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Abstract. We are interested in quasi-stationarity and quasi-ergodicity when the
absorbing boundary is moving. First we show that, in the moving boundary case,
the quasi-stationary distribution and the quasi-limiting distribution are not well-
defined when the boundary is oscillating periodically. Then we show the existence of
a quasi-ergodic distribution for any discrete-time irreducible Markov chain defined
on a finite space state in a fixed boundary case. Finally we use this last result to
show the quasi-ergodicity in the moving boundary case.

1. Introduction

Let (2, A,P) be a probability space and let X = (X, )nez, be a Markov chain
with a finite state space (E, &), £ being the o-algebra containing all the subset of
E. Let P, be the probability measure such that P,(Xy, = ) = 1 and, for any
measure p on E, define P, = [P,du(z). Denote by P(E) the set of probability
measures defined on E.

We define, for each time n > 0, a subset A,, C E called killing subset at time n
and we denote by F, the complement of A,, called survival subset at time n. We
will call (Ay)nez, the moving killing subset or the moving killing boundary. We
denote by 7 the random variable defined as follows

T:=inf{n>0:X, € 4,}. (1.1)
For any subset B C E, we define 75 as follows

7p :=inf{n > 0: X, € B}
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and, to make the notation easier, for any m € Z,, we denote by 7, the random
variable defined by

This article will deal with quasi-stationary, quasi-limiting and quasi-ergodic distri-
butions that we define as follows.

Definition 1.1. v is a quasi-stationary distribution if for any n > 0
P, (X, €7 >n)=v().

Definition 1.2. v is a quasi-limiting distribution if there exist some p € P(FE)
such that

P.(X, € |7 >n) vd v(-).
Definition 1.3. v is a quasi-ergodic distribution or a mean-ratio quasi-stationary
distribution if for any p € P(E) and any bounded measurable function f

1n71
E, (ﬁkz_%f(x’“)h > n> — /fdu.

We will also be interested in the existence of a Q-process, which can be inter-
preted as the process X conditioned never to be absorbed by (A, )nez., -

In the case where the sequence (A, )nez, does not depend on the time, the ex-
istence of these probability measures was established under several assumptions.
See for example Collet et al. (2013); Mdéléard and Villemonais (2012) for a gen-
eral review on the theory of quasi-stationary distributions. For modelling purpose,
some recent works (see Cattiaux et al., 2016) introduce some Markov processes
absorbed by moving boundaries and the classical theory on quasi-stationary distri-
butions does not allow anymore to describe the asymptotic behavior of the process
conditioned not to be absorbed. Our purpose is therefore to check whether these
probability measures are still well-defined when (A,,),>0 depends on the time or not.

In all what follows, we will assume that for any =z € Ey,
P.(r < o0) =1.
and will also assume that the following hypothesis of irreducibility holds
VneZy,Vr,y € E,,3m € Zy,Py(Xar, =y) > 0. (1.3)

Quasi-stationary distribution will be studied for general moving killing bound-
aries. However, in a significant part of this article we will deal with moving killing
boundaries (A, )nez, which are y-periodic with v > 2.

In this article, we will actually show that there are no quasi-stationary distribu-
tions and quasi-limiting distributions in the sense of Definitions 1.1 and 1.2 when
the boundaries are moving periodically. However, we will show that the notion of
quasi-ergodic distribution and Q-process still makes sense even when the boundary
is moving. In particular, we will show the following statement.

Theorem 1.4. Assume that (Ap)nez, is y-periodic. Then, under assumptions
which will be spelled out later, there exists a probability measure n such that for any
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w € P(E), for any bounded measurable function f,

1n—l
E, (ng_of(Xk)h > n) — / fen.

The proof is divided to several steps. First we reduce the problem to the study
of quasi-stationary distribution in a non moving domain, but for a periodic Markov
chain. Then we extend the result proved by Darroch and Senecta (1965) in the
aperiodic case to the periodic situation (y € Z?).

This article ends with an application of this theorem to random walks absorbed
by 2-periodic moving boundaries.

2. Quasi-stationary distribution with moving killing subset
The following proposition shows that the notion of quasi-stationary distribution
as defined in Definition 1.1 is not relevant when the killing boundary is moving.

Proposition 2.1. Assume there exist l,m € Zy such that A; # Ap. Then there
is no measure v € P(E) satisfying the following property:

Vn € Zy, P(X, €7 >n)=v(). (2.1)
Proof: For any n € Z4, denote by f, : P(E) — P(FE) the function defined by
foip — Pu(Xy €m > 1), (2.2)
where 7, is defined in (1.2) and denote by u, the probability measure defined by
tn =P, (X, € |7 >n). (2.3)
By the Markov property, we have for any n € Z*
pin =P, (X1 €m0 > 1) = fr(pn-1)-
Thus, by induction, we obtain for any n € Z
P.(Xn € |T>n)=foo...0fi(p).
We deduce from this equality that
VneZy, Py X, r>n)=v()=VVneZ;, folv)=v
= VneZy P (X1 € m >1)=v().

In other words, v is a quasi-stationary distribution in the moving sense if and only
if it is a quasi-stationary distribution in the non-moving sense for all the subsets
A,,. In particular, if v satisfies (2.1),

v() =P, (X1 € >1) and v(:) =P, (X1 € |7, > 1),
where [ and m have been mentioned in the statement of the proposition. How-

ever, since the assumption of irreducibility (1.3) holds, the previous statement is
impossible since the support of the quasi-stationary distributions are different. [

Remark 2.2. The Proposition 2.1 can be extended to any general Markov process
defined on any space state. In particular, for continuous-time Markov processes
defined on a metric space (E,d), we may replace the assumption of irreducibility
(1.3) by the following assumption

Vit € R+,VI,ZJ S Et,Ve > O, Eto € R+7P1(th/\‘rt € B(y,é)) > O,
where B(y,¢e) :={z € E : d(y, z) < €}.
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Notice moreover that we did not need any assumption about the behavior of
(An)nez, - In all what follows, we consider that (A, )nez, is y-periodic with v > 2.

3. Quasi-limiting distribution when the killing subset is moving period-
ically

We are now interested in knowing whether the definition of quasi-limiting distri-
bution given in definition 1.2 is meaningful when the killing subset is moving or not.
In the usual case, it is well known (see Méléard and Villemonais, 2012 p. 345) that
quasi-stationary distribution and quasi-limiting distribution are equivalent notions.
This implies that the non-existence of a quasi-stationary distribution implies the
non-existence of any quasi-limiting distribution. However, this equivalence does not
hold anymore in the moving case. Consider for example (A4, )n>0 such that there
exists ng such that for any n > ng, A, = A,, and assume that there exists a quasi-
stationary distribution v, (in the non-moving sense) such that for any probability
measure ,

Pu(X, € |Tny > 1) 7 Vno-
Thus, by the Markov property, for any i € P(E) and any n > 0,
P#(XnJrno € '|7— >n+ nO) = ]P)#no (Xn € '|7—An0 > n) n:zo Vngs
where ., is defined in (2.3) for any n € Z..
From now on, we will assume that (A, )nez, is periodic and will denote by ~ its

period. We will show that quasi-limiting distribution is not well defined when the
killing subset is moving periodically.

Proposition 3.1. Assume (A,)nez, is y-periodic and there exist 0 < I,m <y —1
such that A; # An,.
Then there is no v € P(E) satisfying the following property:

du e P(E), Pu(X, €T >n) — v(-).

Proof: Consider again the functions f,, defined in (2.2):
Jm i —Pu(Xy € |1, > 1).

Then using the periodicity of (A, )nez, and by the Markov property, for any & €
{1,...,7}, meNand u € P(E)

Pu(Xpmy € |7 > k+m7) = g o /™ (1) (3.1)
with
gk = fro...of1,
f:f,yo...ofl.

Assume that there exists 4 € P(F) such that the sequence (P,(X,, € ‘|7 >
m))mez, converges to its limit v. Then

v= lim P,(X,, € |7 >my)

m—r 00
= lim f"(p).
So for any k € {1,...,~}
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In other words, for any k € {1,...,7},

v= fr(v).
We thus may conclude in the proof of proposition 2.1. ([
The previous statement implies therefore that the quasi-limiting distribution as
defined in Definition 1.2 is not well-defined when the moving killing subset is pe-

riodic. However, according to the proof of the previous proposition, it seems that
the sequence of these conditioned probabilities could have some limit points.

The following proposition allows us to pass from a moving problem to a non-
moving problem. The existence of limit points will be therefore a consequence of
the existence of classical quasi-stationary distributions for the transformed Markov
chain.

Proposition 3.2. For any 0 <m <~y —1 and p € P(E), there is a Markov chain
(Xr(Lm))neZ+ such that

Ppu((Xms- o Xogmy) € -7 > m4ny) =Py, (X™, .., X)) € 7™ > p).
(3.2)
where fiy, is defined in (2.3) and o = inf{n € Z, : xim e Am}.
Proof: According to the Markov property, it is enough to show that for any ~-

periodic sequence of subsets B = (Bj)nez, and any measure p € P(E), there
exists a Markov chain (7, )nez , such that

P.(Xy, ..., Xny) € |7(B) > ny) =Pu((Z1,...,2Z,) € -|TB, > 1), (3.3)
where 7(B) = inf{m > 0: X,,, € B,,} and 7, = inf{n € Z; : Z,, € By}. Denote
Fy the complement of By. For any x € F define p(z,-) by

p(x, A) =P, (X, € A,78 > ), VA C Fy,
p(z, By) =1 — p(x, Fy)

and we denote by (Z)nez, the Markov chain for which the transition kernel is p.
We will show by induction that, for any ¢1, ..., ¢, bounded measurable functions,

EM(¢1 (XV) . '¢n(Xnv)]]-‘r(B)>n'y) = Eu(¢1 (Zl) .- -¢n(Zn)]]-‘FBU>n)-

By definition of (Z,)nez, , for any probability measure p and any bounded mea-
surable function ¢,

Eu (¢(Zl)]1%30 >1) = Eu (¢(X7)17(B)>'y)

which entails the base case. Now assume that the equality for n —1 is satisfied. Let
@1, .., ¢, be some bounded measurable functions. Then

EM(¢1 (Xv) .- -¢n(Xnv)]lr(B)>n'y)

=Eu(61(Xy) 1 (B)>1Ex, (¢2(X5) ... 60 (X(n-1)7) Lr(B)>(n—1)7))
=Eu(1(Z21)1s5,51Ez, (f2(Z1) - . . 60 (Zn—1) L2y, > (n-1)))
=Eu(61(Z1) ... on(Zp)Lig,>n).

This concludes the proof. (I
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4. Existence of quasi-ergodic distribution with periodic moving killing
subsets

In this section, our aim is to show the existence of a quasi-ergodic distribution
as defined in Definition 1.3 when the boundary is moving periodically. This section
will be split into three parts :

(1) We will first study quasi-ergodicity in the non-moving case (when A, =
Ap,Vn € Zy) for irreducible Markov chains.

(2) Then we will use the results obtained in the first part to deduce quasi-
ergodicity for general Markov chains (irreducible or not), but still consid-
ering non-moving boundaries

(3) Finally we will show the existence of quasi-ergodic distribution when
(An)nez, is moving periodically.

4.1. Quasi-ergodic distribution in the classical non-moving sense in the irreducible
case. In this subsection we will study the quasi-ergodicity of one irreducible Markov
chain Y = (Y, )nez, in the classical non-moving sense, that is when the killing edge
does not move. Without loss of generality, assume Y is defined in the state space
Ep ={0,...,K} and that the cemetery is {0}. In this subsection and the following,
7 will be defined as (1.1) but refering to Y, that is

T =1inf{n >0:Y, = 0}.

Denote by P the transition matrix of Y. Since 0 is an absorbing state for Y, P has

the following form
1 0
P=(, o)

where @ is the sub-transition matriz. We will assume that @ is irreducible (i.e.
Va,y € Eyg,In € Zy,Q™(x,y) > 0). As a result we can define T}, the period of x as

Tz = gcd{n S Z+ ]P)J:(Yn =, 7> TL) > O}

where ged refers to the greatest common divisor. By irreducibility of @, all the x
have the same period and we denote by T this common period.

The existence of quasi-ergodic distributions has already been proved by Darroch
and Seneta (1965) when T = 1. However we will see that this result is not enough
for our purpose and we need to extend it to periodic Markov chains.

Due to the periodicity of @, there exist (C;)o<i<r—1 a partition of Ey such that
if the support of the initial distribution g is included in Cjy, then for any n € Z,
and 0 <k <T -1,

]P)#(YkJrnT e Cy, 7> k—l—nT) =1.

Without loss of generality, we construct (C;)o<i<r—1 such that 1 € Cy. Formally
(Ci)o<i<r—1 are defined by
Co:={y€Ey:IneNP,(Yor =y, 7>nT) >0}, (4.1)
Vi<i<T-1, C; = {y e FEy:3dx e Ci_l,Pm(Yi = y) > 0} (42)
For each j € {0,...,T — 1} and any v € C¥, we will denote by v\) the sub-vector

of v restricted on Cj.
It is well known by the Perron-Frobenius theorem that the spectral radius

p:=max{|A| : A € Sp(Q)}
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is a simple eigenvalue of @) and that one can find a left-eigenvector v = (v(j))1< <k
and a right-eigenvector £ = (£(j))1<j<k for p (ie. vQ = pv and Q& = p¢) such
that v(j) > 0 and &(j) > 0 for all j € {1,..., K}. We may choose v and ¢ such
that

<y, l>=<v&>=1
where < -,- > is the usual Hermitian product on CX. Moreover, since Q is T-
periodic,

and each A\ is simple. For each Ay we can obtain a left eigenvector vy and a
right-eigenvector wy from v and £ with the following transformation
£, (4.3)

- 27jk

Vi€ {0,..., T —1},09 = e 10) and ) = &7

See Theorem 1.7 in Seneta (2006, p.23-24) for more details.

The vectors (v;)o<i<r—1 are linearly independent. We can complete this family
into a basis V = (v;)o<i<x—1 such that v; € Spant(vg,...,vp_1) for all T < i <
K — 1 where

Span™(vo, ...,vr_1) = {v € CK :<v,v; >=0, Vi € {0,...,T — 1}}.

Let us denote by R the matrix representing the change of basis from the canonical
basis to V. Then we have the following decomposition

Ao

Q=R "l r

AT_1

0 Qo
where Qo is a (K —T) x (K —T) matrix. We define the matrix @’ by

0 O
"=R R
7= g
Proposition 4.1. Let f : {1,..., K} — R be a bounded measurable function. Then
forany x € {1,..., K} and n € N,

n—1 T-1
1 sinie .
E. <ﬁk§0ff(Yk)llT>n> = p"sa(f)lgoe HE < w0 ><u, 1> +o(p")

where

Proof: Let f:{1,..., K} — R be a bounded measurable function. In this proof we
will consider probability measures on {1,...,K} and functions defined on
{1,...,K} as K-vectors. Thus for any = € {1,..., K} we can say

Ey (f(Ya)lrsn) =< 0,Q", f > (4.4)

where d,, is the Dirac measure on z. For any z € {1,..., K}, define (o ())o<r<r-1
the unique family of CX such that there is p, € Span=(vo,...,vr_1) such that

T-1
Op = Zak(x)vk + g
k=0
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We will use the following lemma whose proof is postponed after the proof of the
theorem.

Lemma 4.2. For any0 <k <T —1,

(o (7))aem, = wh
where wy, is defined in (4.3)

Thus we can write

So, using (4.4) and (4.5), for any n € Z

E, (f( n T>n =< Zwk kan,f >4+ < ,Uanvf >

- Z)\gwk(x) <Ok f >4 < pa (@) f >

Now, using the Markov property, for any k < n,
Eu(f(Ye)lrsn) = Eu(Lesk f (Vi) Py, (7 > n — k) (4.6)
= Eu(lr>k9k,n(f)(yk)) (4.7)
where, for any y € Fj,

Then,
grn()y) = fly )<5 Q" * 1>
T—
:Z M F £ ) 0m () < Omy 1> +£(y) < iy (Q)F, 1> .
Define, for any k € {0, T—1} and n € Zy,

gk(f) Ly = f(y)wily)
wa(f) 1y = f(y) < py(Q)", 1>
Then, using (4.7), for any k < n,

Em(f(yk)]]-‘r>n) =< 6ka79k,n(f) >

= Z/\fwl(a?) <, gea(f) >+ < Nm(Q/)kagk,n(f) >

= Ak,n + Bk,n + Ck,n + Dk,n

where
T-1T-1
Apn = Z Zx\fz\%_kwl(x) <, gm(f) >< v, 1>

=0 m=0

By, = Z/\fwl(a:) < v, wn—k(f) >
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T—1
Cin = Z/\%ik < U, 1T >< /LI(Q/)kagm(f) >

Dk,n =< Mm(Ql)kawn—k(f) > .

Hence for any n € N

n—1
ZELE(f ‘r>n ZA/C n+ ZBk n+ ch n Tt ZDk ne (48)

n—1
i) Study of > Akn
k=0
For any n € N,

- T3 (ST uc

=0 m=0

<UL, gm(f) >< U, 1 >

= Zn/\?wl(a@) <wv,q(f) ><v,1>

+Z)‘ < )wl($)<vl,gm(f)>< U, 1 > .
l#m Am

On one side,
T—1

Zn)\?wl(x) <wv,g(f) ><wv,1l>=np Z a “wi(z) < v gi(f) ><v, 1>
1=0

On the other side, for any 0 <l #m <T — 1,

_— _— 2inlm _ 2inmm
_— )\? - A:Ln __2imm p e T — pne T
m|=—=—|=pe T 2ilr — 2imn
Al — Am pe” T —pe T
_ 2inlw _ 2inmmx
n — 2imm € T — € T
=pe r — 2ilx — 2imn .
e~ T —e T
divn _ziplm _2inpmn
e T | is bounded, hence
e T =T nezZy

—e
_ 2inlx _ 2inmw
1 _ 2imm e T —e€ T
—Xe T 2ilw 2imm 0.
e -~ 7T n—oo

n -TT —e T

We deduce that, for any 0 <[l #m < T — 1,

_ 2inlx _ 2inmx
2imm e T —e€ T
n_ — _ n
pe T 2ilx _ 2immw - O(?’Lp )
e T

e

and therefore

Sn (A2 )
Al —Am

l#m

() < v, gm(f) >< v, 1 >=o(np™)
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since this is a finite sum. Hence

7/7ll7\'
ZAkn_np Z =2 x) <v,gi(f) ><wv,1>+o(np").

ii) Study of ZBkn
ForannyE n€Z+ and0<I<T -1

Z_:/\_fwn_k(f)(y) = f(y) < my (iV(Q’)""“> 1>
k=1 k=0

= fly) < pyQ (Nlx — Q) "Nk — (Q)"), 1 >
where I is the K x K-identity matrix. For any 0 <1 < T —1 and n € Z4,
I, —p"(Q)")

2innl

NIy = (@) = p"(e7T

and (¢*7" p~"(Q")")nez, is bounded since the spectral radius of @’ is smaller
than p. Hence

1 17\'n

- ( 2ignl I — (Ql)n) 0

n n—o00

where 0 is understood as the zero matrix, and we deduce that
<y Q NI — Q) YN I — (Q)™), 1 >= o(np™).

As a result, for any n € Z,

i/\_fwn—k(f)(y) = o(np").
k=1

Hence for any n € Z
n—1 T-1 n—1
ZBk,n = Zwl(il?) < vy, Z)\fwn,k(f) >=o(np™).
k=0 1=0 k=0
n—1
iii) Study of > Cin
k=0

n—1
In the same way as Z B n,

n—1T-1
chn = Z Z Am PV <V, 1 >< UI(Q/)kvgm(f) >
k=0 m=0
T—1 n—1
=) <y 1>< iy <Z A"J’“(Q’)’“) g (f) >
m=0 k=0
Forany 0 <m <T —1andn > 1,

n—1

D AH@) = A x Al — Q)M (A I — (QN)").

k=0

We already showed that for any 0 <m <T —1and n >1
Amli = Q) (N Ik = (Q)") = o(np™).
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Finally,
n—1
ch,n =o(np™)
k=0

n—1
i) Study of Y Din
k=0

Finally, let us denote by (g )Z Fyfori,je{l,...,K-T}andn € Z;, the coefficient
of (Q")™ located at the ith row and the jth colurnn. Then for any n € Zy

n—1 n—1
S D= wali)f(E)ps(m) (Z@’)ﬁﬁ;’” (¢ >£’?> . (4.9)
k=0

ij.lm k=0

Let ¢,75,l,m € {1,..., K}. By definition of the matrix @', the spectral radius of @’
is strictly smaller than p. We deduce from this

(@) = o(p™), ()1 = o(p™). (4.10)

In particular there is a positive number C' such that for any n € Z; and m,l €
{1’ R K}7

(q/)(n*k) S Cpnfk

m,l
Hence,
n—1
S @) M) < ozpn “(g)H) (4.11)
k=0

= Cnp" ( prk ”> . (4.12)
(n)

However, by (4.10), p~"q; ; — 0 whenn tends to infinity and using Cesaro’s lemma,

n—1

1 VNG

EZP (q)i; e 0.
k=0

Thus using (4.9) and (4.12), we deduce that

n—1
ZD’“*” = o(np")
k=0

Hence, gathering all these results and using (4.8),

n—1

D Eu(f(Yi)lrsn) = np Z S wi(@) < v, g(f) >< v, 1> +o(np"). (4.13)
k=0

However we have for any [ € {0,...,T — 1}

<wv,ai(f)>=)> fGuli)w(s)

W

’ﬂ
L

f u(w)w(z)

<.
Il
o
8
m
Q
<
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T-1 — 7l
=3 2 f@)e @) F ()

j=0zeC;
=< UOugO(f) >

As a result,

n—1 T-1
E, <Zf(Yk)]lT>n> =np"™ < vg, go(f) > 26721?“ wi(z) < v, 1> +o(np™).

k=0 1=0
(]

Now we prove the lemma 4.2 quoted in the previous proof.

Proof of the lemma 4.2: Let us start by proving that «; is a right-eigenvector as-
sociated to A;. Since @ is a real matrix, it is equivalent to show that aj is a
right-eigenvector associated to ;.

First remind that a; is defined by the relations

T-1
O = Zal(k)vl + 5;9
=0

for any k € Ey and with §) € Spant(vo,...,vr—1). This implies for any k

T—1
< Oyvm >= Y (k) < v, vm >
1=0
or, in other words,
< O, vo > <vo,vo > ... <wvp_i,u0 > ao(k)
< Ok, vp_1 > <V, V7—1 > ... <UP_1,V7_1 > ar_1(k)
Denote by A the matrix
< v,V > ... < VUp_1,v9 >
< v9,V7-1> ... <UP_1,V7—-1>

A is simply the Gram’s matrix of the basis (v;)o<i<r—1. Thus the determinant
det(A) is positive and for any x € Fy

1
~ det(A)

< Vg, Vg > <51,’U0> < Ur—1,09 >

()

< V9, V7—-1 > ... <517'UT—1> . <Ur—1,V7-1 >

where the column (< 6,,v9 >, ..., < 0z, vr_1 >)7 is the [-th columns of the matrix.
We want to show now that «a; is a right-eigenvector associated to A;, that is

YoeCE <v,Qa;>=\ <v,a; > . (4.14)

In fact it is enough to show (4.14) when v is one of left-eigenvectors and when
v € Span*(vy,...,vr_1). In the case where v = vy, for k € {0,...,T — 1}

< vg,ap >
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K 1 < Vg, Vg > <5j,1)0> < vr_1,v9 >
_ e () . . .
Z O 3t : : . :
j=1 < v,VUpr—1 > ... <5j;UT71 > ... < Ur—1,Ur—1 >
< Vg, Vg > < Vg, Vg > < vVr_1,09 >
= Jet(A) : : :
< V9, V7—-1 > ... <Vg,Up—1> ... <VUr_1,0r—1 >

1 ifl=k
1 0 otherwise
We deduce from this
<R, Qap>= N <wvg,a; >, VO<k<T-1.

Finally, for any v € Span(vo, .. .,vr_1)*,
1 < Vg, Vg > ... 0 ... < Vr_1,V9 >
< v, >= . t. . T . =0
T det(A) : SRR : ’
<wvy,vr—1> ... 0 ... <wvp_1,vp_1>

Thus we have
<v,Qa; >=0=\ < v, a7 >
because {Qu € Span(vo,...,vr_1)*.
Hence for each k € {0,...,T — 1}, there is f; € C such that ay = Srwy (where
wy, is defined at the beginning of the subsection). We will show that S, = 5o = 1

for any k.

T
Remark that A can be written as > a;—1 P,, where P,, is the permutation matrix

i=1
of o; where o; = (i i+1 ... i—24i—1) and agp > 0 and aq,...,ar—1 € C. In other
words, A is of the following shape
Qg a a2 ... ar—i
ar—1 Qo aj ... ar—2
A =
ajy as as ap
with ag > 0 and ay,...,ar—; € CT~1. Moreover, since 1 € Cy, < §1,v; >=<
81,v0 >=1 for any [ € {0,...,T —1}. As a result, for any [ € {0,...,T — 1},
ap N 41 ... ar—
det(A)ag(1) = | . 1 . : (4.15)
a1 . 1% e al
v(l) a1 ... ... @
v(l) a2 ... ... @
I/(l) a ... ... ar—1
= (417)
v(l) az ... ... ap

= det(A)ag(1). (4.18)



442 W. Ogafrain

Indeed, from (4.15) to (4.16), we applied a circular permutation for the columns in
order to put the vector *(v(1),...,v(1)) at the first column, and the determinant
stays the same after this transformation. From (4.16) to (4.17), we did a circular
permutation on the rows, which does not affect either the determinant.

We deduce from this equality that S, = By for any k € {0,...,T — 1} because
wk (1) = wp(1). Concerning the fact that Sy = 1, remark that

E V CYQ E ’UO 040

1 < vg, Vg > < vr_1,v9 >
det(A : ‘ :
< vy, V7—-1 > ... <UVUpr_1,Vr—1 >
and
K K
Y wli)ao(i) = Boy_v(i)é(i) =1
i=1 i=1

O

The statement of Theorem 1 is meaningful provided the coefficient of the leading
term p" is not equal to 0. In the following proposition we prove that this coefficient
is actually not 0.

Proposition 4.3. For any n € Z4 and any x

T-1

_ 2inlmw
Z T < w0y >< v, 1 >#0
1=0

Proof: Let x € Ey. Then there exists k € {0,...,T — 1} such that « € Cj. Thus,
for any n € Zy,

T-1 T-1

- 21nl7‘r < u, 1 S = Ze 21(n+k)lﬂ' Z Z 621;““ I/ )
1=0 1=0 =0yeC;
T-1 D iy -
X3 o (ze !
j=0yeC; l
=T > ) @)
T|n+k—jyeC;
in(ntk—g) (- sin(m(n + k — 7))
+ Z Zg(x)”(y)e : T ()
Tn+k—jyeC; sin(=—7—)

=T 3 S E@ly) >0

TIn-i-k—ijCj
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4.2. Quasi-ergodic distribution for the classical non-moving sense in the general
case. Now assume that the sub-transition matrix @ is not necessarily irreducible.
For each z € {1,..., K}, we denote by D, the subset of {1,..., K} defined by

D, :={ye{l,...,K}:3In,m € Zy,P,(Y,, =y) >0 and P,(Y,, = z) > 0}.

It is well-known that (Dm)ze{l _____ K} are equivalence classes. Note that, for each
x, the restriction of Y on D, is irreducible. Thus we can associate, for each D,,
a period T,. We can also associate to D, a spectral radius p, and some left
and right-eigenvectors (vy1)o<i<r,—1 and (wg)o<i<r,—1 constructed in the same

way as in the subsection 4.1. Particularly, for every = € {1,..., K}, vy 1= vz 0
and &, := w0 are vectors whose all the components are positive and such that
< Vg, 1 >=<1,,& >=1. We define also, for any =z,
| Do |
oo f = Y f)V()é0)
j=1

where |D,| is the number of elements in D,. Now fix u € P({1,...,K}). Denote
by Supp(u) the support of u. Then we can define

B={xe{l,...,K}: Supp(p) N D, # 0}
Pmaz = MAX Py
and we define B,,,. as follows
Biaz = {2 € B: ps = pmaa}-
We set the following hypothesis
Hypothesis 4.4. There exists Tmaz € {1,..., K} such that
Bz = D

Under this hypothesis, the following notation will be used
Umaz = Vi aes (4.19)
Emaz = Eomans (4.20)
Pmaz = Prmax- (4.21)

In all what follows, we have to keep in mind that the definition of B,,,, implicitly
depends on the initial distribution p (more precisely on the support of u).

The following statement explains therefore that the quasi-ergodic distribution
exists if the Hypothesis 4.4 holds.

Theorem 4.5. Let p € P({1,...,K}). Then, if the Hypothesis /./ holds, the
following convergence holds for any measurable bounded function f: {1,..., K} —
R,

n—1
EM (%Zf(yk)lT > TL) n:Zo (pmam(f)'
k=0

Proof: According to Proposition 4.1, giving the fact that Y is irreducible on each
D,, we have for any z € {1,..., K}

n—1 T-1
1 n _ Zinlx n
E, (ﬁkgof(yk)]lﬂr>n> = Pmsﬁz(f)lgoe Tot < Wy, 0 >< Vg g, 1> +o0(pl).

(4.22)
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Thus, for any p € P(E)

T;—1

_ 2inlw

K
> 1(i)pje;(f) Z e T <wjp, 0 >< v, 1> 4o(pf)

TJ -1 _ 2inlw

K
Z (J )pJ Z e T <wj, by ><wvj,l> —i—o(p;-‘)

Tj_l __ 2inlw
) ; (Pj(f)ﬂ(]) ZZO e T <wji, 0y ><wj, 1> +o(1)
_ 1€bmax =
- T]‘71 2inlmT
‘ ; ILL(]) P e T < wj,l,(sz >< vy 1, 1> +0(1)
JE€EBmax S

T;—1

_ 2inlx

Omaz(f) Z M(]) Z e T <wji, by ><wvj, 1> +0(1)

JeBmam

-1

_ 2inlm

J€Bmax

Then using Proposition 4.3, we can conclude

n—1
E, <%Zf(yk)|7' > ”) e Pmaz (f)-
k=0

> 1) Z T < wjg, 0y ><wj, 1> 4o0(1)

O

4.3. Quasi-ergodic distribution with periodic moving killing subset. In this subsec-
tion we are interested in the quasi-ergodicity of the chain X defined in the Intro-
duction considering that the boundaries are moving v-periodically. We denote by

Y = (Y,)nez, the Markov chain defined on E x Z/~Z by
Y, = (X,,7n)

(4.23)

Y is therefore a Markov chain defined on a finite space state, which is irreducible if
and only if ged(T(X),~) = 1, where T'(X) is the period of (X, )nez, . If the chain

Y is actually irreducible, the associated period is
T = LOM(T(X),7)

where LCM (-, -) refers to the least common multiple.
Moreover we have

T=inf{n>0:X,€4,}=inf{n>0:Y, €9}
with
0 :={(w,k):x € A}

Remark that 9 is a non moving killing subset for the chain Y. Thus we can apply

theorem 4.5 to the process Y which yields the following theorem
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Theorem 4.6. Let u € P(Ey). Assume that (An)nez, is periodic and Y defined
in (4.23) satisfies the Hypothesis /.4. Then, for any measurable bounded function

f7

00
(z,y)EEXZ/YZ—O

n—1
E, (%Zﬂxwh”) T 2 @@ ) (@)
k=0

where Vmaz and Eman are the probability measures defined in (4.19) and (4.20)
relatively to 'Y .

We can also give the following corollary which requires assumptions on X and
(An)n€Z+-

Corollary 4.7. Assume that (Ay)nez, is y-periodic and that ged(T,~) =1 (where
T is the period of X ). Then there exists n € P(E) such that, for any p € P(Ep)
and any [ bounded measurable,

1n71
E, (5;_0f<xk)|f > n) — / fdn.

Proof of the theorem /.6: It is enough to apply Theorem 4.5 to the chain Y defined
on (4.23) and to deduce the results on X thanks to the following equality

n—1 n—1
1 1 -
E, (EZf(X;C)h > n> = Ep.gs; <g2f(Yk)|T > n> ,¥n>1
k=0 k=0
where f is the projection on the first component. O

5. Existence of Q-process with boundaries moving periodically

In this section, we are interested in the Q-process, which can be interpreted as
the law of the process X conditioned never to be killed by the moving boundary.
As before, we still consider that the boundary moves periodically period ~.

To show the existence of the Q-process, we will consider again the Markov chain
Y defined in (4.23), that is defined by

Y, = (X,,7), Vn € Z,

and we take back the notation introduced in subsection 4.2 associated to Y.

The following statement ensures the existence of a Q-process even when the
boundary moves. However, it is interesting to observe that we lose the homogeneity
of the Q-process because of the movement of the killing boundary.

Theorem 5.1. For anyn € Z4 and any x € Ey, the probability measure Q, defined
by
Qu(X1€-...,. X, €)= 1i_r)n P.(X1€-...,X, €7 >m)

is well-defined and, under the probability Qu, (Xn)nez, s a time-inhomogeneous
Markov chain such that for any n € Z., for any (y,z) € En_1 X Ey,

2(2,7)

T Xn = an = =, —
Q ( Z| ! y) pmgm(yu n— 1)
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Proof: For any m,n € Zy, for any f1,..., f, measurable bounded functions and
for any z € Fy,

Em(fl (Yl) .- -fn(yn)]l7'>n+m)
P.(r > n+m)

=E, (fl (Yl) e fn (Yn) lﬁngF;n;T+>mn;)>

E.(fi(Y1) ... fu(You)|lT >n+m) =

(5.1)

(5.2)

According to the equality (4.22) applied to the function equal to 1, for any y €
EXZ/Y¥Z —0 and n € Z,

T,-1
_ 2inlx
P, (1 >n) = py e T <wy, 0y >< vy, 1> +o(py).
1=0
Thus, using this in (5.2),
E.(fi(Y1) ... fu(Y)|T >m+n) (5.3)
Ty, —1 _ 2imln

Lrsnpy > e T <wy, 1,0y, ><wvy, 1, 1> +o(p})
=0
- ]EI (fl (Yl) T fn(Yn) 2i(n+m)ln )

To—1
PRt N e T < Wy gy 0z >< Vg g, 1> +o(pi™™)
=0

(5.4)

Ty —1 _ 2imlxw

]17—>nP;n Z € Te < Wy 1, 6Yn >< Vg, 1y 1> +0(p;n) >
=0

T,—1 ;
ntm _ 2i(ntm)lx ntm
Pz Ze To < We, 1, 6;E >< Vz,15 1> +0(pw )

=E, <fl(Y1) e fn(YR)

=0
(5.5)

Ty—1 2imlw

Lrsp o€ To < wyy,dy, >< vz, 1>+o0(1)
1=0
= ]EI (fl (Yl) e fn(Yn) T _1 2i(ntm)in )
P> e To o < wyy,0p >< gy, 1> +o(p)
1=0

(5.6)

The passage from (5.4) to (5.5) is due to the fact that, for any n € Zy, Y,, € D,
almost surely and the quantities T;, p,, w,; and v, ; depends only on D,.

Since the restriction of the chain Y on D, is irreducible, we can construct as in
the subsection 4.1 some clusters (C})o<j<T,—1 such that € Cy and

P.(Yiint, € Cry7>k+nT,) =1, Vk€{0,..., T, —1},Yn € Z,

For any y € D,, denote by j(y) the integer such that y € Cj(,y. Then we deduce
from the equality (4.3) in the subsection 4.1 that for any y € E x Z/~Z — 9 and
ne ZJr,

_ 2inlw _ 2im(n+j(y))l

e Te < Wy .1, 5y >=e Ta I(y)

Thus, according to (5.6) and the previous equality,

E.(f1(Y1) ... fn(Yo)|T>m+n)=
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Tel _ 2in(msirai

]lT>n§m(Yn) ( Z e T < Vg, 1, 1> +O(1))
:E;E fl(yl)fn(yn) =0

Ty—1 _ 2im(m4n+tj(xz))l
Tz

pr&e(2,0) < > e

< Vg, 1> +0(1))
=0

However, for any n € Z,
j(Yn) =j(x)+n mod T, a.s.

and for any m,n € Z,

1
Z efw < Uz, 1 >#0.

1=0
Since the state space E x Z/vZ is finite, we may first consider function f;(y) =
1y—z;, so that quantities in the ratio except 1., are fixed. This justifies thta we
can exchange the expectation and the limit as n — oo in the previous expression.
We deduce that,

B () Fo V)l >t ) — B (1100 ) 22,

prée(2,0)
The statement on X is obtained using projection functions and we can deduce from

it the transition kernel of the Q-process.
O

6. Example : discrete-time random walk

We shall illustrate the previous results by looking at a discrete-time random
walk. Let p €]0,1[. We denote by (MZ),ez, the Markov chain defined on Z such
that

P(M},, =ME+1|ME) =1—p,
P(Myyy = My = 1[M7) = p.
Before dealing with the quasi-ergodicity with moving boundaries, let us recall some
properties about quasi-stationarity concerning random walks. For any K > 1 we
define
Tk =inf{n >0: MP € (—o0,0l|U[K + 1,00)}
The sub-Markovian transition matrix associate to (M?

n/\TK)nez+ is the matrix Qx €
Mg (R) defined by :

0 1-p 0 ... 0 0
P 0 1-p ... 0 0
0 »p 0 ... 0 0
Qr=1. : : . :
0 0 0 . 0 1—p
0 0 0 .D 0

For any K > 1, denote by Pg(X) the characteristic polynomial of Q. Using
standard algebraic manipulations, one can show that for any K > 1, the following
recurrence relation is satisfied

Pryo(X) = =X Pg1(X) —p(1 — p)Pr(X)
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with P (X) = —X and Py(X) = X2 — p(1 — p). We set Py(X) = 1.
For any K > 0, define

K
1
Uk (X) = (~——— ] Pxc (2601 - p)X).
p(1—p)
Then the following equation is satisfied
Uk 12(X) = 2XUse41(X) — Uge(X)

for which Up(X) =1 and U3 (X) = 2X. In other words, the sequence (Ux ) x>0 are
the Chebyshev’s polynomials of the second kind and we have for any 6§ € R

sin((K + 1)0)
sin(9)

The set of roots of Uk, hence of Pk, is thus well-known. It follows

Sp(Qr) = {Aj :=2/p(1 — p) cos (Kj—j:l) cjed{l,.. .,K}}.

We are interested now in the eigenvectors of Q.

Uk (cos(0)) =

Proposition 6.1. Let K > 1. Then, for any j € {1,..., K}, Ker(Qx — \jI) =
Span(x;) where

= (k) o (i) e

Proof: Let A € Sp(Qk). We want to find all the eigenvectors © = (z(7))1<i<k
associated to A such that z(1) = 1. We will prove the proposition by double
induction.

Base case: According to the relation Qxx = Az, we have
Az(l) = (1 —p)z(2). (6.1)
Having 2(1) = 1, we will have therefore z(2) = 2\ = — 2= P;()), which conclude

P
the base case

Inductive step: Let i € {3,..., K —1}. We assume that the equality is satisfied
for ¢ — 1 and 7 — 2, so we have

2(i—2) = (—#) Pra(V)

1-p
si-= () A
Using Az = Qkr,
Ax(i—1) =px(i —2)+ (1 — p)z(3).
So
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1 \i!
= <_ﬂ) (=APi—2(A) = p(1 = p)Pi—3(}))
1 \i!
= (_E) Pio1(N)
which concludes the proof. ([

The previous proposition gives us left and right eigenvectors of Qg : if we de-
note by (v;)1<i<k (respectively (w;)1<i<x) the left (respectively right) eigenvectors
satisfying v;Qx = \;jv; (respectively Qxw; = A\jw;), then

) (1‘P>j1 sin (#25)
Vi\)) = ) )
P sin(a)
win=(2)" sin (1)
L—p sin(Ki—L)

In particular, considering the spectral radius A1, the quasi-stationary distribution
v and the right-eigenvector £ associated to A; satisfying < v,& >=1 are as follows:

j—1 .
1—p : Jjm
() sin(#5)

)

S0 wlEm) e
‘ — (%) w(&)

1—p K+1

We are interested now in moving boundaries. Let N > 1 and consider the simplest
case where (A )nez, is defined by

A - (—00,0] U[2N, 00), if n is even, (6.2)
" (=00, 1JU[2N —1,00), if n is odd. '
Recall the previous notation
Y1:LD = (Mﬁ/\‘rovﬁ) (63)

with 7 € Z/2Z. The chain is not irreducible (if M{ is even, then for any n, MP?
have the same parity as n). It admits exactly two irreducible subsets:

(1) P={(x,y) € E:x+yis even}.

(2) T={(z,y) € E:x+yisodd}.
But, as we can see in Figure 6.1, the chain Y? behaves as a random walk on each
irreducible subsets:

(1) On P, Y? has the same behavior as a random walk on Z starting from
[2,2N — 2] absorbed by {1,2N —1}.

(2) On Z, Y? has the same behavior as a random walk on Z starting from
[1,2N — 1] absorbed by {0,2N}.
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=

<l

FI1GURE 6.1. The black dots represent the states in 9. The irre-
ducible subsets P and Z are represented respectively by the dashed
path and the filled path. On each path, we see that Y? behaves as
a random walk.

Denote by Y} (respectively Y7) the Markov chain such that for any u € P(P)
(respectively P(Z))
P.(Y" € ) =Pu((Yg)1 € -) (vespectively P, (YY" € -) = P, ((Y7)1 € 1))
Let p € P(E x Z/2Z). Then there are A € [0,1] and pp, uz € P(P) x P(Z) such
that
p=up + (1= Npz

Hence we see that two cases are possible:

Proposition 6.2.
(1) if A=1, Bpaz =P. Then pmaz =2 cos(

2N—-3 SlIl

<ZfMp|T>n>—>Zf SN
J=1 glsm(

-
2

(2) f A# 1, Bunaw = . Then puas = 2y/p(1 - p) cos (g ), and

< ZfMp|7'>n> — Z —2Ns_11r12(N) )
= e )

When (A, )nez, is moving as (6.2), the quasi-ergodic distribution is the same as
the non-moving quasi-ergodic distribution for one random walk absorbed at {0, 2K}
except when the support of the initial distribution is included in the set of even
numbers. As a matter of fact, if the chain starts from the set of even numbers, it can
be absorbed only by {1,2N — 1}. Remark also that the quasi-ergodic distribution
of one random walk does not depend on p anymore.

We have also the existence of a Q-process according to theorem 5.1 which is the
time-inhomogeneous Markov chain (Z%),ecz. defined by

with K (y,n) = 2N — 1+ (=1)"+v.
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