) foT.
Then (X,), is clearly uniformly ergodic. Theorem 2.2.4 of [64] gave a rate of convergence in
n~Y2 (in the sense of the Prohorov metric) in the multidimensional c.Lt. for (£(X,,)), under
the hypothesis ¢ € L3(x) N L4241 (7). However, the proof of this statement is not correct



as it is written in [f4] fl. By Corollary 9.2 of the present paper, the above mentioned rate of
convergence is valid if we have ¢ € L3+ (7) N LL#/2+1%2 (1) for some & > 0.

Of course Example 1 is quite restrictive, and another motivation of this work is to present
applications to the two next Markov models of more practical interest.

Example 2: the v-geometrically ergodic Markov chains (see e.g [f9, fJ]). This exam-
ple constitutes a natural extension of the previous one. Let v : E —[1,4+00) be an unbounded
function. Then (X,,), is said to be v-geometrically ergodic if its transition operator ) satis-
fies (K1) on the weighted supremum normed space (B, || - ||») composed of the measurable
complex-valued functions f on E such that ||f|, = sup,eg |f(2)]/v(z) < +oc.

Applications of our abstract results to this example are given in Section 10. For all our
limit theorems (except for the multidimensional Berry Esseen theorem), when Y; € L™ is
needed in the i.i.d. case, the usual spectral method requires for these models the condition
sup,ep v(®) ™t [1€(Y)|™v(y)Q(x, dy) < +oo (see e.g [BF]) which, in practice, often amounts to
assuming that ¢ is bounded [53]. Our method only requires that [£|™ < C'v or |£|™F* < C'v,
which extends the well-known condition |£|? < C v used for proving the c.Lt. [F9].

Example 3: the iterated random Lipschitz models (see e.g [21], [l9]). Except when Har-
ris recurrence and strong mixing hypotheses are assumed, not many works have been devoted
to the refinements of the c.l.t. for the iterative models. As in [6(, f2, i), the important fact
here is that these models are Markov chains satisfying (K1) on the weighted Lipschitz-type
spaces, first introduced in [f5], and slightly modified here according to a definition due to
Guibourg. Applications of our results to this example are detailed in Section 11: by consid-
ering the general weighted-Lipschitz functionals ¢ of [R]], the limit theorems are stated under
some usual moment and mean contraction conditions, which extend those of [21]] [[] used to
prove the c.l.t.. When applied to some classical random iterative models, these assumptions
again reduce to the moment conditions of the i.i.d case (possibly up to € > 0).

For instance, let us consider in R? the affine iterative model X,, = AX,,_1 + 60,, where A is a
strictly contractive d x d-matrix and X, 01,6, ... are R%valued independent r.v.. Then, in
the case {(z) = z, our limit theorems (except the multidimensional Berry-Esseen theorem)
hold if 6; € L™, where m is the corresponding optimal order of the i.i.d. case (up to € > 0 as
above for the Edgeworth expansion), whereas the usual spectral method requires exponential
moment conditions for these statements [60)].

Extensions. The operator-type derivation procedure (B) may be also used to investigate
renewal theorems [B3 [B4], and to study the rate of convergence of statistical estimators for
strongly ergodic Markov chains (thanks to the control of the constants in (B)), see [{7].

Anyway, our method may be employed in other contexts where Fourier operators occur.
First, by an easy adaptation of the hypotheses, the present limit theorems may be extended
to the general setting of Markov random walks (extending the present results to sequence
(Xn,Sn)n). Second, these theorems may be stated for the Birkhoff sums stemming from
dynamical systems, by adapting the hypotheses to the so-called Perron-Frobenius operator
(to pass from Markov chains to dynamical systems, see e.g [#3] Chap. XI).

#Proposition 2.4.2 of [@] stated that, if & € L3(w) N L2/ (), then Q(-) defines a regular family of
operators when acting on the single space B : this result is not true. As already mentioned, it holds under
some more restrictive condition of the type sup, ¢y [ [£(v)|"Q(z, dy) < +oc.



The Nagaev-Guivarc’h method can be also used to prove the convergence to stable laws. For
this study, the standard perturbation theorem sometimes operates, see [B, B, i, Bd, B, F4].
But, since the r.v. which are in the domain of attraction of a stable law are unbounded, the
Keller-Liverani theorem is of great interest for these questions. This new approach has been
introduced in [f] in the context of the stadium billiard, and it has been recently developed in
BY) for affine random walks and in [B1]] for Gibbs-Markov maps.

An important question to get further applications will be to find some others ”good” families
of spaces to apply the operator-type derivation procedure (B). To that effect, an efficient
direction is to use interpolation spaces as in [BI].

Plan of the present paper. Section 2 presents a well-known central limit theorem based
on Gordin’s method, with further statements concerning the associated covariance matrix.
In Section 3, we summarize the usual spectral method, and we give an explicit example
(belonging to example 2) to which this method cannot be applied. Section 4 presents the
Keller-Liverani perturbation theorem and some first applications concerning the link between
the characteristic function of S,, and the eigen-elements of the Fourier kernels Q(¢). These
preliminary results are then directly applied to prove a multidimensional local limit theo-
rem in Section 5, and to recall in Section 6 the Berry-Esseen theorem of [If. Some useful
additional results on the non-arithmeticity condition are presented in Section 5.2: these re-
sults are detailed in Section 12. Section 7 states the derivation statement mentioned in the
above procedure (B), and this statement is then applied to prove a first-order Edgeworth
expansion (Section 8) and a multidimensional Berry-Esseen type theorem for the Prohorov
metric (Section 9). Let us mention that all the operator-type assumptions introduced in the
sections 4 and 7, as well as all our limit theorems, will be directly afterward investigated and
illustrated through the example of the strongly ergodic Markov chains on L2(7) (Example 1).
The applications to Examples 2-3 are deferred to Sections 10-11. Finally, mention that the
proof of the main result of Section 7, and the technical computations involving the weighted
Lipschitz-type spaces of Section 11, are relegated to Appendices A-B.

Acknowledgments. The authors are grateful to the referee for many very helpful comments
which allowed to greatly enhance the content and the presentation of this paper. The weighted
Lipschitz-type spaces used in Section 11.2 have been introduced by Denis Guibourg in a work
(in preparation) concerning the multidimensional Markov renewal theorems. We thank him
for accepting that we use in our work this new definition, which allowed us to divide by 2 the
order of the moment conditions for the iterative models.

2 A central limit theorem in the stationary case

As a preliminary to the next limit theorems, we state here a well-known c.L.t. for (£(X,))n,
which is a standard consequence of a theorem due to Gordin [R§]. We shall then deduce a
corollary based on Condition (K1). In this section, we only consider the stationary case. Let
us observe that, concerning distributional questions on (£(X,)),, one may without loss of
generality assume that (X,,),>0 is the canonical Markov chain associated to Q.

So we consider here the usual probability space (EY, £9N ) for the canonical Markov chain,
still denoted by (X, )n>0, with transition probability @) and initial stationary distribution .



Let 6 be the shift operator on EN. As usual we shall say that (Xn)n>o0 is ergodic if the
dynamical system (EN, £¥N P, 0) is ergodic.

Theorem (Gordin). Assume that (X,,)n>0 is ergodic, and
Vi=1,...,d, & €lL?) and &= > on>0Q"E&i converges in L2(7).

Then % 2> N(0,T), where T is the covariance matriz defined by (Tt,t) = w(£2)—m((Q&)?),
where we set & = Z?:l t &

Corollary 2.1. Let us suppose that (X,), is ergodic, that (K1) holds on B — L%(w), and
&eB (i=1,...d). Then the c.l.t. of the previous theorem holds.

Proof of Corollary. Since we have (K1) on B, §; € B and 7(§;) = 0, the series 52 = Zi% Q"¢
converges in B, thus in L2(7). O

For instance, if (X,,), is strongly ergodic on L?(7) (see Example 1), then (X,,),, is ergodic [pd],
and we find again the well-known fact that the central limit theorem holds in the stationary
case when 7(|¢|3) < +oc. In order to make easier the use of Corollary 2.1 in other models,
let us recall the following sufficient condition for (X,,), to be ergodic. This statement, again
in relation with Condition (K1), is established in [f2] (Th. IX.2) with the help of standard
arguments based on the monotone class theorem.

Proposition 2.2. Let us suppose that (K1) holds with B satisfying the additional following
conditions: B generates the o-algebra £, 8, € B' for all z € E, and BN B is stable under
product. Then (X)), is ergodic.

Of course, other methods exist to investigate the c.l.t. for Markov chains, but Corollary 2.1 is
sufficient for our purposes: indeed, it is easily applicable to our examples, and it enables us to
define the asymptotic covariance matrix I' which will occur in all the others limit theorems.

The above definition of I' provides the following classical characterisation of the case when I'
is degenerate.

Proposition 2.3. Under the hypotheses of Corollary 2.1, I" is non invertible if and only if
FteRY 40, 3geB, (t,E(X1)) =g(Xo) —g(X1) Pr—a.s..

Let us notice that this equivalence is still true for B = L?(7r) if we know that:

vt € R, sup,s; [n(Tt,t) — Ex[(t, Sn)?]| < +oo.

Proof of Proposition 2.3. If (t,£(X1)) = g(Xo) — g(X1) Pr-a.s., then <%> converges

in distribution to the Dirac mass at 0 (which proves that I' is non invertible). nIndeed, by
stationarity, we have (t,{(X,)) = ¢(Xn-1) — 9(X,) Pr-as. for all n > 1, so (t,5,) =
9(Xo) — g(X,,). Since we have g € B «— L?(r), this implies that lim,, EW[(%P] = 0 and
hence the desired statement. Conversely, let us suppose that I' is not invertible. Then there
exists t € R, t # 0, such that (I't,t) = 0. From the definition of I" given in the above theorem

and from the obvious equality EW[(gt(Xl) — Qé(Xo))Z] — W(gg) - w((Qé)Q), it follows that
EF[(gt(Xl) - Qgt(Xo))2] =0.



Thus gt(Xlz — Q&(Xo) = 0 Pr—a.s.. Set &(-) = (t,£(-)). By definition of &, we have
& = & + Q& so y y
&(X1) + Q&(X1) — Q& (Xp) =0 Pr—as..

This yields &(X1) = g(Xo) — 9(X1) Pr —a.s. with g = Q& O
The previous proposition can be specified as follows.

Proposition 2.4. Lett € R?, t # 0, and let g be a measurable function on E such that:

(t.&(X1)) = 9(Xo) — 9(X1) Pr—a.s.
Then there exists a m-full Q-absorbing set A € £ such that we have:

Ve e A, (t,€(y)) = g(z) — 9(y) Qz,dy)-a.s..

Proof. For x € E, set B, = {y € E : (t,{(y)) = g(z) — g(y)}. By hypothesis we have
J Q(z,By)dn(z) = 1, and since Q(x, B;) < 1, this gives Q(z,B;) = 1 m-a.s.. Thus there
exists a w-full set Ay € £ such that Q(x,B,) = 1 for x € Ay. From w(A4p) = 1 and the
invariance of 7, we also have m(Q14,) = 1, and since Q14, < Qlg = 1g, this implies that
Q(-, Ap) = 1 m-a.s.. Again there exists a m-full set A; € € such that Q(z, Ag) =1 for z € A;.
Repeating this procedure, one then obtains a family {A,,n > 1} of n-full sets satisfying by
construction the condition: Vn > 1, Vo € A4,, Q(x, A,—1) = 1. Now the set A := N,>04,
is w-full and, for any a € A, we have Q(a, A,—1) = 1 for all n > 1, thus Q(a, A) = 1. This
proves that A is Q-absorbing, and the desired equality follows from the inclusion A C Ag. O

3 The usual Nagaev-Guivarc’h method

The characteristic function of S,, is linked to the Fourier kernels Q(t)(z, dy) = W) Q(z, dy)
of (@,€) by the following formula (see e.g 9] p. 23)

(CF) Vn > 1, ¥t € RY, E,[e"5)] = u(Q(t)"1p),

and the Nagaev-Guivarc’h method consists in applying to Q(¢) the standard perturbation
theory [RJ]. For this to make sense, one must assume that @ satisfies Condition (K1) (of Sec-
tion 1) on B, that Q(t) € £(B), and that Q(-) is m times continuously differentiable from R?
to £(B) (m € N*). In this case, Q(t)", hence E,[e?"], can be expressed in function of A(¢)",
where A(t), the dominating eigenvalue of Q(t), is also m times continuously differentiable.
Then, the classical limit theorems (based on Fourier techniques), requiring Y7 € L™ for a
i.i.d. sequence (Y;,)n, extend to (£(X,,))n, see for example [F4, B3, Bd, [[d, fF. Unfortunately,
the previous regularity assumption on Q(-) (in case d = 1 for simplicity) requires that the
kernel £(y)"Q(x,dy) continuously acts on B: this is what we called an operator-moment
condition in Section 1, and we already mentioned that, if £ is unbounded, this assumption is
in general very restrictive.

Actually Nagaev established in [f]]] a c.l.t., and a local limit theorem in the countable
case, for the uniformly ergodic Markov chains (see Ex. 1 of Section 1), and he did not ap-
peal to operator-moment conditions: indeed, Nagaev first applied the standard perturbation
theorem for bounded functionals £, and by using some intricate truncation techniques, he
extended his results under the condition 7(|¢|?) < +oco0. However afterward, this truncation
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method has not been used any more. In particular, the Berry-Esseen theorem in [bg] was
stated under the operator-moment assumption sup,cp [ [€(y)[> Q(z,dy) < +oo, which is
clearly necessary and sufficient for Q(-) to be three times continuously differentiable from R
to £L(B™).

The use of the standard perturbation theory is even more difficult in Examples 2-3 of
Section 1: the typical example below shows that, neither the operator-moment conditions,
nor even the simple assumption [|Q(t) — Q||g — 0, hold in general when ¢ is unbounded.

Counter-example. Let (X;,)n>0 be the real-valued autoregressive chain defined by

X, =aX,—1+6, (n € N*),
where a € (—1,1), a # 0, Xp is a real r.v. and (6,,),>1 is a sequence of i.i.d.r.v., independent
of Xy. Assume that #; has a positive density p with finite Variance It is well-known that
(Xn)n>0 is a Markov chain whose transition probability is: = g flaz +y)p(y) dy.
Set v(x) = 1+ 22 (r € R). Using the so-called drift conditlon (see @], Section 15.5.2), one

can prove that (X,,),>0 is v-geometrically ergodic (see Example 2 in Section 1). Now let us
consider the functional £(z) = x. We have for any z € R

QEv)(x) > / (az +9)* ply) dy.

If [ y*p(y)dy = +oo, then Q(£2v) is not defined. If [, y* p(y) dy < +oo, then Q(£2v) is a
polynomial function of degree 4, so that

p QEDD]

J:EE 1+ 2
that is, Q(¢%2v) ¢ B,. Similarly we have Q(|¢|v) ¢ B,. Thus neither ¢(y)Q(z,dy), nor
£(y)2Q(x, dy), continuously act on B,. Actually, even the continuity condition ||Q(t) —
Q|ls, — 0 is not valid. To see that, it suffices to establish that, if g(z) = 22, then ||Q(t)g —
Qglly = supger(l + 22)71Q(#)g(z) — Qg(x)| does not Converge to 0 when t—0. Set
p1(y) = yp(y) and pa(y) = y2p(y), and denote by ¢(t) = [z é(y)e'™¥dy the Fourier trans-
form of any integrable function ¢ on R. Then

Q(t)g(x) = /R M) (y + az)? p(y) dy = €' [pa(t) + 2azpy (t) + a’x® p(t)].

So Q(t)g(z) — Qg(x) = ( O po(t) — P2(0) + 2az [ py (t) —ﬁ1(0)1> + a’a® [ p(t) — 1].

Using the inequality |e® — 1| < |ul, we easily see that there exists a constant C' > 0 such that

sup(14-2%)~!
z€R

£ (1) — o (0)+ 20z [el’mm(t)—m(on\ <c (\t\Hﬁz(t)—m(O)!+!151(t)—151(0)!)-

By continuity of p; and po, the last term Converges to 0 as t — 0. Now set
Plz,t) = (1 +fﬂ2)_1 2® e () — 1.
We have sup,cg (z,t) > ¥(Z5,t) = 2+a2t2 |p(t) + 1]. Since this last term converges to

2a% # 0 as t — 0, this clearly implies the desired statement.
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4 The Nagaev-Guivarc’h method via the Keller-Liverani the-
orem

The next statement is the perturbation theorem of Keller-Liverani, when applied to the
Fourier Kernels Q(t) under Condition (K1) of Section 1. The present assumptions will be
discussed, and illustrated in the case of the strongly ergodic Markov chains on L?(7). Finally
we shall present a first probabilistic application to the characteristic function of .5,,.

The perturbation operator theorem of Keller-Liverani.

Condition (K): Q satisfies Condition (K1) (of Section 1) on B, and there exists a neigh-
bourhood O of 0 in R¢ and a Banach space B satisfying B — B < LY(7), such that we have
Q(t) € LIB)NL(B) for each t € O, and:

(K2) vt € O, lim [Q(t+h) — Q(1)llz5 =0

(K3) ki <1, 3C>0,Vn>1, VfeB, VteO, Q)" flz<Cr}|flls+Cllflz

Condition (K ): Condition (K ) with B = L(x).

Under Condition (K), we denote by k any real number such that max{kg, 1} < k < 1, where
ko is given in Condition (K'1) of Section 1, and we define the following set

1—
Dﬁ:{z:ze(c,|z|2m, |z — 1| > 2/@}.

Theorem (K-L) 53, B4/ (see also [{]). Let us assume that Condition (K ) holds. Then, for
all t € O (with possibly O reduced), Q(t) admits a dominating eigenvalue \(t) € C, with a
corresponding rank-one eigenprojection IL(t) satisfying IL(t)Q(t) = Q(¢)IL(t) = A(¢)IL(t), such
that we have the following properties:

lim A(H) =1, sup Q)" — A" ()5 = O(x"),  lim |[TI(t) — 5 5 = 0,
t—0 te® t—0 ’

and finally M :=sup{|(z—Q(t)) !z, t € O, 2 € Dy} < +00.

Let us moreover mention that A(¢) and II(t) can be expressed in terms of (z — Q(t))~! (see
the proof of Corollary 7.2 where the explicit formulas are given and used).

Remark. The conclusions of Theorem (K-L) still hold when Condition (I’(VQ) is replaced
with: limp, 0 [|Q(h) — Qllz 5 = 0. In fact, Condition (K2) provides the following additional
property, that will be used in Section 5.1: A(-) is continuous on O (see [{3]). Anyway, in most

of cases, the previous continuity condition at t = 0 implies (K2) (see for instance Rk. (a)
below). Let us also recall that the neighbourhood O and the bound M of Theorem (K-L)
depend on k (with k fived as above) and on the following quantities (see [B4] p. 145):

- the constant H := sup{||(z — Q)7 Y|, 2z € Dy}, which is finite by (K1),
- the rate of convergence of [|Q(t) — Q| ;5 to 0 when t— 0,
- the operator norms ||Q||5, ||Q|lz, and the constants C, xy1 of Condition (K3).

12



This remark is relevant since the asymptotic properties of Theorem (K-L) depend on M.
Some comments on Condition (K).

The hypotheses in [5d] are stated with the help of an auxiliary norm on B (which can be

easily replaced by a semi-norm). In practice, this auxiliary norm is the restriction of the norm
of a usual Banach space B < L!(7). It is the reason why Condition (K) has been presented
with an auxiliary space. The dominated hypothesis between the norms stated in b is here
replaced with our assumption B < B. The fact that B is complete and B < L!() is not
necessary for the validity of Theorem (K-L), but these two hypotheses are satisfied in practice.
Moreover the assumption B < L' () ensures that 7 € EI, which is important for our next
probabilistic applications. Let us also mention that [@] appeals to the following additional
condition on the essential spectral radius of Q(¢): Vt € O, ress(Q(t)) < k1. As explained in
[F7), this assumption is not necessary for Theorem (K-L), thanks to Condition (K1). It will
be assumed in Section 5.1 for applying [F3] to Q(t) for ¢ close to tg # 0.
It is worth noticing that the continuity Condition (If(:/2) is less restrictive than the condition
|Q(t + h) — Q(t)||s — 0 required in the usual perturbation theorem. In fact, despite their
not very probabilistic appearance, the conditions (If(:/2) (I’(v3) are suited to many examples of
strongly ergodic Markov chains: for instance, they hold for any measurable functional £ in
the case of the strongly ergodic Markov chains on L2(7) and of the v-geometrically ergodic
Markov chains (see Prop. 4.1, Lem. 10.1), and they are valid under simple mean contraction
and moment conditions for iterative Lipschitz models (see section 11).

Some comments on Condition (K).
In the special case B= L' (), we shall use repeatedly the next simple remarks.

(a) First observe that we have supicpa [|Q(t)[lL1(r) < 400 (use |Q(¢)"f| < Q"[f| and the
Q-invariance of 7). Besides the following condition

sup {ﬂ(’@i@’g) —1|fD), f€B, |Ifllz<1} converges to 0 when t— 0,

which is for instance satisfied if B < LP(x) for some p > 1 (by Hoélder’s inequality and
Lebesgue’s theorem) is a sufficient condition for the continuity assumption of Condition (K).
More precisely, the above property implies that

vteR?, lim [|Q(t+h) — Q(t)|lsLi(r) =0
h—0 ’
Indeed we have for any f € B

7(1Qt +h) f — Q) f]) < (Qle'™ S —1]|f]) = m(|le"" S — 1] | f]).

(b) Recall that B is a Banach lattice if we have: |f| < |g| = ||flls < ||gll for any f,g € B.
The examples of Banach lattices in our work are: B = B~ , B = LP(r) (used in Ex. 1 of
Section 1), and B = B, (used in Ex. 2). Another classical example is the space of the
bounded continuous functions on E.

Let us assume that B is a Banach lattice such that: Vi € R VfeB, 8. fecB. Then
Condition (K1) implies (K3) with B = L!(7) and O = R%.
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Indeed, we have |Q(t)"f| < Q"|f], so |Q()"fllr < || Q™| f] |5, and (K1) then gives for all
n>1 feBandteR: [|QW)"fls < Crllfllz+n(f)1els

(c) If ([’(:E’)) is fulfilled with B = L!(r), then it holds for any B < L!(x).
Example (the strongly ergodic Markov chains on L2(7), see Ex. 1 of Section 1):

Proposition 4.1. Assume that (X, )n>0 is a strongly ergodic Markov chain on 1L2(r), that

€ is any R¥-valued measurable function, and let 1 < p' < p < +oo. Then we have (I?) with
O =R4, B=1P(n), and B = L¥ ().

Proof. We know that @ satisfies Condition (K1) of Section 1 on LP(w) (see [pf]). From

the above remarks (b) (c), we then have (K3) with O = R%, B = LP(x), and B = L¥ ().
Condition (K2) follows from the next lemma. O

Lemma 4.2. Let 1 < p' <p, and t € R?. Then limy 0 [|Q(t + 1) = Q(t)l|pp () 1" () = O-

Proof. Let us denote || - ||, for ||+ [Lo(r)- Using the inequality e’ — 1] < 2min{1, |a|} (a € R)
and the Holder inequality, one gets for t,h € R? and f € LP(7),

1Qt+m)f = QWily < [|@(e™ ~1/171]

< 2{Jmin{1, [(h, )},
< 2|min{1, [(A, EH o (£l

p—p

with [[min{1, [(h,&)[}|| ,» — 0 when h— 0 by Lebesgue’s theorem. O

p—p

To end this section, let us return to our general setting and present a first probabilistic
application of Theorem (K-L).

Link between \(¢) and the characteristic function of S,.

For convenience, let us repeat the basic formula (CF), already formulated in Section 3,
which links the characteristic function of S,, with the Fourier kernels of (Q,&): Vn > 1, Vt €
R, E,[e 5] = u(Q(t)"15), where p is the initial distribution of the chain. We appeal
here to Theorem (K-L), in particular to the dominating eigenvalue A(t) of Q(t), t € O, to the
associated rank-one eigenprojection II(¢), and finally to the real number  for which we just
recall that k < 1.

Lemma 4.3. Assume (K) and p € 173’,, and set £(t) = p(Il(t)1g). Then we have:

lim {(t) =1 and sup |Eu[ei<t’5">] — M) L(t)| = O(k™).
t—0 te®

Proof. Lemma 4.3 directly follows from Theorem (K-L) and Formula (CF). O

5 A multidimensional local limit theorem

The previous lemma constitutes the necessary preliminary to employ Fourier techniques.
However, it is worth noticing that, except lim;_, g A(t) = 1, the perturbation theorem of
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Keller-Liverani cannot yield anyway the Taylor expansions needed for A\(¢) in Fourier tech-
niques. An abstract operator-type hypothesis will be presented in Section 7 in order to
ensure the existence of m continuous derivatives for A(-). But we want before to recall an-
other method, based on weaker and more simple probabilistic c.l.t.-type assumptions, which
provides second or third-order Taylor expansions of A(¢) near t = 0. As in the ii.d. case,
these expansions are sufficient to establish a multidimensional local limit theorem, this is the
goal of the present section, and a one-dimensional uniform Berry-Esseen theorem which will
be presented in Section 6. f]

Theorem 5.1 below has been established for real-valued functionals in [I5] under slightly differ-
ent hypotheses. Here we present an easy extension to the multidimensional case. Section 5.2
states some expected statements on the Markov non-arithmetic and nonlattice conditions.
The application to the strongly ergodic Markov chains on L?() in Section 5.3 is new.

5.1 A general statement

To state the local limit theorem, one needs to introduce the two following conditions. The first
one is the central limit assumption stated under P for which one may appeal to Corollary 2.1
for instance. The second one is a spectral non-arithmeticity condition. Recall that, by
hypothesis, we have 7(£) = 0, so that E;[S,] = 0.

Condition (CLT): Under Py, % ~2-> N(0,T), with a non-singular matriz T

Condition (S): For all t € R, Q(t) € L(B), and for each compact set Kqy in R?\ {0}, there

exist p < 1 and ¢ > 0 such that we have, for alln > 1 and t € Ko, ||Q(t)"[|5 < cp™.

Condition (S) constitutes the tailor-made hypothesis to operate in the spectral method the
proofs of the i.i.d. limit theorems involving the so-called nonlattice assumption. Condition
(S) will be reduced to more practical hypotheses in Section 5.2.

We want to prove that, given some fixed positive function f on E and some fixed real-valued
measurable function h on E, we have
(LLT) lim sup [VdetT (271'71)%

" acRd

Bl £(Xa) 9(Sn — @) h(Xo)] = ™2 " u(h) m(f) / g(x)dx| =0,

Rd

for all compactly supported continuous function g : RT—R.
The conditions on f, h and p are specified below.

Theorem 5.1. Assume that Condition (CLT) holds, that Condition (K ) (of Section 4) holds

w.r.t. some spaces B, B, and that Condition (S) holds on B. Finally assume (hu) € B and
feB, f>0. Then we have (LLT).

Before going into the proof, let us notice that this result can be easily extended to any
real-valued function f € B such that max(f,0) and min(f,0) belong to 5.

“These two limit theorems could also be deduced from respectively Conditions C(2) and C(3) of Section 7,
but in practice, these two conditions are slightly more restrictive than those of Sections 5-6. For instance,
compare C(2) and C(3) for the strongly ergodic Markov chains on L.?(7) (see Prop. 7.3) with the conditions of
Coro. 5.5 and 6.3.
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Proof of Theorem 5.1. In order to use Lemma 4.3 and to write out the Fourier techniques of
the i.i.d. case [[Z], one needs to establish a second-order Taylor expansion for ().

Lemma 5.2. Under the conditions (K ) and (CLT), we have for u € R% close to 0:
1
Aw) =1 = (T, u) + of|[ul®).

Proof (sketch). For d = 1, the proof of Lemma 5.2 is presented in [[], let us just recall
the main ideas. By hypothesis, we have %i>./\/(0,02) under P, with o> > 0. Besides,

B — L! (m) implies m € B. So, from Lévy’s theorem and Lemma 4.3 (applied here with

o2
w =), it follows that lim,, )\(ﬁ)” = eiTR with uniform convergence on any compact set
in R. Then the fact that log )‘(\f) =nl g)\(\f) and log )‘(\F) )\(ﬁ)—l gives fort #0:
(4 ( - )—{—2—01 ) when n — +o00.

Setting u = it is then not hard to deduce the stated Taylor expansion (see [[i] Lem. 4.2).

\/_7
These arguments can be readily repeated for d > 2. (To get log )\(ﬁ)” = nlog )\(ﬁ) in
d > 2, proceed as in [ with ¢(z) = )\(xﬁ), x € [0,1]; the continuity of A(-) on some
neighbourhood of 0, helpful for this part f|, obviously extends to d > 2). O

If f = h = 1g, then (LLT) follows from Lemma 4.3, by writing out the i.i.d. Fourier techniques
of [[7]. In particular, Condition (S) plays the same role as the nonlattice condition of [[[J].
If feB, f>0,and h: E— R is measurable, one can proceed in the same way by using the
following equality, of which (CF) is a special case (see e.g [iJ] p. 23),

(CF) Vn > 1, Vi € RY, B, [f(Xn) €™ h(Xo)] = (hu)(Q(1)" f),

and by using an obvious extension of Lemma 4.3. O

5.2 Study of Condition (S)

When the spectral method is applied with the standard perturbation theory, it is well-known
that Condition (S) can be reduced to more practical non-arithmetic or nonlattice assumptions,
see e.g [BY BA] [E]. These reductions are based on some spectral arguments, and on simple
properties of strlct convexity. In this section, we generalize these results under the next
Condition (K), close to (K) of Section 4, but involving the whole family {Q(t ),t € R4}
and an additional condition on the essential spectral radius of Q(¢). Condition (K ) will be
satisfied in all our examples.

Condition (K): Q satisfies Condition (K1) (of Section 1) on B, and there exists a Banach
space B such that B — B, Q(t) € L(B) N L(B) for each t € RY, and:
=0

(K2) Vte R, Jim (1Q(2 +h) = Q)] 5

®This continuity property is proved in [@] by applying [@] to the family {Q(t), t € O} when ¢ goes to any
fixed to € O. To that effect, notice that, according to theorem (K-L), we have ress(Q(t)) < & for all t € O.

SAs in (~) the fact that B is complete is not necessary, but always satisfied in practice. Contrary to (K)7
it is not convenient for the next statements to assume B < L'(7) (except for Proposition 12.4).
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and, for all compact set Ky in R?, there exists x € (0,1) such that:
(K3)3C >0, ¥n>1, Vf e B, ¥t e Ko, [Qt)"flz<Cr"|fls+Clflz

(K4) YVt € Ky, Tess(Q(t)) < k.

Clearly, if B < L!(r), then (K) implies (K) of Section 4. Besides, when B = L!(r), the
condition introduced in Remark (a) of Section 4 implies (K2).

We also need the next assumption (fulfilled in practice under Condition (K1), see Rk. below):

(P) We have, for any X\ € C such that |\| > 1, and for any nonzero element f € B:
[3no, Yn=no, A"IfI<Q"IfI] = [IAl=1and]|f]<x(f])]

The previous inequalities hold, everywhere on E if we have B C LY(), and w-almost surely
on E if we have B C LY(r).

If B C L!(7), we shall say that w is a bounded element in B if w € BN L>(r).

A non-arithmetic condition on &. We shall say that (Q,&), or merely &, is arithmetic
w.r.t. B (and non-arithmetic w.r.t. B in the opposite case) if there existt € R%, t #0, A € C,
IA| = 1, a w-full Q-absorbing set A € £, and a bounded element w in B such that |w| is
nonzero constant on A, satisfying:

(x) Voed, eEWyy) = () Qx,dy)— a.s..

Proposition 5.3. Under the assumptions (K) and (P), Condition (S) holds on B if and
only if £ is non-arithmetic w.r.t. B.

In the usual spectral method, this statement is for instance established in [£2] (Prop. V.2)
(under some additional conditions on B). The proof of Proposition 5.3, which is an easy
extension of that in [IJ], is presented in Section 12.1.

We now state a lattice-type criterion for (S) which is a natural extension of the i.i.d. case
and a well-known condition in the general context of Markov random walks.

A nonlattice condition on {. We say that (Q,§), or merely &, is lattice (and nonlattice
in the opposite case) if there exist a € R, a closed subgroup H in R?, H # R%, a m-full
Q-absorbing set A € £, and a bounded measurable function 6 : E—R% such that

(xx) VeeA, &y +0(y) —0x) ca+H Qx,dy) — a.s..

Proposition 5.4. Assume that the assumptions (I?) and (P) hold. If & is nonlattice, then
(S) holds on B. The converse is true when, for any real-valued measurable function ¢ on E,

we have ¥ € B (or Cl(e'¥) € B).

Proof. If (S) is not fulfilled, then £ is arithmetic w.r.t. B, and one may assume that w € B in
(¥) is such that we have |w| = 1 m-a.s., so that we can write w(z) = ¢9®) for some measurable
function g : E —[0,2nx]. Therefore, setting A = %, the property (x) is then equivalent to:

Vee A, (t.&(y) +9(y) —g(x) —be2nZ Qz,dy) —as..
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Now set 0(x) = g(x) #, and @ = b —t5. Then we have (%) with H = (27Z) # @ (Rt)*, so
2 2

m-
¢ is lattice. Conversely, if ¢ is lattice, then, by considering (+*) and t € H', one can easily
prove that () holds with A\ = 4@ and w(z) = /9@, Since w € B, (S) is not fulfilled on
B (by Proposition 5.3.). O

Proposition 5.4 will be specified in Section 12.2, where we shall investigate the following
set: G = {t € R?: r(Q(t)) = 1}. We conclude Section 5.2 by some further remarks.

On Conditions (I/(\?)) ([/(\4)

If (X,,)n>0 is strongly ergodic on a Banach lattice B and if B is such that et8 . f e B for all
t € R? and f € B, then we have (I/(\?)) with B = L() (see Rk. (b) of Section 4). Moreover
we have (I/(\él) on B according to [p5, Cor. 1.6].

The weighted Lipschitz-type spaces used in Section 11 for the iterative models are not Banach
lattices, and in these models, the next remark will be helpful to prove (K4). Let us assume
that (I/(\?)) is fulfilled with B and B satisfying the following property: for each ¢t € R%, Q(¢)(S)
is relatively compact in (B, || - ||z), where S is the unit ball of (B, || -|[5). Then it follows from

] [E0) that Condition (I/(\Zl) automatically holds on B.

On Condition (P).
Under Assumption (K1), the property (P) is for instance fulfilled in the following cases:

- B C LY(7), B < L!(x), and B is dense in L' (7). Indeed, since @ is a contraction on L!(7),
one then obtains from (K1) that lim,, Q"|f| = 7(|f]) in L!(x) for all f € B, hence (P) (here,
f # 0 means that 7(|f|) # 0). This case contains P (), the Sobolev spaces,...

- B c £Y(n), B < LY(x), B is stable under complex modulus (i.e. f € B = |f| € B), and
8, € B’ for all x € E. Indeed, we then have by (K1): Vz € E, lim,(Q"|f|)(x) = 7 (|f]), hence
(P) (here, f # 0 means that f(z) # 0 for some 2 € E). This case contains B™ , the weighted
(either supremum or Lipschitz-type) spaces, the space of bounded continuous functions, the
space of functions of bounded variation (on an interval),....

- B is the space of C* functions (on some nice E) equipped with its usual norm. Observe that,
if f € C*, then |f| is continuous on E. By using a density argument (with the supremum
norm) and the property (K1) on C¥, one can easily see that lim,, Q"|f| = 7(|f|) uniformly on
E, hence (P).

A case when A = Supp(m) in (x) and (xx).

If (K) and (P) hold, if 6, € B for all z € E, and finally if all the functions of B are
continuous on the state space E (assumed to be locally compact here), then Propositions
5.3-4 (and Proposition 12.4) apply with A = Supp(w) in (x) and (x*), where Supp(7) is the
support of . This can be seen by an easy examination of the proof in Section 12.1.

Condition (S) and invertibility of T".

Let us just assume in this remark that Q(t) € £(B) for all + € R%. If the conclusion of
Proposition 2.4 holds for some real-valued measurable function g on F, then we clearly have
(¥) with w(-) = €*9¢) and A\ = 1. Moreover, (%*) is satisfied with a = 0, f(z) = 271{%} @,

and H = (2nZ)t; @ (R - t)*, where {-} stands for the fractionary part. Condition (S) on

tI3
any space B containing w is then false because, in this case, the above mentioned equality
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(%) easily implies that 7(Q(t)) > 1, see Lemma 12.2. One can deduce the following facts from
the previous remarks and the results of Section 2.

If the hypotheses of Corollary 2.1 hold on some space By and if ¢?%¥() € B for all ¢ € By, then
we have the following implications, in which I' denotes the covariance matrix of Section 2
(the above condition on B is unnecessary for the last implication):

Condition (S) on B = T is invertible

Non-arithmeticity w.r.t. B = T is invertible

(Q,&) is nonlattice = T is invertible.

5.3 (LLT) for the strongly ergodic Markov chains on L?(r)

Let us suppose that (X,,),>0 is a strongly ergodic Markov chain on L?(7) (Ex. 1 of Section 1).

If 7(|€]3) < +o0o, then (TF%Sn)n converges in distribution to a normal distribution N(0,T")
(see Section 2).

Corollary 5.5. Let us assume that 7(|£|3) < 400, that ¢ is nonlattice, that p = 7, and that
h € L"(n) for some r > 1. Then we have (LLT) for each function f in LP(r) provided that

T
P>

Proof. Let v’ = -5, and p > r’. From Proposition 4.1 and Lemma 4.2, we have (I/(\Q) and
(I/(\?)) (thus (K)) with B = LP(r) and B = L" (). Note that B = L"(m). Since B = LP(m) is
a Banach lattice, we have (K4) on B = LLP(r) by [p5, Cor. 1.6]. Finally, from Proposition 5.4,
Condition (S) on B = LP(7) is fulfilled under the nonlattice assumption. Corollary 5.5 can

be then deduced from Theorem 5.1. O

The property (I/(\Zl) on B = LP(r) has been above derived from the general statement [Bg,
Cor. 1.6] which is based on some sophisticated arguments of the theory of positive operators
acting on a Banach lattice. Below, we present a simpler proof of this fact in the special case
of the uniformly ergodic Markov chains. By repeating some arguments of [, we are going
to see that (I/(\él) on B =LP(x) then follows from Doeblin’s condition.

Let us assume that (X,,),>0 is uniformly ergodic (i.e. we have (K1) on B™ ). Then the so-
called Doeblin condition holds (use (K1) on B~ ): there exist £ > 1, 7 > 0, and p < 1 such
that

(m(A)<n) = (Ve E, Qx,A) <p").

Proposition 5.6. Let p € (1,+00). If £ is any R¥*-valued measurable function on E, then
-1
we have: Vt € RY, 7.45(Q(1)) < ,opT.

1
Proof of Proposition 5.6. Let || - ||, = 7(] - |P)? denote the norm on LP(7). We also use the
notation || - ||, for the operator norm on LP(m). Let g be such that % + % =1.

Lemma 5.7. There exist a nonnegative bounded measurable function o on E x E and a
4
positive kernel S(z,dy), = € E, such that Q*(z,dy) = a(z,y)dr (y)+S(z,dy) and ||S|, < p4.

Proof. Let us summarize the beginning of the proof in [[l]] (Lemma II1.4): using the differen-
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tiation of measures, there exist a nonnegative measurable function o/ on E x E and a positive
kernel S’(z,dy) such that, for all z € E, we have Q'(x, dy) = o/ (x,y)dr(y) + S'(x, dy), with
m(Cy) = 0 and S'(z, E\ Cy) = 0 for some O € €. Set a = o' 1{y<y-13, and for z € E,
let L, = {y € E: d(x,y) >n'}\ Cp. Then Q'(z,dy) = afx,y)dr(y) + S(z,dy) with
S(z,A) = Q*(x, AN (C, U L,)). We have

Ve eE, 1>Q%x,Ly)> / o (z,y)dr(y) > n " 7(Ly),
thus 7(L, UC,) = (L) < n, so that Q*(z, L, UC,) < p’.
Now let f € LP(w). We have Sf(z) = ‘[CxULx f(y) Q%(x,dy), and from Hélder’s inequality
w.r.t. the probability measure Q¢(x, dy), we have

1S FIE = /E ' /E ) 1oyon, (v) @z, dy)| dr(z) < /E QU P(2) Q'(x, Cy U L) dr(a),

hence ||Sf|[h < (p£)§ Q| fIP) = (p£)§ 7(|f|P) which is the stated estimate on ||S]|,. O

Now let us prove 75(Q(t)) < p% for all t € R% Since |Q(t) f| < Q|f], there exists a
complex-valued measurable function x; on E x E such that Q(t)*(z,dy) = x:(z,y) Q*(z, dy)
with |x¢| < 1. So, by Lemma 5.7,

Q1) (x, dy) = xe(x, y) oz, y)dm(y) + xe(x,y) S(x, dy) = (2, y)dm(y) + Se(x, dy),

and, since ay(+, ) is bounded, the associated kernel operator is compact on LP(7) [RZ. Recall
that, if 7" is a bounded operator on a Banach space B, then ress(7T") = lim,, (inf | 7" — VHB)%
where the infimum is considered over the ideal of compact operators V on B. This yields

Tess(Q(1)Y) = Tess(S1) < r(Sy) < ||Sillp < [1S]lp < ,0g (Lem. 5.7). Hence r.ss(Q(t)) < p%. O

6 A one-dimensional uniform Berry-Esseen theorem

Here we assume d = 1 (i.e. £ is real-valued), we denote by A the distribution function of
N(0,1), we suppose that Hypothesis (CLT) of Section 5.1 holds with I' = ¢ > 0, and we

set:
Sn <wu)—N(u)|, and A, =sup A,(u).
n ucR

Vu €R, Ap(u) = |P,(

g

Theorem 6.1 and Proposition 6.2 below have been already presented in [[iq], we state them
again for completeness. The next application to the Markov chains with spectral gap on
L2(7) is new. Comparisons with prior works are presented in [[iff], they will be partially
recalled below and in Sections 10-11.

A general statement.

Let us reinforce Condition (CLT) by the following one:

. 2
Condition (CLT’): 3C > 0, Vt € [—/n,/n], {Eﬂ[e ] —e 7| <C
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Theorem 6.1 [iG]. Assume that (CLT’) holds, and that Condition (K) (of Section 4) holds
w.r.t. B, B, with the additional following condztzons we have (K]) (of Section 1) on B, and

1Q(t) — Qllz 5 = O(|t]). Then we have A, = O(n™ 2) for any p € B.

Proof (sketch). See [i§] for details. The conclusions of Theorem (K-L) are satisfied. As in
Lemma 4.3, let us set £(t) = p(I1(t)1g). In order to copy the Fourier techniques used for the
i.i.d. Berry-Esseen theorem (see 4] [BJ]), we have to improve Lemmas 4.3 and 5.2 as follows:
ot) —1 1 :

(a) sup 1w = 1] < 400 and sup — {Eu[e’ts"] — )" ()| = O(k™)

o | teo [t]
(b) Mu)=1— 02§ + O(u?) near u = 0.
Assertion (a) cannot be derived from the Keller-Liverani theorem (even by using the precise
statements of [J]). However one can proceed as follows. As in the standard perturbation
theory [RF], the perturbed eigen-projection II(t) in Theorem (K-L) can be expressed as the
line integral of (2 —Q(t))~! over a suitable oriented circle centered at A = 1 (see Section 7.2).
By using the formula

=) - (-Q) " =(-Q 7 [QW) - Q] (- Q)
the last assertion in Theorem (K-L), the assumption ||Q(t) — QHB,E = O([t|), and finally the

fact that (K1) holds on B, one can then conclude that ||TI(t) — ]| ;5 = O(|t]). Hence the
desired property for ¢(t). The second assertion in (a) can be established similarly by using
Formula (CF) of Section 3 and the second line integral given in Section 7.2.

To get (b), one may repeat the short proof of Lemma 5.2 by starting here from the prop-

0_2
erty )\(ﬁ)” — e T = O(%) which follows from (CLT’) and (a). One then obtains
(@)2()\(%) - 1)+ % = O(\'j‘—), and setting u = % this leads to the expansion (b)
(see Lem. IV.2 in [[id]). O

A sufficient condition for (CLT’).

Actually, one of the difficulties in the previous theorem is to show Hypothesis (CLT’). By
the use of martingale techniques derived from 9], the first named author showed in [[€] the
next statement.

Proposition 6.2 [l6]. We have (CLT’) when the two following conditions hold:
(G1) € = 20, QM€ absolutely converges in L3(r).

(G2) ;28 QP absolutely converges in }L%, where 1) = Q(gQ)— (Qg)Q—(ﬂ'(gQ)—ﬂ'((Qg)Q) 1g

Let us notice that 5 is the solution of the Poisson equation {V — Qg = ¢, already introduced
in Gordin’s theorem (Section 2). Also observe that the above function 1 can be expressed as
P = Q(E%) — (Q€)? — 02 1, where o2 is the asymptotic variance of Gordin’s theorem.

About the practical verification of (G1) (G2).
In practice, one often proceeds as follows to verify the two above conditions. Since 7(&) = 0,
Condition (G1) holds if @ is strongly ergodic w.r.t. some B < L3(7) and if ¢ € B. If moreover

@ is strongly ergodic w.r.t. some By — Lg(w) containing all the functions ¢ with ¢ € B,
then Condition (G2) holds. Indeed, under these hypotheses, £ € B, thus ¢ € Bg, and, since
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(1) = 0, the series z;fg QP1) absolutely converges in Bs, thus in L%(ﬂ').

Condition (G2) is the functional version of the projective assumption ) -, HE[Z,% | Fo] —
E[Z3] H]L 3 < +oo used for stationary martingale difference sequences (Z,,),: under this condi-

tion, the uniform Berry-Esseen theorem at rate n~1 is established in 9] (Chap. 3) for such
bounded sequences. In [i§, [[7], this projective assumption (extended to LL? in [[[7]) provides
the expected Berry-Esseen theorem in term of Wasserstein’s distances.

Application to the strongly ergodic Markov chains on L?(7).

Let us assume that (X,),>0 is a strongly ergodic Markov chain on L2(7) (Ex. 1 of Sec-

(]

tion 1). In the stationary case (i.e. p = ), since (X,,),>0 is strongly mixing (see [6d]),
Bolthausen’s theorem [[[1] yields the estimate A,, = O(nfé) if 7(|¢P) < 400 for some p > 3.
In the special case of uniform ergodicity, Nagaev’s work [@], and some of its extensions
(see e.g [[L6]), provide the previous estimate in the non-stationary case, but under the strong
moment condition sup,cp [5 [£(y)]* Q(z,dy) < +oo. The next statement only requires the
expected third-order moment condition.

Corollary 6.3. If 7(|¢|?) < +o0 and p = ¢ dr, with some ¢ € L3(n), then A, = O(TF%).

Proof. Set P = LLP(7). We have (K1) on L? and IL%, see [6d]. So Conditions (G1) (G2),

hence (CLT"), are fulfilled (use the above remark with By = L%) Besides, we have (K3)
with B=13 and B = L2 (Prop. 4.1). Finally we have ||Q(t) — Q|| = O(|t]). Indeed, let
f € L3. Using |e! — 1| < |a|, one gets

m(1Q()f = Q112) < =(1QUe™ ~1[If)[2) <[tz 7(QUEIZ 1£12)) = Itz =(ig]2 | £12),
and the Schwarz inequality yields |Q(t)f — Qflly < [t (x(I&]2 [12))% < [ 1I&ls 1 £]ls- We
have proved that the hypotheses of Theorem 6.1 are fulfilled with B = L% and B=L:. O

13,L3

7 Regularity of the eigen-elements of the Fourier kernels

The goal of this section is to present an abstract operator-type Hypothesis, called C(m),
ensuring that the dominating eigenvalue A(¢) and the associated eigen-elements of Q(t) have
m continuous derivatives on some neighbourhood O of 0. The usual spectral method already
exploited this idea by considering the action of Q(t) on a single space, but as illustrated in
Section 3, the resulting operator-moment conditions may be very restrictive in practice. The
use of a “chain” of spaces developed here enables to greatly weaken these assumptions.

As a first example we shall see in Section 7.3 that, for the strongly ergodic Markov chains
on L%(7), Hypothesis C(m) reduces to m(|£]§) < +oo for some a > m. This condition is
slightly stronger than the assumption 7(|¢]|5") < 400 of the ii.d. case ensuring that the
common characteristic function has m continuous derivatives. But it is much weaker than
the condition sup,cr(Q[€[5")(z) < 400 of the usual spectral method (see Section 3). Other
simple reductions of C(m) will be obtained in Sections 10-11 for Examples 2-3 of Section 1.

Roughly speaking one can say that Hypothesis C(m) below (together with possibly the
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non-arithmeticity condition) allows to extend to strongly ergodic Markov chains the classical
i.i.d. limit theorems established with Fourier techniques. This will be illustrated in Sec-
tions 8-9 by a one-dimensional Edgeworth expansion and a multidimensional Berry-Esseen
type theorem in the sense of the Prohorov metric. This is also exploited in [B4] to prove a
multidimensional renewal theorem.

Before dealing with the regularity of the eigen-elements of Q(), we investigate that of the
function ¢ — (z — Q(t)) !, where (z — Q(t))~! is seen as an element of £(B,B) for suitable

spaces B and B.

7.1 Regularity of (z — Q(-))™*

Let O be an open subset of R%, let X be a vector normed space. Then, for m € N, we shall say
that U € C"™(0, X) if U is a function from O to X which admits m continuous derivatives.
For convenience, C*(O, By, By) will stand for C¢(O, L(B1,B5)). In view of the probabilistic
applications of Sections 8-9, Q(t) still denotes the Fourier kernels defined in Section 1, and
the Banach spaces B, B, By considered below satisfy the conditions stated before (K1) in

Section 1. Let B < B, and let m € N*.

Hypothesis C(m). There exist a subset I of R and a family of spaces (By, 6 € I) containing
B, B, such that By < B for all 8 € I, and there exist two functions Ty : I - R and Ty : I — R
such that, for all @ € I, there exists a neighbourhood Vg of 0 in R¢ such that we have for
j=1..,m:

(0) [To(0) € I = Bo — Bryp] and [T1(0) €I = By By g))

(1) If To(0) € I, then Q(-) € C°(Va, B, Bry ()

(2) If ; := TL(TyT1 ) =1 (0) € I, then Q(-) € C?(Vg, By, Bo,)

(3) Q() satisfies Hypothesis (K) of Section 4 on By

(4) There exists a € (] [Ty (ToT1)™*(I) N (T1To)*(I)] such that we have B = B, and
B = Bzyri) 1o )

To fix ideas, let us introduce a more restrictive but simpler hypothesis :

Hypothesis C'(m). There exist A > m and a family of spaces (Bg, 6 € [0, A]) such that
By =B, B4 =B and, for all 0,6 € [0, A] with 0 <0 <6 < A, we have :

(a) By — By — B,

(b) there exists a neighbourhood V = Vg o of 0 in R¢ such that, for any j € {0,...,m} with
j <0 —0, we have Q € C7 (V, By, By),

(c) Q(-) satisfies Hypothesis (K) of Section 4 on By.

It is easy to see that Hypothesis C’'(m) implies Hypothesis C(m) (by taking a = 0, Ty(x) = z+e
and Ty (z) = z+1+¢ for some well chosen £ > 0). Actually Hypothesis C'(m) will be satisfied
in all our examples, but Hypothesis C(m) is more general and, despite its apparent complexity,
might be more natural to establish than hypothesis C'(m) (see the end of Section 7.3).

Let us come back to Hypothesis C(m). The condition on a in (4) means that a, Tha, T1Tpa,
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ToT1Toa,...,(ToT1)™Ty(a) belong to I, and from (0), it follows that the corresponding family
of By’s is increasing with respect to the continuous embedding. In particular, 6 := Ty(a) and
O = T1(ToTy)™ 1(0) are in I, therefore we have Q(-) € C™ (Vy, By, Bp,,) by (2). It then
follows that Q(-) € C™(Vy, B, ZNS) In practice, we may have Q(-) € C"(Vy, B, BTlm(a))a but the
introduction of Ty will enable us to get (z — Q(-))~! € C™(O, B, f)’) for some neighbourhood
O of t = 0 and for suitable z € C.

Notation. Recall that we set D,, = {z € C: |z| > K, |z — 1] > (1 — k)/2} for any x € (0,1).
Under Hypothesis C(m), we have (K) on B, so from Theorem (K-L) of Section 4, if ¢ belongs
to some neighbourhood U, of 0 in R? and if z € D, for some r, € (0,1), then (z —Q(t))~ ! is
a bounded operator on B, and we shall set R, (t) = (z — Q(t))~!. It is worth noticing that we
also have R,(t) € L(B,B) for all t € U, and z € D,,. In the case d > 2, for t = (t1,...,tq),
O'R,

RrY (t) will stand for any partial derivative of the form ———(%).
Oty -+ 0,

Proposition 7.1. Under Hypothesis C(m)N, there exist a neighbourhood O CU, of 0 in RY
and K € (Kq, 1) such that R,(-) € C"™(O,B,B) for all z € Dz, and

Ry = sup{|| RO (t)ll 35, 2 € Da, t €O} < +00, £=0,...,m.

The proof of Proposition 7.1 is presented in Appendix A under a little bit more abstract
setting. It is based on general and elementary derivation arguments. Similar statements
concerning the Taylor expansions of (z — Q(-))~! at ¢ = 0 are developed in [, B2, B1].

Remarks.
(a) In hypothesis C(m), the set I can be reduced to the following finite set :

{a, Toa, TiToa, Ty Toa, ..., (ToyT1)"To(a)}.

This remark will be of no relevance for checking C(m) in our examples, but it will be important
in the proof of Proposition 7.1 in order to define the set O, the real number & , and finally
the bounds Ry (see the remark following Proposition A in Appendix A).

(b) In our examples, the derivative condition (2) of Hypothesis C(m) can be investigated by

using the partial derivatives %(t), defined by means of the kernel

j
Q(py..py) () (@, dy) = 7 <H £, (y)> W) Q(, dy).

s=1
Actually, in our examples, we shall verify C(m) in the case d = 1 (for the sake of simplicity),
and we shall simply denote by Q*) the k-th derivative of Q(-) occurring in C(m), which is
defined for k =0, ..., m by the kernel

Qr(t)(z, dy) = *€(y) ™™ Q(z,dy) (t€R, z € E).
(¢) By C(m), we know that %7:—29(0) € L(B,B) (k=1,...,d). From 1g € B, 7 € E’I, it follows
that 77(%%,?(0)1,3) =" m(QE) = " w(&") is defined. So, in substance, Hypothesis C(m)

implies m(|£]5") < +oo (this is actually true if m is even). However, in our examples, we shall
need some slightly more restrictive moment conditions to be able to prove C(m).
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7.2 Regularity of the eigen-elements of Q(-)

Suppose that Hypothesis C(m) holds for some m € N* and as above let us use the notations
of Proposition 7.1 and of Theorem (K-L) of Section 4 for Q(t) acting on B: if t € Uy, A(t) is the
dominating eigenvalue of Q(t) and II(¢) is the associated rank-one eigenprojection. Besides
let us define in £(B): N(t) = Q(t) — A(#)II(¢). Since I(¢t)Q(t) = Q()IL(t) = A(¢)II(¢), we
have

Yn>1, N@O)"= Q)" — A(t)"II(t).
It follows from Theorem (K-L) that Q(¢)" = \(¢)"IL(t) + N(¢)", with | N(¢)"||s < Ck}.

The operators Q(t), R.(t), II(t) and N(t)" are viewed as elements of £(B) when we appeal
to the spectral theory, and as elements of £(B, B) for stating our results of derivation.

Corollary 7.2. Under Hypothesis C(m), there exists a neighbourhood V of 0 in R such
that :

(i) II(-) € C™(V, B, B)
(ii) for alln > 1, Ny(-) := N(-)™ € C™(V, B, B), and

5 CR",

3C >0, Vvn>1, W =0,...,m: sup||Nr(f)(t)HB
tey ’

where & € (0,1) is the real number of Proposition 7.1.
(iit) A(-) € C™(V,C).

Proof. Let t € O, with O introduced in Proposition 7.1.
(i) As in the standard perturbation theory, the eigenprojection II(¢) is defined in [5J] by
1
I(t) = — R,(t)d
( ) 2Z7T Fl Z( ) Z?
where this line integral is considered on the oriented circle I'; centered at 2z = 1, with radius
(1 —R)/2 (thus I'y C D). Then, by Proposition 7.1, II(-) € C™(O, B, B).
(ii) In the same way, one can write
1
N()" = — "R.(t)d
( ) 227_‘_ T z Z( ) 2,
where T'y is here the oriented circle, centered at z = 0, with radius & (thus I'g C D).
By Proposition 7.1, we have N,(-) € C™(O,B,B) with N,(f)(t) = %fFo 2" Rg)(t) dz for
£=1,...,m. Hence the stated inequalities.
(iii) Since limy o 7(II(¢)1g) = 7(II1g) = 1 (by Th. (K-L)), there exists a neighbourhood V
of 0 contained in O such that 7(II(¢)1g) # 0 for any ¢t € V. From Q(t) = \(¢)IL(¢) + N(¢t), it

follows that
A(Q)1E - N(W)1p)
m(I(t)1E)
From the remark following the statement of C(m), we have Q(:) € C™(V, B, B) (with possibly

V reduced). Now, since 1 € B and N(-), II(-) are in C"™(V, B, B), the functions Q(-)1g,
N()1g, II(-)1p are in C™(V, B). Finally, since 7 € B, this gives (iii). O

At) =
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7.3 Hypothesis C(m) for the strongly ergodic Markov chains on L?(7)

Let us suppose that (X,,),>0 is a strongly ergodic Markov chain on L?(7). Let m € N*,
and let us investigate Hypothesis C(m) by using a family {By = L/(n), r < 6 < s} for some
suitable 1 < r < s.

Proposition 7.3. If 7(|{]3) < 400 with a > m, then C(m) holds with B = L*(7) and
B=L"(m) for any s > —2— and 1 <r < 22

a—m a+ms”

We give the proof for d = 1. The extension to d > 2 is obvious by the use of partial derivatives.

Proof. Let us notice that the condition on s implies that affn - > 1, so one may choose r as

stated, and we have r < s. Let ¢ > 0 be such that r = WM Let us prove C(m) with
By =1L9n), I = [r;s], a = s, and finally Ty(#) = #959 and T1(0) = aa—J’%. Since ToTh = Th Ty,
one gets ToFT7(0) = #ﬁamo’ in particular (TpT1)™Ty(s) = r, so the space B introduced in
C(m) is B= L"(m). Since Tp(0) < 6 and T1(6) < 0, we have (0), and Lemma 4.2 gives (1) of
C(m). To prove (2), let j € {1,...,m}, and let @ € I such that 0; := Ty (TyT1)’~(0) € I. We
have 0; < le (#), thus RO (1) « L% (), so the regularity property in (2) follows from the
following lemma where Q(t) stands for the kernel defined in Remark (b) of Section 7.1.

Lemma 7.4. Let 1 < j < m. Then Q(:) € 7 (R,Lg(w),Lle(g)(w)) with QW) = Qy,
(k=0,...,7).

Proof. We denote || - ||, for || - [|Lo(x), and || - [Ipq for || - [|Lo(x)La(r). Let us first show that
Qr(-) e’ (R, B@,BTIJ-(O)) for any kK =0,...,j. The case k = 0 follows from Lemma 4.2. For
1 <k < j, we have for tg,h € R and f € LY,

1Qk(to + 1) f = Quto) flizyie) = N@k(to +h)f — Qulto)fll oo,
< 2||¢ min{1, |ngl}f|

ab
a+36

. 171l
J

< 2¢" min{1, [hel}

with Hgk min{1, |h£|}H o — 0 when h — 0 by Lebesgue’s theorem. Now let us prove Q) = Qg1
J

in £ <Bg,Ble(9)) for k =0,...,7 — 1. Using [¢*® — 1 —da| < 2|a|min{1, |a|}, one gets for
to,hERandfGBg:

|Qr(to +h)f — Qr(to)f — thH(to)fH#@e < HQ(\ﬂk e — 1 —ing| ’f’)‘

af
+36

o

IN

ol
a+36

21h) |1/ ming1, 1] €1}

and the previous computations yield [|Qx(to + h) — Qk(to) — hQp41(to)llg 1,39y = o(|h]). T

We know that @ satisfies (K) on LP(7) for every p €]1; 00| (Prop. 4.1). Hence we have (3)
of C(m), and (4) is obvious from the definition of Ty, T} and r. O
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In this example, one can also use Lemma 4.2 and Lemma 7.4 to prove that Hypothesis C’(m)

is satisfied by taking A > m such that r = ;2% and by setting By := Lﬁ(w).

8 A one-dimensional first-order Edgeworth expansion

In this section we assume that d = 1 (i.e.  is a real-valued measurable function on F).
When (X,,), is Harris recurrent, the regenerative method provides Edgeworth expansions
under some “block” moment conditions [p§] [bJ]. Here we do not assume Harris recurrence,
and we present an alternative statement. To that effect, we shall appeal to Hypothesis C(3)
of Section 7.1 which ensures (Corollary 7.2) that the dominating eigenvalue A(t) of Q(t) is
three times continuously differentiable: then one shall be able to repeat the arguments of the
i.i.d. first-order Edgeworth expansion of [24] (Th. 1 p. 506).

We denote by 7 the density function of N'(0,1) and by A its distribution function. The next
theorem extends the first-order Edgeworth expansion of the i.i.d. case, with an additional
asymptotic bias, namely b, = lim,, E,[S,] which depends on the initial distribution p. As for
i.i.d.r.v., this bias is zero in the stationary case (i.e. by = 0).

Theorem 8.1. Suppose that m(|{|*) < +oo, that Hypothesis C(3) of Section 7.1 holds with
B < B < L(x), that the non-arithmeticity condition (S) of Section 5.1 holds on B, and

finally that the initial distribution p is in B'. Then the real numbers
1 .1 1 .
o? = 111511 - E,[S2] = h£n - E,[S?], ms = 111511 - E.[S3], b, = 111511 E,.[Sn],
are well-defined, and if o > 0, the following expansion holds uniformly in u € R

() By (= < u) = N + 2= =) n(u) = ) + ol o),

It will be seen in the proof of Lemma 8.4 below that

D)

2 l 21 l _l 31|
|0* — ~E[S2|=0(=) and |ms — ~Eq[S}]| = O(

Case of the strongly ergodic Markov chains on IL?(r).

In the special case of uniform ergodicity, the expansion (E) was established in [(J] for any
initial distribution, under some hypothesis on the absolute continuous component of Q(x, dy)
w.r.t. m and under the following restrictive operator-moment condition: there exists g : R—R
such that g(u) — -+o0 when [u] - +00 and sup,e s [5; [£(y)[* g(I€()]) Q(z, dy) < +oo. Tn [I),
this result is slightly improved, more precisely (E) is established under the weaker (but still
restrictive) moment condition sup,ecp [5 1£(y)|? Q(z, dy) < 400 and under some refinements
of the nonlattice condition given in [6Z. In the stationary case (i.e. under P), the general
asymptotic expansions established in [R9] apply to the uniformly ergodic Markov chains: they
yield (E) when 7(|¢|?) < 400, but under the so-called Cramér condition that is much stronger
than the nonlattice one.

With the help of Theorem 8.1, one obtains here the following improvement which is moreover
valid for the more general context of the strong ergodicity on L2(7).

Corollary 8.2. Let us suppose that (X, )n>0 is a strongly ergodic Markov chain on L2(r),
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that w(|€]%) < 400 with some o > 3, and that & is nonlattice (Prop. 5.4). Then we have (E)
for any initial distribution of the form du = ¢ dmw, where ¢ € }L"l(w) for some v’ > 2=,

Proof Let v’ be fixed as above and let r be such that 1 Ti =1. Then 1 <r < %, and since
ar3s /5 when s — +00, on can choose s such that s > 2 (3)

with B = ]Ls( ), B=1"(x) (Prop. 7.3), and (S) on L*(r) (see the proof of Cor. 5.5). O

Proof of Theorem 8.1. We shall appeal repeatedly to the notations and the conclusions of
Theorem (K-L) (cf. Section 4) and of Corollary 7.2 (case m = 3). The existence of o2, ms
and b, follows from the two next lemmas.

Lemma 8.3. We have N'(0) =0 and p(II'(0)1g) =1 D)5, n(QFE) =i lim,, E,[Sy)].

Proof. By deriving the equality Q(-)II(-)1g = A(-)II(-)1E, one gets
Q'(0)1p + QII'(0)1g = XN (0) 1p +II'(0)1g in B.

Thus 7(Q'(0)1g) + 7n(I'(0)1g) = N (0 —|—7TA(HI 1g). This gives N (0) = im(Q€) = in(§) =
0, and ZQ(S) + QII'(0)1g = 1 (O)lE in B. Therefore we have II'(0)1g — 7(I'(0)1g) =

i) k>t QF¢. This series is absolutely convergent in B since m(QE) = 0(, Q¢ =—-iQ'(0)lp e B
and @ is strongly ergodic on B. Moreover, we have 7(II'(0)1g) = 0. Indeed, by deriving
(t)? = TI(t), we get 2x(I'(0)1g) = 7(I(0)IT'(0)1x + I'(0)II(0)1g) = w(II'(0)1g). Since
e E’I, this yields the first equality of the second assertion. The second one is obvious. [

Lemma 8.4. We have lim, 1 E,[S2] = —\"(0) and lim, 1E.[S3] = iA3)(0).

Proof of Lemma 8.4. For convenience, let us assume that ;o = 7 and prove the two equalities of
Lemma 8.4 at once (see Rk. below). Since E;[[£(X:)[2] = 7(|¢|?) < +00, we have E.[[S3]] <
+00, SO
. t2 t3
E.[e"5"] = 1 — E,[S?] 5 iE[S3] 5t on(t3).
Besides, Formula (CF) (cf. Section 3) and the equality Q(t)" = A(t)"IL(t) + N(t)" (see
Section 7.2) give
Er[e"**"] = A(t)" n(IL(t)1p) + (N (t)"1p),

and, since X'(0) = 0 and #(II'(0)1x) = 0 (Lemma 8.3), it follows from Hypothesis C(3) and
Corollary 7.2 that
(0 3)

X(0),2 . X90)

2 6
with some ¢, d € C, and since N(0)1g = 0, we have m(N (t)"1g) = ept+ fnt® +gnt® +o,(t3) for
all n > 1, with some e,,, f, gn € C. Moreover, from Assertion (ii) in Corollary 7.2, it follows
that the sequences (ep)n, (fn)n and (gn), are bounded. From the previous expansions, one
can write another third order Taylor expansion for E,[e/**], from which we easily deduce
the following equalities (and so Lemma 8.4):

nA'(0) + 2¢ + 2f, = —E;[S?] and  nA®)(0) 4 6d + 6g, = —i E;[S3]. O

A" =14n T B po,(t?), w(MI(t)1g) =1+ ct? + dt* 4 o(t?),

Remark. By using the above arguments with second-order Taylor expansions, it can be
easily proved that the first equality of Lemma 8.4 is valid under Hypothesis C(2) for any
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JTS B. To prove E,[S2] < +o0o under Hypothesis C(2) and for u € El, we notice that
Q"(0)1g = —Q(&?) € B, so QF(£?) € B for k > 1, and E,[¢(X})?] = u(QFE?) < +o0.

The proof of the Edgeworth expansion (E) is close to that of the i.i.d. case [R4] (XVI.4).
For convenience, one may assume, without any loss of generality, that o = 1 (of course this
reduction also leads to alter the constants m3 and b,). Set

g =) nfu) = Tenfu) (e R).

Then G,, has a bounded derivative g, on R whose Fourier transform -, is given by

Gn(u) = N(u)

142 ms . _1.2/(. b
Y (t) = Yo, (t)+Yun(t), where yo,(t) =e 3t <1+6\/ﬁ(2t)3> and y,,(t) =e 3! <z ﬁt)

Let us notice that the part 7o, (t) has the same form as in the i.i.d. context. Let us set

VtER, ¢n(t) = E,[e™m].

The first question is to prove the so-called Berry-Esseen inequality
Sn
sup | Pu( 22 < ) — Go(u)

1 T
< =
u€R \/ﬁ o 7T/—T

where m = sup{|G},(u)|, n > 1, u € R}. To do this, let us observe that all the hypotheses
of Lemma 2 in Section XVIL.3 of [R4], which provides this inequality, are satisfied, except
7,(0) = 0 because of the additional term , ,(t) in 7,(t). However it can be easily seen
that the above cited lemma of [R4] still holds under the condition that Mt)fl is continuous

at the origin. Indeed the argument in [24] (p. 511) deriving from the Riemann-Lebesgue
Yun(t) _
n =

O =) — Yn(t) 24
Vn ‘dt p
t 7T

theorem then remains valid. Obviously the previous condition on =, is fulfilled since

i e=3t Thus we have the desired Berry-Esseen inequality and we can now proceed as in
NS

B4): let e > 0, let T = ay/n with a such that 22 < ¢ So 2 < %

Let 0 < 0 < a such that [—d,0] is contained in the interval O of Theorem (K-L) applied on

B, and let us write

o | gn(7=) = Tn(t)
/ VA ‘dt:/ +/ = A, + B,.
—av/n ¢ sv/n<|t|<av/n lt|<sv/n
The property (E) then follows from the two next lemmas. O

Lemma 8.5. There exists Ny € N* such that A, < ﬁ for allm > Ny.

Proof. From Formula (CF) (cf. Section 3), Condition (S) (cf. Section 5.1) on B applied with

Ko =[—a,—46]U[0,a], and from p € B c B, there exist p < 1 and ¢ > 0 such that we have,
for n > 1 and u € Ko: |pn(u)] = |u(Q(u)"1g)| < ¢ p™. So

o (=)
/ idt:/ Mduﬁ%c/pn.
syn<li<aym  t] s<lul<a Ul 6

Moreover, for n sufficiently large, we have fé\/ﬁ<|t\<a\/ﬁ W‘Lt(lt)‘ dt < f|t\>5\/ﬁ |y (t)|dt. We easily

deduce Lemma 8.5 from the two last estimates. O
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Lemma 8.6. There exists N} € N* such that B, < == fm’ all n > Ny.

Proof. Using v (t) = Yo,n(t) +vu,n(t) and the equality ¢, (t) = A(¢)" p(II(¢)1g) + u(N(¢)"1E)
which follows from (CF) and from Theorem (K-L), one can write for any ¢ such that [t| < dy/n

t 3 n_ i b —1—3 .
ou(g2) = m(® = (N2 =00 + N (WO()1) — 1 -1, =)

s (M )+ V()
= Zn(t) +jn(t) + kn(t) + gn(t)

M

+ b

dt
Therefore: Bng/ <|z’n(t)|+|jn(t)|+|kn(t)|+|€n(t)|> =t Kt L
<oV

Then Lemma 8.6 follows from the assertions (i)-(1) below for which, as in the i.i.d. case,
we shall repeatedly appeal to the following remark: using the Taylor expansion A(t) =
1-— % + o(t?) near 0 (use Lemmas 8.3-4 and 02 = 1), one can choose the real number §

u? t 2
such that [A(u)] < 1 — v < ¢ when |lu| < 4§, hence we have |)\(7)|n < e 1 for any
n

1
[t] < dv/n.
(i) 3N, € N*,Vn > Nl, I, < \/_ This can be proved exactly as in the i.i.d. case [P4] since
we have \(t) =1 — 7 — i 2243 + o(t?) (Lemmas 8.3-4).
(§) 3Ny € N*,¥n > Ny, J, < % Indeed, since u — p(II(u)1g) has two continuous deriva-
tives on [—d, d] (Coro. 7.2) and p(IT'(0)1 ) ib, (Lemma 8.3), there exists C' > 0 such that:

2 12 dt +°°
T < / —aCthdt _C / - ¢l dt.
t]<6v/m n |f|

10, -
k) IN; € N*,Vn > N3, K,, < --. Indeed we have K,, < AM—=)"—e"2
) vn v Ji<syn (\/ﬁ)

and from the already mentioned second order Taylor expansion of A\(¢) and Lebesgue’s theo-
rem, it follows that this last integral converges to 0 when n — 4o00.

(1) 3Ny € N*,¥n > Ny, L, < ﬁ Indeed, the function x, : v — u(N(u)"1g) is con-
tinuously differentiable on [—4,d] and there exists C’ > 0 such that we have for all n > 1
and u € [—4,d]: |x),(u)] < C'F" (Corollary 7.2(ii)). Since N(0)1gp = 0, one then obtains
|u(N (u)"1g)| < C" & |u| for |u| < 8, so Ly, < % R"28v/n = 206 K" = o( ). O
Remark. In the i.i.d. case, higher-order Edgeworth expansions can be established, see [R4]
(Th. 2 p. 508), but the non-arithmeticity assumption has to be replaced with the so-called
more restrictive Cramer condition. Notice that, in our context, this condition can be extended
to some operator-type Cramer condition, and that the present method could be then employed
to prove similar higher-order Edgeworth expansions. However, the main difficulty is to reduce
this operator-type Cramer assumption to some more practical condition.

t
21| at,
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9 A multidimensional Berry-Esseen theorem

We want to estimate the rate of convergence in the central limit theorem for a R%valued
function £ = (&1,...,&4). A natural way to do this is in the sense of the Prohorov metric. Let
us recall the definition of this metric and some well-known facts about it. We denote by B(RY)
the Borel o-algebra of R? and by M (R%) the set of probability measures on (RY, B(R?)).

The Prohorov metric [, B0]. For all P,Q in M(R?), we define:
P(P,Q) := inf {a >0 : VB e BRY, (P(B) - Q(BY)) < a} :

where B¢ is the open e-neighbourhood of B.

The Ky Fan metric for random variables. If X and Y are two R%*-valued random
variables defined on the same probability space (Ey, To, Py), we define :

KX,)Y):=inf{e>0 : PB(|X -Y|2>¢) <e}.
Let us recall that lim, 1. K£(X,,Y) = 0 means that (X,,), converges in probability to Y.

Proposition ([P0] Corollary 11.6.4). For all P,Q in M;(R?), the quantity P(P,Q) is the
infimum of K(X,Y) over the couples (X,Y) of R¢-valued random variables defined on the
same probability space, whose distributions are respectively P and Q.

For any n > 1, . <%) stands for the law of % under P, and we denote by S%2 the random

variable with values in the set of d x d matrices given by:
n
(52%%),, = D G(Xi)&(Xo).
k=1
Theorem 9.1. Let us fix m := max (3, |d/2] +1). Suppose that Hypothesis C(m) (of Sec-

tion 7.1) holds with B < B — LY(x), and that p € B'. Then the following limits exist and
are equal:

1 1
= lim —E.[S,®*] = lim -E,[S,®?].

n—+oo n n—+oo n

—

3

If ' is invertible, then (S—\/'L) converges in distribution under P, to the gaussian distribution
n

N(0,T), and we have
P <u* (%) ,N(o,r)) = 0(n~Y?).

In the i.i.d. case, thanks to a smoothing inequality (see Proposition 9.3) and to an additional
truncation argument, the conclusion of Theorem 9.1 holds if the random variables admit a
moment of order 3. For the strongly ergodic Markov chains on L%(7), one gets the following
statement which is a consequence of Theorem 9.1 and of Proposition 7.3 (proceed as for
Corollary 8.2).

Corollary 9.2. Let us suppose that (X,)n>0 is a strongly ergodic Markov chain on L2(r),
that w(|€]S) < +oo for some a > m = max(3, |d/2| + 1), and that the initial distribution
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satisfies dy = ¢pdm with ¢ € Lr/(ﬂ') for some v’ > —2—. Then the conclusion of Theorem 9.1
18 true.

Concerning the special case of the uniform ergodicity, notice that P9 provides a multidi-
mensional uniform Berry-Esseen type estimate when 7(|£]3) < +o0c. However, the hypothesis
p =7 (i.e. (X,)n is stationary), and the Cramér condition for £(Xy), are required in [9],
while the (Prohorov) estimate in Corollary 9.2, and more generally in Theorem 9.1, is valid
in the non-stationary case and without any lattice-type condition.

Let us mention that Theorem 9.1 remains true when I is non invertible if, for every 8 € R¢
such that (8,T'8) = 0, we are able to prove that sup,, |[{8, Sn)|lcc < 400. In this case, up to
a linear change of coordinates and to a possible change of d, we are led to the invertible case
(see Section 2.4.2 of [p4]). This remark applies to the Knudsen gas model (see Section 1).

When d = 1, Theorem 9.1 gives the uniform Berry-Esseen result under Condition C(3) if the
asymptotic variance o? is nonzero. This is an easy consequence of the definition of P by
taking B = (—oo,x] and B = (z,+00). However, as already mentioned, C(3) is in practice
a little more restrictive than the conditions of Section 6; for instance, compare the expected
condition 7(|¢]3) < +o00 of Corollary 6.3 with that of Corollary 9.2 (case d = 1).

The proof of Theorem 9.1 is based on Corollary 7.2, on lemmas 8.3 and 8.4 and on the
following smoothing inequality due to Yurinskii [71] :

Proposition 9.3. Let (Q be some non degenerate d-dimensional normal distribution. There
exists a real number cg > 0 such that, for any real number T > 0 and for any Borel probability
measure P admitting moments of order LgJ + 1, we have:

14]+1

PrO<alzr([ Y %

ltla<T k=0 {il,...,ik}e{l,...,d}k

ak
ot;, .0t

i

(Pt = Q)

Proof of Theorem 9.1. The proof uses Corollary 7.2 which is applied here under Hypothesis
C(m) with m defined in Theorem 9.1. In particular we have m > 3, and we shall use
repeatedly the fact that 1p € B and 7w, € B'. Since the proof has common points with the
proof given in Section 2.4.1 of [f4], we do not give all the details. We shall refer to [p4] for
some technical points.

The existence of the asymptotic covariance matrix I' as defined in Theorem 9.1 follows from
the next lemma in which V and Hess denote the gradient and the Hessian matrix.

Lemma 9.4. We have VA(0) = 0 and lim,, 1 E,[S$?] = —Hess\(0).

Proof. These properties have been proved in the case d = 1 (Lemmas 8.3-4). We deduce from
them the multidimensional version by considering, for any o € R%, the function t — Q(t«)

defined on R. O

Without any loss of generality, up to a linear change of variables, we may suppose that the
covariance matrix I' is the identity matrix.

Let B > 0 be such that the closed ball {u € R? : |u|]y < B} is contained in the set O of
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Corollary 7.2. In the following, the couple (t,n) (t € R% n > 2) will always satisfy the
condition |t|s < By/n. For such a couple, we have: ﬁ € O. For any function F' defined on

an open set of RY, F(*) will merely denote any partial derivative of order k of F ().

1¢13
=, According to Proposition 9.3, it is enough to prove that we

Set =, () := Eu[
have for k =0, ... [

= o

]_
+1

From the decomposition E,[e/“5n)] = A(u)" u(T(u)1g) + u(N(u)"1x) which is valid for
u € O, it follows that

(k) (k) (k)
=k) = Ve .\ M(—) 1) — 1 N(—)"1
B = (e ) i (wmome - 1) b (v
— 4B 4 B0 o
where the functions A, B,, and C,,, defined on the set {t : |t|s < Sy/n}, are implicitly given

by the above equality. In the sequel, we merely use the notation F,,(t) = O(G,,(t)) to express
that |F,(t)] < C|Gy(t)| for some C € R, independent of (¢,n) such that |tz < Sy/n.

Setting N, (-) = N(-)", Corollary 7.2(ii) yields

CE )] =n~h |u<N£k><¢iH>1E>|

1
So / |CW®) (4)2dt = O(n%_k 7)) = O(—=). Now (I) will be clearly valid provided
[tl2<Bv/n vn

[

=0(n~

).

that we have, for some square Lebesgue-integrable function x(-) on R¢:
1

(1) AW @)+ 1BY (1) = o(% X(t)>-
(k)

To prove this estimate for the term A;’, one can proceed as in the i.i.d. case. Indeed,
according to the previous lemma, the function A(-) then satisfies the same properties and
plays exactly the same role, as the common characteristic function of the i.i.d. case (see
Section 3 of [71]] and Lemma 8 of [67] or [64] pages 2349-2350).

To study B,(Lk)(t), set A\p(t) = )\(ﬁ)" for any (¢,n) such that |t|s < By/n and, for |uly < S,
set a(u) = p(II(u)lg) — 1. With these notations, we have B, (t) = A, (t) a(ﬁ), and any

partial derivative B,Sk) (t) is a finite sum of terms of the form

n7p
») py -~ 2
Lemma 9.5. Forp=0,...,m, we have |A\y ()| = O (1 + [t]5)e” % ).

) = O(%) and

Assume this lemma for the moment. Since we have, by Corollary 7.2(i), a(

a(q)(%) = 0(1) for 1 < ¢ < m, this lemma gives for ¢ = 0

o(
(k) —ﬁ [t]2 _ L k) —T%
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g

113
and for ¢ > 1: B (t) = O((l + [¢5) e_%> O(n™2) =

113
k _ It
n.p,q (1+ [ty e )

(7
113
So all the B,g?hq(t)’s are O(ﬁ x(t)) with x(t) = (1+ t5 1y e ~1*, and this gives the estimate

(IT) for B (t), and finally the proof of (I) is complete.

|u

Proof of Lemma 9.5. Recall T is by hypothesis the identity matrix, so A(u) = 1— T% +o(|ul?)
as u goes to 0 (use Lemma 9.4). Hence, for |u|s < § with 8 possibly reduced,

|ul3 luls| _ |ul |ul3 w2 B
A < 1 1——=| < —= 1—-—3) <1 —-—=<K
1 < [y =1 Py Py g M
1t13 1t13 142
S0 |)‘( )| < e i and |)‘( ) | < (e” 2)" — ¢~ 1. This gives the estimate of the lemma

for p = 0. Now, in the case p > 1, one can prove by a straightforward induction that )\1(1]2 ) (t)

is a finite sum of terms of the form

y(t,n)=nn—1)--(n—j+1)n"2 )\(sl)(%

with j € {1,...,p}, s; > 1, and s; + --- + s; = p (for convenience, j,s1,...,s; have been
neglected in the above notation (¢, n)) So we must prove that, given such fixed j, s1,. .., s;,

we have v(t,n) = O <(1 + |t5) e -2 ‘ )= O(&)

vn vn
since A(M(0) = 0, and that A(S)(\/Lﬁ) = O(1) for any s = 2,...,m. This leads to define

a = Card{i: s; =1}. Then we have

) oo A (—

> To that effect, let us observe that A( )(

a 2 . 2 2
st =0 (s Ry ) = o Al e

2

< B and a < p. Finally observe that we

For the last estimate, we used the fact that ‘ﬁ )
have p = s1 +--- 4+ s; > a+ 2(j — a) by definition of the number a, thus 2j —p —a <0, so
that the desired estimate on «(t,n) follows from the previous one. O

10 Application to v-geometrically ergodic Markov chains

For the moment, the abstract results of the previous sections have been only applied to
the (somewhat restrictive) strongly ergodic Markov chains on L?(). This section and the
next one present applications to other practicable Markov models, namely the so-called v-
geometrically ergodic Markov chains and the random iterative models (see Examples 2-3
in Section 1). The interest of these models for statistical applications and for stochastic
algorithms is fully described in [F9] [R1l], and of course, the rate of convergence in the c.l.t. and
the Edgeworth expansions are of great importance in practice, see e.g [b0] [§]. For these
models, all the previously studied limit theorems will be stated under general and simple
moment conditions.
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Throughout this section, we suppose that the o-field £ is countably generated, that (X,,),>0
is aperiodic and v-irreducible w.r.t. a certain positive o-finite measure ¢ on E.

Moreover, given an unbounded function v : E—[1,4+o00[, we assume that (X, ),>0 is v-
geometrically ergodic, that is m(v) < 400 and there exist real numbers kg < 1 and C > 0
such that we have, for alln > 1 and z € E,

sup{ Q" f(x) —n(f)|, f: E— C measurable, |f| <wv } < C kg v(z).

If w is an unbounded function defined on E and taking values in [1,+o00[, we denote by
(Buw, ||+ [|w) the weighted supremum-normed space of measurable complex-valued functions f
on E such that

|f (@)

w(z)

[[flw = sup < +o00

zeE
Let us observe that u € B, if u(w) < +oo. In particular we have 7 € B, by hypothesis.
Clearly, v-geometrical ergodicity means that Q is strongly ergodic w.r.t. B,.

Let 0 < 8 < 1. For the sake of simplicity, we slightly abuse notation below by writing
By =B, and || - | = || - ||,¢- In particular By = By, and || - |1 = || - ||o-
The next lemma will be repeatedly used below (here £ is only supposed to be measurable).

Lemma 10.1. Condition (K) of Section 5.2 holds on B = By, with B = L ().

Proof. The property (K1) of Section 1 on By (i.e. (X;,)n>0 is v-geometrically ergodic) follows
from the well-known link between v-geometric ergodicity and the so-called drift criterion
[F9]. More precisely, under the aperiodicity and 1)-irreducibility hypotheses, the w-geometric
ergodicity for some w : E —[1, +o0] is equivalent to the following condition: there exist r < 1,
M > 0 and a petite set C' € £ such that Qug < rwg+ M1, where wy is a function equivalent
to w in the sense that ¢! w < wy < cw for some ¢ € R* . From that and since the function
t — t% is concave on R, v-geometric ergodicity implies, by virtue of Jensen’s inequality, that

Q(Y) < (rvg + M1¢)? < rfuf + M%1¢,
where vg stands for some function equivalent to v. Thus (X,,),>0 is v?-geometrically ergodic.
Besides, since m(|e€) — 1||f]) < ||f|lo 7(|e!™€ — 1|v?) for f € By, we have (K2) (use
Lebesgue’s theorem and Remark (a) of Section 4). Besides we have (K3) by Remark (b) of

Section 4. Since By is a Banach lattice, the property (K4) w.r.t. By can be deduced from the
abstract statement [p§, Cor. 1.6]. A simpler proof based on [[fI]] is presented in [[ig]. O

If |€|2 < C'v for some C > 0, then (%)n converges to a normal distribution A(0,T") for any

initial distribution. This is a classical result [f] which can be also deduced, in the stationary

case, from the statements of Section 2. Indeed, the condition |¢|3 < C'v implies that the

coordinate functions &; of ¢ belong to the space B1. Since m(v) < +00, we have B1 «— L?(),
2 2

and the previous lemma shows that @) is strongly ergodic on B1. So the desired c.l.t. follows
2
from Proposition 2.2 and Corollary 2.1 both applied with B = B;.
2

Recall that, without additional assumptions, this central limit theorem does not hold under
the weaker condition 7(|¢|2) < +oco (see [E1]). In the same way, the limit theorems below will
hold under moment conditions of the type || < C'v with some suitable exponent o > 2,
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and some positive constant C'. So a will measure the order in these moment conditions, and
we are going to see that, except for the multidimensional Berry-Esseen theorem, it is similar
(possibly up to € > 0) to that of the i.i.d. case.

The hypotheses of Assertions (a)-(d) below will imply that the above cited c.l.t. holds, and it
will be then understood that T' is non-singular (this means o® > 0 in case d = 1), hence we
have (CLT) of Section 5.1. The nonlattice condition below is that of Proposition 5.4. Finally
we suppose that the initial distribution p is such that p(v) < 4o00.

Corollary 10.2.

(a) If |€]3 < Cv and & is nonlattice, then we have (LLT) of Theorem 5.1 with B = B% and
B =B,. ,
(b) (Cased = 1) If |¢€]3 < C v, then the uniform Berry-Esseen estimate holds: A, = O(n™2).

(c) (Cased =1) If |£]|* < Cv with some o > 3 and & is nonlattice, then the first-order Edge-
worth expansion (E) of Theorem 8.1 holds.

(d) If [£l§ < Cv with some a > max (3,|d/2| + 1), then the (Prohorov) Berry-Esseen esti-
mate holds: P (,u* <%> ,N(O,F)) = 0(n~1/?).

From the usual spectral method, (a) was established in [f9] for bounded functionals . Asser-
tion (a) extends the result of [t5] stated under a kernel condition on Q. From Bolthausen’s
theorem [[7]], the one-dimensional uniform Berry-Esseen theorem holds under P, (stationary
case) if 7(|¢|P) < +oo for some p > 3. Assertion (b), already presented in [], extends this

result to the non-stationary case under an alternative third-order moment condition. Asser-
tion (c) was established in [53] for bounded functional &, and (d) is new to our knowledge.

Proof of Corollary 10.2. Set B := B; = B,. From Lemma 10.1, we have on each By: (K1),
(K3) (see Rk. (c) in Sect. 4), and we have (S) if and only if £ is nonlattice (Prop. 5.4).

(a) Since g := [€|2 € B%, one gets:

Ve By, Q@ +h)f —QMfI < Q™ —1]|f]) < [hl2llglly | /111 Qv.
and since % is bounded, this proves (I/€2), hence (IN(), with B = B%. So Theorem 5.1 applies.
(b) Since (K1) holds on B% and B%, and B% — L3(n), B% — L%(ﬂ'), we have (G1) (G2),
so (CLT’) (Section 6). We have |Q(t)f — Qf| < |¢| ||£H% HfH%Qvg for all f € B%, and since

2
Qus
v

< 9 one gets |Q(t) — Qlls, 5, = O(|t]). So Theorem 6.1 applies with B = B;.
3 3

v )

Using the next proposition, Assertions (c¢) and (d) follow from Theorems 8.1 and 9.1. O

Proposition 10.3. If [¢|$ < Cv with « > m (m € N*), then C(m) holds with B = B,,
B = By, for any a > 0 such that: a + = < 1.

Proof. For convenience, let us assume that d = 1. The extension to d > 2 is obvious by the
use of partial derivatives. Let € > 0 such that a + W < 1. We take I = [a,1], By
(0 € I) as above defined, and we consider Ty(0) = 0 + £, Ty (0) = 6 + LE2. Recall that we
set: Qg (t)(x,dy) = iF&(y) e W) Q(a,dy) (k €N, t € R, 2 € E). With these notations, the
proof of C(m) is a consequence of the two following lemmas. O
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Lemma 10.4. For any k = 0,...,m and 0,0’ > 0 such that 6 +§ < 0 <1, we have
Qr € C°(R, By, By).

Proof. Let 0 < § < 1 such that 6 + &0 < ¢/, Using the inequality |e™ — 1| < 2[u|’ (u € R),
one gets for t,tg € R and f € By:

Qk(t)f — Qulto) f] < Q(IEF | — 1] |f]) <207 [t — tol’ | fllsQ(v "= ),

hence | Qi(t)f — Qulto) fller < 2C°" |t —tol® | fllo Q") lor- O

Lemma 10.5. For any k =0,...,m — 1 and 0,0’ > 0 such that 0 + % < 0 <1, we have
Qr € CH(R, By, By) with Q) = Q1.

Proof. Let 0 < § < 1 such that 6+ 12 < ¢/ Using | —1—iu| < 2|u|'*® and proceeding as
k+1496

above, one gets [|Qx(t) f — Qx(to) f — (t—t0)Qr41(to) fllor <2C o [t—=to" || fllo Q") lor
for tg,t € R and f € By. Since Qr41 € C°(R,0,6"), this yields the desired statement. O

Remark. The above proof shows that Assertion (b) of Corollary 10.2 holds under the alter-
native following hypotheses: (X,,)n>0 is vg—geometrically ergodic, ,u(vg) < +o0, [£]? < Cw,
and finally 7(v) < +o00, in order to have B% < L3(7) and B% — Lg(w) (use B = Bg)

11 Applications to iterative Lipschitz models

11.1 TIterative Lipschitz models

Here (E,d) is a non-compact metric space in which every closed ball is compact. We endow
it with its Borel o-field £. Let (G,G) be a measurable space, let (6,),>1 be a sequence of
iid.r.v. taking values in G. Let Xy be a E-valued r.v. independent of (6,,),, and finally let
F: E x G— E be a measurable function. We set

X, =F(Xn-1,0n), n>1.

For 0§ € G, x € E, we set Fyxr = F(x,0) and we suppose that Fy : F— FE is Lipschitz
continuous. Then (X,,),>1 is called an iterative Lipschitz model [[9] RI]. It is a Markov
chain and its transition probability is:

Qf (@) =E[f(F(x,01))].
Let zo be a fixed point in E. As in 2], we shall appeal to the following r.v:

C:sup{%, x,yeE,x#y} and .le—i—C—i—d(F(xo,Hl),xo).

As a preliminary, let us present a sufficient condition for the existence and the uniqueness of
an invariant distribution. The following proposition is proved in [ (Th. I).

Proposition 11.1. Let a € (0,1], n € Ry. Under the moment condition EJM*" ] < 400
and the mean contraction condition E[CY max{C,1}*"] < 1, there exists a unique stationary
distribution, 7, and we have m(d(-,z¢)*"1)) < 40c0.
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More precise statements can be found in the literature (see e.g [19 [RI)). However, the
hypotheses occurring in Proposition 11.1 are convenient in our context and are similar to
those introduced later.

Finally, we shall suppose that £ satisfies the following condition, with given S, s > 0:
(L)s V(z,y) € BEx B, [¢(z) = &@y)l2 < Sd(z,y) [1+d(, 20) + d(y, x0)]".

For convenience, Condition (L) has been stated as a weighted-Lipschitz condition w.r.t. the
distance d(-,-) on E. However, by replacing d(-,-) with the distance d(-,)* (0 < a < 1),
Condition (L)s then corresponds to the general weighted-Hélder condition of [R1].

Section 11.2 below will introduce weighted Holder-type spaces and investigate all the hypothe-
ses of the previous sections. Using these preliminary statements, we shall see in Section 11.3
that the limit theorems of the preceding sections then apply to (£(X)), under some mean
contraction and moment conditions. These conditions will focus on the random variables C,
M and will depend on the real number s of Condition (L)s.

To compare with the i.i.d. case, let us summarize the results obtained in Section 11.3 in the
following special setting : (X,,), is a R%valued iterative Lipschitz sequence such that C < 1
a.s.. For convenience we also assume that (X,,), is stationary, with stationary distribution
7, and we consider the random walk associated to {(z) = = — E[X], that is:

Sn=X14+...+ X, — HEF[X()]
Finally suppose that E[ M?] < +o00. Then the sequence (%)n converges to N (0,T") [fi], and

we assume that I' is invertible. Corollaries of Section 11.3 will then provide the following
results :

(i) Local limit theorem : & nonlattice = (LLT) of Section 5.1 with for instance f = h = 1g,
(i) (d = 1) Uniform Berry-Esseen type theorem : E[M?] < 400 = A, = O(nfé),

(i4i) (d = 1) First-order Edgeworth expansion : E[M3T¢] < +oo, € nonlattice = (E) of
Section 8,

(iv) multidimensional Berry-Esseen theorem (with Prohorov metric) : E]M™1¢] < 400 with
m = max (3,|d/2| +1) = the conclusion of Theorem 9.1 holds.

More generally, the previous assertions apply to (£(X;,)), whenever £ is a Lipschitz continuous
function on E (i.e. (L)s holds with s = 0).

Ezample. The autoregressive models.
A simple and typical example is the autoregressive chain defined in R? by

Xn=A, X1 +6, (neN¥),
where (Ap,0p)n>1 is a iid. sequence of r.v. taking values in Mg4(R) x RY, independent of
Xo. (Mg4(R) denotes the set of real d x d-matrices.) Assume that we have |A;| < 1 a.s.,
where | - | denotes here both some norm on R? and the associated matrix norm. Taking the
distance d(z,y) = |z — y| on R, we have C = |A;| and M < 2 + |61|. So the above moment
conditions in (i)-(iv) only concern |6;].

The special value A,, = 0 corresponds to the i.i.d. case (S, =61 + ...+ 0, — nE[#]), and we
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can see that the moment conditions in (i)-(iii) are then optimal for Statements (i) (ii), and
optimal up to £ > 0 for Statement (iii).

Let us mention that [BJ] investigates the convergence to stable laws for the random walk
associated to the above autoregressive model (X,,),, (case d = 1) and to {(z) = . By using
the Keller-Liverani theorem, [B] presents very precise statements, similar to the i.i.d. case,
in function of the ”heavy tail” property of the stationary distribution of (X, ).

11.2 Preliminary results

The weighted Holder-type spaces, introduced in [53], have been used by several authors for
proving quasi-compactness under some contracting property , @] Here we slightly modify
the definition of these spaces by considering two positive parameters 5 and «y in the weights.
This new definition is due to D. Guibourg.

Let us consider 0 < @« < 1and 0 < § <+#. For z € E, we set p(zr) =1+ d(z,x0), and for
(z,y) € E?, we set
Aopy(,y) = p(@)* p(y)™” + p(a)* p(y)™.

Then B, g, denotes the space of C-valued functions on E satisfying the following condition

[f(z) = f(y)]
T, y)a Aa,ﬁ,“{(xa y)

M, (f) = Sup{d( ,r,ye B, x ;éy} < 4o0.

/@) |
Set flay = sup — S5y and s = Moo () + fle Then (B -llnss) s

Banach space. In the special case v = 3, we shall simply denote B, = B g,

The next result which concerns Condition (K1) on B, g is established in [{3] [Th. 5.5] in
the case 8 = . Since the extension to the case 0 < 8 < 7 is very easy, we give the following
result without proof.

Proposition 11.2. If E[Me0+Y 4 o MeO+A)] < 400, E[C® max{C,1}*08)] < 1, then
Q 1is strongly ergodic on Ba g .

Now we give a sufficient condition for the central limit theorem in the stationary case. Similar
statements are presented in [R]], and in [[f] when £ is Lipschitz continuous (i.e. s = 0 in (L)s).

Proposition 11.3. If E[M?5+2 +C2 M* ] < 400 and E[C% max{C,1}28+%] < 1, then,
under P, (%)n converges to a normal distribution N(0,T).

Proof. We apply Proposition 11.1 with a = % and n = 4s 4+ 3. This yields the existence and
the uniqueness of 7, and 7(d(-,z0)**?) < +00. Here we consider v = 3 = 25 + 1 and the
corresponding space B = B%ﬁ. For f € B, we have |f| < \f\%’zsﬂ p(z)**Tt. Thus B — L%(r).
Besides, from (L)g, it can be easily seen that the coordinate functions of ¢ belong to B, and
by Proposition 11.2, @ is strongly ergodic on B. We conclude by applying Proposition 2.2
and Corollary 2.1 with B as above defined. O
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The possibility of considering v < 1 as above is important. To see that, consider for instance
the case s = 0 (i.e. £ is Lipschitz continuous on E). Then ¢ € By 5 for any v > 0, and we
could also consider B = Bj , in the previous proof, but it is worth noticing that the condition
Bi., = L2(r) would then require the moment condition 7(d(-,20)?1*")) < 400 which is
stronger than 7(d(-,z0)%) < +oc used above. Anyway, we shall often appeal below to the
conditions s +1 < 8 < v and E[M*0*D)] < 400. If s = 0 and 3 =~ = 1, then the previous
moment condition is E[M] < 400 if a = £, while it is E[M?] < 400 if a = 1.

Now we investigate the action of the Fourier kernels Q(t) on the space B, 3. The proofs of
Propositions 11.4-8 below present no theoretical problem. However the presence of Lipschitz
coefficients in the definition of B, g, makes the computations quite more technical than
those seen for the v-geometrically ergodic Markov chains. For convenience, these proofs are
presented in Appendix B. The arguments will be derived from [i3]. However, the next four
statements improve the corresponding ones in [13] (See Remark below).

Proposition 11.4. Condition (K) of Section 4 holds on By . if we have s+1 < 8 < and
E [MO‘(’Y“) +CMOOHB) | < foo, E [ca max{C, 1}a<7+5>} <1

5 B — 0 when t— 0 if the following
a,B,v a8,y

conditions hold: s+1 <<~y <~ and E {Ma(7,+1) + C* ./\/la('yurﬁ)} < +o00.

Proposition 11.5. We have ||Q(t + h) — Q(t)

Proposition 11.6. We have [|Q(t) — Q|4 , = O(|t]) if the following conditions
o, B,y /

B
a,B,y
hold: s+1<B<7v, v >v+L and E [MQWH) +C“ Ma(7/+6)} < 400.

Proposition 11.7. We have C(m) of Section 7.1 (m € N*) with B = B, g~ and B= Ba,g~

if we have s +1 < 8 <7, 7’>7+m(2+1)’ and

E | MO 4 cope0 | < oo E[C max{c, 150 < 1.

Concerning the spectral condition (S) of Section 5.1, we now study the possibility of applying
the results of Section 5.2. Observe that this cannot be done with the help of Proposition 11.4
because Condition (K) only concerns Q(t) for ¢ near 0. By considering another auxiliary semi-
norm on B, g, we shall prove in Appendix B.5 the following result for which the hypotheses
are somewhat more restrictive than those of Proposition 11.4.

Proposition 11.8. Assume s+1 < 8 < v <+, E Ma(7'+1)+ca/\/[0‘(7/+5)] < 400

and E[C* max{C,l}O‘(“/'w)] < 1. Then Condition (S) holds on B g~ if and only if & is
non-arithmetic w.r.t. By g . If § is nonlattice, the two previous equivalent conditions hold.

Remark. The possibility of considering the spaces B, g, with 8 # v is important, in
particular to apply Proposition 11.7. Indeed, let us assume C < 1 a.s. and consider the case
s = 0 to simplify. Then the condition for C(m) is E[M*(a+1+8)+¢] < 100 (for some € > 0),
where 3 and v are such that 1 < 8 < ~. This condition can be rewritten as E[M™Te0+8)+e] <
+00. Consequently, under a moment assumption of the form E[M™"] < 400 for some
g0 > 0, we can choose « sufficiently small in order to ensure Condition C(m).

Actually, the condition E[MO‘(%+V+B)+5] < 400 is useful for proving (K1) on the biggest
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space occurring in C(m). It is worth noticing that, when working with the weights defined
in [60, b3, (which corresponds to our weights in the special case § = ), then Condition
(K1) must be satisfied on By, with 4" > v 4 2. this then requires the moment condition
E[M2EHN+e] = B]M2m+209+] < 4 oo (apply Prop. 11.2 on B, /), whose order is greater
than 2m. Our parameter 8 enables us to avoid this drawback.

11.3 Limit theorems for ({(X,)),

The hypotheses of Corollaries 11.9-12 below will imply those of Proposition 11.3. Conse-
quently the c.l.t. stated in this proposition will hold automatically, and it will be understood
that T' is non-singular.

Concerning the next conditions imposed on the initial distribution g, it is worth noticing
that, if u(d(-,20)*1*7)) < 400, then p € B,, 5. The conditions imposed on x below will be
always satisfied for = m or p =6, (x € E) (for 7 it comes from Proposition 11.1).

Local limit theorem (d > 1).

To present a simple application of Theorem 5.1, let us simply investigate Statement (LLT)
of Section 5.1 with f = h = 1. We want to prove that, for any compactly supported con-
tinuous function g : R¢ — R, we have

(LLT") lim sup |VdetT (271'71)% E.l9(Sn —a)] - e 2n (T aa) / g(x)dz| = 0.
R

" geRrd

Corollary 11.9. Suppose that E[M28+2 e M28+1+5] < 400 for some § > 0, that
E[C% max{C, 1}23+%] < 1, that & satisfies (L)s and is nonlattice, and finally that we have

2+s+eg

w(d(-,z9) 2 ) < +oo for some g9 > 0. Then we have (LLT’).

Proof. By using the above preliminary statements, let us prove that the hypotheses of
Theorem 5.1 hold. We have (CLT) (Prop. 11.3). Let a = 1, 0 < & < min{%,%,%‘)},
B=r=s+1+c,andy =y+e=5+1+2c. We set B:B%ﬁ. We have (S) and (K1) on
B (Prop. 11.8, 11.2). Besides, with B = B%,B,«/’ we have (K2) (Prop. 11.5), and (K3) (use
Prop. 11.4, B < L!(x) and Rk. (c) in Section 4). Hence (K) holds. Finally, our assumption
on p implies p € B. O
According to the previous proof, the property (LLT) may be also investigated with functions
fenB 16 (for some suitable s +1 < 8 < «), and the sufficient nonlattice condition can be
replaced by the more precise non-arithmeticity condition (w.r.t. B 1 ﬁﬁ) of Proposition 5.3.
Finally observe that, if s = 0 (i.e. £ is Lipschitz continuous on FE), as for example {(z) =

||z||, and if we have C < 1 a.s., then (LLT’) is valid under the expected moment condition
E[M?] < +oo.

One-dimensional uniform Berry-Esseen theorem (d = 1).

Corollary 11.10. Suppose E[M?’(SH) +C%M3s+2] < 400 and E[C% max{C, 1}33+%] <1,
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that & satisfies (L)s, and p(d(-, 2)2CHt)) < 400. Then A, = O(n*%).

Proof. To apply Theorem 6.1, we have to prove (CLT”) of Section 6 and to find some spaces
B and B on which (K) holds with the additional condition [|Q(t) — Qllz5 = O(|t]).

investigate (CLT"), we shall use the procedure based on conditions (G1)-(G2) (of Section 6).
In particular this procedure requires that ¢ € B < L3(7). Since (L)s implies & € 3%7284_1, let
us consider B = B%,QSJA (so here B = = 2s+1). For f € B, we have |f| < |f|%723+1p5+1, and
since ﬂ(d(- 20)?FV) < 400 (use Prop. 11.1 with @ = 3, 5 = 65 + 5), one gets B < L3(n).
Now set B = B; 54s+3- 1t can be easily seen that B contains all the functions g? with g € B,
and since each f € B satisfies | f| < |f|%,4s+3 P25t one obtains B — Lg(ﬂ'). We have (K1)

on B and B (Prop. 11.2). This gives (G1) (G2), hence (CLT’). Besides we have (I/(v?)) (use
Prop. 11.4, B — LL!(7) and Rk. (c) in Section 4), and we have (K2) (Prop. 11.5). Hence (K).
Finally, Proposition 11.6 yields [|Q(t) — Q|| ; 5 = O(|t]), and p(d(-,20)2HD) < 400 implies

that p € B. O
The first-order Edgeworth expansion (d = 1).

For convenience, we investigate the property (E) of Theorem 8.1 under the hypothesis
that C is strictly contractive a.s..

Corollary 11.11. Suppose that C < 1 a.s., that EM3CH)T0] < 400 for some g9 > 0, that
¢ satisfies (L)s and is nonlattice, and p(d(-,z¢)>TD+20) < 400, Then we have (E).

Proof. To check the hypotheses of Theorem 8.1, first observe that the hypothesis C < 1 a.s.
implies E[C® max{C,1}"] < 1 for any o € (0,1] and b > 0. We have 7 (d(-, z0)**tV) < 400
(Prop. 11.1). From |¢(z)| < p(x)**?, it follows that m(|£|?) < +o0. Let us prove that C(3)
holds w.r.t. B = B, 3~ and B= B, for suitable a, 3,v,7". Let § >0, 3=y =s+1+9,
and let us choose 0 < o < 1 such that a(y+20 +s+1) < gp. Let v/ =~ + (8+1) + 6.
Then Proposition 11.7 yields the desired property. To study Condition (S) on Ba,ﬁ,'y, use
Proposition 11.8. Finally, we have a(y + 1) = 3(3 + D) +ay+5+1) <3(s+ 1)+ g, s0
p(d(-, 20)*" D) < 400, This proves that p € B. O

Other similar statements may be derived by proceeding as above. For instance, let us consider
0 < a<1(fixed here), B=vy=s+1+4+4, and v/ = v+ B(SH) + § with some small § > 0,
and suppose that we have E[M*0'T1) 4 copmet'+8)) < +oo, E[C® max{C,1}*'+F)] < 1,
and p(d(-,29)*" 1)) < 400, Then we have (E) if £ is non-arithmetic w.r.t. By 5.5-

The multidimensional Berry-Esseen theorem with the Prohorov distance (d > 1).

Again we give a statement in the particular case when C < 1 a.s.. From Theorem 9.1, we
get the following.

Corollary 11.12. Suppose C < 1 a.s. and E[M™ED+0] < 4o for some g > 0 and
with m = max (3, |d/2| 4+ 1), that £ satisfies (L)s and pu(d(-, zo)™TD+e0) < 400, Then the
conclusion of Theorem 9.1 holds.

Proof. Set =~ =1+s. Let § >0, and 0 < a < 1 be such that a(y+d+ s+ 1) < &,
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and set v/ = ms+l) | v+ 6. Then we have C(m) with B = B, and B = Bag,y (by

«

Proposition 11.7), and the hypothesis on p gives p € B. O

Extension. Mention that all the previous statements remain valid when, in the hypotheses,
the r.v. C is replaced with the following one :

{d(F91 o Fy, x, Fyy o Py, y)
d(z,y)

The proofs of the preliminary statements of Section 11.2 are then similar.

c(mo) — sup

, v,y € E, x#y} (nOEN*)'

12 More on non-arithmeticity and nonlattice conditions

This section presents some complements concerning the spectral condition (S) of Section 5.1,
in particular we prove Proposition 5.3 and specify Proposition 5.4.

12.1 Proof of Proposition 5.3.
We assume that the assumptions (K) and (P) of Section 5.2 hold. Recall that Condition (S)
on B states that, for each compact set Ky in R?\ {0}, there exist p < 1 and ¢ > 0 such that

we have, for all n > 1 and t € K, ||Q(t) <cpm

"Il
We have to prove that (S) is not true if and only if there exist t € R%, ¢t £ 0, A € C, |\| =1,
a m-full Q-absorbing set A € £, and a bounded element w in B such that |w| is nonzero
constant on A, satisfying:

(%) Ve e A, e HEWy(y) = dw(z) Q(x,dy) — a.s..

Lemma 12.1. Let t € R? such that r(Q(t)) > 1. Then

(i) r(Q(t)) =1 and Q(t) is quasi-compact.
(i) We have (x) with X\, A and w as above stated.

Proof of Assertion (i). By (I/(\ZL), we have 7.55(Q(t)) < 1 < r(Q(t)), thus Q(t) is quasi-
compact on B. Now let A be any eigenvalue of modulus r(Q(t)), and let f # 0 be an
associated eigenfunction in B. Then |A|"|f] = |Q(¢)" f| < Q"|f], and (P) yields |A\| <1. O

By (i), there exist A € C, [A\| =1 and w € B, w # 0, such that Q(t)w = Aw. From Q(¢)"w =
A"w, one gets |w| < Q" w|, and (P) then implies that |w| < 7(|w|), either everywhere on
E, or m-a.s. on E, according that B ¢ £(r) or B € L'(r). From now, if B ¢ L'(7), w is
replaced with any measurable function of its class, and for convenience, this function is still
denoted by w. Since v = 7(Jw|) — |w| > 0 and 7(v) = 0, we have |w| = 7(|w|) 7-a.s. Let us
define the set
Ao ={z € E: Jw(z)| = n(jw])}.
Then we have 7(Ag) =1 (i.e. Ag is w-full).

Remark. In the special case when d, € B’ for all z € E (and when B is stable under complex
modulus), the proof of (ii) is presented in [i9] (Prop. V.2), with the more precise conclusion:
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we have (x) with w € BN B~ and A = Ag. Let us briefly recall the main arguments. From
(K1), one can here deduce from the inequality \w\ < Q"|w| that |w| < m(|w[) everywhere
on E. Thus w € B™ . Besides, the equality Q(t) = [pe€ LW (y) Q(x, dy) = Mw(x) is
valid for all x € E. Let x € Ag. Then this equahty and the prev10us inequality give (x).
Finally (x) shows that Ay is Q-absorbing.

If Q(t)w = Aw almost surely, the previous arguments must be slightly modified as follows.
Proof of (ii). First, by proceeding as in the proof of Proposition 2.4, one can easily get a
m-full @-absorbing set B C Ag. Besides the following set is clearly w-full:
C={z€E:Vn>1, Q1) "w(z) = N'w(z)}.
So the set A = BN is also w-full. Let x € A. We have
Q)w(@) = [, €D u(y) Q(a, dy) = Aw(x).
Since Q(z, B) =1 (B is Q-absorbing), one can replace E by B in the previous integral, and

since | A" lw(z) "1 €Wy (y)| = 1 for all y € B, we then obtain the equality (*). It remains
to prove that A is Q-absorbing. To that effect, we must just prove that Q(z,C) = 1 for any

r € A Set D, = {y € E:HEWly(y) = Aw(z)}. We know that Q(x, D,) = 1, and from
N () = [ e“LEW) Q1) w(y) Q(z,dy)  (n > 1), we deduce that

= [p, w¥) ' Q) w(y) Q(z, dy).
Since Q(z, B) = 1, this equality holds also with B instead of D,. Besides, for any y € B, we

have [Q(t)"w(y)| < Q"|wl|(y) = [ lw(2)|Q"(y, dz) = 7(|w]), so that [w(y)~" Q(t)"w(y)| < 1.
So, for some Dy, € & such that Q(z,Dy,) = 1, we have Q(¢)"w(y) = A" w(y) for each
Yy € Dy . From Ny>1Dy, C C, one gets Q(x,C) =1 as claimed. O

Lemma 12.2. Lett € R, If the equality (x) holds with A\, A and w as stated at the beginning
of this section, then we have r(Q(t)) > 1.

Proof. By integrating (x), one gets Q(¢t)w = Aw on A, and since A is Q-absorbing, this gives
Q(t)"w = A"w on A for all n > 1. Suppose r(Q(t)) < 1. Then lim, Q(¢)"w = 0 in B, and
since B < L!(r), we have lim,, 7(|Q(t)"w|) = 0, but this is impossible because |Q(t)"w| = |w|
on A, and by hypothesis |w| is a nonzero constant on A and 7(A) = 1. O

The previous lemmas show that, for any fixed ¢ € R?, we have 7(Q(t)) > 1 iff the equality
(%) holds for some A, A and w as stated at the beginning of this section. Consequently, in
order to prove the equivalence of Proposition 5.3, it remains to establish the following lemma
whose proof is based on the use of the spectral results of [5J].

Lemma 12.3. We have: (S) & Vt € R% ¢ #0, r(Q(t)) < 1.

Proof. The direct implication is obvious. For the converse, let us consider a compact set K
in R?\ {0}. Let us first prove that

ri, = sup{r(Q(t)), t € Ko} < 1.
For that, let us assume that rg, = 1. Then there exists a subsequence (1) in Ky such
that we have limg r(Q(7%)) = 1. For k£ > 1, let Ax be a spectral value of Q(7) such that
|Ak| = r(Q(7%)). By compactness, one may assume that the sequences (73); and (Ag)i con-
verge. Let 7 = limy 7, and A = limg \g; observe that 7 € Ky, thus 7 # 0, and |A\| = 1.
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Besides, by (I/(\Q) (I/(\?)) (I/(\Zl), the Q(t)’s satisfy the conditions of [5J] near 7. From [5J]
(p. 145), it follows that \ is a spectral value of Q(7), but this is impossible since, by hypoth-
esis, r(Q(7)) < 1. This shows the claimed statement.

Let p € (rk,,1). By applying [FJ] to Q(:) near any point ¢y € Ky, there exists a neighbour-
hood Oy, of ty such that sup{||(z — Q(t)) |5, t € O, |2| = p} < +00. Since K is compact,
one gets sup{||(z — Q(t)) |5, t € Ko, |2| = p} < +oo. Finally let I' be the oriented circle
defined by {|z| = p}. Then the inequality stated in (S) follows from the following usual
spectral formula

Vi e Ko, Q)" = i - Q)= 0

12.2  Study of the set G = {t e R?: r(Q(t)) = 1}

Here we still assume that Conditions (K) and (P) of Section 5.2 are fulfilled. We then know
that (S) is equivalent to G = {0} (Lem. 12.3). We assume moreover that the set of bounded
elements of B is stable under complex conjugation and under product. The next proposition
specifies the statements of Proposition 5.4.

Proposition 12.4. The set G = {t € R : r(Q(t)) = 1} is a closed subgroup of (RY, +).

Moreover, if the space B of (K ) verifies B < L!(n) and if Condition (CLT) of Section 5.1
holds, then G is discrete, and we have then the following properties.

(i) If G # {0}, then there exist a point a € R, a closed subgroup H in RY of the form
H = (vect G)* @ A, where A is a discrete subgroup of R?, a m-full Q-absorbing set A € &,
and a bounded measurable function 6 : E —R? such that

(xx) VreA, &y)+0y) —0kx)ca+H Qz,dy)— a.s..

(i3) If (%) holds with a T-full Q-absorbing set A € £, a subgroup H # R?, and a measurable
function 6 : E—R? such that 49 € B for all t € RY, then G # {0}.

Proof. Let g1, g2 € G, and for k = 1,2, using Lemma 12.1, let A, A, and wy, be the elements
associated with gx in (%). Then A = A; N Ay is a 7-full Q-absorbing set, and g1 — g2 satisfies
(%) with A, A = A\; X, and with w = w W3 € B. Thus g; — go € G by Lemmas 12.1-2. Besides
0 € G since Q1g = 1g. So G is a subgroup of (R% +4). To prove that G is closed, let us
consider any sequence (t,),, € G such that limt, =t in R%. By quasi-compactness (Lemma
12.1), each Q(t,) admits an eigenvalue, say \,, of modulus one. Now let A be a limit point
of the sequence (\,),. Then |A\| = 1, and from [BJ] (p. 145), it follows that X is a spectral
value of Q(t), so r(Q(t)) > 1, and t € G by Lemma 12.1.

Now we assume that B < L!(7) (so (K) of Sect. 4 is fulfilled) and that (CLT) holds.

G is discrete. From Lemma 5.2, we have A(t) = 1 — 3(I't, ) + o(||t||?) for ¢ near 0, where A(t)
denotes the dominating eigenvalue of Q(t). Hence we have r(Q(t)) = |\(t)| < 1 for ¢ near 0,
t # 0. This proves that 0 is an isolated point in G, hence G is discrete.

Proof of (i). Set G = Za1 & ... ® Za, with p < d, and let A\, Ay, and wy, be the elements
associated with ag in (x). Then A = NP_ Ay is a 7-full Q-absorbing set, and if 2 € A and
g = niai + ...+ npap is any element of G, we deduce from () applied to each aj, and by
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product that:

P P P
Ve e A, el9sW) H wg(y)™ = H gk H wg(2)™ Q(z,dy) — a.s..
k=1 k=1 k=1
Since |wy| is a nonzero constant function on A, one may assume without loss of generality
that |wy 4| = 14, so that there exists a measurable function ay : E —[0,2x[ such that we
have, for all z € A: wy(2) = ). For z € A, we set V(2) = (a1(2), ..., ay(2)) in RP. Since
the linear map x : h — ((a1,h), ..., (ap, h)) is clearly bijective from vect(G) into RP, one can
define the element x~!(V(z)) which satisfies (ay, x }(V(2)) = ax(z) for each k = 1,...,p.
Finally let § : E—R? be a bounded measurable function such that 6(z) = x~*(V(z)) for
all z € A. Then we have wy(z) = ear9) for any z € A and k = 1,...,p. Consequently
one gets [[1_; wg(z)™ = e99() for z € A, and the above equality becomes, by setting

Ag = [Tt ARS
Vo e A, eHotWHW=0@) — \ = Q(z,dy) — a.s..

For any g € G, let us define 3, € R such that \; = ePs and for x € RY, set Ty(z) = (g,2).
The previous property yields

Ve e A, £(y)+0(y) —0(x) € Ngea T, ' (Bg +27Z) Q(xz,dy) — a.s..

Now let us define H = Nyeq Tg_l(QWZ). Then H is a subgroup of R?, and the elements of
Ngea (T 1 (By + 27Z)) are in the same class modulo H. That is:

Ja € R, Nyee (T, 1 (By + 2nZ)) Ca+ H.

This proves (#x), and it remains to establish that H has the stated form. Actually, since H
is closed, H is of the form H = F & A, where ' and A are respectively a subspace and a
discrete subgroup in R%. So we have to prove that F = (vect G)*.

Let 2 € (vect G)*. Since (vect G)* = Ngeq T, ' ({0}) C H, we have x = f + d for some
fE€F,dec A, and for o € R, the fact that ax € (vect G)* C H yields ax = fo + d, with
some f, € F and d, € A. But we also have the unique decomposition ax = af + ad in
F & vect A. Hence we have ad = d, € A, and since A is discrete and « can take any real
value, we have necessary d = 0. That is, x € F.

Conversely, let f € F and let ¢ € G. Since F C H, we have (g, f) € 2nZ. Now let « be
any fixed nonzero irrational number. Since af € F C H, we have a (g, f) = (g,af) € 2nZ.
Hence (g, f) = 0. This gives f € (vect G)*.

Proof of (ii). Let t € H+, ¢t # 0. Then (¢,&(y)) + (,0(y)) — (,0(z)) = (t,a) Q(x,dy)—a.s.
for all z € A. Setting w(-) = e“t¢()) and X = ¢t | this yields for all z € A

e LEW w(y) = w(z) Q(z,dy) — a.s..
Since w € B by hypothesis, this gives (x), and Lemmas 12.1-2 implies that ¢ € G. O

46



Appendix A. Proof of Proposition 7.1.

Proposition 7.1 will follow from the slightly more general Proposition below. The derivative
arguments are presented here in the case d = 1, but the extension to d > 2 is obvious by the
use of the partial derivatives.

Let I be any subset of R, let Tp : I — Rand T} : I — R, let (By, 6 € I) be a family of
general Banach spaces. We shall write || - [|g,or for || - |[,,5, and |- [|¢ for || - [|5,. Recall that
weset D, ={2€C:|z| >k, |z—1| > (1 —k)/2} for any k € (0,1). The notation By < By
means that By C By and that the identity map from By into By is continuous.

Let B and B be some spaces of the previous family, and assume that By — Bforalfel.
Finally let I/ be an open neighbourhood of 0 in R? and let (Q(t), t € U) be any family

of operators in £(B) such that we have Q(t)\Bg € L(By) for all t € U and § € I. Let us
introduce the following hypothesis.

Hypothesis D(m) (m € N*). For all § € I there exists a neighbourhood Vo C U of 0 in RY
such that, for all j = 1,...,m, we have:

(O) [To(a) el = By— BTO(G)] and [Tl(H) cl = By— BTl(G)]

(1) To(0) € I implies that Q(-) € CO(V97B.97BTO(9))

(2) 0; :=Ti(ToT1)'~(0) € I implies that Q(-) € Cj(Vg,Bg,ng)

(3%) There exists a real number kg € (0,1) such that, for all K € [kg,1), there exists a

neighbourhood Vg . C Vg of 0 in R? such that R,(t) == (z — Q(t))~! € L(By) for all z € D,
and all t € Vg ., and we have

My ,; := sup {HRz(t)Hg, teVoy 2 € D,i} < 400

(4) There exists a € ()i, [To_l(TOTl)_k(I) N (T1To) " (I)] such that we have B = B, and
B == B(T()T1)mT()(a)'

When applied to the Fourier kernels, the above conditions (0) (1) (2) and (4) are exactly
those of Hypothesis C(m) in Section 7.1, and according to Theorem (K-L) of Section 4,
Condition (3’) of D(m) is implied by (3) of C(m). Hence C(m) implies that the Fourier
kernels satisfy D(m), so Proposition 7.1 follows from the next proposition. Let us notice
that, from (4), we have

04 = {a, Toa, T1Tya, ToT1Toa, ..., (ToT1)"To(a)} C I.
Let us define # = maxpeo, ko € (0,1), and 0= MNoco, Vo,i-
Proposition A. Under Hypothesis D(m), we have R.(-) € C™(O,B,B) for all z € Dy, and

for any compact subset O of O, we have Ry := sup{| Rg)(t)HBE, 2 €D, te O} <400 for
each £ =0,...,m.

Remark. Let O be a compact subset of O. By Conditions (1) (2), we have for any 6 € Og:
10(0) € ©q = Qo = supyco ||Q(t)||8978T0(9) < +oo
0; = T\ (ToT1)’1(0) € ©, = Qjp = sup,co ||Q(j)(t)\|39759j <400 (j=1,...,m).

The proof below shows that Ry in Proposition A can be bounded by a polynomial expression
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involving the (finite) constants M := maxgce, Mo and Q; 1= max, g Ao )ng (G =
) a j a ’
0,...,0), with o := Ty, and 7; := Ty (ToTy )=t if j > 1.

The proof below involves the derivatives of some operator-valued maps defined as the compo-
sition of Q(t) (or its derivatives) and R,(t) (or its derivatives obtained by induction), where
these operators are seen as elements of L£(By,,By,) and L(By,,By,) for suitable 6; € I. To
that effect, it will be convenient to use the next notations.

Notation. Let 01,0] € I. An element of L(01,0}) is a family f = (f.(t)).+ of elements of
L(By,,Bp;) indexed by (z,t) € J (for some J C C x RY) satisfying the following condition:

there exists ko € (0,1) such that, for all k € [ko, 1), there exists a neighbourhood U, of 0 in
R? such that D,, x U,, C J.

Let 0,0',0" € I. GivenV = (Va(t)(z,p)eqy € L£(6,0") and U = (U=(t)(z,eqy € L£(6',0"), we
define UV = (Uz(t)vz(t))(z,t)eJUmJV € L(0,0").

Let ¢ € N, let 6 and 01 in I be such that By — Bp,, and let §' and 0} be in 1. An element
= (f2())z21 of L(61,07) is said to be in C*(0,0') if the following condition holds: there exists
k € (ko,1) such that, for all k € [&,1), there exists a neighbourhood U,, C U, of 0 in RY such
that, for all z € D,; and all t € U,;, we have f,(t)(By) C By, fz(')\Bg € C' (U, By, By) and

sup PP Ollo.er < +oc.
2€Dg, teEUy, j=0,...,0

When f = (f.(t))21 € C4(0,0"), we set fO = (F19(t))..,.

Let us observe that (2) in D(m) implies that Q := (Q(t))..: € C/(0,6;) when we have 6 € I
and 0; := T1(ToT1)’~1(0) € I. Now, we are in a position to state the next obvious (but
important) facts (I)-(III), which will be repeatedly used in the proof of Proposition A. Let
91, 92, (93 and (94 be in I.

(I) Assume that By, — By,, that By, — By, and that V € L(0a,03). If V € C*(62,03), then
V is in C*(0a,04), in CK(01,03) and in CF(61,04).

(II) Assume that V € L(01,0) and U € L(62,03). If V € C%(01,05) and U € C°(6,03), then
UV €C°6y,65).

(III) Let U € L(03,04) and V € L(01,02). Assume that By, — By, — Bp, — By, that
Vo€ C%0y,05) NCY(0:1,03) and that U € CY(B2,04) N C°(03,04). Then UV is defined in
L(01,04), and we have UV € C1(61,04) and (UV) =U'V +UV".

Proof of Proposition A. Lemmas A.1-2 below will be our basic statements.
Lemma A.1. If0,Ty(0) € I, then (R.(t)).+ € C°(0, Ty(9)).

Proof. Let x € [max(kg, k1,()),1). Let Ué?i = Vgx N V1y(6),-- From the usual operator
formula Id — Wntl = Y=o Wk (Id — W), one easily deduces the following equality, which is
valid for any bounded linear operators S and T on a Banach space such that S and S — T
are invertible:
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n

(%) (S=T)"' =) (ST'D)Ps + (sTIT) (S - 1)
k=0
Withn =0, 5 =2z—Q(ty), T = Q(t) — Q(to), thus S — T = z — Q(t), Formula (x) yields
V2 € Dy, VEEUY), Ru(t) = Ra(to) = R(to) (Q(t) — Q(to)) Ra(t).

Using the constants My . and My, ) ., Condition (1) in D(m) gives the desired property. U

Lemma A.2. If ,Ty(0), T\To(9), ToT1To(6) € I, then we have (R.(t))., € C* (0, ToT1To(0))
and ' = RQ'R

Proof. Let us define 01 = Ty(0), 02 = T1To(0), 03 = ToT1Tp(6) and Iiél) = max(Kg, Ko, , Koy, Kos)-
Let us consider a real number « € [/{é ), 1). We define L{é ) = Z/{g)) nuU? . Let to,t € Uél)

K K O2,k" K

and z € D,.. Formula () withn =1, 5 =z — Q(to), T = Q(t) — Q(to) gives
R.(t) = R:(to) + R:(to) [Q(t) — Q(to)] R.(to) + 7-(1),
with 9,(¢) := R.(to) [Q(t) — Q(to)] R:(to) [Q(t) — Q(to)] R~(t). But we have:

10-(t)l]0,65
|t — to|

< 1R t0) 10, 1Q(O) = Qo) 1)y 22N 1 ()

which goes to 0 as ¢ goes to tp, uniformly in z € D, (according to condition (2) and with the
use of My, .., My, , and My ). In the same way, we have:

| R (t0)(Q(t) — Q(to)) R=(to) — (t — to) Rx(t0) Q' (to) R (t0)llg 6,
< Ma, «[|Q(t) — Q(to) — (t — t0)Q' (t0)lg, 0. Mo, = 0(t — to).

This shows that R.(ty) = R.(to)Q'(to)R.(to) in L(Bs, Bs,). Moreover, (R,(t)).: € C°(6,61),
(Q,(t))z,t € 60(91,92), and (Rz(t))zﬂg S 60(92,93), therefore (R;(t))zﬂg S 60(9,93). ]

By Lemma A.1, the following assertion holds:
(Ho) If 0 € T and if To(0) € I, then R = (R,(t)).+ € C° (0, Ty(9)).
For £ =1,...,m, let us set

E={(i,jk)€Z*:i>0,j>0,k>0, i+j+k=0—1},

and let us denote by (Hy) the following assertion:
L

(He) If 6 € () [Tgl(ToTl)—k(I) N (TlTO)—k(I)], then R = (R.(t)).+ € C* (0, (ToT1)"To(9))
k=0

and RO = 3" ROQUHIRH,
(i7j7k)€gl

We want to prove (Hp,) by induction. By Lemma A.2, (H;) holds.

Lemma A.3. Let 1 <{<m—1. If (Hy),(H1),...,(H) hold, then we have (Hyi1).
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Proof. Let 0 € niilo [Toil(ToTl)_k(I) N (TlTQ)_k(I)] From B(TOTI)ZTO(G) — B(ToTl)Z‘HTo(O)
and (Hy), we have

R=(R.(t)).; €’ (0,(T0T1)”1T0(0)) and RO = Y ROQUHIR®),
(i7j7k)€gl

Let (i,4,k) € &. We have to prove that ROQU+) RK) ¢ ¢t (6, (ToT1)" ™ T5()) and that:
< ROQU+D) R(k))’ — REFD QU+ R 4 RO Q) ) L RE)QU+)) Rlk+1),
Since 1 < k4 1 < £ and by induction hypothesis, we have:
R®W ¢ ¢l (a, (TOTl)(kH)TO(H)) and R® € O (9, (ToTl)kTO(H)).
Moreover, since 2+ j < £+ 1 < m and according to D(m), we have :

QU+ ¢ ¢t <(T0T1)(’f+1)To(0),T1(T0T1)(’f+j+1)To(9))

and QU+ € ¢! ((TyT) T 6), T (ToTy) 71T (6))

From Property (III), we then deduce that we have QU+7) R(K) ¢ ¢t (0, T (To 1) H1T4(6))
and (QUHIRK)Y = QR+ RK) 4 QU+7) Rk+1),
Analogously we have QU+ RK) ¢ 0 (9, Ty (TyTy )<+ TO(H)), and, since i + 1 < £, we have :

RW e 0 (T1(T0T1)k+j+1 To(0), (TyTy )k +i+it2 T0(9)>

and R(Z) S Cl <T1 (ToTl)kJrj To((g), (TOTl)k+j+i+2 TQ(@)) .
Since k4 j + 1+ 2 = ¢+ 1, this gives the desired property. O

Since, by hypothesis, a € (-, [To_l(TOTl)_k(I) N (T1Tp) " *(I)], the properties (Hy),...,(Hym)
show that the conclusions of Proposition A are valid. More exactly, the previous induction
proves that the neighbourhood O of ¢ = 0 and the real number £ may be defined as stated
before Proposition A, and that for any compact subset O C (5, the constants R, are bounded
as indicated in the remark following Proposition A. g
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Appendix B. Proof of Propositions 11.4-8.

B.0. Notations. For convenience we present the proofs of Propositions 11.4-8 in the case
d = 1. The extension to d > 2 is straightforward for Proposition 11.4,5,6,8 (just replace the
inequality [t£(z)| < [¢]|€(z)| with the Schwarz inequality [(t,£(z))| < [[¢[|[[£(z)[]). It is easy
for Proposition 11.7 by considering partial derivatives.

We set ©x = F(x,01). So © is a random Lipschitz transformation on F, and the transition

probability @ can be expressed as: Qf(x) = E[f(©z)].

For any A € (0,1], we set pa(x) = 1+ Ad(z,2zp). For any 0 < a < 1,0 < 8 < ~, and
(z,y) € E?, let us set

AP, (2,5) = pA@) T Pr 1) + pr(2) ()™,

Then the space B, g~ defined in Section 11 is unchanged when mq g ~(f) is replaced with

£(z) = f(y)|
d(z,y)* AL} (2, )

m%,w(f)=sup{ , T,y € B, w#y},

and for any f € B, g, the following quantity

o _ |f(z)]
’f’a,'y ilelg p}\(l‘)a(,y_;’_l) Y
is finite. The resulting new norm || f ||((1>‘23 , = mg\)ﬁ L) + |f|87‘% is equivalent to the norm

|| - |a,8,y defined in Section 11. Consequently, for («, 8,7) fixed as above, Propositions 11.4-8

can be established by considering on B, g the norm || f HS}; ~ (for some value A € (0,1]). In
most of the next estimates, we shall assume A = 1; the possibility of choosing suitable small
A will occur in the proof of the Doeblin-Fortet inequaliies (in Prop. 11.4 and Prop. 11.8).

Anyway, this already appears in the proof of Proposition 11.2, see [iJ).

Let Cy = max{C, 1} + Ad(©z¢, x0). In the sequel, we shall use repeatedly the fact that py(-)
and p(-) are equivalent functions, and that (see [{3] p. 1945)

pA(Ox)
sup
el PA(OU)

SCASMa

from which we deduce that

A a A
AV (0z,0y) < ;DAL (x,y).

We shall also use the fact that
d(y, z0) < d(x,m0) = ALY (2,y) < 2pa(2)*Tpa(y)*”.
Indeed, if d(y, o) < d(z,x0), then we have py(y) < pa(z), so that
pA(@)*pr()* = pa(2)*” pA() 0D pA()*? < pa(@)* pa(2) 0 pa(y)*?,

thus py(z)*pr(y)*7 < pa(x)*pa(y)*”.
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B.1. A preliminary lemma. The proofs of Propositions 11.4-8 are based on the following
lemma.

Lemma B.1. Let q : E— C measurable, K f(x) = E[q(Oz) f(©z)], and let A € (0,1].
Suppose that there exist constants a, A, b, B such that we have for all x,y € E satisfying
d(yax(]) < d(x’x())

1) la@)] < Apa()* (1) la(@) —q(y)] < Bd(z,y)* pax)".
Then we have for f € By g, and x,y as above stated

Kf(z)] < A |f|g’\72/px(:c)“+°‘(’7+1) E[Mete0+D)]
Kf@) = Kf@) < Am) (F) d(w,y)* pa()® AL (z,y) ElC ¢y 0]
+ BIfIS) d(z,y)* pa(2)? pa(y)*OTY E[C* MPTeOH),
Proof. We have

|K f(x)] < E[lq(©z) f(O)]]

IN

ALFIS) Elpr(©x)° pa(02)° 071
ALFI) pa(z) oD E[Mre0F

IN

Moreover, for z,y € E satisfying d(y,z¢) < d(z,z¢) (thus px(y) < pr(x)), we have

Kf(r)— Kf@y) < E[|q<@x>||f<@x>—f<@y>|] n E[|f<@y>||q<@x>—q<@y>@

S Am(A)

a,Byy a,Byy

(1) E|p(62) d(Ox,0)" AL (62.01)
+ 17183 BE|p(©9)°0 ") d(0,09)" pr (00’

< Al () dle.)® a0 A% () B e ¢
+ B )" pao) ) e ).

Lemma B.1 is then proved. O

For the use of Lemma B.1, it is worth noticing that the supremum bound defining the Holder

constants mq g (f) or mg‘) (f) can be obviously computed over the elements z,y € FE

such that d(y,zo) < d(z,x0). Lemma B.1 will be applied below with ¢(-) depending on the
function €. Remember that & verifies the following hypothesis:

(L)s V(z,y) € Ex B, [&(x) =&(y)| < Sd(z,y) [1 + d(z,20) + d(y, o))"
From (L)s, it follows that there exists C' > 0 such that we have for x € E
()] < Cp(a)**,
and for =,y € E satisfying d(y,z¢) < d(x, z¢):
€(z) = &(y) < Cd(z,y)p(2)* and [§(x) —€£(y)| < Cd(z,y)* p(a)* 1.
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B.2. Proof of Proposition 11.4. This proposition states that (K) of Section 4 holds
w.r.t. the space By g~ if we have s +1 < 8 < and

I =E[MOHD Lo M0 < 400 and  E[CY max{C,1}*09)] < 1.

The strong ergodicity condition (K1) of Section 1 holds by Proposition 11.2. Besides we have
for f € Ba gy
m (e =1 11]) < [flaq (|’ = 1] p20FD).

Since 7(p®*1)) < 400 (Prop. 11.1), the continuity condition of (K) is satisfied: in fact, from
Lebesgue’s theorem and Remark (a) of Section 4, we have (I/(\2) of Section 5.2. To study the
Doeblin-Fortet inequalities of (K), notice that Q(¢t) = K where K is associated to g(x) =
¢"€(®) with the notations of Lemma B.1. By using (L)s and the inequality |7 — 1| < 2|T|°,
one easily gets (i)-(ii) in Lemma B.1 with A =1, a =0 and B = D, [t|* , b = as, where D)
is a positive constant resulting from (L)s and the equivalence between py(-) and p(-). Then,
from Lemma B.1, we have for any f € B, 3,

QU FIS), < E[MOTI[FI) < 1£I$)

and for x,y € E such that d(y,z¢) < d(z,x0)

Q) f(x) — Q) f(y)] < m((;:)ﬁﬁ(f) d(z,y)" At()i)ﬁ,v(x’ y) E[C® Cié(“ﬁﬁ)]
+  Dy|t|* |f|§?% d(z, ) px(2)® pa(y)*OtD B[ meOrtstD),

Since pa(2)2* pa(y)*0 D < pa(@)*CHD pa(y)®7 < pa(2)?? paly)®T < Aﬁfg ,(z,y), the previ-
ous inequalities prove that Q(t) continuously acts on B, g, and setting Ey = I Dy, that

mO Q) f) <EC* ST mY, (f) + Baltl* 1£19),

Now, using the fact that the norms HfHS‘)B L and [[f| = mg‘)ﬁ L(f)+7(|f]) are equivalent (see

[3] Prop. 5.2), one obtains with some new constant E} :

m® Q) < EC e m® (1) + B} e <m$23ﬂ(f)+7r(|f|))

IN

(E[CO‘ 0] 4 ma) m® () + B4 1t w(1f)).

Since C)y < M and Cy — max{C,1} when A — 0, it follows from Lebesgue theorem that one
can choose A such that E[CY Ci{(wrﬁ)] < 1. Now let 7 > 0 such that

k= E[C* C§(7+6)] + B\ T < 1.
Then, if |t| < 7, we have
A by a
ml) QW) < sml) () + By ().

Since m(|Q)]) < 7(1Q]) = 7(1f]), this gives Q)] <  If]|+ (1+ B} 72) m(1f]), and this
easily leads to the Doeblin-Fortet inequalities of (K), with O = (—7,7). O
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In the next proofs, except for Proposition 11.8, the technical parameter A used above will
be neglected, namely we shall assume A = 1, and the effective computation of the constants
occurring in the proofs will be of no relevance. So, to simplify the next estimates, we shall
still denote by C' the constant in the above inequalities resulting from (L)s, even if it is slightly
altered through the computations (the effective constants will actually depend on parameters
as a, tg € R fized, k € N fized, s, S ...).

Proposition 11.5 will follow from Lemma B.4 with £ = 0.

B.3. Proof of Proposition 11.6. Actually let us prove that ||Q(t)—QHB , = O(|t])

B

a8,y

fO<B<y, ¥ 2y+2L and I=E | M0 oo petttettd) | < qoo

Let K = Q(t) — Q(0). Then K is associated to g(z) = ¢ — 1. Using (L)s and the
inequality |e’T — 1| < |T|, one easily gets (i)-(ii) in Lemma B.1 with A = C'|t|, a = s+ 1, and
B=Cltlandb=s+1—a. So

K f(z)] < C|t] ‘f‘aﬂ p(x)s+1+a(v+1) E[Ms+1+a(v+1)] <ICH ’f’ow p(m)a(yﬂ)’
and, by using the fact that p(y) < p(x) (thus Ay g~ (z,y) < 2p(2)7p(y)*?)
K@) = Kf@)| < Cltlmasy(f) diz, ) ple) 2p(@)p(y)" Blce ¢y 0+
+ C It [ flagy d(z,y)® p(z) T p(y)*OFD E[c MeFLmetet],
Since p(z)* T Hp(y)* < p(x)*7p(y)*? < An.py(x,y) and
p(x)* T p(y)* 0T < p(a) T < p(a)™ < Mgy (@,y)

it follows that |Kf(z) — K f(y)| <21C|t|||flla,p~ d(@,y)* Aagy (2, y)- O

B.4. Proof of Proposition 11.7. This proposition states that C(m) (m € N*) holds with

B = BO&,B,’Y and E = Bavﬁv’yl lf we h/(]/Ue S+ 1 S B S 77 7/ > 'Y"’ @7 and

E[MOOF) L om0+ ] < 400 E[C* max{C,1}°0" )] < 1.

Let k € N. Let us recall that we set Q(t)(z,dy) = i*¢(y)Fe'® W) Q(z,dy) (z € E, t € R).
For u € R, we set /() = ¢, ().

Lemma B.4. For k € N, we have Q;, € C°(R, Ba,gy: Ba,gy) under the following conditions:
S+H1<B<y, 7 >v+EEE gng I = E[MOOHD) 4 ¢ MO+ < oo

«

Proof. Let t,ty € R, h =t — tg. We suppose that |h| < 1. Let K = Qx(t) — Qx(tp). Then
K is associated to q(z) = (i€(z))* (ei(z) — ey (2)). Let 0 < € < a. Using the inequality
|l — 1] < 2|T'|%, one gets (i) in Lemma B.1 with A = C |h|® and a = (s + 1)(k + ¢). Using
also |eT — 1| < 2|T|*, we have for k > 1 and for z,y € E such that d(y, ) < d(z,x¢) (thus
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lg(z) —a(y)| < 1€@)F — @) ler() — e ()| + €W | () — ey (2)) — (er(y) — €10 (y)) |
< Cle(a) — &) p(a)TIED) |p|= p(a)sth)e
+ Cp(:v)(s+1)k<|eh(a:) —en(@)] + len(y) — 1] |eg, (z) — eto(y)|>
< C ‘h”f d(.%'7 y)Oé p(x)s—kl—a p(.%')(5+1)(k_1+5)

+ Cp(a)e O <\h!°‘ d(x,y)" p(x) + |h[*p(x) TV [to]™ d(x, y)” p(x)as>
< C |h|€ d(x, y)a p(x)(5+1)(k+€)*a +C |h|€ d(m, y)a p(m)(s+1)(k+€)+as.

Hence (ii) in Lemma B.1 holds with B = C'|h|® and b = (s + 1)(k +¢) + as. If k = 0, the
previous computation, which starts from [g(x) — q(y)| < | (er(z) — e, (x)) — (ec(y) — ex, () |,
yields the same conclusion.

By hypothesis, one can choose € such that v > v +

J € Ba,pny

(s+1)(k+e)

, and Lemma B.1 yields for

|Kf($)| < C |h|5 |f|a Pyp(x)(s—l—l)(k-i-e)—ka(’y-i-l) E[M(s-i—l)(k—ka)-i-a(y—kl)]
< IC R | flayy p(z)*0 D,

Next, using s + 1 < 8 and d(y, zo) < d(z,x0) (thus Ay (2, y) < 2p(2)*p(y)*?) gives

Kf(@) = Kf(y)] < CIF maga(f)d@,y)® pla)cTED 2p(2) p(y)d Blce 50 )
+ C R |flay d(z, ) p(a)CTDETDFas y(palitl) glea pal’+s+D)]
21 CBIE || fllapy dl, ) p(2)™ p(y)*”

+ I Ch || fllasy dlz,y)® pla) s HDETETas (g )alF1=8) (ol
21 C B || F lapr A, 9)* Doy (2, 9)

+ 1 OB || fllaysy dl@, y)* pla)™ AT p(y)e?,

IN

IN

and we have p(x)® +e(H1=6) p(y)of < p(2)* p(y)*? < A, 5. (2,y) because s +1< 5. O

Lemma B.4’. For k € N, we have Qp € Cl(R, Ba g Bapy) with Q) = Qi1 under the
conditions: s+1 <<, v/ >~v+ %, and I = E[MO‘W‘H) +C° ./\/la(7/+5)] < +00.
Proof. Let t,tg € R, h =t — tp, and assume |h| < 1. Let K = Qp(t) — Qx(to) — h Qr+1(to),
and g(z) = (i€(2))* (ex(z) — ey (x) — i h&(z) €4y (x)). For u € R, we set ¢(u) = e™ — 1 — iu.
Let 0 < e < a. We shall use the following usual inequalities
p(w)] < 2[ul™e,  |o(u) — G(v)] < 2|u—v] (Jul* + [v]%).

Writing g(z) = (i(2))* ey, (x) ¢(h&(z)), one easily gets (i) in Lemma B.1 with A = C |h|'*¢
and a = (s+1)(k+1+¢). Proceeding as in the previous proof, one obtains for z,y € E such
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that d(y,z¢) < d(x,z0)

o) = a0 < 160" ~ €T one(a)] + 1601 ety ()601E(0)) — ey (1€
< Cd(.%’, y)a p(x)s-i-l—oz p(m‘)(8+1)(k_1) ‘h’H_E p(m‘)(8+1)(1+6)
+ o) ([6he(w) — olhE()] + 60 ey () — e 0]
< C ’h‘1+€ d(m, y)ap(x)s+lfa+(s+1)(k+€) + C ‘h’1+e p(m)(erl)k %
(16~ I 4 90 D0 ) () )
< O dl, ) pla) e )

+C |h|1+€ d(x, y)ap(x)(erl)k <p(x)s+1a+(s+1)e +p(x)(s+1)(1+€)+as> )

We have s+1—a+ (s+1)(k+¢e) =(s+1)(k+1+¢e)—a < (s+1)(k+1+¢)+ as,
and finally one gets (ii) in Lemma B.1 with B = C |h|'*® and b = (s + 1)(k + 1 +¢) + as.
To prove that Qp € CI(R,Ba,gmBaﬁﬁ/), one can then apply Lemma B.1 by proceeding
exactly as in the previous proof (replace |h|® with |h|'*¢) and k with k + 1, with e such that
oy >ay+ (s+1)(k+1+¢)). O

Now one can prove Proposition 11.7. Let us assume that s+1 < 8 <~y and v >+ m(5+1),

and let € > 0 be such that v + m(sH) + (2m +1)e < 4. Let I = [v,7/], and for 0 € I, set
By := Bapo, To(0) = 0+ ¢ and Tl(H) 0 + =tl + e With these choices, the conditions (0)
(4) of C(m) are obvious, the regularity conditions (1) (2) of C(m) follow from lemmas B.4-4’,
and finally Condition (3) follows from Proposition 11.4. O

B.5. Proof of Proposition 11.8. This proposition states that, if s+1 < 3 < v < v/,

= EMO D 4 co MO+ < 4o and E[C* max{C,1}*0+H)] < 1, then Condition (S)
holds on B g if and only if £ is non-arithmetic w.r.t. By g~. If £ is nonlattice, the two
previous equivalent conditions hold.

This is a direct consequence of Propositions 5.3-4 and of the following lemma (for Condi-
tion (P), see Rk. at the end of Section 5.2). Notice that one may suppose that ~" is fixed
such that s +1+ (7' —~) < 8. Let (B,] - |a,y) be the Banach space of all complex-valued

functions f on E such that |f|, = sup,cg % < +00.

Lemma B.5. Under the above hypotheses, Condition (I?) of Section 5.2 is fulfilled with
B = B, and B as above defined.

Proof. Condition (K1) holds by Proposition 11.2. Since |- |a, < || - [|a,8,4/» We have (I/(\2) by
Lemma B.4 (case k = 0). To prove (I/(\?)) and (I/(\ZL), let us observe that the norms || - ||o,5,4
and | - |, may be replaced with any equivalent norms ; of course (I/(\Q) then remains valid.
Given a real parameter \ € (0,1] on which conditions will be imposed later, let us consider
on B, g, the norm

by A
IS, =m®) () + 1719,
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: ») : : OV £ ()] ;
with m, 5 (f) defined in Section B.0, and |f[77, = sup,cp Pr@)e D It can be easily

shown that the norms || - ||o,3,y and || - ”aﬁvv
»)

and that the norms |- |q, and |- |7, are equivalent on B. We have to establish that, if
A € (0,1] is suitably chosen, then for any compact set Ky in R, there exist k < 1 and C' > 0
such that:

n A
V> 1, Vf € Bagy, VEE Ko, QW FIS) 0 < CE I FISS A + CLAS,
o Vi€ Ky, ress(Q(t)) < k.
We have Q(t) = K with ¢(x) = ¢ satisfying Conditions (i)-(ii) of Lemma B.1 with A = 1,
a=0,B=D[t|]* (Dx>0)and b= as. Let f € B,p,. Because of the presence of ~/

in the above norm, Lemma B.1 cannot be directly applied here. However one can follow the
proof of lemma B.1 and see that

QSIS < BIMee ) 10 < 11710,

and that for x,y € E such that d(y,zo) < d(z,x¢), we have by using in particular the fact
that 4" has been chosen such that s +1++" — 8 < ~:

, are equivalent on B, g, (see [[id] Prop. 5.2),

Q@) = QW) < moh (£ dw,y)* AL (z,y)ElC* 3]
+ D4 [FISY, (@, ) pa(e)® pa(y) 0 Y ElC MG+
m (1) d( ) AL () Bl €30
+ 1D [ [FISY, dla,y)® pa(x)* paly) ) pa(y)*?
with py ()2 pa(y)* 18 < py (2)EHHY=5) < py (2)7. Thus

QS (@)~ QWS _

- 04767
d(z,y)* A (z,y) !

IN

(HEC D)+ 104t 1718,

Besides, by Lebesgue’s theorem, we have x := E[C® Ci(wrﬁ )] < 1 for sufficiently small X\. The
previous estimate then easily gives the desired Doeblin-Fortet inequalities.

Since the canonical embedding from B, g, into B is compact (this easily follows from Ascoli’s
theorem, see [i] Lemma 5.4), the property 7.ss(Q(t)) < & is then a consequence of [[(]].
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