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Abstract

Motivated by recent studies of big samples, this work aims at constructing a parametric model
which is characterized by the following features: (i) a “local” reinforcement, i.e. a reinforcement
mechanism mainly based on the last observations, (ii) a random fluctuation of the conditional prob-
abilities, and (iii) a long-term convergence of the empirical mean to a deterministic limit, together
with a chi-squared goodness of fit result. This triple purpose has been achieved by the introduction
of a new variant of the Eggenberger-Pélya urn, that we call the “Rescaled” Pdlya urn. We provide
a complete asymptotic characterization of this model and we underline that, for a certain choice
of the parameters, it has properties different from the ones typically exhibited from the other urn
models in the literature. As a byproduct, we also provide a Central Limit Theorem for a class of
linear functionals of non-Harris Markov chains, where the asymptotic covariance matrix is explicitly
given in linear form, and not in the usual form of a series.

keywords: central limit theorem, chi-squared test, compact Markov chain, Pélya urn, preferential
attachment, reinforcement learning, reinforced stochastic process, urn model.

1 Introduction: framework and motivation

The well-known Pearson’s chi-squared test of goodness of fit is a statistical test applied to categorical
data to establish whether an observed frequency distribution differs from a theoretical probability
distribution. In this test the observations are always assumed to be i.i.d., that is independent and
identically distributed. Under this hypothesis, in a multinomial sample of size N, the chi-squared
statistics
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(where k is the number of possible values and O;, F;, p; = O;/N and p; = E;/N are the observed
and expected absolute and relative frequencies, respectively) is proportional to N, that multiplies
the chi-squared distance between the observed and expected probabilities. Therefore, the goodness
of fit test based on this statistics is highly sensitive to the sample size N (see, for instance, [10} 36]):
the larger IV, the more significant a small value of the chi-squared distance. More precisely, the
value of the chi-squared distance has to be compared with the “critical” value x?_,(k—1)/N, where
X3_p(k — 1) denotes the quantile of order 1 — 6 of the chi-squared distribution x?(k — 1) with k — 1
degrees of freedom. Hence, it is clear that the larger N, the easier the rejection of Hy. In other
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words, the larger N, the higher the type I error probability. As a consequence, in the context of
“big data” (e.g. [10, [13]), where one often works with correlated noised data, suitable models and
variants of are needed.

Different types of correlation have been taken into account and different techniques have been
developed to control the performance of the goodness of fit test based on (see, among others,
[10, 15}, 26l 29| [43] [46], 52], where some form of correlation is introduced in the sample and variants
of the chi-squared statistics are proposed and analyzed mainly by means of simulations). Instead, in
[44] a positive correlation is assumed directly in the likelihood function. Our approach differs from
the one adopted in the previously quoted papers. Indeed, our starting point is that a natural way to
get a positive correlation between events of the same type is to deal with the Dirichlet-Multinomial
(D-M) distribution: briefly, the parameters of the D-M distribution is randomized a priori with
a Dirichlet distribution, obtaining an exchangeable (not independent) sequence. The variance-
covariance matrix of the D-M distribution is equal to the one of the Multinomial (M) distribution,
multiplied by a fixed constant greater than 1: precisely, given the k parameters bg = (bo1,--.,bok)

of the D-M distribution and setting |bg| = Zle bg i, we have
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Covp-m(0;,05) = = Covm(0;, Oj) for i # j.

Therefore, if we set |bg| = 1;52, we have, for any 4,j € {1,...,k}

Covp-m(0;,0;) = (1+ (N = 1)p*) Covp(0;,0;), (2)

and p is known as the “intra cluster” correlation parameter. Roughly speaking, the Dirichlet-
Multinomial model adds variance to the multinomial model by taking a mixture or by adding
an intra-cluster positive correlation. Property is fundamental for our purpose. In fact, as
well highlighted in [47], the two conditions (i) p; = O;/N — p; almost surely for N — oo and
(ii) Cov(0;,05) = ACovp(0;,0;) with A > 1 imply that the statistics x?, defined in (1)), is
asymptotically distributed as x?(k— 1)\ (see [47, Corollary 2]), so that the “critical” value becomes
X3_o(k — 1)A/N, where X mitigate the effect of N. As already observed, the D-M model satisfies
(ii), but it is well-known that it does not meet condition (i). In this paper we give a parametric
extension of the D-M model so that both of the above conditions hold true.

Urn and biased-coin sequential models

The Dirichlet-Multinomial distribution may be generated by means of the standard Eggenberger-
Pélya urn (see [25,38]), a model that has been widely studied and generalized (some recent variants
can be found in [B] [6] [7, M2] 14, 16} 17, I8, 27 28 [37]). This urn model with k-colors works as
follows. An urn contains Ny; balls of color 4, for i = 1,...,k, and, at each discrete time, a ball is
drawn out from the urn and then it is put again inside the urn together with o > 0 additional balls
of the same color. Therefore, if we denote by N,,; the number of balls of color ¢ in the urn at time
n, we have for n > 1
Npi = n71i+a§niu

where &,; = 1 if the extracted ball at time n is of color i, and &,; = 0 otherwise. The parameter
« regulates the reinforcement mechanism: the greater «, the greater the dependence of N, ; on
Z:anl &mi- In addition, it is well known that the conditional expectation of the sequential extrac-
tions E[€,11i|&m i, m < n] converges almost surely to a beta-distributed random variable, forcing
the empirical mean &y ; = ZnN:1 &ni/N to converge almost surely to the same limit.

The biased coin sequential models are related to urn models in many aspects, but the approach
is different. In a biased coin design E[,+1i|&m:m < n] is directly driven to a fixed limit through



a dynamics, which contains information on the limit that should be reached, together with the
information on the past that are considered relevant. The class of biased-coin designs has recently
had a large auditor (see [8, [0, B4] and the references therein). In particular, in [9] general asymp-
totic properties of covariate-adaptive randomized designs are studied for this class of processes.
Similar results may be found with a Friedman urn (see [4, [50] for asymptotic results regarding
a network of such urns). Finally, a sequential re-randomization framework for sequential design
has been also proposed in [54], where the experimental units are enrolled in groups, and adaptive
re-randomization is used for balancing treatment/control assignment.

In this work we exhibit an urn model that preserves the relevant aspects of the models above: a
reinforcement mechanism, together with a global almost sure convergence of the empirical mean of
the sequential extraction toward a fixed limit. However, differently from the previous models, for
a certain choice of the parameters, the process E[&,+1i|&m i, m < n] randomly fluctuates without
converging almost surely, forming asymptotically a stationary ergodic process. As a consequence,
since the classical martingale approach or the stochastic approximation require or imply the con-
vergence of E[&,11:|&m:m < n] (e.g. [I, M1l B7]), not usual mathematical methods are here needed
in proving asymptotic results for the introduced new urn model.

“Rescaled” Pélya urn

We introduce here a new variant of the Eggenberger-Pélya urn with k-colors, that we call the
“Rescaled” Pdélya urn model (RP). In this model, the almost sure limit of the empirical mean of
the draws will play the role of an intrinsic long-run characteristic of the process, while a local
mechanism generates fluctuations. More precisely, the RP is characterized by the introduction of
the parameters § and (bo;)i=1,... x in the original model, so that

Nyi=bo; + By with

(3)

B, i=pBBn-1i+akni n>1
Therefore, the urn initially contains bg; + By; balls of color ¢ and the parameter S > 0, together
with o > 0, regulates the reinforcement mechanism. More precisely, N, ; is the sum of three terms:

e the term bg;, which remains constant along time;

e the term 8B, _1;, which links N,,; to the “configuration” at time n — 1, through the “scaling”
parameter 3 that tunes the dependence on this factor;

e the term af,;, which links NV, ; to the outcome of the extraction at time n, through the
parameter « that tunes the dependence on this factor.

Note that the case 8 = 1 corresponds to the standard Eggenberger-Pélya urn with an initial number

Ny; = bg; + Byg; of balls of color i; while, when 8 # 1, the RP does not fall in the variants of the

Eggenberger-Pélya urn discussed in [45] Section 3.2] and, as explained in details in Section |2} it

does not belong to the class of Reinforced Stochastic Processes studied in [11 2, [3 20, 2T, 23] 50].
The quantities pg1,...,por defined as

boi
Poi = 3

> i1 boi

can be seen as an intrinsic probability distribution on the possible values (colors) {1,...,k}, that
remains constant along time, and that will be related to the long-term characteristic of the process;
while the random variables (By1,...,B,k) model random fluctuations during time so that the
probability distribution on the set of the k possible values at time n is given by

(4)

Npi boi + Bni

doiciNni D21 boi + 2 Bni
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Figure 1: Simulations of the two processes (1), (red color) and (&,1), (blue color), with n =
1,...,20000, pg1 = % and for different values of o and : (A) « =199, 3 =10; (B) a =1, 8 = 0.975;
C)a=1,8=1; (D) a =05, 5 =1.0001. As shown, when 8 < 1, (¢,1), exhibits a persistent
fluctuation, locally reinforced, and (&,1), converges to the deterministic limit pg;. When 8 > 1, the
y-axis is zoomed to show the random fluctuations of both the processes towards the same random
limit. Notably, the speed of convergence is faster for (¢,,1), when 8 > 1, see Theorem [3.5

Assuming for B, ; the dynamics with 8 > 0, the probability 1, ; results increasing with the
number of times we observed the value i (see the following equation ) and so the random
variables &,,; are generated according to a reinforcement mechanism. But, in particular, when
B < 1, the reinforce reduces exponentially, leaving the fluctuations be driven by the most recent
draws. We refer to this feature as “local” reinforcement. The case 8 = 0 is an extreme case where
ty ; depends only on the last draw &, ;. We are mainly interested in the case § € [0, 1), because in
this case the RP exhibits the following distinctive characteristics:

(a) for each 4, the process (¢ ;)n randomly fluctuates, driven by the most recent observations
(“local” reinforcement), and do not converge almost surely;

. - = N . .
) i —=1Snt )
(b) for each 4, the empirical mean {x; = >, 1 &,i/N, or equivalently the empirical frequency
0;/N, converges almost surely to the deterministic limit p;;

(c) the chi-squared statistics is asymptotically distributed as x2(k — 1)\ with A > 1.

As said before, since (a), the usual methods adopted in the urn literature do not work for g8 < 1
and so different techniques are needed for the study of the RP.
We have also considered the asymptotic results for 5 > 1, to complete the study of the RP.
In this situation, the process (¢, ), converges exponentially fast to a random limit, and so even
faster than in the classical Eggenberger-Pélya urn. Therefore, in this case, we may apply the usual
martingale technique (e.g. [II, 1T}, B7]).
In Figure [I] we show the properties (a) and (b) for 8 = 0 and 8 € (0,1) (Figure [[{A) and
Figure B), respectively) compared with the classical behavior of the processes for 5 = 1 and



B > 1 (Figure [1f C) and Figure [1f D), respectively).

Goodness of fit result

Given a sample (£1,...,€n) (where &, denotes the random vector with components &, ;, ¢ =
1,...,k) generated by the RP, the statistics

N
01:#{71{”2:1}22@”7 Z.:17"'7‘1€7
n=1

counts the number of times we observed the value i. The theorem below shows that, when 8 € [0, 1),
we can construct a chi-squared test for the intrinsic probabilities pg1,...,pok. More precisely, we
will prove the following result:

Theorem 1.1. Assume po; > 0 for alli =1,...,k and B € [0,1). Define the constants v and A
as

y=B8+(1- )(1 B)leb0i+a€(6’1> and (5)
- (1-p)? v
S e 72)( ropts )>1. (6)
Then

k
(Oi — Npoi)?*  a B
Z Npo; N:Zo W = AWo

where Wy has distribution x*(k—1) = F((k_l), %) and, consequently, W, has distribution F(%, %)

Application to a “big sample”

A possible application we have in mind was inspired by [13] 4] and is the following. We suppose to
have a “big” sample {§,, : n =1,..., N}, where the observations can not be assumed i.i.d, because
the choice of a unit is influenced by the choices of some other units, according to a reinforcement
rule. More precisely, we consider the situation in which there are some clusters such that the
probability that a certain unit chooses the value i is affected by the number of units in the same
cluster that have already chosen the value i. Formally, suppose that the N units are ordered so
that we have the following clusters of units:

Cr=1{1,....,N\}, ...,

-1 V4

Co={>_ Ni+1,....,0 N}, ...,
=1 =1
L-1

L
CL:{ZNl+17~-~>ZNl:
=1

=1

Therefore, the cardinality of each cluster Cy is Ny. We assume that the units in different clusters
are independent, that is

[613"'v€N1}7 ’[EZf;lNﬁl"”’&Ef:l ] [Szl ) Nl+17~'~7€N]'

are L independent multidimensional random variables. Moreover, we assume that the observations
inside each cluster can be modeled as a RP with 8 € [0,1). We denote by po1(¥),...,pok(¢) the
intrinsic probabilities for the cluster Cy, that we assume strictly positive, and we assume the same



parameter A for each cluster (not necessarily the same parameters « and ) so that all the L random
variables

i ) = Npoi(6))

L with 0(6) = #(n € s €. = 11

are asymptotically distributed as I'(£52, 5 /\) Since @1, ...,Q are independent because they refer
to different clusters, when all the cluster sizes N, are large, we can estimate the parameter \ by
means of the (asymptotic) maximum likelihood and obtain

S~ Qe L (L(k=1) Lk—1)
A:L($~s—1)wr( 2 2\ )

Note that E [X] = ), that is the estimator is unbiased. Moreover, X/ A has asymptotic distribution
F(@, @) (that not depends on \) and so it can be used in order to construct asymp-
totic confidence intervals for A. Moreover, given certain (strictly positive) intrinsic probabilities
P51(0),s ..., 0§, (¢) for each cluster Cy, we can use the above procedure with pg;(¢) = pf;(¢) for

i=1,....,kand £ = 1,...,L in order to obtain an estimate N of A, and then use the statistics
Qe with po;(¢) = p§,;(£) and the corresponding asymptotic distribution F(%, ﬁ) in order to
perform a x2-test with null hypothesis
Hoi pOz(é):pSZ(é) VZ=1,7]€
Regarding the probabilities p§;(¢), some possibilities are:
e we can take pf,;(¢) = 1/k for all i = 1,...,k if we want to test possible differences in the

probabilities for the k different values;

e we can suppose to have two different periods of times, and so two samples, say {5(1) n =
N} and {€3) : n=1,...,N}, take pj,(¢) = Y onec, & (1)/]\/'@ forall i =1,...,k, and
perform the test on the second sample in order to check possible changes in the 1ntrinsic
probabilities;
e we can take one of the clusters as benchmark, say £*, set pg;(¢) = >, cc,. &ni/Ne» for all
i=1,...,k and £ # £*, and perform the test for the other L — 1 clusters in order to check
differences with the benchmark cluster £*.

This statistical procedure has been applied in [I3], but for a sample generated by a Markov chain:
specifically, each cluster is formed by the administrative data that describe, at a very detailed level,
the temporal and spatial dynamics of farmland use in Lombardy, a region in North Italy. However,
in that paper it is not given a general theoretical framework. Instead, here we aim at providing a
general model and the related theoretical results, motivating the above statistical procedure.

CLT for linear models of Markov compact chains

The key point in proving the above result is given into two asymptotic theorems: the Strong Law
of Large Numbers (SLLN) and the Central Limit Theorem (CLT) for the empirical means given in
Theorem and Theorem for $ =0 and S € (0,1), respectively. Mathematically speaking,
the proof of these theorems is based on the fact that the processes (¢, ;)n, with i =1,...,k, form
a multi-dimensional Markov chain with a unique ergodic invariant limit probability distribution.
For g = 0, all the quantities involved can be computed explicitly, since the Markov chain has a
finite number of states. Conversely, when 3 € (0,1), the classical CLTs for Harris chains cannot be
used in the present framework. It is known (see [33]) that a Markov chain with a unique invariant
probability measure can either be a positive Harris recurrent chain with an absorbing set (and
the invariant probability measure is non-singular), or cannot have Harris sets (and the invariant
probability measure is singular). Our Markov chain falls in the second case: the systems as



are explicitly mentioned in [33] § 3.3]). For this reason, we decide to refer to the general theory
for compact Markov chains (see [42, Chapter 3]). In this framework, we provide a CLT for a
general class of linear models. This byproduct result is given in Theorem [AT1] and his importance
is augmented by the fact that the variance-covariance matrix is explicitly calculated with linear
algebra calculus, without the usual computation of the series that involves the auto-correlation
function.

Structure of the paper

Summing up, the sequel of the paper is so structured. In Section [2| we set up our notation and we
define the RP with parameters o > 0 and 3 > 0. In Section[3|we provide a complete characterization
of the RP for the three cases 8 =0, 8 € [0,1) and 8 > 1. (We do not deal with the case § =1
because, as said before, it coincides with the standard Eggenberger-Polya urn, whose properties
are well-known). In particular, we show that, for each i, the empirical mean of the &, ; almost
surely converges to the intrinsic probabilities pg; when 5 € [0,1); while it almost surely converges
to a random limit when 8 > 1. We obtain also the corresponding CLTs, that, in particular for
B € [0,1), are the basis for the proof of Theorem [1.1] For completeness, we also describe the case
a = 0, that generates a sequence of independent draws. Section 4| contains the proof of Theorem
which gives the possibility to construct a chi-squared test for the intrinsic probabilities when
the observed sample is assumed to be generated by a RP with 5 € [0,1). Finally, the paper contains
an Appendix: in Section we state and prove a general CLT for Markov chains with a compact
state space S C R¥, under a certain condition, that we call “linearity” condition, and in Section
we explain a fundamental coupling technique used in the proof of the CLT for g € (0,1).

2 The “Rescaled” Pélya urn model

In all the sequel (unless otherwise specified) we suppose given two parameters « > 0 and 8 > 0.

Given a vector ® = (z1,...,75) € RF, we set |z| = Zle |z;| and ||z||? = T2 = Zle |5 |2
Moreover we denote by 1 and 0 the vectors with all the components equal to 1 and equal to 0,
respectively, and by {ey,...,ex} the canonical base of R¥.

To formally work with the RP presented in the introduction, we add here some notations. As

in , the urn initially contains a constant number of by ; distinct balls of color 4, with i = 1,...,k,
together with a constant number By, balls of the same color i. We set bg = (bo1,.-.,bo k)T
and By = (Bo1,---,Box)". In all the sequel (unless otherwise specified) we assume |bg| > 0

and by; + Bp; > 0 for each ¢ = 1,...,k. Consistently with , we set pg = u%)\- At each
discrete time (n 4+ 1) > 1, a ball is drawn at random from the urn, obtaining the random vector
€nt1 = (Eny11, - Enpar) | defined as

1 when the extracted ball at time n + 1 is of color &
Eny1i = .
0 otherwise,

and the number of balls in the urn is so updated:
Npt1=bo+ Bpt1 with B,1 =8B, +adnt, (7)

which gives (since |€p41]| = 1)
|Bnt1| = B|Bnl| + . (8)

Therefore, setting rf = | Ny, | = |bo| + | Bn|, we get

vt =15 4 (8 —1)|Bn| +a. (9)



Moreover, setting Fy equal to the trivial o-field and F,, = 0(&1,...,&y,) for n > 1, the conditional
probabilities 1y, = (¥n1,...,%nk) " of the extraction process are for n > 0

_ Nni boi+ Bni
| N | rk

n

that is, in vectorial form,

o Nn o bO+Bn
| Np| e

n

wn = E[€n+1|fn] (11)

It is obvious that we have |1,,| = 1. Finally, for the sequel, we set &5 = ZnN:1 &./N.
We note that, by means of , together with and @, we have

o abnr =~ )+ (e ). (12)

n T’ﬂ
Since the first term in the right hand of the above relation, the RP for 5 # 1 does not belong to the
class of Reinforced Stochastic Processes (RSPs) studied in [T, 2] (3, 20, 2T, 23]. Generally speaking,
by reinforcement in a stochastic dynamics we mean any mechanism for which the probability that
a given event occurs has an increasing dependence on the number of times that the same event
occurred in the past. This “reinforcement mechanism”, also known as “preferential attachment
rule” or “Rich get richer rule” or “Matthew effect”, is a key feature governing the dynamics of many
biological, economic and social systems (see, e.g. [45]). The RSPs are characterized by a “strict”
reinforcement mechanism such that &, ; = 1 implies ¥, ; > 1, _1,. As a consequence, the “general”
reinforcement mechanism is satisfied, in the sense that the random variable 1, ; has an increasing
dependence on the number of times we have &,,;, = 1 for m = 1,...,n. When 8 # 1, the RP
does not satisfy the “strict” reinforcement mechanism, because the first term is positive or negative
according to the sign of (1— /) and of (¢,,—1 —po). However, when «, 8 > 0, it satisfies the general
reinforcement mechanism. Indeed, by , , @ and , using Z:;_:lo 2™ =(1-2")/(1—-x),

we have

Ay, = bo + " Bo + Zzlzl B Em _ B87"bo + Bo + « Zzlzl B MEm
ool + 125+ 7 (1Bl = 125) 5 (jbol + 125) + [Bol - 1%

(13)

In particular, for 5 < 1, the dependence of 1,, on &,, exponentially increases with m, because of
the factor "=, and so the main contribution is given by the most recent extractions. We refer
to this phenomenon as “local” reinforcement. The case § = 0 is an extreme case, for which 1,
depends only on &,, the last extraction. For § > 1 we have the opposite behaviour, that is the
dependence of ,, on &,, exponentially decreases with m. Finally, we observe that Equation
recalls the dynamics of a RSP with a “forcing input” (see [Il 20} 50]), but the difference relies on
the fact that for the RP the sequence (r};) is such that Y 1/r% = +oc and 3, 1/(r})? = +oc for

Be(0,1)and >, 1/r; < 400 (and >, 1/(r%)? < +oc) for B > 1. These facts lead to a different
asymptotic behavior of (1y,).

3 Properties of the “Rescaled” Pdlya urn model

We study separately the three cases 8 =0, 5 € (0,1) and § > 1.



3.1 The case =0
In this case, by , and @, equation becomes for alli=1,...,k

bos + Bos
= and
Yo lbo| + | Bo (14)
P = boitabni forn>1
nt — ‘bo‘—f—a - .

We now focus on )y, for n > 1. The process (¢, )n>1 is a k-dimensional Markov chain with a finite
state space S = {s1,..., Sk}, where

1

:m(b017'-'7b0i+a7-"ab0k)—r7 fOI"L'Zl,...7]C,

Si

and transition probability matrix

1

bo|
P=—"  (1.bg" +ald,) = |
|b0|+a(k0 oldy)

.
m(lk Po + mporldi)

which is irreducible and aperiodic. Now, since 1;po' is idempotent and commutes with the
identity, then we have

= G (B )ik )
)” <<(1 * )" (Il;lTl)n)lkpoT + (|z§l0|)"1dk> (15)

e () 0 1)
kPo + bo] + @ k k Po

=1,po +7" (Idk —1; POT) )

where 7y is the constant given in , that becomes equal to m for 5 = 0. We note that v < 1

(since |bg| > 0 by assumption) and so P™ — 15, po ', and the unique invariant probability measure
on S is hence ™ = pg.

Theorem 3.1. We have € 2% po and

N
R )= EEE )t )

where
¥? = A(diag(po) - popoT)7 (16)

with X defined in (6)) (taking 3 =0).

Proof. We observe that, by , we have for each n > 0

{&n1i =1} = {¢Pny1 = s}
Therefore, the strong law of large numbers for Markov chains immediately yields

_ 1 X

.
En = N Z (]l{wn:sl}, o ]l{wn:Sk}) N

n=1



Take a vector ¢ = (c1, ..., c;)T and define g(x) = ¢? (x—po). Recall that g(&,,) = g(]l{wn:sl}, e ﬂ{dmz%})
and apply the central limit theorem for uniformly ergodic Markov chains (see, for instance, [40]

N
Theorem 17.0.1]): the sequence (%) converges in distribution to the Gaussian distribution
N(0,02), with

02 = Var[g(€§™)] + 23 Cov(g(ed™). 9(€57))

n>1
= o (Varle§™] +2 Y Cov(el €) )e
n>1

where 5,51”) = (1{11)»,(1"):31}’ ey ]l{wﬁf):%}) and (¢(”)) o 1s a Markov chain with transition ma-

trix P and initial distribution 7, that is pg. Now, by deﬁnition, S[()")é‘(()”) = diag(&, (r )) and hence
Var[&, (m )] diag(po) — Popo”’. Moreover, by means of ,

) () T . n nl 1
E[E(() )ﬁg ) ] = diag(po)P" = popoT +7 (dlag(Po) —popoT)-

Hence, since 7y < 1, we have > -, 9" =v/(1 —~) and so

(w) (7'r) oy [ 2
Var| |+ 27; Cov( ,5,51 )) = (drag(pg) — p0p0T> (1 + m)

By the Cramér-Wold device, the theorem is proved with X2 given in . O

Remark 3.2. Note that in Theorem [3.1] we do not assume by; > 0 for all ¢, but only |bg| > 0 (as said
in Sec.[2). A different behavior is observed when bg = 0. In this case, gives ¥, = &, forn > 1.
Since ¥, ; = P(&,; = 1|F,), the above equality implies recursively 1, = &, = &1 for each n > 1. In
other words, the process of extractions & = (£,,)n>1 is constant, with P(£1; = 1) = ¢9; = Bo:/|Bol.

3.2 The case € (0,1)

In this case, we have lim,, 3" = 0 and Zn215" = B/(1 — B). Therefore, setting r = ﬁ and
r* = |bo| + r, we have by (8) and (9)

= lbo| + [Bn| = |bo| +r + 5"(|Bo| — 1) — 1", (17)
and so we have that the denominator 7} in ¥, (see Eq. and ) goes exponentially fast to the
&

limit 7*. Moreover, recalling the definition of the constant v in (), we have 5 < vy < 1 (remember
that |bo| > 0 by assumption) and

'Y_ﬁ:% and 1_7:(]'_76)‘1)0‘
T r

(18)
Therefore, by (17 . the terms U= f )lbol 5nd —* in the dynamics converge exponentially fast

o (1—+)and (y - f), respectlvely Furthermore as we will see, the fact that the constant ~ is
strictly smaller than 1 will play a central role, because it will imply the existence of a contraction
of the process ¥ = (1), in a proper metric space with (sharp) constant . Consequently, it is
not a surprise that this constant enters naturally in the parameters of the asymptotic distribution,
given in the following result:

Theorem 3.3. We have € 2% po and

N
VE(En - po) = =t 2= Ly, 52)

10



where
52 = A(diag(po) - P0P0T>7

with \ defined in @

Remark 3.4. Note that in Theorem we do not assume by; > 0 for all ¢, but only |bg| > 0 (as
said in Sec. . Again, a different behavior is observed when bg = 0. Indeed, from 7 we have

1/’71 - ,l/)n—l = %(én - Q;bn—l)u (19)

n

and hence the RP is a martingale. The asymptotic result given above fails (in fact, we have v = 1).
The martingale property of the bounded process 1 implies that 1,, converges almost surely (and in
mean) to a bounded random variable 9oo. In addition, since 7 — a/(1 — B), from (19)), we obtain
that the unique possible limits 9o are those for which &, = 1o eventually. Hence 1o, takes
values in {eq, ..., ex} and, since we have F[too] = E[tho] = Bo/|Bo|, we get P(1oo = €;) = |%)ﬂi|
foralli=1,...,k.

We will split the proof of Theorem [3.3] into two main steps: first, we will prove that the
convergence behaviour of €5 does not depend on the initial constant |Bg| and, then, without
loss of generality, we will assume |Bg| = r and we will give the proof of the theorem under this
assumption.

3.2.1 Independence of the asymptotic properties of the empirical mean from
| Bo

We use a coupling method to prove that the convergence results stated in Theorem [3.3] are not
affected by the value of the initial constant |By].

Set 5511) = ¢, and () = 1), that follows the dynamics , together with , starting from
a certain initial point 1/J(()1) = 1. By and relations , we can write

s _ Dot BB oy bo+ BUEYSY — bo) + 0l
n Tht1 Tht1
I 1—5)b a
—pp T Lo, 2 e,

n+1 TnJrl rn+1
= ﬂd’,(ll) + (v — 5)‘57(34)-1 + lgzlj-l(w(l) 55;14)-1) + (1 = ¥)po,

where . .
r ™
(D) (2,y) (r:;+1 ~1)[(1=v)po + (v — By] + (T;H ~1)Bz.

Since, by (I7), we have r*/ri, , — 1 = O(B"™!) and r}/ri , — 1 = O(B"T), we get IS +1\
O(B™*1). Now, take £ = (¢?),, and ¥ = (@), following the same dynamics given in
and , but starting from an initial point with \B((,z)| = r. Therefore, we have

wffll = ByY@ + (v - B)ERL, + (1 - 7)po.

Both dynamics are of the form With ag =B, a1 = (y—=B), ¢ = (1 —v)po, D = A" and
cgl) = 0, and, by (| ., condltlon ) holds true. Hence we can apply Theorem “ so that
there exist two stochastic processes @b(l) and 9@ | following the dynamics (A.11) (with the same

11



specifications as above), together with (A.12]), starting from the same initial points and such that

(A.14) holds true, that is

n+1
(1 ~(2) |72 7@ el (1) (2 n+1—j aj
B[y — S 1[867 960 | <Y — 967+ 0( Yo s)
j=1
=0 ((n+2)max(y,8)" ™) = O((n +2)y" ).
Since v < 1, if we subtract (A.11)) with £ =2 by (A.11]) with £ = 1, we obtain that
+ o0 ~ _
> E[ED - €D < +oo,
n=1
which implies 319 |§£L1) - 57(3)\ < 400 a.s., that is

Efll) = Eff) eventually. (20)

Therefore, if we prove some asymptotic results for £€(2), then they hold true also for 5(2) (since
they have the same joint distribution), then they hold true also for E(l) (since (20)), and finally
they hold true also for €™ (since they have the same joint distribution). Summing up, without
loss of generality, we may prove Theorem under the additional assumption |Bg| = r.

3.2.2 The case |Bg|=r

Thanks to what we have observed in the previous subsection, we here assume that |Bg| = r =
a/(1 — B), that implies |B,,| = r and
rp =77 =lbo| +7 (21)

n

for any n. Hence, we can simplify as

_ _ _boi+Bni  boi+ Bni
wnz—P(gnJrlz—ll]:n)_ |b0|+7‘ - ¥ .

The process ¥ = (1 )n>0 is then a Markov chain with state space
boi boi
S:{w:xie [ O*, 0 j_r],:ﬂzl},
T r

which, endowed with the distance induced by the norm | - |, is a compact metric space.

In the sequel, according to the context, since we work with a Markov chain with state space
S C R*, the notation P will be used for:

e a kernel P : S x B(S) — [0,1], where B(S) is the Borel o-field on S and we will use the
notation P(x,dy) in the integrals;

e an operator P : C(S) — M(S), where C(S) and M(S) denote the space of the continuous
and measurable functions on S, respectively, defined as

(Pf)(@) = [5 f(y)P(, dy).

In addition, when f is the identity map, that is f(y) = y, we will write (Pid)(x) or (Py)(x).

12



Moreover, we set POf = f and P"f = P(P"~1f).

By ’ together with and a the process ¥ = (1), follows the dynamics

(1-5)
7«*

d’n—l—l = ﬂ’d’n + bo + En—l—l 517[)71 ( )pO + (7 B)gn-l-l (22)

Therefore, given z = (z1,...,2;)7 and setting

« T T
Z() = <217~-~721+F7~-~7Zk> = (zl,...,zi—k('y—ﬂ),...,zk) ,

forany i =1,...,k, we get

k
(P)(@) = ELf(nta)lton = 2] = > 2:f (B2 +po(1 =), )- (23)

i=1

In particular, from the above equality, we get
(Pid)(z) — po = E[tpn+1 — po|tn = x| = v(z — po). (24)

We now show that % is an irreducible, aperiodic, compact Markov chain (see Def. and Def. [A.6).

Check that 1 is a compact Markov chain: By Lemma it is sufficient to show that P
defined in ([23) is weak Feller (Definition and that it is a semi-contractive operator on Lip(S)
(Deﬁnition. From ([23)), we have immediately that the function Pf is continuous whenever f
is continuous and hence P is Weak Feller. In order to prove the contractive property, we start by
observing that the dynamics (22)) of 4 is of the form (A.9) with ag = 8, a1 = (y—8), ¢ = po(1—7)
and l,, = 0 for each n. Moreover by ., condition (A.10) holds true. Then , let 4 and ()
be two stochastic processes following the dynamics (A.9) with the same specifications as above,
together with , and starting, respectively, from the point & and y. Then, applying Theo-
rem we get two stochastic processes 15(1) and 15(2), evolving according to , together
(A.12]

with (A.12)), starting from the same initial points  and y and such that

B[ - 4{V1] = B[ (" — V|66 =2, 96 =y | <vlw—yl.

Therefore, if we take f € Lip(S) with

|f‘Lip — sup |f(y) _f(w)"
x,yeS, xH#y |y - :13‘
we obtain
(PF)(y) — (PH@)] = |EF@)E = y] - Blf )9 = 2
= E[If({?) = f@{)]]
< 1B [0 — 5] <1 flip 7 |2yl
and so P P
|(Pf)|sz: sup |( f)(y):( f)($)| S’V|f|L1p7
x,yES, c#Y |y :13‘
with v < 1, as requested. O

Check that i is irreducible and aperiodic: We prove the irreducibility and aperiodicity
condition stated in Def. using Theorem Therefore, let us denote by 7 an invariant
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probability measure for P. Moreover, let ™) and (3 be two processes that follows the same
dynamics of 1, but for the first process, we set the initial distribution equal to 7, while for
the second process, we take any other initial distribution v on S. Again, as above, since is of

the form (A.9) with ag = 8, a1 = (y — 8), ¢ = po(1 —7) and l,, = 0 for each n, and, by 7
condition (A.10]) holds true, then we can apply Theorem and obtain two stochastic processes

ibv(l) and (2), evolving according to (A.11)) (with the same specifications as above), together with

(A.12), starting from the same initial random variables 1/)(()1) (with distribution ) and 1&82) (with
distribution ») and such that

ol e R N S S R S o]

Hence, since v < 1, we have EHQZS) — 1;;2) || — 0, and, since the distribution of 1,57(11) is always 7
(by definition of invariant probability measure), we can conclude that v,bsz), and so ‘/’SLZ) (because
they have the same distribution), converges in distribution to . O

Proof of the almost sure convergence: We have already proven that the Markov chain 1) has
one invariant probability measure 7. Furthermore, from we get

€nt1— Do = V—Lﬂ [¥nt1 — BYn —Po(l —7)] — Po

1
= ——[(¥nt1 — po) — B(¥n —po)]. (25)
Y-8
Therefore, applying [31, Corollary 5.3 and Corollary 5.12], we obtain
- 1 1 B (ﬂ)

where (w(”)) >0 is a Markov chain with transition kernel P and initial distribution 7. From (24] .,
we have

E[${” — po] = E[¢£L721 —po]=F [E[Q/:ngl — o |¢7(1")]} = VE[p{™ — po]
and so, since y < 1, we get E[t)(™ —pg] = 0. This means that Jgxm(dx) = po and & 5 pe. O

Proof of the CLT: We apply Theorem [A.T1] taking into account that we have already proven
that 4 is an irreducible and aperiodic compact Markov chain. Since, by and what we have
already proven before, we have

€1 — Po = F(¥nsns1) with fz,y) = ﬁ (3 — po) — B — po)]

and po = [qxn(dz). Hence f and P form a linear model as defined in Definition (see also

Remark . Indeed, we have A; = ——Id and Ay = W—Id Moreover, by ., we have
P(id)(x) — po = v(x — po), which means Ap = vId. Therefore Theorem [A.11] holds true with
- (1 - 5) (1-5)
Do=01-~)"11d, Dj=——"—_"" _Id, Dy=-———"__1Id
o= N O [ R O [ (e

and so, after some computations, with

1-B)*(1+7) (1-5)? gl

»? = ( »2 = 14+2—— %2, (26)
(v—8)*(1—9) (7—6)2< 1—7)



In order to conclude, we take a Markov chain (1/:%"))7»0 with transition kernel P and initial
distribution 7 and we set -

55:21 —Po = f(i/’r(f)ﬂ/%(:zﬁ = A2(¢1(1721 —po) + A1 (") — po).
Then we observe that, by (A.4) and (A.5), we have
diag(po) — popo” = E[(€17 ~ po)(€i™ ~ po)']
= A1X2A] + ApX2A] + A\X2ARA; + Ay ApS2 A,
(=8P + (-1,
- »2. 27
R 0
Finally, it is enough to combine and . O

3.3 The case g >1
In this case, lim,, " = 400 and ZnZl B~™ =1/(8 —1). Hence, the following results hold true:
Theorem 3.5. We have

a.s, BO +a ZZE? _nén
— — =

and

1PN — hoo| = O(B7Y).
Moreover oo takes values in {x € [0,1]% : |x| = 1} and, if Bo; > 0 for all i = 1,...,k, then
P{¢ooi € (0,1)} =1 for each i.

Note that oo is a function of & = (€,),>1, which takes values in ({x € {0,1}F : |z| = 1})>°.
Proof. By , we have

" bo+Bn b N+ Bo+aXYl g,
N = * = — [e% — :
N |bo| BN +[Bol| + 525 (1 - 5~)

Hence, the almost sure convergence immediately follows because | >, o, f7"&n| < > 51 87" <
+00. Moreover, after some computations, we have

—a(|Bo| + 5%7) Yoy B e + BR
(|Bol + 5%7) (\Bol + 525 + BN (|bo| — ﬁ))

¢N_1/)oo:

where R = (|Bo\+ﬁ)b07(|b0|fﬁ) (Bo+a ree ~"&y). Therefore, since | DN Bl <
YNy BT = B~N/(B—1) and |R| is bounded by a constant, we obtain that

[N — Poo| = O(B~Y).

In order to conclude, it is enough to recall that, by definition, we have ¥ € [0, 1]* with [¢pn| =1
and observe that, if By ; > 0 for all ¢, then we have

By, BOi+aEZO:15_n§ni < B0i+%

0< o <ty = o < a
[Bo| + 3% — " |Bo| + 521 |Bo| + 3%

<1l. 0O

Theorem 3.6. We have €y 5 oo and
VN (Ex —¥n) 2N (0,52)  and VN (€n — Poo) —= N (0,52)

where ¥.% = diag(hoo) — ¢m¢; and — means stable convergence.
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Note that, if By; >0 for all i =1,..., k, then X7 ; € (0,1) for each pair (i, ).

The stable convergence has been introduced in [48] and, for its definition and properties, we
refer to [19, 22, 32).

Proof. The almost sure convergence of €5 t0 Yoo follows by usual martingale arguments (see,
for instance, [11, Lemma 2]) because E[€nt1|Fn] = ¥n = Yoo as. and 3, o E[[[€n]?In"? <

Zn21 n=?% < +oo.

Regarding the CLTs, we observe that, by means of , we can write

¢n+1 N 'l/)n _ Hqﬂi"/"n) + A]\fn-l-l7 (28)

n+1 TnJrl
where H(x) = |(8 — 1)|bo(x — po) and AMp 41 = a(€n+1 — Pn). Therefore, we get

_ 1 1 &
\/N@N —PN) = Vo (NéEy — Nopw) = ﬁnﬂ En — Yn—1 +1(Yrn_1 — Yn)]
N
= ZYN,’IL +QN7
n=1
where
vo _En—ta1_ AMap
N,n \/N Oé\/ﬁ
and

Qn = fZ (Yn—1—%Pn) = — Z H(pn—1) + AM,).

n 1 T
Since Y, -, n/r: < +oo and |H (¥n—1)| + |AM,| is uniformly bounded by a constant, we have

that @ N converges to zero almost surely. Therefore it is enough to prove that 25:1 Yn,n converges
stably to the desired Gaussian kernel. To this purpose we observe that E[Yn,n|F,—1] = 0 and so,
in order to prove the stable convergence, we have to check the following conditions (see [22, Cor. 7]
or [19, Cor. 5.5.2]):

(Cl) E [maxlSnSN |YN,nH — 0 and

CIDIAED CF SVREE

Regarding (cl), we observe that maxi<n,<n |Yn,n| < \/N maxi<n<n |&€n — Yn_1| < \/iﬁ — 0. In
order to conclude, we have to prove condition (c2), that is

N
nZ::lYN,nYL, —NZ "pn 1 S _¢n—1)Ti>22-

The above convergence holds true even almost surely by usual martingale arguments (see, for
instance, [I1, Lemma 2]). Indeed, we have Y - E[[[€n — ¥n—1]*]/n* < 3, 5, n7? < +o00 and

El(€n — ¥n—1)En — PYn-1)" |Fuoi1] = diag(¥n—1) — Yn—1¥n_1 —>%%

The last stable convergence follows from the equality
VN@En — o) = VN(En — ¥n) + VN (9N — tPoo),

where the last term converges almost surely to zero by Theorem [3.5] O

Remark 3.7. Equation implies that ¥ = (¢,), is a positive (i.e. non-negative) almost super-
martingale [49] and also a bounded quasi-martingale [39] because H (t),,) is uniformly bounded by
a constant and ) -, 1/r%,; < +oo0.
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3.4 The case a =0

The model introduced above for o > 0 makes sense also when o« = 0. For completeness, in this
section we discuss this case. Recall that we are assuming |bg| > 0 and by; + Bo; > 0 (see Sec. .
For the case 8 > 1, we here assume also |Bg| > 0.

When a = 0, the random vectors &,, are independent with

boi + 8" Boi
P ni — 1) = ni — .
S )= |bo| + 3" Bo
Therefore, we have 1, ; = % for all n if 8 = 1 (which corresponds to the classical multinomial
model) and
bos if 3€[0,1)
wni — l}gﬁli .
B if 5> 1.
Moreover, the following result holds true:
Theorem 3.8. We have
bo+B -
_ ~ moltBs WA=
En o= py=p0 B0,
lggl if B> 1.

Moreover, we have

VN (En — &o) = N(0,57),
where ¥? = diag(1oo) — '(/Joo’l/i; and - means stable convergence.

Proof. The almost sure convergence follows from the Borel-Cantelli lemmas (see, for instance, [53]
Section 12.15]). Indeed, we have:

o if 7,50 Uni < +00, then S0 &ni &5 £, With P(€si < +00) = 1
o if ZnZO wn,i = +o00, then ZnNzl gnz/ Zi:;l wn—li a_a) 1.

Hence, the statement of the theorem follows because:
(i) if =1, then ) ;¢ = +oo and S Ui~ W@&N
(ii) if B € [0,1) and by, > 0, then 3=, - s = 400 and 33, 15 ~ HL4N = poiN;
(iii) if B €[0,1) and bg; = 0, then ano Vi < % ano £ < 400 and so Zn21 €ni < 400 as.,
that is &, ; = 0 eventually with probability one;
(iv) if 8> 1 and Bg; > 0, then ano Yni = +00 and 25:1 Y14 ~ %N;

(v) if 8> 1 and By; =0, then ano Yni < ‘S’g—;l ano B~"™ < +00 and so 2721 Eni < +00 a.s.,
that is &, ; = 0 eventually with probability one.

For the CLT we argue as in the proof of Theorem Indeed, we set Yn ,n, = % so that we

have
N

N
VN En —E) = Yam - =3 (n
) = X Woin b 3 (o ),

n=

where the second term converges to zero because
N 0 N if =1,
S no1 — Eaol =4 O (s 5n) if 3 €[0,1),
n= SaL AT AL
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Therefore it is enough to prove that 25:1 YN, converges stably to the desired Gaussian kernel.
To this purpose we observe that E[Yn,n|F,—1] = 0 and so, in order to prove the stable convergence,
we have to check the following conditions (see [22], Cor. 7] or [19, Cor. 5.5.2]):

(c1) E[maxi<n<n |YN,n|] — 0 and

P
(c2) Zﬁle YN,nYL,n — X2

Regarding (cl), we note that maxi<p<n |Ya,n| < ﬁmaXISnSN € — Pn—1] < \/iﬁ — 0. Re-

garding condition (c2), we observe that

N

N
> YnmY o = Z —Pn-1)(€n — Pn—1) BT,

because (see, for instance, [II, Lemma 2]) >_, -, E[[|€n — Yn—_1]?]/n?* < D>t n~? < +o0 and

E[(ﬁn*ﬂ’n—ﬂ(f — P 1) | n— 1}_dlag(¢n 1) Vp—1Pn— 1T 25 32,

4 Proof of the goodness of fit result (Theorem [1.1]

The proof is based on Theorem [3.1] (for 8 = 0) and Theorem (for 0 < 8 < 1), whose proofs are
in Sections [3.1] and respectively (see also [47, Corollary 2]).

Proof. We mimic here the classical proof for the Pearson chi-squared test based on Sherman Morison

formula (see [51]): if A is an invertible square matrix and 1 — v A71u # 0, then
A luv T AL

Ty-1_ 4—1

A 1—vT A1o'

*

Given the observation &, = (,1,...,&k) |, we define the “truncated” vector €% = (&51,...,& 1) ",
given by the first k— 1 components of &,. Theorem- 3.1] (for 8 = 0) and Theorem [3.3| (for 8 € (0,1))
give the Central Limit Theorem for (£,,),, that immediately implies

\/N (g* _p*) _ 22[:1(5:; _p*) i)N(O 22) (29)
N \/N Y */9
where p* is given by the first kK — 1 components of pg and

$2 = \(diag(p*) — p*p*").

By assumption poi >0 for all i = 1,..., k and so diag(p*) is invertible with inverse diag(p*)~! =
diag(-1- ) and, since (diag(p*)~!)p* =1 € R*~! we have

Po1’ "7 Pok—1

k-1 k k-1
1—p*"diag(p*)'p* =1- ZPOi = me‘ - me =por > 0.
i=1 i=1 i=1

Therefore we can use the Sherman Morison formula with A = diag(p*) and v = v = p*, and we
obtain 1 1
_ . *, xT R
(22)7" = { (ding(p®) — p*p*") ! = (ding(L o i) + ). (30)
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. E = - k—1,~
Now, since >, ;(§n; —Ppoi) =0, then En . — por = Z¢:11(§Ni — pos) and so we get

+
Poi Poi Pok

(sz pOz - N — sz pOz) (ENk_pOk)2
P> l

M?r
3
2|
Il
=
?r lIM::-

I
=

[Z sz Poi)? (25:11(51\/1'1701‘))2}
i=1

'l_
Pok

k—1 _ ) 1 1
N> fml—Pon)(fzviz—POiz)<5lf , +7>7
11712 1 pOZl pOk‘

where 512 is equal to 1 if 41 = 45 and equal to zero otherwise. Finally, from the above equalities,

recalllng and ., we obtain
" (0i — Npyi)® d
A 01 —% * 1, =% %
S = AN - p) (BT pY) D AW = W,

where W) is a random variable with distribution x?(k—1) = T'((k—1)/2,1/2), where I'(a, b) denotes
the Gamma distribution with density function

_ b® a—1_—bw
f(w) F(a) e
As a consequence, W, has distribution T'((k — 1)/2,1/(2))). O

A Appendix

A.1 A central limit theorem for a multidimensional compact Markov
chain

In this section we prove the general Central Limit Theorem for Markov chains, used for the proof
of Theorem [3.3]

Let (S, d) be a compact metric space and denote by C(S) the space of continuous real functions
on S, by Lip(S) the space of Lipschitz continuous real functions on S and by Lip(S x S) the space
of Lipschitz continuous real functions on S x S. Moreover, we define || f|oc = sup,eg |f(x)| for each
f in C(S) and, for each f in Lip(S),

[f(y) = f(=)|

f Lip = sup and f Li f Lip T f 00
flup= s £z = fleip + 11
Let P(x,dy) be a Markovian kernel on S and set (Pf)(z fS P(z,dy). We now recall
some definitions and results regarding Markov chains with values in S
Definition A.1. We say that P is weak Feller if (Pf)(z) = fs P(z,dy) defines a linear

operator P : C(S) — C(S). A Markov chain with a weak Feller tran81t10n kernel is said a weak
Feller Markov chain.

Remark A.2. If P is weak Feller, then the sequence (P™),>1 of operators from C(S) to C(S5) is

uniformly bounded with respect to || - ||oo: indeed, we simply have
I1P" flloo = sup |P" f(z)| = sug ‘ / fy)P"(x,dy)
zTE
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<sup ([ suplFWIP"(z,d0)) = sup )] = /]
zeSs S yeSs yes

Moreover, the existence of at least one invariant probability measure for P is easily shown. In fact,

the set of probability measures P(S) on S, endowed with the topology of the weak convergence, is

a compact convex set. In addition, the adjoint operator of P, namely

P*:P(S) = P(9), (P*v)(B) = / v(dz)P(z, B),
s
is continuous on P(S) (since P is weak Feller). Then, the existence of an invariant probability
measure 7 is a consequence of the Brouwer’s fixed-point theorem.

Definition A.3. We say that P is semi-contractive or a semi-contraction on Lip(S) if it maps
Lip(S) into itself and there exists a constant v < 1 such that

[P flLip < A1f|Lip
for each f € Lip(S).

We now give the definition of compact Markov chain (see [42, Chapter 3| for a general exposition
of the theory of these processes, and [24] for the beginning of this theory):

Definition A.4. We say that P is a Doeblin-Fortet operator if it is weak Feller, a bounded operator
from (Lip(S), || - |ip) into itself and there are finite constants ng > 1, ¥ <1 and R > 0 such that

|P™ flLip < A flLip + Bl flloo

for each f € Lip(S). A Markov chain with a Doeblin-Fortet operator on a compact set S is called
compact Markov chain (or process).

Note that the Doeblin-Fortet operator, the weak Feller property and the semi-contraction may
also be defined for not-compact state space. In general, a compact Markov process is a Doeblin-
Fortet process in a compact state space. In our framework, since S is compact, the two concepts
coincide and the following result follows immediately:

Lemma A.5. If P is weak Feller and a semi-contractive operator on Lip(S), then P is a Doeblin-
Fortet operator. In other words, a weak Feller Markov chain such that its transition kernel is
semi-contractive on Lip(S) is a compact Markov chain.

Definition A.6. We say that P is irreducible and aperiodic if
Pf=¢"f withdeR, fecLip(S)=¢e?=1 and f = constant.

A Markov chain with an irreducible and aperiodic transition kernel is said an irreducible and
aperiodic Markov chain.

Under the hypotheses of the Theorem of Ionescu-Tulcea and Marinescu in [35], the spectral
radius of P is 1, the set of eigenvalues of P of modulus 1 has only a finite number of elements and
each relative eigenspace is finite dimensional. This theorem can always be applied to a compact
Markov chain (see [42, Theorem 3.3.1]). More specifically, every compact Markov chain has d
disjoint closed sets, called ergodic sets, contained in its compact state space S. These sets are both
the support of the base of the ergodic invariant probability measures, and the support of a base of
the eigenspaces related to the eigenvalues of modulus 1 (see [42, Theorem 3.4.1]). In addition, each
of this ergodic set may be subdivided into p; closed disjoint subsets. The number p; is the period of
the j-th irreducible component, and the ergodic subdivision gives the support of the eigenfunctions
related to the p; roots of 1 (see [42, Theorem 3.5.1]). Then, as also explained in [42] § 3.6], there
are not other eigenvalues of modulus 1 except 1 (aperiodicity) and not other eigenfunctions except
the constant for the eigenvalue equal to 1 (irriducibility) if and only if the compact Markov chain
has but one ergodic kernel, and this kernel has period 1. In other words, the following result holds
true:
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Theorem A.7. Let ) = (¢)n>0 be a compact Markov chain and let m an invariant probability
measure with respect to its transition kernel. If 1 = (¥ )n>0 converges in distribution to m, whatever
18 its initial distribution, then m is the unique invariant probability measure and v is irreducible
and aperiodic.

We now note that, if P is Doeblin-Fortet, irreducible and aperiodic, then it satisfies all the
conditions given in [30, Définition 0] and [30, Définition 1]. Therefore, it has a unique invariant
probability measure 7 and, for any f € Lip(S x.S), there exists a unique (up to a constant) function
us € Lip(S) such that

ug(x) — Pug(z /fwy (z,dy) — //fmy (2, dy)m(dz).

By means of this function uy, it is possible to define the (unique) function f'(z,y) = f(z,y) +
us(y) — uys(z) so that we have

f) = /g /g f(@, y) P(z, dy)m(dz) = /S /S f'(,y) P(a, dy)n(dz) = m(f’).

In addition, we may define the quantity o?(f) > 0 as (see [30, Eq. (6)])

2(f) = /S /S [/ (2,) — m(f)]* Pla, dy)m(dz)
/ / (2,5) = m(f) + us(y) — up(@)]* Pla, dy)n(dz). (A1)

Finally, we have the following convergence result:

Theorem A.8 ([30, Théoréme 1 and Théoréme 2]). Let ©v = (¢¥n)n>0 be an irreducible and
aperiodic compact Markov chain and denote by 7 its unique invariant probability measure. Let
f € Lip(S x S) such that m(f) =0 and o*(f) > 0. Then, setting Sx(f) = Zg;ol f(Wny Yny1), we

have
Sn(f) a 2
N N—>—>ooN(O’U (),

and

sup ‘P(SN(f) < tVN) —N(O702(f))(—oo,t)‘ = O(1/VN).

Now, let us specialize our assumptions taking as S a compact subset of R*. Therefore, in the
sequel we will use the boldface in order to highlight the fact the we are working with vectors.

Definition A.9 (“Linearity” condition). We say that P and f : S x S — RY form a linear model
if f is linear (in « and y) with m(f) = 0 and the function

(Py)(x) = /S yP (e, dy)

is linear (in x).

Remark A.10. Denote by po = |, s Tm(dx) the mean value under the invariant probability measure
7 of P. If P and f form a linear model, then there exist two matrices A;, Ay € R** such that

f(x,y) = Ai(x — po) + A2(y — po) (A.2)

and a square matrix Ap € R¥** such that

(P(y - po))(z) = /5 (y — po)Pla, dy) = Ap(x — po). (A3)
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Indeed, if (Py)(x) = Apx + b, using that 7 is invariant with respect to P, we obtain

po = /S yr(dy) = /S /S yP(x, dy)r(dz) = /S [Apa + blx(dz) = Appo + b,

and hence (P(y — po))(xz) = Ap(x — po). Moreover, if f(z,y) = Ajx + Asy + b, then

m(Ajx + A2y + b) = / P(x, dy)/ Arerm(dx) + / Asym(dy) + b
S S S
=(A1+A)po+b
and hence, if m(f) = 0, we obtain f = A;(x — po) + A2(y — po)-

Theorem A.11. Let ¢ = (¥n)n>0 be an irreducible and aperiodic compact Markov chain and
denote by P its transition kernel and by 7 its unique invariant measure. Assume that P and

f form a linear model and let Ay, Ay and Ap defined as in (A.2) and in (A.3). Then, setting
Sn(f) = Zr]:] 01 f(Yn, Yr+1), we have

SN(f) d 2
VN Njoj\/’(()’E)’

where
Y2 =D1¥2D] + D1X2ALD, + DyApY2D| + Dy;¥2D.,

with
22 = [ (@ po)(a po) Tr(da)
(the variance-covariance matriz under the invariant probability measure ),
=Ay— Dy and D; = As+ Dy,
where Dy = (A; + Ay Ap)(Id — Ap)~t. Moreover, for any c € R¥,
sup ‘P(SN(ch) < tVN) = N (0,7 52¢) (— o0, t)’ - 0(1/VN).

Proof. As a consequence of Definition [AZ3] the spectral radius of Ap must be less than one, and
hence Id — Ap is invertible. Therefore, we may define

Uf(al') = Do(w —po) = (A1 +A2Ap)([d— AP)_l(SC —po),

so that we have

ug(x) — (Pug)(x) =(Ar + A2 Ap)(Id — Ap) ™" (z — po)
— (Al + AQAP)(Id — Ap)_lAp(il: — po)
=(A1 + A24p)(x — po)

— Ay(z — po) /S P, dy) + As /S (y - po)P(e, dy)

- /S F (. y)P(a, dy) -

- / F(a, )P, dy) - / F (@, y) Pz, dy)r(da).
S S

We immediately get that the function g(x,y) = f(x,y) + us(y) — ug(x) is linear and it may be
written as g(x,y) = Di(x — po) + D2(y — po). Taking into account that

22



/ / (5 — po) (y — po) T P(e, dy)r(dax) = / (y—po)(y —po)Tw(dy) =52 (A4)
SJS S

and
/ / (y - po) (@ — po) " Pz, dy)n(dz) = Ap / (z — po)(@ — po) w(dx) = ApX2,  (A5)
SJS S

we can compute the quantity

/ / g(@,y)g(z,y)" Plx, dy)my(dz)
S JS
Z//[D1($—P0)+D2(Q—P0)]
S JS

.

[D1(@ — po) + Da(y — po)] P(x, dy)my(dx)
=D22D] + D1X2ALDy + DoApY2D] + DyX2D,
=¥2

By the Cramér-Wold device, the theorem is proven with X2 given above if we prove that, for any
c7
S Sn(c’
e’ ~(f) _ ~(c' f) i> N(O,CTEC).

\/N \/N N —oc0

Therefore, in order to conclude, it is enough to note that the above convergence is a consequence
of Theoremwith f=cT f. Indeed, by definition f € Lip(S x S) and the function us € Lip(S)
in (A1) may be chosen as uy = ¢'uy, so that m(f) = 0 and o%(f) = ¢’ Ze. O

A.2 Coupling technique

The result proven in this subsection plays a relevant role in the proof of Theorem [3.3] Indeed, it
shows that, under suitable assumptions, two stochastic processes can be “coupled” in a suitable
way, preserving their respective joint distributions.

Set S* = {x: x; >0, |z| = 1}, that is the standard (or probability) simplex in R¥ and recall
that {ey,...,ex} denotes the canonical base of R¥. We have the following technical lemma:

Lemma A.12. There exist two measurable functions h(), h(2) : §* x §* x (0,1) — {ex1,...,ex},
such that for any x,y € S*

AO b ]‘{h(l)(m,y,u):ei}du = Ty, Vi = 1, ey k,

(A.6)
/(0 ) L@ (pyu)—esy U =Yis Vi=1,....k
and | |
r—-y
/(0,1) Lin®) (@) 20 (@ g,y TS 5 (A7)
As a consequence, we have
/( ) IR (2, y,u) — R (2, y,u)|du < |z — y|. (A5)
0,1
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Proof. Given x,y € S*, define zy = x Ay so that zy, = min(z;, ;). Set up = |xy| =
Zle min(x;,y;), and note that 0 < ug < 1. Moreover, for any i € {1,...,k}, set

:cyz { ny <u<2xy}
Agi {u “0+Z Tj -y, <u<uo+z -—@j)}

j=1
— _ < _
Ay {u uo—i-z xy <u uo—&-z; gﬂ)}
J
and let
h(l)(m,y,u) = e;, iquAﬁiUAm- and
h(2)(9c,y,u) = e;, fu€ Agyi UAy;.
Observe that, since 1 = ug + Zf (@i —ay,) =uo+ Zf 1(yi — zy,), the equalities above uniquely

define R, h(?) on the whole domain. Moreover, since z; = xler(xl zy,) and y; = 2y +(yi—2y,),
then the two conditions collected in Equation (A.6) are verified.

To check(A-7), just note that AV (z, y,u) is equal to h®)(z,y,u) on the set U; Agy: = (0, up)
and we have o

k
2(1 — uy) sz Zyz - 2ny = (x; + y; — min(x;,y;)) — min(z;, ;)
i=1

= Zmax(mi,yi) - min(xivyi) = |$ - y|

Finally, (A-8) follows immediately from (A.7) since |h(1) — R(®)| < 2. O

Now, we are ready to prove the following “coupling result”:

Theorem A.13. Let vV = (’l,b,(ll))n and 3@ = (1,b7(12))n be two stochastic processes with values
in S* that evolve according to the following dynamics:

L L L £
Yt = ao® + agl), + 10, 0 650) +e (=12, (A.9)
where ag,a; > 0, ¢ € R¥, £n+1 are random variables taking values in {ex,...,ex} and such that
1 1 L

©® © (A.10)

© | = O(c(é) ). Then, there exist two stochastic

and lfﬁ_l are measurable functions such that |1, 1)
processes ibv(e) = (ibvﬁbe))nzo, ¢ =1,2, evolving according to the dynamics

bata = a0 + @y + UL (B0 E0,) +e (=12, (A11)

with 15(()[) = 'Lb[(]l) and

P, = eifw), vl &V &P . €D, €D) =

P(gﬂ-l =€

(A.12)

1:5%)) :Jffg, fori=1,...k,
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and such that, for any n > 0, we have
BlbE — b |9, 9@ m < n| < (a0 + )@ — 0|+ 0(el)) + O(clr)). (A13)

Remark A.14. As a consequence, for each ¢ = 1, 2, the two stochastic processes 1;[;(5) and E@ have
the same joint distribution of ¥ and of £€® | respectively. Indeed, 'c,b(e) (O and, b (A.9

J b Y- o ) BY )
(A.10]), (A.11)) and (A.12), the conditional distributions of d}fz—i—l given | ((, ), o, ®] and of ££+1
given [I/Jée), §§‘) ..., €®)] are the same as the one of ¢'fz+1 given [ ((]Z), o, O] and of £fl+1 given
[1#(2) S:(le) o, O] respectively.

Moreover, from inequality (A.13), by recursion, we obtain
2 1 1 2 n 2 1
B9 = o8 1[w§?, 0P < (a0 +a) g - 9V

nt1 | (A.14)
+0( Y (a0 +a) () + ),

j=1

Proof. We set 1;(()2) = 1p(()£), for ¢ = 1, 2, and we take a sequence (U,,),>1 of i.i.d. (0,1)-uniform
random variables, independent of o (()1), ((,2)). Then, we take the two functions h(Y), R(® of
Lemma and, for each £ and any n > 0, we recursively define

€0, =hO @D P U,.1)
P = aop® + €, + 19, (P €4) +

Setting F,, = o (1),¢32) Uy, ...,U,), we have that U, is independent of F,, and, by definition,
.f(e) and 1/1(0 are .7-' -measurable, for any ¢ = 1,2 and n > 0. Therefore, using relation (A.6), we
getforanyf-l?nZOandz-l kK,

e ~(t
P(ﬁfl_z_l = ez|]:n) = /l{h(e>(;/;7(11),1;§b2>7u):ei} du = 1/17(L3~
This means that (A.11)), together with (A.12)), holds true. Finally, by relation (A.8), we have
B[l - 1| 7] = /(O , RO (D, 5P w) — b (GO P, u)|du

<[P0 — 3|
and hence, subtracting (A.11)) with £ = 2 from the same relation with ¢ = 1, we obtain
E[[9E: - 3511 F] < aol® = D)+ a[d@ — P+ 0(cl,) + O(elZ),
and so inequality (A.13 - holds true. O
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