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Abstract

The asymptotic of products of general Markov /transition kernels is investigated using
Doeblin’s coefficient. We propose a general approximating scheme as well as a conver-
gence rate in total variation of such products by a sequence of positive measures. These
approximating measures and the control of convergence are explicit from the two param-
eters in the minorization condition associated with the Doeblin coefficient. This allows
us to extend the well-known forward/backward convergence results for stochastic matri-
ces to general Markov kernels. A new result for forward/backward products of random
Markov kernels is also established.
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1 Introduction

There is a large literature on the asymptotic behaviour of non-homogeneous Markov chains. A
main objective is to get convergence properties as well as rate of convergence of stochastic al-
gorithms based on general Markov chains as, for instance, in Markov search for optimization
or in stochastic simulation. Such an issue requires to analyse various products of transi-
tion kernels of the underlying Markov chain. In this paper the asymptotic of products of
Markov /transition kernels is investigated using Doeblin’s coefficient and the total variation
norm. Let us introduce the basic material relevant to this work. Let (X, X’) be a measurable
space. We denote by K the set of all the Markov kernels on (X, X)), and by P the set of all
the probability measures on (X, X). If K € K and if (a,v) € [0,1] x P, we write K > av
when

V(z,A) e Xx X, K(z,A)>av(A). (1)

Obviously every K € K satisfies (1) with a = 0. Doeblin’s coefficient a(K) of any K € K is
defined as in [LC14] by

o(K) :=sup{a€(0,1]:Iv e P, K >av}. (2)
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When «o(K) € (0, 1], K satisfies the so-called minorization property [RR04|. We denote by &
the set of all the positive measures p on (X, X') such that p(X) < 1. Let (B, ||-||o) denote the
space of bounded measurable real-valued functions on (X, X’), equipped with the supremum
norm: Vf € B, ||flloc := supgex|f(z)|. Let (L(B),] - ||) be the Banach space of all the
bounded linear operators on B where || - || denotes the operator norm on £(B) defined by

VT € L(B), T :==sup {|Tflloo: Ifllcc <1}.

Note that if 7" is non-negative (i.e. f > 0= T'f > 0) then |T|| = ||T'1x|/co. Throughout the
paper, K € K is identified with its functional action on B (still denoted by K) defined by

VfeB, VreX, /f K(z,dy).

Similarly any element pu € £ acts on B according to:

VfeB, pf=u(f)lx where we shortly set p(f):= /Xf(y)u(dy)

Obviously the maps f + Kf and f — uf are in £(B). Finally, if (A, B) € K? then A- B
denotes the Markov kernel on (X, X') defined by the product of A by B, which is identified
with its action A o B on B (to simplify we only use the notation A - B).

The following key statement (Theorem 2.2) is proved in Section 2. Let (K;);>1 € K" and,
for every j > 1, let (aj,v;) € [0,1] x P be chosen for K; satisfying Inequality (1). For every

n > 1 let o, be a permutation on the finite set {1,... ,n}, and introduce
n n
= H Kan(j) and Hopn += K"'n - H (Kan(j) - aan(j)yan(j))' (3)
j=1 j=1

Then, for all n > 1, we have p,, € &, 115, < K, and the following assertions are equivalent:

(a) Z a; = +00.

i>1
(b) H(Un)nzla limy, |[Kq, — o, || = 0.
(c) V(on)n>1, limy, 1Kq, = tto, || =0

As a result, Seneta’s statements [Sen81]| for the convergence of forward /backward products
of finite stochastic matrices are extended in Section 3 to general Markov kernels via a condition
of type (a) for some block-kernels. When X is finite, this condition is necessary and sufficient
for the so-called weak ergodicity, see [Sen81, IS11]. Using Notation (3) with some fixed
(0n)n>1, the weak ergodicity property writes as follows:

lim sup sup |(K,,f)(z)— (Ko, f)(a')] =0. (4)
"0 (1,27)€X2 || flloo <1

When X is infinite, condition of type (a) (for block-kernels) seems to be only sufficient for (4)
to hold, as mentioned in [LC14] in the context of forward products (see Remark 3.6 for details
and further comparisons with [LC14]). The novelty in our work is that the weak ergodicity
condition (4) is replaced with the condition lim, ||K,, — s, || = 0 which implies that

drv (Ko, . €) = inf Sup 1Ko, (,-) = p(-)lrv —> 0 when n — +00, (5)



where [|B]|rv := supf<; ’ Jx f() B(dm)’ denotes the total variation norm of any finite signed
measure 5 on (X, X). The weak ergodicity property (4) directly implies that lim,, dr (Km17 73) =
0. However the possibility in (5) of considering the distance with respect to the set £ (in place
of P) provides much more flexibility in the proofs, knowing that the above positive measure
o, satisfies lim,, drv (i, ,P) = 0. The first interest of our approach is that the property
lim, ||K,, — ts,|| = 0 is more explicit than weak ergodicity, since the sequence (uq,, )n is
simply defined from the kernels K; and from the elements of the associated minorization con-
ditions. The second interest is that Condition (b) is equivalent to Condition (a), contrarily
to weak ergodicity (excepted in matrix case). The third interest is that the norm equality of
Lemma 2.1 gives an accurate control of | Ko, — o, ||, thus of dry (Ko, ,€).

This new approach allows us to extend some classical results on products of stochastic
matrices to general Markov kernels via very simple proofs. For instance, Corollary 4.1 and
Theorem 4.3 extend the asymptotic results of [Wol63, CWO08, Ste08| and of [HIV76] and
provide explicit rates of convergence.

Our approach is also relevant to study the products of random Markov kernels. In particu-
lar simple criteria are presented in Theorem 5.1 for the convergence of forward /backward prod-
ucts when (K);>1 is a sequence of independent and identically distributed random Markov
kernels. To the best of our knowledge the results obtained in Section 5 in the random context
are new too, even in matrix case.

Mention that the notion of weak ergodicity also leads to investigate stability issues for
discrete and continuous time non-homogeneous Markov processes with respect to the pa-
rameters of the models (initial distributions, transition matrices in discrete time, intensity
matrix-generator in continuous time). We refer to [LGMO00| and to the recent review |ZKS20]
(see also the references therein) for such questions in discrete or continuous time context.
These issues are not addressed in our work.

The paper is organized as follows. General results concerning the convergence of products
of Markov kernels in link with Doeblin’s coefficient defined in (2) are presented in Section 2.
The specific cases of backward and forward products are studied in Section 3. Complemen-
tary statements on the rate of convergence of forward/backward products are presented in
Section 4. Applications to products of random Markov kernels are proposed in Section 5.

2 Convergence of products of Markov kernels

Let us consider any p € N* and any family (7})1<j<, € KP. For every 1 < j < p, let
aj € [0,a(T})] and v; € P such that T; > ajv;. Set

P P
T, = HT] and p, =T, — H (Tj — a;v;). (6)
=1 =1
Lemma 2.1 The element ,u; given in (6) belongs to € Jand we have p, < Tp. Moreover
P
1T — | = [J (1 = ay). (7)
j=1

Proof. Let us prove by induction on the integer p that u, € € and p, < T,. If p =1,
then p1 = aqvq, so that py € € and py < Ty. Now assume that the conclusions pu, € £ and
pp < T, holds true for some p > 1. Let (T})1<j<pt+1 € KCPTL and, for every 1 < j < p+1, let



a; € [0,(T;)] and v; € P be such that T; > a;jv;. Let T) and p, be given in (6). Introduce
Tp+1 = Tp . Tp+1 and
p+1

ppr1 = Tpp1 — [ (T) = ajvy) = Tpin = (Tp = 1) - (Tpi1 — apravpia). (8)
j=1

Then we get Tpi1 — ppr1 = (Tp — pip) - (Tp1 — aps1Vpt1) so that Tpoq — ppq > 0 since
T, — pp > 0 by induction assumption and Tj11 > apt1Vp41 > 0. Moreover (8) gives

p+1 = pr1Vpi1 + Hp - (Tp1 — ap1Vpr1)

and we know from the induction assumption that p, € € with Vf € B, p,f = pp(f)1x. Thus

pip1f = ppr1(f)Ix with gy 1 (f) = apprvp1 (f) + pip (Tpsr f — apr1vp1(f))

so that pp41(-) is defined as a finite signed measure on (X, X'). But ju,41(-) is a positive measure
on X such that p,11(X) < 1 since apr1vpr1 < Tppt1, (Tpr1 — apr1vp+1)(Ix) = (1 — apy1)1x
and p1p(X) < 1. We have proved that p,+1 € €. The first part of Lemma 2.1 is established.

Finally, to obtain (7), note that

P P
1T — pipl| = [[(Tp = 1) - L[| = || H(T] —a;v;) - 1x|| = H(l — a;)
j=1 3=1
since we have T, — u, > 0, and ||T; — a;v;|| = |[(Tj — a;v;) - 1x||c from Tj; — a;v; > 0 and
(T] - ajyj) : 1X = (1 - aj)lx. O

Let ¥ be the set of all the sequences o := (0,,)n>1, Where oy, is a permutation on the finite
set {1,...,n}. For any (Kj);j>1 € KN and o € %, let (Ko, )n>1 € KN be defined by

vn>1, Ko, =[] Ko () (9)
j=1

For every j > 1, let a; € [0, a(K;)] and let v; € P be such that K; > a;v;. Finally define

V=1, o, =Ko, = [ (Kou() = a0,6)700): (10)
j=1

The following theorem, which has its own interest, is crucial for the study of the forward and
backward products in the next section.

Theorem 2.2 For every o € ¥ and for every n > 1, we have pg, € E, iy, < Ko, and

n

Vn>1, [[Ke, = o, =[]0 - a)). (11)
j=1

Moreover the following assertions are equivalent:
(a) Z a; = +o0o.
Jj=1

(b) Jo € X, lim ||K,, — o, || = 0.
n

(c) Yo € X, liTan | Ko, — to, || = 0.



Proof. The first part follows from Lemma 2.1. Since Condition (a) does not depend on
o € ¥, the equivalences hold true if we show that, for any (K;);>1 € KN and o € %,

lim | Ky, — o, | =0 < > a; = +o0. (12)
n
jz1

The following equivalences hold true from (11)
lim | Ko, — i, | = 0 = ngrfoo;lnu —aj) = —00 < ;mu —aj) = —oc.
j= 3>

Moreover the last condition is equivalent to »_ -, a; = +oo. Indeed, we have Vz € [0, 1),
—z/(1 —2) < In(l —z) < —z from Taylor’s formula. Thus } .5, a; = 400 implies that

>_j>1In(1 —aj) = —oco. Conversely assume that > .-, a; < +0o0, and set 7; = a;/(1 — a;).
We have lim; a; = 0, thus 7; ~ a; when j — +o00, so that 2]21 7j < +00. Therefore the
series ) ;- In(1 — a;) converges. The proof of (12) is complete. O

Let us complete Theorem 2.2 with the following statement.

Proposition 2.3 Let (Kj);>1 € KN and let o € ©. The following assertions are equivalent.
(a) There exists (My)p>1 € EN such that ¥n > 1, m, < K, , and lim, |K,, —m,| = 0.
(b) lim, o(K,, ) = 1.

Proof. Assume that Assertion (a) holds true. Write m,, = b,,8,, with (b, 8,) € [0,1] x P.
Then b, 5, < K,, implies that b, < (K, ). Moreover lim,, b, = 1 from

L —bp = (Ko, —mp)lxlloo = Ko, — mp].

This gives lim,, (K, ) = 1. Conversely assume that lim, «(K,, ) = 1. For every n > 1 there
exists (an,vy,) € [0,1] x P such that

1
a(Ky,) — — <ap <aKy,) and anv, <K,
n
from the definition of a(K,, ). Moreover we have a,v, € £ and
||K0'n - anVnH = H(Ko'n — (Inljn)lxnoo =1-—ay,

with lim,, a,, = 1 since lim,, a(K,, ) = 1. This gives (a) with m,, = apv,. O

3 Convergence of forward and backward products
Through this section we consider any sequence (K j)i>1 € KN, For every 1 < k < n, set
e K;.,, i = H?:k Kj; note that K. 1 = Kj.p - Kpg1 (forward products).

e K, .\ = Hfzn Kj; note that K, 4 1.5 = Kpq1 - K, (backward products).



In the next statements, the integer £ > 1 is fixed, and the sequence of interest is then,
either (K. )n>k for forward products (Theorem 3.2), or (K,.x)n>k for backward products
(Theorem 3.3). The sequences (K. )n>k and (K., )n>k are both of the generic form (9) since
we have Kl:n = H?:l Kan(j) with Jn(]) = j, while Kn:l = H?:l Kan(j) with O'n(j) = n—j—I—l
(setting & = 1 to simplify). The common basic property of both backward and forward
products with respect to Doeblin’s coefficient is the following.

Lemma 3.1 For any k > 1, the sequences (o(Kg.i))i>r and ((Ki.x))i>k are non-decreasing.

Proof. These sequences are both non-decreasing provided that:
Y(K,K') € K?, o(K) <min (a(K - K'), (K" - K)).

Let (a,v) € [0,1] x P be such that av < K. Then (av) - K' = a(v- K') < K - K'. Thus
a<aK-K')since v- K" € P. Hence a(K) < a(K - K'). Similarly we deduce from K > av
that K/ - K > K' - (av) = av, thus a < (K’ - K). Hence a(K) < a(K' - K). O

Theorem 3.2 (forward products) The following assertions are equivalent.

(a) For every k > 1, there exists (WM. )n>k € EN such that, for every n > k, My < Kpm,
and such that lim,, || K., — my., || = 0.

b) There exists a strictly increasing sequence (£;)i>1 of positive integers such that we have
3)i>
> j>10(Qj) = +oo with Q; defined by Qj =Ky, -1-

(c) Yk > 1, lim, a(Kg.p) = 1.

Theorem 3.2 extends the statement [Sen81, Th. 4.8] to general Markov kernels. Conditions (b)
and (c) have been already proved to be equivalent in [LC14|. That Conditions (b) and (c) are
both equivalent to Condition (a) is a new result to the best of our knowledge. Condition (a)
then appears as a suitable alternative to the weak ergodicity definition to study the asymptotic
behaviour of forward products of general Markov kernels, see Remark 3.6.

Proof. Assume that Assertion (a) holds. Set ¢; := 1. From Proposition 2.3 we know that
lim,, a(K1.,) = 1. Thus there exists fo > 1 such that «(Kj.p,—1) > 1/2. Similarly it follows
from (a) that there exists £3 > ¢5 such that a(Ky,..,—1) > 1/2. Iterating this fact shows that
there exists an increasing sequence (¢;);>1 of positive integers such that, for every j > 1,
a(Q;) > 1/2 with Q; := Ky, -1, so that 3, a(Q;) = +oo. Assume that Assertion (b)
holds. Let k > 1, and let ¢ > 1 such that ¢; > k. For every j > i, it follows from the definition
of a(Q;) that there exists (a;,v;) € [0,1] x P such that

a(Q)) — ;2 <a; <a(Q;) and Q; > ajv;.

Then ZjZi a; = 4+o00. Thus, by applying Theorem 2.2 to (Q;);>i, we can define an explicit
sequence (fim)n>i € EN such that gy < Qi and limy, | Qi — || = 0. To that effect use
the formulas (9)-(10) with (Q;);>; € KY and the above sequence (a;,v;);>i € ([0,1] x P)N.
Thus lim,, a(Q;.,) = 1 from Proposition 2.3. Therefore lim,, a(Ky,.,) = 1 since (a(Ky,.n))n>e;
is non decreasing from Lemma 3.1 and contains the subsequence (a/(Qi:n))n>i- Then we obtain
that lim,, a(Ky.,) = 1 since k < ¢; < n implies that a(Ky,.,) < a(Kk.y,) from Lemma 3.1.
We have proved that (b) = (c¢). That (¢) = (a) follows from Proposition 2.3. O



The results of Theorem 3.2 easily extends to backward products. By contrast the strong
ergodicity property (13) below is specific to backward products.

Theorem 3.3 (backward products) The following assertions are equivalent.

(a) For every k > 1, there exists (WM. )n>k € EN such that, for every n >k, myp < Kk,
and such that lim,, || K. — my,.k]| = 0.

b) There exists a strictly increasing sequence (£;)i>1 of positive integers such that we have
Y g seq 313> p )

> j>10(Q)) = +oo with Q; defined by Qj ==Ky, | —1.;-
(c) Yk > 1, lim, o(K,) = 1.

Moreover, for any sequence (Wy.k)p>k € EN satisfying Condition (a), the following strong
ergodicity property holds true: there exists (m)k>1 € PN such that

Vk > 1, lim Hmnk — 7TkH = lim HKnk — 7TkH = 0. (13)
n n

Theorem 3.3, which extends the statement [Sen81, Th. 4.18| to general Markov kernels, is
new to the best of our knowledge. Note that the possibility of considering block-products in
Condition (b) of both Theorems 3.2-3.3 may be relevant. The equivalence between (a), (b)
and (¢) in Theorem 3.3 can be established exactly as in Theorem 3.2. The strong ergodicity
property (13) follows from the next lemma.

Lemma 3.4 Let (My.5)n>, € E satisfying Assertion (a) of Theorem 3.3. Then there exists
(Tk)k>1 € PN such that

1
Vk>1, Vn >k, max (Hmnk - 7Tk|| ) §||Knk - 7Tlc||) < ||Knk - mnk” (14)

Proof. Let k > 1 be fixed and let ¢ > p > k. Then
||mq:k - mp:k” < ||mq:k - Kq:kH + ”Kq:k - mp:k” < ||mq:k - Kq:kH + ”Kp:k - mp:k” (15)

from Kg.p —mpy = Ky -+ - Kpi1 - (Kp, —my) and || K] = 1. We deduce from the assumption
that (m,.x)n>k is a Cauchy’s sequence in the Banach space M of finite signed measures on
(X, X) equipped with the total variation norm (e.g. see [DMPS18, App. D]). Consequently
the sequence (my.;)n>k converges in M to some m, € M. When ¢ — +oo, (15) gives:
Vp >k, |7 — mp|| < || Kpk — mp|. Then (14) follows from ||Kp.p — mp || < || Kp — mpue|| +
|mp.;, — mx||. That 7, € P is obvious since 7y, is the limit of Markov kernels (thus 73 > 0 and
m(X) = 1). a

Remark 3.5 (Finite case and link with Seneta’s results) Seneta introduced in [Sen81,
Th. 4.8] the notion of proper coefficients of ergodicity to obtain a necessary and sufficient
condition for the forward products of finite stochastic matrices to be weakly ergodic (see (16)).
The same holds true in [Sen81, Th. 4.18] for the backward products, with the additional well-
known fact that weak and strong ergodicity properties are equivalent in this case. Actually, in
the matriz case, Theorems 3.2 and 3.3 corresponds to the statements [Sen81, Th. 4.8 and 4.18]



in terms of Doeblin’s coefficient of ergodicity. Indeed, if K = (K (i,7))1<ij<d 15 a stochastic
d x d—matriz, then the real number a(K) defined in (2) reduces to a(K) = Z;l:l a;(K) with
a;(K) :=minj—y 4K (i,7). Then Doeblin ergodicity coefficient of K in [Sen81] corresponds
to b(K) =1—a(K). Let (Kj)i>1 be any sequence of stochastic d x d—matrices. According to
[Sen81, Def. 4.4/, the weak ergodicity condition for forward products is

VEk>1, Vi, j=1,....d, lim |[Kpn(i,5) = Kea(i',5)| =0, (16)
n—-+o00
where K., := (Kgn(4,5))1<i,j<a- This condition is clearly equivalent to Condition (a) of

Theorem 3.2 in the matriz case. The same conclusions hold true for backward products of
stochastic d x d—matrices, and the equivalence between weak and strong ergodicity properties
is nothing else but the last assertion of Theorem 3.3. A proof of [Sen81, Th. 4.8] only based
on the contraction property of the Doeblin ergodicity coefficient b(-) is addressed in [CL10].
This provides a proof of the weak ergodicity characterization given in Doeblin’ work [Doe37]
without proof. Our method provides another alternative way to establish [Sen81, Th. 4.8] via
Doeblin’s coefficient, and to prove [Sen81, 4.18] by the way.

Remark 3.6 Although Theorems 3.2 and 3.3 are extensions of the matriz case, we point out
that when X is infinite, none of the three equivalent conditions (a) (b) (c) in Theorems 3.2 is
known to be equivalent to the following weak ergodicity condition

VE>1, lim swp sup |(Kenf)(®) — (Kenf)(@)] =0 (17)

MTH (@,2)€X? || flloo <1

which is a natural extension of (16). As mentioned in [LC14, p. 178], Condition (a) of
Theorem 8.2 clearly implies that (17) holds. That (17) implies any of the three conditions
(a) (b) (c) of Theorem 3.2 is an open question. Let us mention that in [Paz70, Ios72] the
weak ergodicity property (17) is proved to be equivalent to the following condition: Yk >
L, 3(Wkn)n>k € PN lim, | K., — Ukl = 0. However this condition is quite different from
Conditions (a) of Theorems 3.2 since vy, is a probability measure which does not satisfy
Vi < K in general. By the way, finding a probability measure vy, satisfying the above
hypothesis of [Paz70, Ios72] is a difficult issue in practice. Mention that other norms can be
considered to define weak ergodicity, for instance L'-type norm as in [Muk13].

4 Results on the rate of convergence

When the sequences (M. )n>k € ENor (M) >k € &N in Theorems 3.2 and 3.3 are computed
thanks to Formulas (9)-(10), then the norm equality (11) provides an accurate control of
| Kk, — Mg ||. This is illustrated in Proposition 4.1 and Theorem 4.3 below.

Proposition 4.1 Let (K;)j>1 € K be such that ag := inf;>1 a(K;) > 0. Let ¢ € (0,ap).
Then for every k > 1 there exist sequences (L )n>k € EN and (n:k)n>k € EN such that

Vn > k, HKk:n - Mk:n“ < (1 - C)n_k+1 and ||Knk - Nn:k” < (1 - C)n_k+1' (18)
Moreover the following property holds true for backward products
VE>1, Yn >k, |[Kuk — el < 201 — ag)" ! (19)

where (Tp)k>1 € PN is the sequence of Theorem 8.8 associated with the pi,.;’s.



Similar results to (18) are obtained in [Wol63| when { K, j > 1} is a finite set of finite stochas-
tic matrices. The results of [Wol63| are extended in [CWO8| to the case when {Kj, j > 1} is
a compact set of finite stochastic matrices. In the homogeneous case Property (19) is a well-
known result (e.g. see [RR04| and Remark 4.2). In the non-homogeneous case Property (19)
is proved in [Ste08] when X is finite. The statement for a complete separable metric space X
is stated in [Ste08] with the indication that a proof could be provided by using an iterated
function system. Note that the properties (18) and (19) are obtained here for general state
spaces and without any topological assumption on the set {Kj, j > 1}.

Proof. To simplify assume that £ = 1. For every j > 1 there exist a; € [¢, a0 and v; € P
such that K; > ajv;. Using 0,(j) = j and 0,(j) = n — j + 1 respectively, Formula (10)
can be used to define (p1.n)n>1 € EN and (Hn:1)n>1 € EN. Inequalities in (18) follow from
the norm equality (11) since ¢ < a;j. To prove (19), note that the second inequality of (18)
and Property (14) applied to the sequence (fin:1)n>1 give: Vn > 1, [|[Kpq —m] < 2(1—¢)™.
Inequality (19) then holds since ¢ is arbitrarily closed to ay. O

Remark 4.2 If K € K satisfies K > agv for some (ap,v) € (0,1] x P and if K is assumed
to admit an invariant probability measure 7, then it is well-known that | K™ — 7| < (1 — )",
see [RRO4, Th. 8]. Property (19) in case K; = K and k = 1 provides the same result, up
to the factor 2 which is due to the functional definition of the total variation norm. The
existence of T is not assumed here (it is a by-product of Theorem 3.3). Obuviously, if some
iterate K™ satisfies the above minorization condition (in place of K ), the same conclusion
holds by replacing the rate (1 — ag)™ by (1 — ap) ™/} where |-| is the integer part function.

As an application of Assertion (a) of Theorem 3.2, the following statement extends to gen-
eral Markov kernels the result of [HIV76] concerning forward products of stochastic matrices,
see Remark 4.5.

Theorem 4.3 Let K € K be strongly ergodic, namely
dr e P, dc € (0,+), 36 € (0,1), Vm>1, ||K™ —7| <cp™. (20)
Let (Ky)n>1 € KN be such that lim,, | K, — K|| =0 and
Jag € (0,1), Jig > 1, Vi >1ig, o(K;) > ap. (21)
Then the following uniform convergence holds:
Jlm Sup | Kgehtn — 7] = 0. (22)
More precisely, setting d;, := (1 — ao)l_io, we have for all k> 1, n>1iy and m > 1
K iktntm — 7l < 2dip (1 — )™ (14 (1= a0)™) + myp + ¢ ™ (23)
with Y, = SUpj> 41 [[Kn — K.

Proof. Note that ;- a(K;) = +oo from Assumption (21). It follows from Assertion (a)

of Theorem 3.2 that, for every k > 1, there exists (ux g1n)n>1 € E such that, for every n > 1,
Hkk+n < Kp:kyn, and such that

lim Appin =0 where Ap iy = [[Kpkin — M tnl|-

n——+o00



Actually the sequence (ptg kyn)n>k € EN is provided by Theorem 2.2, from which we deduce
the following inequality by using (21)

Vk > 1, n > io, Ak-’kdrn < dio (1 — Ctg)n with dio = (1 — ag)l_io . (24)
Note that pug gyn - T = g g+n(1x) 7. We have for n,m > 1

e getntm — Mektn (1) T = (W ktntm — Kiktntm) + Kikrn - (Kegnttktntm — K™)
+ (Kkktn = M tn) - K™ + pgfgn - (K™ — ).

Moreover an easy induction based on the triangular inequality gives

Vi>1, Vm > 1, ||Kitiiq4m — K™ <m~; with v := sup ||K; — K|
JjZit+l

Thus: VE,n,m > 1, [|Kgtnt1:k+n+m — K™ < my, since g4y < vn. From these remarks
and from (20) and (24) we deduce that for all K > 1, n > iy and m > 1

| esk4ntm — tieern(1x) Tl < dig (1= a0)™ ™ +mn + dig (1 — )™ + ¢ ™.
Next observe that
Vik,n>1, 1= pppin(1x) = |Kikenlx — i penlxlloo = [Kiktn — e gtnll = Dk itn
since Ky.k4n — fk,k+n => 0. Consequently we have for all k > 1, n > ig and m > 1
|tk prnsm = e (1) 70| 4 || (e gn (1) = 1) 7|

Hﬂk,kJrner - Nk,kJrn(lX) 7TH +1- ,Uk,k+n(1X)
di, (1— )" ™ + my, + 2diy (1 —ap)" +cp™

H,“k,kJrner - 7rH

ININ TN

from which we deduce that

IKkrntm =7l < (1 Kekrntm — /ik,kJrnerH + Hﬂk,kJrner — |
< 2di, (1— o)™+ my, +2d;, (1—ag)” +cB™ (25)
This proves (23). Now let ¢ > 0. First fix mo > 1 such that ¢ ™ <&/2. Then

dng > ig, Yn >mng, 2d;, (1 — Oéo)n+m0 +moyn +2di, (1— Ozo)n <eg/2

since ag € (0,1] and lim, vy, = 0 by the assumption lim,, [|[K, — K| = 0. It follows that:
Vg > mo +no, Vk > 1, ||Kppqq — || < €. This proves (22). O

Remark 4.4 If Assumption (21) of Theorem 4.3 is replaced with the following one

ds > 1, Jdip > 1, in] OC<K2'3+1 e 'Kis—i-s) > 0,
0

12>

then the results of Theorem 4.3 can be extended by considering suitable block-products. More
precisely the proof of Theorem 4.8 applies to the sequence (K]’-)izo defined by KJ’ = Kist1lists
since K* is strongly ergodic and lim,, | K], — K*|| = 0.
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Remark 4.5 When (K,)n>1 is a sequence of infinite stochastic matrices (i.e. X = N), a
qualitative control of supgsq ||Kk:k+n — 7| was obtained in [HIV76]. Theorem 4.3 not only
extends this result to general Markov kernels, but Inequality (23) also provides an accurate
(uniform in k > 1) control of |Kiktntm — 7||. In particular, if the Markov kernel K in
Theorem 4.3 satisfies K > av for some (a,v) € (0,1] x P, then Condition (20) holds with
¢c=2and 8 =1-—a, see Remark 4.2. In this case, Inequality (23) holds true with explicit
constants only depending on the data a, ig, g and 7. Note that Assumption (21) is not
assumed in [HIV76] because it is automatically fulfilled in case X = N. Indeed, in this case,
the map «a(-) is easily proved to be lower semi-continuous on the metric space (KC,d), with
d defined by: Y(K,K') € K?, d(K,K') = |[K — K'||. Therefore if @ := a(K) > 0, then
Assumption (21) holds true for any ag € (0, ) from the assumption lim, ||K, — K| =0 and
from the lower semi-continuity of the map a(-) since liminf, a(K,) > a(K). If a(K) =0,
the proof of Theorem 4.3 can be adapted by considering suitable block-products of some (fized)
length. Indeed it follows from the strong ergodicity of K that lim, a(K™) = 1. Thus: 3s >
1, a(K?®) > 1/2. From the assumption lim,, | K, — K|| = 0, there exists i9p > 1 such that,
for every i > iy, a(Kisy1--- Kists) > 1/4 since lim; || Kjs4+1 -+ Kis+s — K*|| = 0 and af(+)
s lower semi-continuous. Then, as already mentioned in the previous remark, the proof of
Theorem 4.3 can be applied to the sequence (K],-)izo defined by K; = Kist1iists-

5 Applications to products of random Markov kernels

Let (Kj)j>1 be a sequence of random variables (r.v.) defined on some probability space
(Q, F,P) and taking their values in K. For the sake of simplicity, if n > k > 1, we still denote
by K., and K,,.; the following K-valued random variables:

n k
VweQ, Kpnw):=]]Ejw) and Kppw)=]]K;w).
j=k j=n

If we Qis such that o(Kg.p(w)) > 0, then it follows from the definition of a(Kj.,(w))
that, for every a € (0, a(Kg.n(w)), there exists ag.,(w) € [a, a(Kgpn(w))] and vg,(w) € P
such that Ky.,(w) > agp(w)vgn(w). The previous proofs are compatible with the present
random context assuming that a choice may be done so that the maps w — ag.,(w) and
W — Vg (w) define random variables from (€2, F) to [0, 1] and to P respectively. Note that
these assumptions hold in the finite state space case.

The use of Doeblin’s coefficient seems to be quite relevant in this random context, as
shown by the next theorem which provides necessary and sufficient conditions for the conver-
gence of the forward/backward random products when the sequence (Kj;);j>1 is assumed to
be independent and identically distributed (i.i.d.).

Theorem 5.1 If (Kj)j>1 is i.i.d. then

1. (forward products) the two following statements are equivalent

(a) there exists an integer number q > 1 such that ]P’(a(Kl;q) > 0) >0

(b) for every k > 1, there exists a sequence (W )n>k of E-valued r.v. such that we have
P—almost surely: ¥Yn > k, My, < Kg.n, and lim,, ||Kg., — mg.,|| = 0.

11



2. (backward products) the two following statements are equivalent

(a) there exists an integer number ¢ > 1 such that P(c(Kg.1) > 0) > 0,

(b) There exists a sequence (m)k>1 of P-valued r.v. such that we have P—almost surely:
Vk > 1, lim, | K,.x — 7] = 0.

To the best of our knowledge, the results in Theorem 5.1 and in Proposition 5.2 below are new,
even in the finite case. When the Kj;’s are r.v. taking their values in the set Kg of stochastic
d x d—matrices for some d > 1, Assertion (1b) is a well-known result under the following
stronger assumptions, see for instance [CL94, McK14|: the K;’s are i.i.d and P(K; € K}) > 0,
where K} denotes the subset of K4 composed of matrices with strictly positive entries. Note
that the assumption P(K; € ) > 0 in [CL94, McK14] is more restrictive than P(a(K7) >
0) > 0 since K1 € K = a(K;) > 0.

Proof. Assume that (1a) holds true: for some ¢ > 1, P(a(Ki.q) > 0) > 0. For every j € N*
define: Q; = Kg(j_1)+1:¢j- The sequence (Q;);>1 is i.i.d. and we have IP’(oz(Ql) > 0) > 0 by
hypothesis. From P(a(Q1) > 0) > 0, there exists p > 1 such that P(a(Q1) > 1/p) > 0. Thus
> j>1 P(a(Q)) > 1/p) = +oo since the @;'s are i.d.. Let Qo = Np>1Uj>n [(Q)) > 1/p]. From
the independence of the events [a(Q;) > 1/p], j > 1, the Borel-Cantelli lemma ensures that
P(Q9) = 1 so that ;5 a(Q;) = 400 P—a.s. Then Property (1b) follows from Theorem 3.2.

Now assume that Vg > 1, a(Kj,,) = 0 P—a.s.. Define Q; := ﬁqzl[a(Klzq) = 0}. Then
P(21) =1, and Vw € Q, Vg > 1, (K1) (w) = 0. It follows from Assertion (¢) of Theorem 3.2
that Assertion (1b) of Theorem 5.1 does not hold (in fact, for every w € €, the expected
conclusion for the sequence (Kj.,(w)), does not hold).

Equivalence (2a) < (2b) can be proved similarly from Theorem 3.3. O

Let us propose alternative assumptions to obtain that ijl a(K;) = +oo P—a.s., so that
the statements (1b) and (2b) of Theorem 5.1 hold true.

Proposition 5.2 Statements (1b) and (2b) of Theorem 5.1 hold true when any of the two
following conditions is fulfilled:

(1) the r.v. (Kj)j>1 are pairwise independent and i.d., and P(a(K71) > 0) > 0.
(ii) (K;)j>1 is stationary, (a(K;))j>1 is ergodic, and P(a(K71) > 0) > 0.

Proof. From Theorems 3.2-3.3 it is sufficient to prove that any of the two sets of assumption
(i) or (i) ensures that ., a(Kj) = +oo P—a.s. Under Assumption (i) such a convergence
can be obtained as in the proof of (1a) = (1b) in Theorem 5.1: replace @; with K; and apply
the Borel-Cantelli lemma for pairwise independent r.v.. Under Assumption (i) note that
the sequence (a(Kj;));>1 is stationary and ergodic. Then we obtain that }_ - a(Kj) = +00
P—a.s. under the assumption P(a(K1) > 0) > 0 from the strong law of large numbers for

ergodic stationary sequences. O
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