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Abstract. This paper studies limit theorems for Markov chains with general state space under conditions which imply subge-
ometric ergodicity. We obtain a central limit theorem and moderate deviation principles for additive not necessarily bounded
functional of the Markov chains under drift and minorization conditions which are weaker than the Foster—Lyapunov conditions.
The regeneration-split chain method and a precise control of the modulated moment of the hitting time to small sets are employed
in the proof.

Résumé. Nous établissons dans ce papier des théorémes limites pour des chaines de Markov a espace d’état général sous des
conditions impliquant I’ergodicité sous géométrique. Sous des conditions de dérive et de minorisation plus faibles que celles de
Foster-Lyapounov, nous obtenons un théoréme de limite centrale et un principe de déviation modérée pour des fonctionnelles
additives non nécessairement bornées de la chaine de Markov. La preuve repose sur la méthode de régénération et un controle
précis du moment modulé de temps d’atteinte d’ensembles petits.
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1. Introduction

This paper studies limit theorems and deviation inequalities for a positive Harris recurrent Markov chain {Xy}x>0 on
a general state space X equipped with a countably generated o -field X'. Results of this type for geometrically ergodic
Markov chains are now well established: see, for instance, [14], Chapter 17, for the central limit theorem and the
law of iterated logarithm, [3,6] for moderate deviations results. However, the more subtle subgeometrical case is not
nearly as well understood (see, for instance, [7]).

These results can be obtained by using the regeneration method constructed via the splitting technique on returns
to small sets. These methods typically require bounds for modulated moments of the excursions between two regener-
ations. In practice, one most often controls the corresponding modulated moment of the excursion between two small
set return times rather than regeneration times. Our first result in Section 2 relate these two bounds, extending to sub-
geometrical case results reported earlier in the geometric case by [17]. We then apply these bounds in Sections 3-5. In
Section 3, we establish a CLT and Berry—Esseén bounds, sharpening estimates given in [1]. In Section 4, we establish
a moderate deviation principle for possibly unbounded additive functionals of the Markov chains, extending results
obtained earlier for bounded functionals and afomic chains by [7]. Finally, in Section 5, we give deviation inequality
for unbounded additive functionals of the Markov chain.
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Following [16], we denote by Ag the set of sequences such that r(n) is nondecreasing and logr(n)/n | 0 as
n — oo and by A the set of sequences for which »(n) > 0 for all n € N, and for which there exists an ry € Ao which
is equivalent to r in the sense that

... r(n r(n)
0 < liminf and limsup <00
n—oo ro(n n—oo Fo(n)

Without loss of generality, we assume that r(0) = 1 whenever r € Ag. Examples of subgeometric sequences include:
polynomial sequences r(n) = (n + D% (8 > 0), or subexponential sequences, r(n) = (n + Dde” (8§ >0, c>0and
y € (0, 1)).

Denote by P the transition kernel of the chain and for n > 1, P" the nth iterate of the kernel. For any signed
measure 1 on (X, X'), we denote by ||ull f def SUp|g < s l(g)] the f-total variation norm. Let f:X — [I,00) be a
measurable function and {r(k)} € A. We shall call {X} (f, r)-ergodic (or f-ergodic at rate {r(k)}) if P is aperiodic,
¢-irreducible and positive Harris recurrent Markov chain and

lim r(n)|P"(x,) = 7|, <oo, forallxeX, (1.1)
n—oo

where 7 is the unique stationary distribution of the chain. If (1.1) holds for f = 1, then we call {X;} r-ergodic
(or ergodic at rate r). For a positive Harris recurrent Markov chain ([14], Chapter V), there exists some (and indeed
infinitely many) small sets satisfying for some constant m and some probability measure v, the minorization condition:
P™(x,-) > ¢ev(-), x € C. In what follows, for simplicity of exposition, we shall consider the “strongly aperiodic case”
m =1, that is

Assumption 1. There exist ¢ € (0, 1], a probability measure v on (X, X) such that v(C) =l and forallx e C,A € X,
P(x,A)>¢ev(A).

The general m case can be straightforwardly, but to the price of heavy notations and calculus (considering, for
example, easy extensions of i.i.d. theorem to the 1-dependent case), recovered from the proofs presented here. Fun-
damental to our methodology will be the regeneration technique (see [15], Chapter IV). The existence of small sets
enables the use of the splitting construction to create atoms and to use regeneration methods, similar to those on
countable spaces. In particular, each time the chain reaches C, there is a possibility for the chain to regenerate. Each
time the chain is at x € C, a coin is tossed with probability of success ¢. If the toss is successful, then the chain is
moved according to the probability distribution v, otherwise, according to (1 — g)~1 {P(x, ) —ev(-)}. Overall, the dy-
namic of the chain is not affected by this coin toss, but at each time the toss is successful, the chains regenerates with
regeneration distribution v independent from x. We denote by T = inf{k > 1, X} € C} and o0 = inf{k > 0, X} € C} the
first return and hitting time to C and by 7 = inf{k > 1, (X, dy) € C x {1}} and 6 = inf{k > 0, (X, dy) € X x {1}}.
Let f be a nonnegative function and r € A a subgeometric sequence and Ha probablhty measure on (X, X). Our
main result glves a bound to the (f, r)-modulated expectation of moments E, [Z t=1 " (k) f(Xr)] of the regeneration
time (where E# is the expectation associated to the split chain; see below) in terms of the corresponding moment
of E w[Df_o7 (k) f(Xr)] and constants depending only and explicitly on ¢ and v and on the sequence r. Here, IEM
denotes the expectation associated to a Markov chain with initial distribution & and moving according to P outside C
and the residual kernel (1 — 8)_1{P(x, -) —ev(-)} inside C.

Because finding bounds for IEM[Z,Z:O r(k) f(Xx)] is not always easy, we will consider bounds for this quantity
derived from a “subgeometric” condition recently introduced in [8], which might be seen in the subgeometrical case,
as an analog to the Foster—Lyapunov drift condition for geometrically ergodic Markov chains. We obtain, using these
drift conditions, explicit bounds for the ( f, r)-modulated expectation of moments of the regeneration times in terms
of the constants in Assumption 1, the sequence r and the constants appearing in the drift conditions. With these
results, we obtain limit theorems for additive functionals and deviations inequalities, under conditions which are easy
to check.
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2. Bounds for regeneration time

We proceed by recalling the construction of the split chain ([15], Chapter 4). For x € C and A € & define the kernel
Q as follows,

(1- sjlc(x))_l{P(x, A) —ele(x)v(A)}, 0=<ele(x) <1,
8¢ (A), e=1, C=X

Q(x,A):{ 2.1

Define now, on the product space X =X x {0,1} equipped with the product o-algebra X ® P(0,1) where

P0, 1) & (4, 0}, (1}, {0, 1)) the split kernel as follows:

P(x,0; A x {0}) = /A Q(x,dy){1 —elc(»)}, P(x,0; A x {1}) =eQ(x,ANC),
P(x,1; A x {0}) = /A v {1l —elc(m},  P(x,Ax({1})=ev(ANC).
For 1 be a probability measure on (X, X’), define the split probability & on (X x {0, 1}, X ® P({0, 1})) by
A 10) = [ [1=e1coluin, Acx, 22)
(A x {1}) =en(ANC). (2.3)
We denote by ]f”,i and IVEl; the probability and the expectation on XN x {0, 1}N, AN @ PEN({0, 1})) associated to the

Markov chain {X,, d, },>0 with initial distribution /& and transition kernel P. The definition of the split kernel implies
that

P(Xpi1 € AIFS vV FL ) = P(Xy, A), (2.4)
B(d, = 1|FX v FL ) = elc(X,), (2.5)
P(Xut1 € AIFEVFL 1dy=1) = v(A), (2.6)

where for n > 0, .7-',? = o0 (di, k <n) and by convention ff | = {9, £2). Condition (2.4) simply states that {X,},,>0 is
a Markov chain w.r.t. the filtration (FX v _7-',‘1171 ,n > 0). Condition (2.5) means that the probability of getting a head
(dn = 1) as the nth toss is equal to e1c(X,), independently of the previous history ]—'rfil and of the n — 1 previous
toss. Condition (2.6) says that if head is obtained at the nth toss (d,, = 1), then the next transition obeys the transition
law v independently of the past history of the chain and of the tosses. This means in particular that X x {1} is a proper

atom. From conditions (2.4)—(2.6), we have
P(Xpi1 € AIFSV FL 1 dy =0) = O(Xn, A).
We denote respectively by I@u and INEM the probability and the expectation on (XY, X®N) of a Markov chain with initial

distribution y and transition kernel Q.
Denote by {o;} ;>0 are the successive hitting times of {X,} to the set C

oo inf(n>0,X,eC} and oj=infln>0; 1. X,€C}, j=>1, 2.7)

and by N,, the number of visits of {X},} to the set C before time n,

n o0
N, = ZJIC(Xn) = Z]l{ajfn}' (2.8)
i=0 j=0



242 R. Douc, A. Guillin and E. Moulines

Define by & the hitting time of the atom of the split chain X x {1},

v def

5= (k>0,d;=1}. 2.9)
The stopping time & is a regeneration time and v is a regeneration measure, i.e., the distribution of X, conditional
to 0 = n is v independently of the past history of the chain. The following proposition relates the functionals of the
regeneration time under the probability associated to the split chain IP; to the corresponding functionals of the chain

{X,} under the probability ]fbu-

Proposition 1. Assume Assumption 1. Let ju a probability measure on (X, X). Let {&,} be a nonnegative FX -adapted
process and let S be a FX -stopping time. Then,

Eﬂ[ésﬂ{k&}] =E, [£s5(1 — )M 5200)], (2.10)
Eiles s <o) = Y (1 — &) Byl o) <o0)]- 2.11)
j=0

The proof is given in Appendix A. We will now apply the proposition above to functionals of the form &, :=
ZLOr(k)g(X x) where g is a nonnegative function and r € A is a sequence, to relate the bounds of the (g, r)-
modulated expectation of moments of regeneration time to the ( f, r)-modulated expectation of moments of the hitting
time.

Proposition 2. Assume Assumption 1. Let {r(n)},=0 be a sequence such that, for some K, r(n +m) < Kr(n)r(m),
forall (n,m) e N x N. Let g: X — [1, 00) be a measurable function. For x € X, define

W (1) &R, [Zr(k)g(xk):|. (2.12)
k=1
Then, for any x € X,
By |:Zr(k)g(Xk):| <r(0)g(x) + Wy g (1) Lee(x) + e (1 — &) K (sgp Wr,g)fagx [r@&)]- 2.13)
k=0

If g =1 and r(n) = B", this proposition may be seen as an extension of [17], Theorem 2.1, which relates the
generating function of the regeneration time to that of the hitting time to C. Subgeometric sequences r € Ag also
satisfies the inequality »(n 4+ m) < r(n)r(m). There is, however, a striking difference with geometric sequence.
Whereas for a geometric sequence liminf, o r(1n)/ Y ;_r(k) > 0, for subgeometrlc sequence we have on the con-
trary limsup,,_, . r(n)/ > j_or(k) = 0. This implies that, whereas E [r(a)] and E [Zk Or(k)g(Xk)] are of the
same order of magnitude in the geometric case, the second is negllglble compared to the first one in the subgeometric
case. In particular,

Corollary 3. Assume Assumption 1. For any function g : X — [0, 00), there exists a constant by (depending only and
explicitly on € and supc W1 g) such that

Ej |:28(Xk):| < g(x) + Wi g(x)1ce (x) + bg. (2.14)

k=0

Foranyr € Ag and § > 0, there exists a constant b, (depending only and explicitly on ¢, 8, r and supc W, 1) such that

Ej, [Zr(k)] <+ W, 1(x)Lce(x) + by (2.15)

k=0
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In general, of course, sup- Wi, and sup- W, 1 is not easy to find analytically and, as in other approaches to
this problem, we will consider bounds on these quantities using “subgeometric drift” conditions as introduced in [8],
generalizing a condition implying Riemannian convergence stated in [11] (see also [9]). This condition may be seen as
an analogue for subgeometrically ergodic Markov chain of the Foster—Lyapunov condition for geometrically ergodic
Markov chain.

Assumption 2. There exist a concave, nondecreasing, differentiable function ¢:[1,+00) — RT, a measurable
function V :X — [1,00) and positive constants b satisfying ¢(1) > 0, limy_, o0 @(v) = 00, limy_c0 ¢’ (v) = 0,
sup,cc V(x) < 0o and

PV <V —g@oV +blc,
where the set C is given in Assumption 1.

This drift condition has been checked in a large number of examples arising, for example, in queueing theory,
Markov chain Monte Carlo, time-series analysis (see, for example, [8,11]). Examples of functions ¢ satisfying As-
sumption 2 include of course polynomial functions ¢(v) = (v+ 1)¢ for @ € (0, 1) but also more general functions like
@) =log*(v + 1) for some o > 0, or p(v) = (v +d)/log(v + d)¥, for some « > 0 and sufficiently large constant
d. We refer to [8] for precise statements giving both drift functions and rate ¢ for these examples. Define

qﬁ(v)d:ef/U dr (2.16)
1 o)

The function @ :[1, oo) — [0, 00) is increasing and lim,_, o, @ (v) = oo (see [8], Section 2). Define, for u € [1, 00),

ro) = g o @ u) /g o @7 (0), 2.17)

where @ ! is the inverse of @. The function u > r(u) is log-concave, and thus the sequence {r, (k)} is subgeometric.
Polynomial functions ¢(v) = v*, a € (0, 1) are associated to polynomial sequences r,(k) = (1 + (1 — a)k)e/ A=)
Functions like ¢(v) = c(v + d)/log¥(v + d) (@ € (0, 1) and sufficiently large d) are associated to subexponential
sequences,

re(n) < /() exp({c(l + a)n}l/(l+a))

s

where for two sequences {u} and {vi} of positive numbers, uj =< vy if

.. Uk . Uk
0 <liminf — <limsup — < oo.
k—o00 Vg k—oo Uk

Ref. [8], Proposition 2.2, shows that under Assumptions 1 and 2, for all x € X,

c—1

EX[Z ¢o V(Xk)} < V(0 4+ ble). (2.18)
k=0
Tc—l

EX|:Z ”</>(k)j| <{V@) = 1+br,(Hlc)}/p). (2.19)
k=0

This implies using [18] that a Markov chain satisfying Assumptions 1 and 2 is both (1, 7y)- and (f, 1)-ergodic. Denote
by G () the set of measurable functions satisfying:

def

Gp) = {w :[1, 00) — R, ¥ is nondecreasing, id is nonincreasing}. (220
4
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Similarly to (2.16), for all ¥ € G(¢), define the function

Dy v /vﬂ(u)du. 2.21)
1@

The function @y, is concave, nondecreasing and because [{/¢](u) < [V/@](1), @y (1) < [¥/@](1) (u — 1) for all
u > 1. The results of the previous section are used to derive explicit bounds for

Ej [Zon(xk)} and IVESX [erp(k)},

k=0 k=0

where v is any function in G(¢). The following theorem proved in Appendix B, establishes bounds for the modulated
moment of the excursion of the split chain to the atom X x {1} as a function of the drift condition.

Theorem 4. Assume Assumptions 1 and 2. Then there exists finite constant By, (depending only and explicitly on the
constants appearing in the assumptions) such that for all x € X, ¥ € G(¢p),

ESX |:Z Yo V(Xk):| < @w o V(x)lce(x)+ Bw (2.22)

k=0

For any § > 0, there exists a finite constant B, (depending only and explicitly on the constants appearing in the
assumptions and § > 0) such that

o

IVng [er(k)} < (1 +8)V(x)lce(x) + By. (2.23)

k=0

Forany c € (0, 1) and K > 1, there exists a finite constant k (depending only and explicitly on the constants appearing
in the assumptions) such that for any ¥ € G(¢), and x € X,

. (S 1 Dy (K)+1
Py (;)w o V(Xy) > M) < K|:q)_l{CM/I//(K)} + as C)MK]V(x). (2.24)

The rates of convergence for the tail of the excursions may be obtained by optimizing the choice of the constant K
with respect to M. As an illustration, consider first the case where ¥ = 1. Since lim_, o, ¢ (s) = 00, then

. P(K) lim /K ds
lim ——
K—oo K KaooK (S)

Therefore, by letting K — oo in the right-hand side of (2.24) and then taking ¢ = 1,
E”a; (&>M)<kV(x)/® ' (M).

Note that this bound could have been obtained directly by using the Markov inequality with the bound (2.23) of the
f-modulated moment of the excursion. Consider now the case: ¥ = ¢. By construction, for any K > 1, (®y (K) +
1)/K <1 and for any positive u, @] (u) = ¢()u + 1. Taking K =1 in (2.24), Theorem 4 shows that, for some
constant «,

L[S KV (x)
]PSX(ZI)&OV(X]C)ZM>§ o

k=0

which could have been again deduced from the Markov inequality applied to the bound for the excursion (2.22). The
expression (2.24) thus allows to retrieve these two extreme situations. Equation (2.24) also allows to interpolate the
rates for functions growing more slowly than g o V.
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We give now two examples of convergence rates derived from the previous theorem by balancing the two terms of
the right-hand side appearing in Theorem 4.

Polynomial ergodicity

By Egs (2.16) and (2.17), if ¢(v) = v* (with a € (0, 1)), then ry, (k) = (1 + (1 — a)k)*/ 1= and @~ (u) < (1 —
a) /=y l/(d=e) a5 4 — 00. Choose B € (0, «) and set ¥ (u) = uP. Then, @y (v) = (1 + —a) ' (W!TF~* — 1) and
the optimal rate in the right-hand side of (2.24) is obtained by setting K = M/(B+@=F(1=0) With this choice of K,
(2.24) implies that

o
f@gx |:Z Vﬂ(Xk) > M:| < KV(X)M—Ol/(ﬂ-i-(a—ﬂ)(l—Dt))'
k=0

This bound shows how the rate of convergence of the tail depends on the tail behavior of the function g and of the
mixing rate of the Markov chain.

Subexponential ergodicity

Assume that ¢(v) = c(v + d)(log(v + d))~* for some positive constants ¢ and « and sufficiently large d. Then
&~ L(k) =< e(C(H“)k)l/(Ha). Choose, for example, ¥ (v) = |log |/5(1 +v), v € RT. By optimising the bound w.r.t. K,
(2.24) yields:

o
173 [Z log [V (Xp)] = M} <we= My,
k=0

for some constants ¢ and C which does not depend of 8 or M. Similarly, for ¥ (v) = (1 + v)# with B € (0, 1), there
exists a constant k < 00,

o
P;, [Z VB (Xp) = M} <k M~P1og@e b= IHB=B (A Y (x).
k=0

3. Central limit theorem and Berry—Esseén bounds

As a first elementary application of the results obtained in the previous section, we will derive conditions upon which a

central limit theorem holds for the normalized sum S, ( f) défn_ 172 Yo (f (X)) —m(f)) where 7 is the stationary dis-

tribution for the chain. For u, v two vectors of R¢, denote by (u, v) the standard scalar product and ||u|| = ((u, u))'/?
the associated norm.

Theorem 5. Assume Assumptions 1 and 2. Let Y be a function such that V2 and Y@y, belong to G(¢). Then for any

If]
YoV

Sfunction f:X — R such that supy < 00,

/fzdﬂ+/|f|Z|Pkf—n(f)|dn<oo.
k=1

If in addition *(f) > 0, where

def

o(f)E /{f—n(f)}zdn+2/fZP"{f—ﬂ(f)}dm 3.1)
k=1

then for any initial probability measure p on (X, X) satisfying u(®y) < 00, /nS,(f) converges in distribution to a
zero-mean Gaussian variable with variance 02( ).
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Polynomial ergodicity

Assume that ¢(v) = v* for some « € (1/2, 1) and choose v (v) = v# for some B € [0, «]. Then, Py(v)=10+8—
oz)_1 (vl‘HS_“ — 1) and the conditions of Theorem 5 are satisfied if « > 1/2 and g8 € [0, « — 1/2]. This is equivalent
to the condition used in the CLT [11], Theorem 4.4, for polynomially ergodic Markov chains. Note that if o« < 1/2,
then the moment of order two of the hitting time & is not necessarily finite, and the CLT does not necessarily holds in
this case.

Subexponential ergodicity
Theorem 5 allows to derive a CLT under conditions which imply subexponential convergence. Assume that ¢(v) =
(d 4+ v)log=¥(d + v), for some o > 0 and sufficiently large d. The condition of Theorem 5 are satisfied for v (v)
v!2{log(v)}~@*9 for § > 0.

By strengthening the assumptions, it is possible to establish a Berry—Esseén theorem with an explicit control of the
constants.

Theorem 6. In addition to the assumptions of Theorem 5, suppose that the functions >, WZCDW and Dy, belong to
G(@). Let i1 be a probability measure on (X, X) such that u(®y) < 00. Then there exist a constant k depending only
and explicitly on the constants appearing in the Assumptions 1 and 2 and on the probability measure u such that, for

any function f:X — R such that supy Jﬂ, < oo and 62(f) > 0,

sup|Py (n =128, (f) /o (f) <t) — G(t)| <kn™ /2, (3.2)
t

where G is the standard normal distribution function.

Berry—Esseén theorems have been obtained for Harris-recurrent Markov chains under moment and strongly mix-
ing conditions by [1]. The use of the results obtained above allow to check these conditions directly from the drift
condition. A side result, which is not fully exploited here because of the lack of space is the availability of an ex-
plicit computable expression for the constant x, which allows to investigate to assess deviation of the normalized sum
for finite sample. This provides an other mean to get “honest” evaluation of the convergence of the Markov chain,
under conditions which are less stringent than the ones outlined in [12], based on total variation distance. It is in-
teresting to compare our conditions with those derived in [1], Theorem 1, in the polynomial case, i.e., ¢(v) = v%,
a € (0, 1). It is straightforward to verify that the conditions of the Theorem 6 are satisfied by ¥ (v) = v# if & > 2/3
and B € [0, @ — 2/3]. On the other hand, the strong mixing rate of this chain is r(n) = n—e/(-a) (see [8] and the
maximum value of p such that 7(V?P) < oo is p = a/B. The Bolthausen condition payal kPI/P=3r () < 00, is,
therefore, satisfied again if « > 2/3 and 8 € [0, ¢ — 2/3), the value &« — 2/3 being this time excluded.

4. Moderate deviations

The main goal of this section is to generalize the MDP result of Djellout—Guillin [7] from the atomic case to the
1-small set case. We will indicate in the proof the easy modifications needed to cover the general case.

4.1. Moderate deviations for bounded functions

We first consider MDP for bounded mapping, including nonseparable case (the functional empirical process and the
trajectorial case).

Theorem 7. Assume Assumptions 1 and 2. Then for all sequence {b,} satisfying, for any ¢ > 0,

lim <— + —> _o0, @.1)

. n n
B ) 42
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for all initial measure  satisfying (V) < 0o, for all bounded measurable function f:X — R? such that w(f) =0
and for all closed set F C R4, we have

. n 1 n—1 ‘
hmsupglogPu<E ;f(xk) € F) = _;2}; Jr (),

n—0o0

where Jy is a good rate function, defined by

e 1
Jre0) S sup <<x,x> - (5)020», f)), (4.3)

reR4

and o is defined by (3.1).

The proof is given in Appendix D. [5] proved that the moderate deviation lower bound holds for all bounded
function and all initial measure provided that the chain is ergodic of degree 2, i.e., for all set B € X such that 7 (B) > 0,

f B Ex[ré]n(dx) < 00, where tp def inf{k > 1, Xy € B} is the return-time to the set B. It turns out that, under the
Assumptions 1 and 2, the conditions (4.1) and (4.2) implies that the Markov chain is ergodic of degree 2. Note indeed
that the conditions (4.1) and (4.2) implies that limy_, oo k /7, (k) = 0. The definition (2.17) of {r,(k)} implies that for
some positive ¢, p(v) > c4/v, for any v € [1, 00) and Lemma 12 (stated and proved in Appendix D) shows that this
condition implies that the chain is ergodic of degree two. Thus, Theorem 7 together with [5], Theorem 3.1, establish
the full MDP for bounded additive functionals.

Conditions (4.1) and (4.2) linking ergodicity and speed of the MDP may be seen as the counterpart for Markov
chains of the condition of [13] for the MDP of i.i.d. random variable linking the tail of this random variable with the
speed of the MDP. Let us give examples of the range of speed of the MDP allowed as the function of the ergodicity
rate.

Polynomial ergodicity
By Egs (2.16) and (2.17), if ¢(v) = v* (with @ € (0, 1)), then ry, (k) < k*/1=®) and @1 (k) < k!/(1=®)_ Therefore,
conditions (4.1) and (4.2) are fulfilled as soon as for any « € (1/2, 1) by any sequence {b,} satisfying

. [« /nlogn
Iim { — 4+ ——}¢ =0.
n—oo| b, b,

Subexponential ergodicity
Assume that ¢ (v) = (v 4+ d)(log(v + d))™* for some o > 0 and sufficiently large d. Then, & (k) = ek for
some constant c. The conditions (4.1) and (4.2) are fulfilled by any speed sequence {b,} satisfying

b
im [V b 1 _g
n—oo| by, n+a)/(1420)

The result can be extended to the empiral measure of a Markov chain. Assume that X is a Polish space and denote
by M(X) the set of finite Borel signed measures on X. Denote by B(X) the collection of bounded measurable functions
on X. We equip M(X) with the smallest topology such that the maps v fx f dv are continuous for each f € B(X),
commonly referred to as the t-topology. The o-algebra M (X) on M(X) is defined to be the smallest o -algebra such
that for each f € B(X), the map v — f dv is measurable. Define the empirical measure L,, as

1 n—1
L= g(axk — 7).

For any B € M(X), we denote by int; (B) and clos; (B) the interior and the closure of the set B w.r.t. the t-topology.
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Theorem 8. Under the assumptions of Theorem 1, for every probability measure pu € M(X) satisfying u(V) < oo,
and any B € M(X)

n
li —logP, (L, e By <— inf Iy(y),
lmsgp b2 08 Fyu(Ln )= )/ec%cr)lsz(B) o(r)

hmlnf logP,(L, € By>— inf I ,
B gPu( )= L. 0(y)

where for y € X, setting f = f —n(f),

1 _ R
Io(y) = /fd — = /fzd +2/f Pkfd )} (4.4)
oy f:l;f()x)[ y 2( y /; n

The proof can be directly adapted from the proof of [5], Theorem 3.2, and is omitted for brevity. An explicit
expression of the good rate function can be found in [5], Theorem 4.1. Other MDP principles (for instance, for the
supremum of the empirical process) can be obtained using the results obtained previously by [7]. To save space, we
do not pursue in this direction.

4.2. Moderate deviations for unbounded functionals of Markov chains
We give here conditions allowing to consider unbounded functions. These conditions make a trade-off between the
ergodicity of the Markov chain, the range of speed for which a moderate deviation principle may be established and

the control of the tails of the functions.

Theorem 9. Assume Assumptions 1 and 2 and that there exist a function ¥ € G(¢) and a sequence {K,} such that
limy,— oo K;; = 00 and, for any positive ¢,

n
o . 45
nbo b2 Og(qu(eb,,/w(Kn))) > -
n n®y (K,)
im 7, log(m> = —0. 4.6)

Then for any initial distribution w satisfying u(V) < oo and any measurable function f:X — R? such that
supy || f Il /¥ o V, the sequence {onz()», f, W)} where

2
def .
oZ(h, fi) = [(;kg{ﬂxw—n(f)}) }

has a limit 02 (, f) (which does not depend on 1) and Pu[Ln(f) € -] satisfies a moderate deviation principle with
speed bﬁ /n and good rate function Jy,

1
Jr(x) = sup I:(A,x) — <E>o2(x, f)]
reRd
Moreover, ifW + YDy € G(p), then UZ(A, = 62((A, fNand Ty =Jy.

Polynomial ergodicity
By Egs (2.16) and (2.17), if ¢(v) = v* (with @ € (1/2, 1)), then ry (k) < k*/1=® and @~ (k) < kl/(l“") Choose

¥ (v) = v# with B < a — 1/2. Then the MDP holds for for any sequence {b,,} such that llmn_wo{ b T
It is worthwhile to note that the speed which can be achieved are the same than in the bounded case.

i) =0.
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Subexponential ergodicity
Assume now that ¢(v) = (v + d)(log(v 4+ d))™* for some o > 0 and sufficiently marge d. Then letting ¥ (v) =
(log(1 + v))? for some B > 0, then Theorem 9 shows the MDP with speed b, = n“ for a such that

1 B+1+4+a

—<a<

2 28+1+2a

Letting ¥ (v) = (1 + v)? with B < 1/2, then Theorem 9 shows that the MDP principle holds for any sequence {b,}

such that limn_)oo{# + J’f’]:')w} =0.

5. Deviation inequalities

We now investigate some exponential deviation inequalities for P, (3"} _, f(X;) > en) valid for each n where f is a
bounded and centered function w.r.t. . This is to be compared to Bernstein’s inequality for i.i.d. variables or more
precisely to the [10] inequality adapted to Markov chains (as done in a previous work of [4]), except that in this paper,
the Markov chain is not geometrically but subgeometrically ergodic. Extensions to the case of unbounded functions
can be tackled using result of Theorem 4.

Theorem 10. Assume that f is bounded and centered with respect to w and the assumptions of Theorem 1. Then, for
any initial measure | satisfying u(V) < oo, for any positive ¢ > 0 and n > no(¢), there exists L, K (independent of
n and ¢) such that, for all positive y

n—1
Ln Ln 2 2
P X < n 4 e (KIS oten).
’“‘( Eof‘ o >8") S0 T en/Ifle) @O/ fl)

The proof is given in Appendix E. Let us give a few comments on the obtained rate in some examples: with
[ flloo =1, forn=>n;

(1) e(v)=14v)¥ for @ € (1/2, 1), then there exists K
n-l 1/(1-a)
log(n)
k=0
2) ¢(v) =14 v)log(c + v)~“ for positive «, then there exists K, L

n—1
E”u( > x| > 8n> < Ke L)/
k=0

The polynomial rate shown in the first case is better than the one derived by Rosenthal’s inequality, and considering
that we, in fact, only consider integrability assumptions, are not so far from optimal when considering stronger as-
sumptions as weak Poincare inequalities. The subgeometric case is less satisfactory in the sense that when « is near O,
we hope to achieve an n in the exponential (obtained, for example, via Cramer argument) whereas we obtained instead
/1. The gap here, due to Fuk—Nagaev’s inequality, is fulfilled only asymptotically via the moderate deviations result,
and is left for deviation inequalities for further study.

Appendix A. Proofs of Propositions 1 and 2

Proof of Proposition 1. We first prove by induction that for all » > 0 and all functions fy, ..., f, € F T(X),

B {l_[ﬁ%)ﬂ{m}} =E, [l_[fi(xi)(l - s)Nn}. A1)
i=0 i=0
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We first establish the result for n = 0. For f € F(X) we have
Bl orts-0] = Balr o) ag-a] = (1 =o) [ fwmao+ [ feman
= /X{l — el ()} f (x)p(dx).

Assume now that the result holds up to order 7, for some n > 0. Similarly, for any f € F1(X),

[E[f(xn+l)]l{dn+1=0}|fyf( v F g0y = E[f(XnJrl){l —elc(Xns )} FF v F1a,=0)
=E[f X ){1 = e1cXni 1) }1 X0 ] 114,=0)-
Therefore, by the recurrence assumption,
n B n
E; [fnﬂ(xnm [1 ﬁ(x,'m{mm} =B | E[ fur1 Xnp {1 = eleXns D }1X0] [ | ﬁ(xi>1{g>n}]

i=0 L i=0

I
=h
=

E[ fop1 Xne){1 = ele XD JIX] [ i (1 - a)N"}
L i=0

I
=h
=

Frr g [T XD = e)NH'},

L i=0
showing (A.1). Therefore, the two measures on (X", X®+D) defined respectively by

A Ep[1a(Xo, ., X) L=y ] and A B, [14(Xo, ..., X0)(1 —e)™]

are equal on the monotone class C déf{A, A=Ap X --- X Ay, A; € X} for any n, and thus these two measures co-
incide on the product o -algebra. The proof of (2.10) follows upon conditioning upon the events {S = n}. We now
prove (2.11). By definition of the hitting time & to the atom X x {1}, &5 15 - o) may be expressed as

o
8515 <00) = oo Ldoy =1} L{dyy <00} T Zéa,-il{d(,j:1}ﬂ{aj,1<&}11{a,-<oo}.
j=1

Note that
x X T X
E[]l{d%:]}%'gj |f0,j]ﬂ.{o'j<oo} = S]E[ng |.7:aj]jl{gj<oo}
and (1 — &)™ 1o, <00} = (1 — )/ T 15, ~oc). The proof follows from the identity

" T i X d
E,i[fn_,vjl{aj<oo}]l{aj,l<&}] = ]E[l [E[Eﬂ_jﬂ'{(fj<00}|;(rj,1 V‘Fdj,l]]]‘{doj,l:0}1{Uj—l<&}]

.~ N, .~
]E//.[E[S(rjjl{dj<oo}|f£71](1 —¢) -l jl{zr/-,1<oo}:| =(1- 5)1Eu[$<rj]1{aj<oo}]~ O

Proof of Proposition 2. Without loss of generality we assume that sup- W, < 0o (otherwise the inequality is trivial).
In the case ¢ = 1, Proposition 2 is elementary since by Proposition 1, it then holds that

IVESX [Zr(k)g(Xk)] = W, g (x)Lce (x).

k=1
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Consider now the case € € (0, 1). By applying Proposition 1, we obtain:

Ej [Zr(k)g(xk)} =W g()Lce(x) + Y (1 —e)E, [Z r(k)g(Xk):|. (A.2)

k=1 j=1 k=1
For j > 1, write
_ oj j_l B O¢+1
E. [Zr(k)g(xw] = Wr,g<x)1cc(x)+Z1Ex[ > ”(k)g(Xk):|-
k=1 =0 k=0¢+1

Under the stated assumptions, for all n,m > 0, r(n + m) < Kr(n)r(m). This and the strong Markov property imply,
for x € {W, ¢ < oo}:

O¢41 T0H%
fE{ > r(k)g(Xw} =IEX[Z V(k+0£)g(Xk+az)]

k=0op+1 k=1
B[00 Wi g (X)) = K (sup Wy ) B [r(o0)]

where 6 is the shift operator. Plugging this bound into (A.2) and using again Proposition 1, we obtain,

g oo j—1
B [Zr(k)g(xk)] < Wy Lee(x) + K(sgp Weg) D el =) 3 Bilr(o0)]

k=1 j=1 =0

= Wrg()1ce(0) + K (sup W) )Z(l &) Eu[ron)]
(=
= W, o(x)1ce(x) +e7! q! —s)K(sup W,g>Ev [r(a)]

O

Proof of Corollary 3. For any r € A, lim,—,oor(n)/ Y ;_,r(k) = 0. As a consequence, for any r(n) € A and any
8 > 0, N, s defined by

n

N,,adz"fsup{nz1,r(n)/zr(k)za}, (A3)
k=1

is finite. For any n > 0, the definition of N, 5 implies r(n) <8 ;_, r(k) +r(N,s). Hence, for any x € X,

E; [r(6)] <85 [Z r(k)} +r(Nyy).

k=1

The proof of (2.15) then follows by choosing & sufficiently small so that (1 — e~ 1(1 — ¢) supc Wr,lzi)_l <1445 0O

Appendix B. Proof of Theorem 4

We preface the proof by the following elementary lemma.
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Lemma 11. Assume Assumption 2. Then, for any \y € G(p) there exists by, (depending only and explicitly on b,
and @) such that, for all x € X,

Qx,PyoV)<dyoV(x)—yoV(x)+bylc(x). (B.1)
Proof. Since @y is concave, differentiable, nondecreasing, the Jensen inequality implies, for x ¢ C

P[®y o VIS Py(PV)<Py(V—goV) <Py oV + &, (V)(—poV)<PyoV —¢oV
and

sup Q(x, Dy o V) < Dy [(1 — 8)_1{sup PV — 8V(V)}].
c c
The proof follows. |

Proof of Theorem 4. By Corollary 3, we may write

T—1
Ej [waom] <E, |:ZlﬂoV(Xk)i|]lcc(x)+supl//oV+b (B.2)

k=0 k=0

On the other hand, the comparison theorem ([14], Theorem 11.3.1) and the drift condition (B.1) implies that

T—1
E, [Z Vo V(Xk)] Tee(x) < @y o V(x)Lee (x).
k=0
The proof of (2.22) follows. The proof of (2.23) is along the same lines using (2.15) instead of (2.14).
We now consider (2.24). Define ndg inf{k > 0, V(Xy) > K}. We consider first the event {Z,fzo Yo V(Xg) >

M, n > &}, on which v o V(X}) remains bounded by ¥ (K). Therefore, on { > 7}, ZZ:O YoV (Xy) < (c+ 1Y (K),
which implies that

i . .M
{gon(Xk)zM,nza}c{ozm}.

We now consider the complementary event: {Zf:o Yo V(Xr)>M,n <o} We take ¢ € (0, 1), Note that, if 6 <
cM /¥ (K), then, Zk;(l) ¥ o V(Xk) <ny(K) < cM which implies that ZZ:n Yo V(Xi) > (1 —c)M. Therefore,

{Z¢OV(Xk)zM,n<&} c {63 I//C(A;)}u{m& ) oV(Xk)>(1—c)M]

k=0

Therefore,

v d v . cM
Py (Zw o V(Xy) > M) < 2Py (0 > w(K))

k=0

+Iﬁ’gx<n§ _%ﬁ(K) OV(Xk)>(1—C)M> (B.3)

The first term of the right-hand side of (B.3) is bounded using the Markov inequality with (2.23),

5.1 2
& ¥ (K)

B { cM }<E {Zk 0Te ()} 0 V(x)Lee(x) + 1
HeM/y(K)y = " @~ YeM /Y (K)}
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for some finite constant «¢. Similarly, the Markov inequality and the strong Markov property imply using Eq. (2.22),
1 G
P In<o< YoV z(U-oM | = —— i (14,5 E > v o vixo|FY
& I w(m Z (I =)Mo\ "= k; "

“ [(cbon(X,,)—}- ) 0>n}]’

S Tomh

for some constant «y. The function u + @y (u)/u is nonincreasing. Therefore, (@y o V(Xy) + Dl <
K=Yy (K) + 1)V (X;)1{;<o00}, which implies that

(Py(K)+1) -
T R (VX)L

E; [(®y 0 VXy) + )12y <
We now prove that there exists a constant k> such that, for any x € X,

E; [V(X1yzs)] < iV (). (B4)
Since 7 is FX -stopping time, using Proposition 1, (2.10), we may write

Eg, [V X)Ly = E[V X)L = £)"1 o).

By conditioning upon the successive visit to the set C, the right-hand side of the previous equation may be expressed
as

Ee[VXp) (1= )11 co0)] = B[V (XD Liyog ] + D1 — &) E[V(X;)Lio,_ <no)]- (B.5)
j=1

Because V(X)) l{p<oy) < V(Xyney) and n A og is a fx—stopping time, the comparison theorem ([14], Theo-
rem 11.3.1) implies that, under Assumption 2,

E [V(Xp)Liy<op)] < V(x) +blLc(x). (B.6)
Similarly, for any j > 1, we may write

V(X))o <n<o;y <V Xojan)lio;1<n <V (Xeag) 007 Lo, <y,
and the comparison theorem and the strong Markov property imply that

B[V (X))o, 1 <neop] < <supv+b). (B.7)
C

By combining the relations (B.5)—(B.7), we, therefore, obtain the bound
(1—e¢)
3

B[V (X)) (1= &)V11y200)] < V(@) + ble(x) + {sup at b],
C

showing (B.4) and concluding the proof. O

Appendix C. Proof of Theorem 5

By [14], Theorem 17.3.6, we only need to check that I = ]E{:,{(Zg:o |f|(Xk))2} < 0o0. We may write I =11 + 21
where the two terms /7 and I, are respectively defined by

LhEE [Zf (Xy}
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LEE [me) > IfI(Xz)] {Dﬂ(xkﬂéxk,dk{vam”
0

L=k+1 k=0

The proof follows using Theorem 4.

Appendix D. Proof of Theorem 7

Lemma 12. Assume that Assumptions 1 and 2 hold for some function ¢ such that infy,c[1, o) w\(f) > 0. Then, the chain
is ergodic of degree two.

Proof. Recall that for a phi-irreducible Markov chain, the stationary distribution 7 is a maximal irreducibility measure
(see for instance [14], Proposition 10.4.9). Therefore any set C € X such that 7 (B) > 0 is accessible. In addition, for
any nonnegative measurable function f, w(f) = f 5 T (dx)E, (ZrB ! f(Xk)). A direct calculation shows that

p—1
E.[t3] =2E, [ Z Ex, [rB]] — Ex[zs].

k=0

Therefore, the Markov chain is ergodic of degree 2 if and only if for any B € X, fx m(dx)E,[tp] < 00. The Jensen
inequality (see for instance [11], Lemma 3.5) shows that there exists two positive constants co and bo such that
PV <V — co + bolc, and by [14], Theorem 14.2.3, for any x € X, and any B such that 7 (B) > 0, there exists a
constant ¢(B) such that, for any x € X,

Exltp]l = v V(x) +c(B).

Applying to the inequality PV + ¢+/V < V + bl ¢ shows that 7(+/V) < oo, which concludes the proof. (]

We will only give here the scheme of the proof generalizing the approach of [7], based on the renewal method
introduced (for discrete Markov chains) by Doeblin. Let us first recall the following crucial result due to Arcones—
Ledoux: suppose that {U;} are i.i.d. random variables, then b, ! > i—; Uk satisfies a MDP if and only if

. n
Jim 5 log(nP(|| Ukl = by)) = —o0,

and the rate function is the natural quadratic one. Note that by an easy approximation argument (at least in the finite-
dimensional case) and thus generalizing result by [2], the previous condition gives also the MDP for a 1-dependent
sequence {U;}.

S - def —n— . .
The renewal approach consists in splitting the sum S, = Z:’:Ol f(X;) into four different terms:

e(n) i(n)—1 e(n) n—1
Su= &+ Sspnn + < D &- Z&) + Y (X, (D.1)

k=1 k=1 k=1 j=Um+1D)

. def . . . . . . . .
where ao =& and ox = inf{n > ox_1;d, = 1} are the successive return times to the atom of the split chain,

i(n) def ]l(dk = 1) is the number of visits the atom before n, e(n) = e (C)n] is the expected number of visits to

the atom before n,l (n) = a(, (m)—1)~0 1s the index of the last visit to the chain to the atom and §; = def Z (X

Jj=0k—1+1 f
is the f-modulated moment of the excursion between two successive visits to the atom.

The general idea is to show that only the first term contributes to the moderate deviation principle. To this end we
make the following remark: it can be easily checked that {£;} is a sequence of i.i.d. random variables with common

distribution

G0
P ) =P (Z f(X)j)e )

J=0
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Note that, when m > 1 in Assumption 1 then the sequence becomes 1-dependent but essentially the same argument
can be carried out. Under (4.5) and (4.6), it is easily seen that

4
. n ~
ngngob—%log{nm< > FX0) zbn>} = —o0,

k=0
so that the first term satisfies a MDP, the identification of the rate function being easily handled.
Consider now the three remaining terms of the right-hand side of (D.1). We have to show that for any positive &

. n 4
limsup - 10g P, (I[Ssoanll = €bn) = —00, (D.2)
n—oo Uy
n n—1
1innls;p 7 1ogIP>,1< Z F&Xp|= eb,,) = —0, (D.3)
n j=ln)+1

i(n)—1 e(n)

Z £ — Zsk

Remark that the condition ensuring the MDP gives directly the first two needed limits. The last one is more delicate,
but as seen from the proof done in the atomic case, it merely resumes to the MDP of (63 — 6x—1 — (e (C N~ h (given
by Arcones—Ledoux result and (4.5)) which enables us to prove that in the sense of moderate deviations the difference
|i(n) —e(n)| can be arbitrarily considered of size | n] (& being arbitrary), and the MDP of the sum of |§n | blocks (&x).
This last term being clearly negligible as § is arbitrary.

lim sup 210g]P (
l’l

n—oo

> sb,,) = —oco. (D.4)

Proof of Theorem 8. The proof of Theorem 8 follows from the projective limit theorem and from the moderate
deviation principle for bounded functions (as stated in Theorem 7). The key point consists in checking that the rate
function as expressed in Eq. (4.3), Theorem 7 coincides with the one obtained by the projective limit theorem (see,
for instance, [5] and [6]). O

Appendix E. Proof of Theorem 10

We will the same decomposition than in the moderate deviations proof, i.e., decomposition (D.1)

in)—1

Sn = S(so)an + Z & + Z f(X;). (E.1)

k=1 J=Um)+1)

We bound P, (| 723 £ (Xx)|| > en) by 3°F_, I;, where

o

n—1

> f(Xo)

k=0

> én, 00>n>

Z F(X))

j=m+1
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where

I <P;(60>n) < m,

by Theorem 4 if (V) < co. Remark also

L <P (V en )< L
2=yl 00> = ,
" Il flloo @~ 1en/| flloo)

and if v(V) is bounded,

Iy <P max Gk —Fi_1) > 2 V<ot DP; ( 60 >
k</+1 Il f lloo

en ) Lin+1)
1 |
1/ lloo o en/l flloo)

For the last term, note

en

i n
“ &n “
<P, — ] <2P- —
I3 = Py | max > & > S| =28 > & > <)
k=1 k=1
where the last step follows by Ottaviani’s inequality for i.i.d.r.v. if for n large enough
i<n 6

n
. &n 1
maxIPﬂ E Ell > — 55.
k=i

By Chebyschev’s inequality, independence and zero mean of the (&), it is sufficient to choose n such that

o PIFISE (G + 1)
- 2
&

k]

where ]1:3]; ((& 4+ 1)?) is finite (and can be easily evaluated) under our drift condition.
By using the Fuk—Nagaev inequality for the remaining term, we get that for all y > 0

[n/2]+1

. en n . ([n/2]1+ 1)s2>
P, — —|+1)P, + —_—
i 1; 52t > 15 5([2] > allianl>) exP( (92 + ey)
L([n/2]+1) +ex (_([n/2]+1>82)
T O/ lloo) OEE2 +ey) /)

where IvEél2 is easily controlled under the drift condition. This concludes the proof.
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