N
N

N

HAL

open science

General-order observation-driven models: ergodicity and
consistency of the maximum likelihood estimator

Tepmony Sim, Randal Douc, Francois Roueff

» To cite this version:

Tepmony Sim, Randal Douc, Frangois Roueff. General-order observation-driven models: ergodic-
ity and consistency of the maximum likelihood estimator.

10.1214/21-EJS1858 . hal-01383554v3

HAL Id: hal-01383554
https://hal.science/hal-01383554v3

Submitted on 7 Jun 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Electronic Journal of Statistics , 2021,


https://hal.science/hal-01383554v3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

GENERAL-ORDER OBSERVATION-DRIVEN MODELS:
ERGODICITY AND CONSISTENCY OF THE MAXIMUM
LIKELTHOOD ESTIMATOR

TEPMONY SIM, RANDAL DOUC, AND FRANCOIS ROUEFF

ABSTRACT. The class of observation-driven models (ODMs) includes many
models of non-linear time series which, in a fashion similar to, yet different
from, hidden Markov models (HMMs), involve hidden variables. Interestingly,
in contrast to most HMMs, ODMs enjoy likelihoods that can be computed
exactly with computational complexity of the same order as the number of
observations, making maximum likelihood estimation the privileged approach
for statistical inference for these models. A celebrated example of general or-
der ODMs is the GARCH(p, q) model, for which ergodicity and inference has
been studied extensively. However little is known on more general models, in
particular integer-valued ones, such as the log-linear Poisson GARCH or the
NBIN-GARCH of order (p,q) about which most of the existing results seem
restricted to the case p = q¢ = 1. Here we fill this gap and derive ergodicity
conditions for general ODMs. The consistency and the asymptotic normality
of the maximum likelihood estimator (MLE) can then be derived using the
method already developed for first order ODMs.

1. INTRODUCTION

Since they were introduced in [8], observation-driven models have been receiving
renewed interest in recent years. These models are widely applied in various fields
ranging from economics (see [38]), environmental study (see [2]), epidemiology and
public health study (see [47, 12, 20]), finance (see [33, 39, 21, 27]) and population
dynamics (see [31]). The celebrated GARCH(1, 1) model introduced in [3] as well as
most of the models derived from this one are typical examples of ODMs; see [4] for a
list of some of them. A list of contributions on this class of models specifically dealing
with discrete data includes [42, 10, 29, 20, 23, 28, 21, 30, 36, 11, 19, 13, 22, 6, 7, 9]
and [16].

ODMs have the nice feature that the computations of the associated (conditional)
likelihood and its derivatives are easy, the parameter estimation is hence relatively
simple, and the prediction, which is a prime objective in many time series appli-
cations, is straightforward. However, it turns out that the asymptotic properties
of the maximum likelihood estimator (MLE) for this class can be cumbersome to
establish, except when they can be derived using computations specific to the stud-
ied model (the GARCH(1,1) case being one of the most celebrated example). The
literature concerning the asymptotic theory of the MLE when the observed vari-
able has Poisson distribution includes [23, 21, 24] and [46]. For a more general case
where the model belongs to the class of one-parameter exponential ODMs, such as
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2 TEPMONY SIM, RANDAL DOUC, AND FRANCOIS ROUEFF

the Bernoulli, the exponential, the negative binomial (with known shape param-
eter) and the Poisson autoregressive models, the consistency and the asymptotic
normality of the MLE have been derived in [11]. However, the one-parameter expo-
nential family is inadequate to deal with models such as multi-parametric, mixture
or multivariate ODMs (the negative binomial with all unknown parameters and
mixture Poisson ODMs are examples of this case). A more general consistency re-
sult, has been obtained recently in [13], where the observed process may admit
various conditional distributions. This result has later been extended and refined
n [16]. However, most of the results obtained so far have been derived only under
the framework of GARCH(1, 1)-type or first-order ODMs. Yet, up to our knowl-
edge, little is known for the GARCH(p, q)-type, i.e. larger order discrete ODMs, as
highlighted as a remaining unsolved problem in [44].

Here, following others (e.g. [42, 29]), we consider a general class of ODMs that
is capable to account for several lagged variables of both hidden and observation
processes. We develop a theory for the class of general-order ODMs parallel to the
GARCH(p, ¢) family and in particular we investigate the two problems listed here
below.

a) Provide a complete set of conditions for general order ODMs implying that
the process is ergodic.
b) Prove the consistency of the MLE. Under the assumption of well-specified
models, this can be treated in two separate sub-problems.
1) Prove that the the MLE is equivalence-class consistency.
2) Characterize the set of identifiable parameters.

In principle, the general order model can be treated by embedding it into a first-
order one and by applying the results obtained e.g. in [13, 16] to the embedded
model. Yet the particular form of the embedded model does not fit the usual as-
sumptions tailored for standard first-order ODMs. This is why, as pointed out in
[44], solving Problem a) is not only a formal extension of available results. To ob-
tain Theorem 8 where Problem a) is addressed, we derive conditions by taking
advantage of the asymptotic behavior of iterated versions of the kernels involved.
Incidentally, this also allows us to improve known conditions for some first-order
models, as explained in Remark 2-(4). Once the ergodicity of the model is proved,
we can solve Sub-problem b) 1). This is done in Theorem 10, which is obtained
almost for free from the embedding in the ODM(1,1) case. Sub-problem b) 2) is
much more involved and has been addressed in [17].

To demonstrate the generality, applicability and efficiency of our approach, we
apply our results to three specific integer valued ODMs, namely, the log-linear
Poisson GARCH(p, ¢) model, the negative binomial integer-valued GARCH or the
NBIN-GARCH(p, ¢) model and the Poisson AutoRegressive model with eXogenous
variables, known as the PARX model. To the best of our knowledge, the stationarity
and ergodicity as well as the asymptotic properties of the MLE for the general log-
linear Poisson GARCH(p, ¢) and NBIN-GARCH(p, ¢q) models have not been derived
so far. For the PARX(p, ¢) model, which can be considered as a vector-valued ODM
in our study, such results are available in [1] but our approach leads to significantly
different assumptions, as will be shown in Section 2.3.3. Numerical experiments
involving the log-linear Poisson GARCH(p, ¢) and the NBIN-GARCH (p, ¢) models
can be found in [40, Section 5.5] for a set of earthquake data from Earthquake
Hazards Program [43].
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The paper is structured as follows. Definitions used throughout the paper are
introduced in Section 2, where we also state our results on three specific examples.
In Section 3, we present our main results on the ergodicity and consistency of the
MLE for general order ODMSs. Finally, Section 4 contains the postponed proofs and
we gather some independent useful lemmas in Section 5.

2. DEFINITIONS AND EXAMPLES

2.1. Observation-driven model of order (p,q). Throughout the paper we use
the notation wg., := (ug, ..., Uy) for £ < m, with the convention that ws.,, is the
empty sequence if £ > m, so that, for instance (zg.(—1),y) = y. The observation-
driven time series model can formally be defined as follows.

Definition 1 (General order ODM and (V)LODM). Let (X, X), (Y,Y) and (U,U)
be measurable spaces, respectively called the latent space, the observation space
and the reduced observation space. Let (©,A) be a compact metric space, called
the parameter space. Let T be a measurable function from (Y,Y) to (U,U). Let

{($1;p, Utg) —> z/;zl:q (1) : 0 € @} be a family of measurable functions from (X? x
U, X9P @ U®T) to (X, X), called the reduced link functions and let {G?: 0 € ©}
be a family of probability kernels on X x Y, called the observation kernels.

(i) A time series {Yy : k> —q+ 1} valued in Y is said to be distributed according
to an observation-driven model of order (p,q) (hereafter, ODM(p, q)) with reduced
link function 1/39, admissible mapping Y and observation kernel G? if there exists a
process {Xi : k> —p+ 1} on (X, X) such that for all k € Z>,

2.1) Vi | Fie ~ G (Xi3 ),
' X1 = ieyk,qﬂk (X (h—pt1):k)s

where F, = o (X(,pﬂ):k,Y(,qH):(k,l)) and U; = Y(Y;) for all j > —q.

(ii) We further say that this model is a vector linearly observation-driven model of
order (p,q,p’,q’) (shortened as VLODM(p, q,p’,q’)) if moreover for some p’,q’ €
Z~gp, X is a closed subset of RP,, U c RY and, for all z = xg,(p—1) € XV, u =
Up:(g—1) € U4, and 0 € O,

p q

(2.2) P@) = w(0) + Y AiO)wpi + ] BilO) g

i=1
/ / / p
for some mappings w, Ai., and By.4 defined on © and valued in R?, (RP xP ) and
/ ’ q
(R” xq ) . In the case where p’ = ¢’ = 1, the VLODM(p, ¢, p’, ¢’) is simply called
a linearly observation-driven model of order (p,q) (shortened as LODM(p, q)).

Remark 1. Let us comment briefly on this definition.

(1) The standard definition of an observation driven model does not include the
admissible mapping T and indeed, we can define the same model without
T by replacing the second equation in (2.1) by

Xp+1 = 1/1%07%1:,6 (X (h—pt1):k)s

where {(xl;p,yl;q) — ¢51,q($1:p) 10 e @} is a family of measurable func-
tions from (XP x Y, X®P ® Y®1) to (X, X), called the (non-reduced) link
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functions, and defined by
(2.3) wg(:v) = z/;%(gq(y)(x) ) reXP, yeY..

However by inserting the mapping T, we introduce some flexibility and this
is useful for describing various ODMs with the same reduced link function
1/39. For instance all LODMs or VLODMs use the form of reduced link
function in (2.2) although they may use various mappings Y’s. This is the
case for the GARCH, log-linear GARCH and NBIN-GARCH, see below,
but also of the bivariate integer-valued GARCH model [9].

(2) When p = ¢ = 1, then the ODM(p, q) defined by (2.1) collapses to the
(first-order) ODM considered in [13] and [16]. Note also that if p # ¢,
setting r := max(p, q), the ODM(p, ¢) can be embedded in an ODM(r,r),
but this requires augmenting the parameter dimension which might impact
the identifiability of the model.

(3) Note that in our definition, T does not depend on 6. In some cases, one
can simplify the link function 1, by allowing one to let T depend on the
unknown parameter. To derive identifiability conditions or to prove the
consistency of the MLE, the dependence of the distribution with respect to
the unknown parameter 6 is crucial. In contrast, proving that the process
is ergodic is always done for a given 6 and it is thus possible to use our set
of conditions to prove ergodicity with T depending on 6, hence reasoning
for a given 6 and a given Y. Moreover our set of conditions (namely Condi-
tions (A-3), (A-4), (A-5), (A-6), (A-7) and (A-8) in Theorem 8) depends on
T only through the image space U, which can usually be taken to be the
same even in situations where T may depend on 6.

The GARCH model has been extensively studied, see, for example, [5, 25, 26, 34,
27] and the references therein. Many other examples have been derived in the class
of LODMs. An important feature of the GARCH is the fact that 2 — G?(z;-) maps
a family of distributions parameterized by the scale parameter \/z, which is often
expressed by replacing the first line in (2.1) by an equation of the form Yy = /Xjex
with the assumption that {e, : n € Z} is i.i.d. Such a simple multiplicative formula
no longer holds when the observations Y;’s are integers, which seriously complicates
the theoretical analysis of such models, as explained in [44]. Our results will apply
to the GARCH case but we do not improve the existing results in this case. The real
interest of our approach lies in being able to address general order integer-valued
ODMs for which existing results are scarce.

Definition 2 (Space (Z, Z), Notation ]P’g, Eg) Consider an ODM as in Definition 1.
Then, for all k > 0, the conditional distribution of (Y%, X;41) given Fj, only depends
on

(2.4) Z = (X(h—p+1)k> Uhmg1):(k-1)) € Z
where we defined
(2.5) Z=XP xU%' endowed with the o-field Z = X® @ ®~1,

For all # € © and all probability distributions £ on (Z, Z), we denote by Pg the
distribution of { X, Yy : k> —p, k' > —q} satisfying (2.1) and Zy ~ &, with the
usual notation PY in the case where ¢ is a Dirac mass at z € Z. We replace P by E
to denote the corresponding expectations.
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We always assume that the observation kernel is dominated by a o-finite measure
v on (Y,)), that is, for all § € ©, there exists a measurable function ¢ : X x Y —
R>o written as (z,y) — ¢%(z;y) such that for all z € X, ¢%(z;-) is the density
of G?(z;-) with respect to v. Then the inference about the model parameter is
classically performed by relying on the likelihood of the observations (Yp,...,Y,)
given Zy. For all z € Z, the corresponding conditional density function p?(yo.,|2)
with respect to v®(™*+1) under parameter § € © is given by

n
(2.6) yon = [ 97 (@rsme),
k=0
where, setting ux = Y(yx) for k = 0,...,n, the sequence x., is defined through
the initial conditions and recursion equations

:Ek:Herk(Z), -p< k<0,
(2.7) up =1Ilpiqik (2) —¢<k<-1,

— 0
Tk = wu(k—q):(k—l) (‘T(kfp)i(kfl)) ; I<k<mn,

where, throughout the paper, for all j € {1,...,p + ¢ — 1}, we denote by II; (2)
the j-th entry of z € Z. Note that z;+1 only depends on z and yq.; for all £ > 0.
Throughout the paper, we use the notation: for all n > 1, y9.,—1 € Y™ and z € Z,

(2.8) V2 (Yo.(n—1))(2) = 2, , with x, defined by (2.7).

Note that for n = 0, yo._; is the empty sequence and (2.8) is replaced by ¥? (0)(z) =
xo = II,(2). Given the initial condition Zy = 2, the (conditional) maximum
likelihood estimator ézm,n of the parameter 6 is thus defined by

5 0
(2.9) 0.0, € argmaxL’q
0cO ’

where, for all z() € Z,
(2.10) '-fm,n i=nt Zlnge (1/)9<Y0;(k_1)>(z(i)); Yk) .
k=1

Note that since {X,, : n € Z} is unobserved, to compute the conditional likelihood,
we used some arbitrary initial values for X(_, 1.0, (the first p entries of 20). We
also use arbitrary values for the last ¢ — 1 entries of z(). Note that we index our
set of observations as Y., (hence assuming 1 4 n observations to compute Lfm,n)-

The iterated function 1?(Yy.;) can be cumbersome but is very easy to compute in
practice using the recursion (2.7). Moreover, the same kind of recursion holds for
its derivatives with respect to 6, allowing one to apply gradient steps to locally
maximize the likelihood.

In this contribution, we investigate the convergence of 6 as n — oo for some

FORY
(well-chosen) value of z() under the assumption that the model is well specified
and the observations are in the steady state. The first problem to solve in this line

of results is thus to show the following.
(A-1) For all 8 € ©, there exists a unique stationary solution satisfying (2.1).

This ergodic property is the cornerstone for making statistical inference theory
work and we provide simple general conditions in Section 3.2. We now introduce
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the notation that will allow us to refer to the stationary distribution of the model
throughout the paper.

Definition 3. If (A-1) holds, then

a) P denotes the distribution on ((X x Y)Z, (X x V)®Z) of the stationary
solution of (2.1) extended on k € Z, with Fj, = 0(X ook Yo oo:(k—1));

b) P? denotes the projection of P? on the component YZ.

We also use the symbols E? and E? to denote the expectations corresponding to P?
and P?, respectively. We further denote by wﬁ and 7r$ the marginal distributions
of Xo and Yy under P?, on (X, X) and (Y,)), respectively. As a byproduct of the
proof of (A-1), one usually obtains a function Vx : X — R>¢ of interest, common
to all # € O, such that the following property holds on the stationary distribution
(see Section 3.2).

(A-2) For all 6 € ©, % (Vx) < 0.

It is here stated as an assumption for convenience. Note also that, in the following,
for V: X =+ R>p and f: X = R, we denote the V-norm of f by

sy =su {0 e xf

with the convention 0/0 = 0 and we write f < V if |f|y < co. With this notation,
under (A-2), for any f : X — R such that f < Vi, 7%(|f]) < oo holds, and
similarly, since ¢ = 74 GY as a consequence of (2.1), for any f :Y — R such that
G(If]) < Vx, we have n¥(|f]) < oc.

2.2. Equivalence-class consistency and identifiability. For all 0,0 € ©, we
write 6 ~ @' if and only if P = P . This defines an equivalence relation on the
parameter set © and the corresponding equivalence class of 6 is denoted by [4] :=

{(0/cO:0~0.

The equivalence relationship ~ was introduced by [32] as an alternative to the
classical identifiability condition. Namely, we say that 6 is equivalence-class

consistent at the true parameter 6, if

20 n

(2.11) lim A(0,a ,,[0:]) =0, P’-as.

n—oo

Recall that A is the metric endowing the parameter space ©. Therefore, in (2.11),
A(éz(i))n, [04]) is the distance between the MLE and the set of parameters having
the same stationary distribution as the true parameter, and the convergence is
considered under this common stationary distribution.

Identifiability can then be treated as a separate problem which consists in de-
termining all the parameters 6, for which [f,] reduces to the singleton {6}, so
that equivalence-class consistency becomes the usual consistency at and only at
these parameters. The identifibility problem is treated in [17, Proposition 11 and
Theorem 12] for general order ODMs, where many cases of interest are specifically
detailed. We will use in particular [17, Theorem 17 and Section 5.5].

2.3. Three examples. To motivate our general results we first explicit three mod-
els of interest, namely, the log-linear Poisson GARCH(p, q), the NBIN-GARCH(p, q)
and the PARX(p, ¢) models. To the best of our knowledge, the stationarity and er-
godicity as well as the asymptotic properties of the MLE for the general log-linear
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Poisson GARCH(p, ¢) and NBIN-GARCH(p, ¢) models have not been derived so
far. Such results are available for PARX model in [1] but our approach leads to
significantly different assumptions, as will be shown in Section 2.3.3.

Once the ergodicity of the model is established, we can investigate the consistency
of the MLE. This is done by first investigating the equivalence-class consitency of the
MLE and then we only need to add an identifiability condition to get the consistency
of the MLE, see Theorems 4, 5 and 7 hereafter. Such results pave the way for
investigating the asymptotic normality. This is done in [40, Proposition 5.4.7(iii)
and Proposition 5.4.15] for the first two examples and in [1, Theorems 2 and 3] for
the third one.

2.3.1. Log-linear Poisson GARCH model. The Log-linear Poisson GARCH model
is defined as follows in our setting.

Example 1. The Log-linear Poisson GARCH(p,q) Model parameterized by 6 =
(w,a1.p,b1.q) € © C RPT2 s a LODM(p, ¢) with affine reduced link function of
the form (2.2) with coefficients given by
wl)=w, Ail)=a; for 1<i<p

and B;(#)=0b; for 1<i<gq,
with observations space Y = Z>¢, hidden variables space X = R, admissible map-

ping Y(y) = In(1 + y), and observation kernel GY(x;-) defined as the Poisson dis-
tribution with mean e*.

(2.12)

Our condition for showing the ergodicity of general order log-linear Poisson
GARCH models requires the following definition. For all = z(1_(pvq)).0 € RPVY,

m € Zxo, and w = W(_gy1):m € {0,1}97™, define % (w)(z) as xpm4q obtained by
the recursion

/4 q
(213) T = Zaj Tk—j + ij Wg—j Thk—j 1 S k S m+1

We can now state our result on general order log-linear Poisson GARCH models.

Theorem 4. Consider the log-linear Poisson GARCH(p,q) model, which satisfies
Eq. (2.1) under the setting of Example 1. Suppose that, for all 8 € ©, we have
(2.14) lim max {‘zﬁ%w)(m)‘ cw € {0, 1}q+m} =0 forallz € R?VY

m—0o0
and define

qg—1

(2.15) Py(z;a1.p) = 2P — Zakzp ko and Qq(%;b1:4) Zbk+1 2117k
k=1 k=0

Then, the following assertions hold.

(i) For all 6 € ©, there exists a unique stationary solution {(Xg,Yy) : k € Z>o}
to (2.1), that is, (A-1) holds. Moreover, for any 7 > 0, (A-2) holds with Vx : R —
R>o defined by

(2.16) Vx(z) =e™l  zeR.
(i) For any :vgi) S R and yy) e Z>o, setting ~(9) =

(xgl),...,xgi),’f(yy)),--- ,T(yy))) € RP x R the MLE ézmm as defined
by (2.9) is equivalence-class consistent, that is, (2.11) holds for any 6, € ©.
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(i4i) If the true parameter 0, = (w*, a7, by.,) moreover satisfies that the polynomi-
als Py (5 a5,,) and Qq(+;b3.,) defined by (2.15) have no common complex roots, then
the MLE 0

L), 18 consistent.
,

The proof is postponed to Section 4.4.

Remark 2. Let us provide some insights about Condition (2.14).

(1) Using the two possible constant sequences w, wy = 0 for all k or wy = 1
for all k in (2.13), we easily see that (2.14) implies

arp €Sp and a1 (pvg) + b1:(pvg) € Spvg

where we used the usual convention a; = 0 for p < k < ¢ and by, = 0 for
q < k < p and where

p
(2.17) Sp = {cl;p eRP:VzeC,|z| <1 implies 1 — chzk # 0} .
k=1

(2) A sufficient condition to have (2.14) is

(2.18) sup{

Indeed, defining p as the left-hand side of the previous display, we clearly
have, for all m > pV g, w € {0,1}97™ and = € RPVY,

[0 (w) (@) < p max {|§4w') ()] w' € {0,137 1< j < pva)

(3) The first iteration (2.13) implies, for all w € {0,1}4 and = € [-1, 1]PV9,

$9<w>($)’ cwe{0,1}9, x € [_171]pvq} <1.

pVq

|07 (w) ()] < [Z(Iakl V la + bx|)

k=1

Hence a sufficient condition to have (2.18) (and thus (2.14)) is

pVy
(2.19) > (lak| V lax + bel) < 1.
k=1
(4) When p = ¢ = 1, by Points (1) and (3) above, Condition (2.14) is equivalent
to have |a1]| < 1 and |aq + b1] < 1. This condition is weaker than the one
derived in [13] where |b1] < 1 is also imposed.

2.3.2. NBIN-GARCH model. Our next example is the NBIN-GARCH(p, ¢), which
is defined as follows in our setting.

Example 2. The NBIN-GARCH(p, ¢) model is a LODM(p, q) parameterized by
0 = (w,a1:p,b1.4,7) € © C Ry X R’:Bq x R+ with affine reduced link function of
the form (2.2) with coefficients given by (2.12), observations space Y = Zxq, hidden
variables space X = Rxq, admissible mapping Y(y) = y, and observation kernels
GY(z;-) defined as the negative binomial distribution with shape parameter 7 > 0
and mean r z, that is, for all y € Z>y,

T(r +vy) 1\ r \’

G (z; = .

(z: {y}) y!T(r) \1+=x 1+

We now state our result for general order NBIN-GARCH model.
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Theorem 5. Consider the NBIN-GARCH(p,q) model, which satisfies Eq. (2.1)
under the setting of Example 2. Suppose that, for all § = (w, a1.p,b1.q,7) € O, we
have

p q
(2.20) Sartr Y b <l
k=1 k=1

Then the following assertions hold.

(i) For all 0 € O, there exists a unique stationary solution to (2.1), that is, (A-1)
holds. Moreover, (A-2) holds with Vx(z) = z for oll x € Ry.

(it) For any xgi) € Rso and yy) € Z>o, setting z() = (xgi), . ,:vgi), yii), e ,y%i)) €
RY , x Zq;Ol, the MLE 0, ,, as defined by (2.9) is equivalence-class consistent, that
is, (2.11) holds for any 6, € ©.

(i4) If the true parameter 0, = (w*,aj,,, bi.,, ™) moreover satisfies that the poly-
nomials Py (5 a7,,) and Qq(+;b3,,) defined by (2.15) have no common complex roots,

then the MLE 0

L), 18 consistent.
,

The proof is postponed to Section 4.5.

Remark 3. Clearly, under the setting of Example 2, if Eq. (2.1) has a stationary
solution such that y = [z mx(dz) < oo, taking the expectation on both sides of
the second equation in (2.1) and using that [ymy(dy) =r [z 7x(dz), then (2.20)
must hold, in which case we get

Hence (2.20) is in fact necessary and sufficient to get a stationary solution admitting
a finite first moment, as was already observed in [48, Theorem 1] although the
ergodicity is not proven in this reference. However, we believe that, similarly to the
classical GARCH(p, q) processes, we can find stationary solutions to Eq. (2.1) in
the case where (2.20) does not hold. This is left for future work.

2.3.3. The PARX model. The PARX model is similar to the standard
INGARCH(p, ¢) model but with additional exogenous variables in the linear link
function for generating the hidden variables. Following [1], these exogenous vari-
ables are assumed to satisfy some Markov dynamic of order 1 independently of the
observations and of the hidden variables (see their Assumption 1). This leads to
the following definition.

Definition 6 (PARX model). Let d,p,q and r be positive integers. For v = 1.4 €
Ry, we set £, : & = (&1,...,&) = Y017 fi(§) where f; : R” — R are
given functions for all i € {1,...,d}. Let P(z) denote the Poisson distribution with
parameter  and L be a given Markov kernel on R” x B(R"). We define the Poisson
AutoRegressive model with eXogenous variables, shortly written as PARX(p, ¢),
as a class of processes parameterized by 6 = (w, @1.p, b1.q, V1:4) € ©, where O is a
Rz;qurd

compact subset of Ry g % , and satisfying

p q
Xy =w+ Z a; Xy + Z bYi—; +£,(8i-1)
i—1 i—1

(2.21) (Yi, Z)|Fe ~ P(Xt) @ L(Z4-1;-)
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where Fy = 0 (X(Zpi1):ts Y(—g1)s(t—1) S(—gq1):(t—1) ) -

Remark 4. Note that our aq,...,a, and by,...,b, correspond to fi,..., 3, and
ai,...,ap of [1]. Here we allowed r to be different from d whereas in in [1] it is
assumed that d = r and they are denoted by d.

Since the exogenous variables are observed we can recast the PARX model into
a VLODM(p, q) by including the exogenous variables into the observations Y; and
the hidden variable X;. Namely, we can formally see the above PARX model as a
special case of VLODM as follows.

Example 3 (PARX model as a VLODM). Consider a PARX model as in
Definition 6. Set Y; = (Y3, EE)’ X: = (X¢,Z¢—1), which are valued in Y = Z>¢ x R"
and X =R>o x R". Then {Y) : k> —¢+ 1} is a VLODM(p,q,1 + 7,1 +d +r) by
setting

a) the admissible mapping as Y(9) := (v, f1(€),..., fa(€),€) € U := Zxq x
R%o x R” for all § = (y,&) € Z>o x R";

b) for all 6 = (w, a1:p, b1:q, 11:d), W(0) := [ @ }, Ag(9) = [ak Ol’r} for k =

Or11 Or,l Orr
b 01,7 b O1dtr
1,...,p, B1(6) == 0Tll [n 0 ) Ilr ] and By (0) := [Ofl O:ZL}
fork=1,...,q;

c) for all # = (z,€) € R>o x R", GY(7;-) := P(z) ® L(&;-).

We end up this section by stating our result for general PARX model. For es-
tablishing the ergodicity of the PARX model, we need some assumptions on the
dynamic of the exogeneous variables through the Markov kernel L. Namely we
consider the following assumptions on the kernel L.

(L-1) The Markov kernel L admits a kernel density ¢ with respect to some measure
vr, on Borel sets of R” such that
(i) for all (¢,&") e R" x R", £(&;¢') > 0;
(i) for all £ € R", there exists § > 0 such that

[ sw aeiemag <o
R" [|€—¢€lI<8
where || - || denotes the Euclidean norm on R”.
(L-2) The Markov kernel L is weak-Feller (Lf is bounded and continuous for any f
that is bounded and continuous).
(L-3) There exist a probability measure 71, on Borel sets of R", a measurable function
VL :R" — [1,00) and constants (g, C) € (0,1) X R>¢ such that
(i) L is mp-invariant,
(i) 7L(VL) < o0 and {V1, < M} is a compact set for any M > 0,
(iii) for all 7 € {1,...,d}, we have f; < VL.
(iv) for all Borel functions h : R™ — R such that h < V4, we have for all
(&, n) € Z>o,

IL"h(§) — mr(h)| < C 0" [hly, VL(E)-
(L-4) There exists a constant M > 1 such that for all (¢,¢') € R?",

dTV(L(gv ')7 L(glv )) < M||§ - 5/”
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where dv (v, ') is the total variation distance between two probability mea-
sures v,/ on R".
(L-5) There exist Cr, > 0, hy, : R4 — R and a measurable function ¢r, : R™ — Rxq
such that the following assertions hold for L, its kernel density ¢ introduced
in (L-1) and its drift function introduced in (L-3).
(i) For all ¢ € R", the mapping £ — ¢(£,£') is continuous.
(i) We have sup ¢cpr £(€,§") < o0.
(i) For all £ € R", we have 1 + [|£]| < oL(€).
(iv) Forall (£,¢,¢") € R3",

0(&:¢€")
n
0(&5€")
(v) hi(u) = O(u) as u — 0. B
(vi) If C1, = 0, then In™ ¢, < V4. Otherwise, ¢r, < V4.
(L-6) We have L(v; {f1.4a(-) € A}) < 1 for all v € V and affine hyperplanes A C R

We can now state our main result for the PARX model.

‘1 < ho (€ — &) eCr (HIEVIE) G gy .

Theorem 7. Consider the PARX(p,q) model of Definition 6, seen as the
VLODM of Ezample 3. Suppose that (L-1)-(L-4) hold, and that, for all § =
(W, a1:p, b1:q,71:4) € O, we have

p q
(2.22) dai+d bi<l.
=1 =1

Then the following assertions hold.

(i) for all 0 € O, there exists a unique stationary solution {(Xx, Y, Zx) : k € Z>o}
to (2.1), that is, (A-1) holds for the VLODM of Example 3. Moreover, (A-2) holds
with W (Z) =z + V1,(§) for all T = (2,8) € R>o x R".

(i) Suppose moreover that (L-5) holds. Then, for any Igi) € Rx, 552) € R" and
) € Zao, setting 20 = (@), &"),.. @), 7). 1,6 1, 67) €
(R>o xR")P X (Zzo xR")?1, the MLE 0 i) ,, as defined by (2.9) is equivalence-class
consistent, that is, (2.11) holds for any 0, € ©.

(iii) Suppose in addition that (L-6) holds. Then the MLE 0

L), 18 consistent.
,

The proof is postponed to Section 4.6. Let us briefly comment on our assump-
tions.

Remark 5. Contrary to the previous example, the PARX model requires an ad-
ditional Markov kernel L and therefore additional assumptions on this kernel. We
briefly comment on them hereafter and compare our assumptions to those in [1].

(i) Assumptions (L-1)—(L-3) are classical assumptions on Markov kernels to
ensure its stability and ergodicity. In [1, Assumption 2], a different ap-
proach is used and instead a first order contraction of the random iterative
functions defining the Markov transition is used. Their assumption would
typically imply our (L-3) with V(&) = 1+ ||€]|® for some s > 1, with their
Assumption(3)(ii) implying our (L-3)(iii).

(ii) Our Assumption (L-4) is inherited from our approach for proving ergod-
icity using the embedding of the PARX model into a VLODM model de-
tailed in Example 3. It is not clear to us whether it can be omitted for
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proving ergodicity. This question is left for future work. Note that we pro-
vide another formulation of this assumption in Remark 10, see Section 4.6.
There is no equivalent of our Assumption (L-4) in [1] as their technique for
proving ergodicity is different. However, although we have the same condi-
tion (2.22) as them for ergodicity, see their Assumption 3(i), they require
an additional condition, Assumption 3(iii), which we do not needed. This
condition involves both the coefficients a; and b; and the contraction con-
stant p used in their stability assumption for the Markov transition of the
covariates. In contrast, our condition on the parameters a; and b; of the
model, merely imposed through (2.22), are completely separated from our
assumptions (L-1)—(L-4) on the dynamics of the covariates.

(iii) Assumptions (L-5) and (L-6) are not required to get ergodicity. they are
needed to establish the equivalence class consistency of the MLE and the
identifiability of the model. Like our Assumption (L-4) for proving ergodc-
ity, Assumption (L-5) is inherited from the embedding of the PARX model
into a VLODM model here used for proving the equivalent class consis-
tency. Assumption (L-6) is a mild and natural identifiability assumption. It
basically says that the covariates f1(&x),- .., fa(&k) are not linearly related
conditionally to &x_1. If they were, it would suggest using a smaller set of
covariates. The identifiability condition of [1] is different as it involves a con-
dition both on the covariate distribution and on the parameters a4, ..., a,
and by, ..., by, see their Assumption 5.

To conclude this section, let us carefully examine the simple case where the
covariates are assumed to follow a Gaussian linear dynamic and see, in this specific
case, how our assumptions compare to that of [1]. More precisely, assume that L is
defined by the following equation on the exogenous variables

(223) Et =N Etfl + ot

where Y is an r X r matrix with spectral radius p(RX) € (0,1), ¢ > 0, and n; ~
N (0, I.). Then Assumption (L-1) holds with

[(5,5/) = (27T0'2)_T/26_H5/—N5H2/(202) ,

and vy, being the Lebesgue measure on R". It is straightforward to check (L-2)
and (L-3) with V7,(¢) = eIl for any A > 0.

Let us now check that Assumption (L-4) holds. First note that, setting f(x) =
e=7*/2 we have ((¢,£") = Wf(”f" — X¢||). Then, for all £,&,¢"” € R” such
that ||€—¢&'|| < e, which implies ||[R(€ — &)|| < |IN||e, where ||X]| denotes the operator
norm of N, and thus

IRl

|£(§7§”) - £(617§/1)| < 2ro2)r/2 ”5 - §I|| sup |fl (‘T)|
(2mo?) 17 - IR le<z<IIE” [+ ]R]le
N _ IR e 2
8 (7%'02')'“2 & =€ (1€") + [Rlle) o UE1INID 2
Then we get that for all £,¢&’ € R” such that ||€ — &'|| <,

1

drv (L(E,-), L€ ) = 5 /R [6(8,€") — €(&, ") dg” < My||€ = £,
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for some positive constant My only depending on ||X||, ¢ and e. Finally, for all
§¢ eR,
drv(L(€ ), L(€,) < (Molje—grj<e + € Lje—eryse) 1€ €1,

and Assumption (L-4) holds.

Let us now check Assumption (L-5). Assumptions (L-5)(i) and (L-5)(ii) are im-
mediate. For all (£,¢,¢"”) € R3", we have

el

L HEE)

£(&5€")

1
=352 [1€” = N[ — |¢” — R¢'||?|

N
< Q 1€ = €1 (L IR] 1+ N1€71D) (1 + 1671y
< hy, (¢ — ¢/]]) e (HIEVIE) g ey

Thus (L-5)(iv) holds with hy,(u) = (|R|/202)u, C1, = ||X|| and ¢, (&) = 1 + ||£]|.
Then, (L-5)(iii) and (L-5)(v) follow from these choices of hy, and ¢r,. We also get
(L-5)(vi) since V4, (&) = Mgl for some A > 0.
Finally (L-6) immediately holds since vy, is the Lebesgue measure on R”.
Having shown (L-1)-(L-6) for covariates satisfying the dynamics (2.23),
Theorem 7 applies in this case under the sole condition (2.22). In comparison,
checking the assumptions for ergodicity in [1] require the additional assumption

ZaH—Zbi <1- ((1-_2@1-) (p(N)—b1)> ,

+
see their Assumption 3(iii).

3. GENERAL RESULTS

3.1. Preliminaries. In the well-specified setting, a general result on the consis-

tency of the MLE for a class of first-order ODMs has been obtained in [13]. Let us

briefly describe the approach used to establish the convergence of the MLE éz(i),n

in this reference and in the present contribution for higher order ODMs. Let 6, € ©

denote the true parameter. The consistency of the MLE is obtained through the

following steps.

Step 1 Find sufficient conditions for the ergodic property (A-1) of the model.
Then the convergence of the MLE to 6, is studied under P% as defined
in Definition 3.

Step 2 Establish that, as the number of observations n — oo, the normalized log-
likelihood L?;) as defined in (2.10), for some well-chosen 2 € XP, can be
approximated by

nil Z lnpg(yk|y—oo:k—l)7
k=1

where p?(-|-) is a P-a.s. finite real-valued measurable function defined
on (YZ Y¥2). To define p?(-|-), we set, for all y_o.0 € YZ<0 and y € Y,
whenever the following limit is well defined,

(3.1) P (] y-oc0) = lim_g” (¥ (y-mo)(z¥):y) -
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Step 3 By (A-1), the observed process {Y; : k € Z} is ergodic under P%* and
provided that
E%* [In* p? (Y1 [V_ce0)] < 00,
it then follows that

lim_ L, =B [Inp’(Vi[Y_ooo)], P-as.

Step 4 Using an additional argument (similar to that in [37]), deduce that the
MLE ¢ defined by (2.9) eventually lies in any given neighborhood of
the set

(3.2) O, = argmaxE’ [lnpe(Y1|Y,oozo)} ,
0co

2,5

which only depends on 6, establishing that
(3.3) lim A(f 0,)=0, P’-as.,

FIONTE

where A is the metric endowing the parameter space ©.

Step 5 Establish that ©, defined in (3.2) reduces to the equivalent class [6,] of
Definition 3. The convergence (3.3) is then called the equivalence-class con-
sistency of the MLE.

Step 6 Establish that [6,] reduces to the singleton {f,}. The convergence (3.3) is
then called the strong consistency of the MLE.

In [16], we provided easy-to-check conditions on first order ODMs for obtaining
Step 1 to Step 4. See [16, Theorem 2] for Step 1, and [16, Theorem 1] for the
following steps. In [15], we proved a general result for partially observed Markov
chains, which include first order ODMs, in order to get Step 5, see Theorem 1 in
this reference. Finally Step 6 is often carried out using particular means adapted
to the precise considered model.

We present in Section 3.2 the conditions that we use to prove ergodicity (Step 1)
and, in Section 3.3, we adapt the conditions already used in [16, 15] to carry
out Step 2 to Step 5 for first order model to higher order ODMs.

Using the embedding described in Section 4.1, all the steps from Step 1 to
Step 5 can in principle be obtained by applying the existing results to the first
order ODMs in which the original higher order model is embedded. This approach
is indeed successful, up to some straightforward adaptation, for Step 2 to Step 5.
Ergodicity in Step 1 requires a deeper analysis that constitutes the main part of
this contribution. As for Step 6, it is treated in [17].

3.2. Ergodicity. In this section, we provide conditions that yield stationarity and
ergodicity of the Markov chain {(Z,Ys) : k € Z>o}, that is, we check (A-1)
and (A-2). We will set 6 to be an arbitrary value in © and since this is a “for all
6 (...)” condition, to save space and alleviate the notational burden, we will drop
the superscript 6 from, for example, G? and ¢ and respectively write G and 1,
instead.

Ergodicity of Markov chains is usually studied using @-irreducibility. This ap-
proach is well known to be quite efficient when dealing with fully dominated models;
see [35]. It is not at all the same picture for integer-valued observation-driven mod-
els, where other tools need to be invoked; see [21, 13, 16] for ODMs(1,1). Here we
extend these results for general order ODMs(p, ¢). Let us now introduce our list of
assumptions. They will be further commented after they are all listed.
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We first need some metric on the space Z and assume the following.

(A-3) The o-fields X and U are Borel ones, respectively associated to (X,dx) and
(U, dy), both assumed to be complete and separable metric spaces.

For an LODM(p, q), the following condition, often referred to as the invertibility
condition, see [41], is classically assumed.
(I-1) For all 8 € ©, we have A;1.,(0) € Sp,
where S, is defined in (2.17). For an ODM(p, ¢) with a possibly non-linear link
function, (I-1) is replaced by a uniform contracting condition on the iterates of the
link function, see (A-4) below. In order to write this condition in this more general
case, recall that any finite Y-valued sequence y, 1% (y) is defined by (2.8) with the
recursion (2.7). Next, we may rewrite these iterates directly in terms of ug.(n—1)
instead of yo.(,—1). Namely, we can define

(3.4) 1/)9<u0;(n_1)>(z) =z, , with z,, defined by (2.7)

so that ¢0<y0:(n—1)>(z) = 1/;0<T®n(y0:(n—l))>(z) for aHNZ € Z and Yo:(n—1) e Yn
Now define, for all n € Z, the Lipschitz constant for 1 (u), uniform over v € U,

Ox(° (u) (2), D% (w) () ., n
F gy (2,2 ,u) €22 x U } ,

(3.5) Lip? = sup {
where we set, for all v € 72,

(3.6) oz (v) = (max 5XOH§2(U)> \/ ( max &y on,;@?(u)) :

1<k<p p<k<p+q
We use the following assumption on a general link function.
(A-4) For all 6 € ©, we have Lip{ < oo and Lip? — 0 as n — oc.

The following assumption is mainly related to the observation kernel G and relies
on the metrics introduced in (A-3) and on the iterates of the link functions defined
in (3.4).
(A-5) The space (X, dx) is locally compact and if ¢ > 1, so is (U, dy). For all z € X,
there exists § > 0 such that

(3.7) /sup {9(z";y) : 2’ € X, dx(2',2) < 6} v(dy) < oo .

Moreover, one of the two following assertions hold.

(a) The kernel G is strong Feller.

(b) The kernel G'is weak Feller and the function u — ) (u)(z) defined in (3.4)
is continuous on U for all z € Z.

The definitions of weak and strong Feller in (a) and (b) correspond to Feller and
strong Feller of [14, Defintion 12.1.1]. Next, we consider a classical drift condition
used for showing the existence of an invariant probability distribution.

(A-6) There exist measurable functions Vx : X — R>¢ and Vy : U — R such that,
setting Vo = Vy o X, GV < Vi, {Vx < M} is compact for any M > 0, and
sois {WW < M}ifg>1,and

E, [VX(Xn)]

(8) A e
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where we defined

Vu(Il (2))
(3.9) V(z) = max {V(H (z)),i}
S U O

The following condition is used to show the existence of a reachable point.

(A-7) The conditional density of G with respect to v satisfies, for all (z,y) € X XY,
(3.10) g9(z;y) >0,

and one of the two following assertions hold.
(a) There exists yo € Y such that v({yo}) > 0.
(b) The function (x,u) — 1, (x) is continuous on XP x U?.

The last assumption is used to show the uniqueness of the invariant proba-
bility measure, through a coupling argument. It requires the following defini-
tion, used in a coupling argument. Under (A-8)-(i) (defined below), for any ini-
tial distribution ¢ on (Z%, Z%2), let Eg denote the expectation (operator) asso-
ciated to the distribution of {Xy, X;,Up, U, = k > —p, k' > —q} satisfying
(X(_p+1):0, U(—Q+1):—17X(/—p+1):0’ U(/—q-i—l):—l) ~ ¢ and, for all k € Zzo,

Vil Fp ~ G(Xg, Xp;-) and Y =Y},
(3.11) Xis1 =Py Xpryn) and Uy =T (V) ,
X} = Yu (X(i—py1yn) and Up=T(Y).

(k—q+1):k

where 7} = o (X<—p+1>:kv Ul—g+1):(k—1)> X ()b U(/—q-i-l):(k—l))'

(A-8) There exist measurable functions o : X? — [0,1], Wx : X% — [1,00), Wy :
U — Ry¢ and a Markov kernel G on X2 x ), dominated by v with kernel
density g(x, 2’; y) such that, setting Wy = Wy o T, we have GWy < W and
the three following assertions hold.

(i) Forall (z,2') e X?> and y €Y,
(3.12) min {g(z;y), 9(z";y)} = alz,2')g (z,2;y).

(i) The function W is symmetric on X?, Wx(z,-) is locally bounded for all
x € X, and Wy is locally bounded on U.

(iii) We have 1 — a < 8x x Wx on X2.

And, defining, for all v = (2,2') € Z2,

Wu(Ilp (2)) 1<k<p
3.13 W (v) = max{ Wx o I®2(v), ————"22 : z€{22'} » ,
( ) (v) { x eIl (v) |GWN |y, p<t<ptq

one of the two following assertions holds.

o 1 E, [Wx(Xn, X},)]

(iv) clggo hyrlri)solipﬁ In vsgzg W) <0.
L E, [Wx(Xn, X},)]

(v) Jim_ T T M+ W(z)

exists 7 > 1 such that sup E, [Wx(X,, X.)] /W7 (v) < .
vEZ?

= 0 and, for all r = 1,2,..., there

Remark 6. Let us comment briefly on these assumptions.
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(1) In many examples, (3.12) is satisfied with
(3.14) g(x,a'sy) = g(d(z, 2); )

where ¢ is a measurable function from X2 to X, in which case, GW+v should
be replaced by GWy o ¢ in (A-8).

(2) If ¥? is of the form (2.2) with p’ = ¢/ = 1, then (A-4) is equivalent to (I-1).

(3) If ¢ = 1, the terms depending on ¢ both in (3.9) and (3.13) vanish. We can
take Viy = Wy = 0 without loss of generality in this case.

(4) Recall that a kernel is strong (resp. weak) Feller if it maps any bounded
measurable (resp. bounded continuous) function to a bounded continuous
function. By Scheffé’s lemma, a sufficient condition for G to be weak Feller
is to have that z — g(z;y) is continuous on X for all y € Y. But then (3.7)
gives that G is also strong Feller by dominated convergence.

(5) Note that Condition (3.7) holds when G(z;-) is taken among an exponential
family with natural parameter continuously depending on x and valued
within the open set of natural parameters, in which case G is also strong
Feller. We are in this situation for both Examples 1 and 2.

We can now state the main ergodicity result.

Theorem 8. Let P, be defined as PY in Definition 1. Conditions (A-3),
(A-4), (A-5), (A-6), (A-7) and (A-8) imply that there exists a unique initial dis-
tribution m which makes Pr shift invariant. Moreover it satisfies Er[Vx(Xo)] < oc.
Hence, provided that these assumptions hold at each 6 € ©, they imply (A-1)
and (A-2).

For convenience, we postpone this proof to Section 4.2.

The following lemma provides a general way for constructing the instrumental
functions a and ¢ that appear in (A-8) and in Remark 6-(1). The proof can be
easily adapted from [16, Lemma 1] and is thus omitted.

Lemma 9. Suppose that X = C° for some measurable space (S,S) and C C R. Thus
for all x € X, we write x = (24)scs, where x5 € C for all s € S. Suppose moreover
that for all x = (x4)ses € X, we can express the conditional density g(x;-) as a
mizture of densities of the form j(zs)h(xs;-) over s € S. This means that for all
t e C,y jt)h(t;y) is a density with respect to v and there exists a probability
measure i on (S,S) such that

(3.15) oasy) = /S J(eh(zsyu(ds), yeY.

We moreover assume that h takes nonnegative values and that one of the two fol-
lowing assumptions holds.

(H'-1) For all y €Y, the function h(;y) : t — h(t;y) is nondecreasing.
(H'-2) For all y €Y, the function h(-;y) : t — h(t;y) is nonincreasing.
For all z,2' € X3, we denote x A2’ := (x5 AN 2))ses and 2V ' = (25 V 2),)5es and

we define
a(z,z') = ;Ielfs' W and ¢(z,x') =x ANz’ under (H-1);
- !
a(z, ') = élelg W and ¢(z,z')=xVva'  under (H-2).

Then « and ¢ defined above satisfy (A-8)(i) and (3.14).
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3.3. Convergence of the MLE. Once the ergodicity of the model is established,
one can derive the asymptotic behavior of the MLE, provided some regularity
and moment condition holds for going through Step 2 to Step 5, as described
in Section 3.1. These steps are carried out using [16, Theorem 1] and [15, Theo-
rem 3], written for general ODMs(1,1). The adaptation to higher order ODMs(p, q)
will follow easily from the embedding of Section 4.1. We consider the following
assumptions, the last of which uses Vx as introduced in Definition 3 under As-
sumptions (A-1) and (A-2).

(B-1) For all y €Y, the function (0, ) — g¢?(x;y) is continuous on © x X.

(B-2) For all y €Y, the function (6, z) + 1?(y)(z) is continuous on © x Z.

(B-3) There exist argi) € X, ugi) €U, aclosedset X; C X, C>0,h:R; - R, and
a measurable function ¢ : Y — Rs such that the following assertions hold
with z() = (:zrgi), . ,:cgi), ugi), . ,ugi)) ez

(i) Forall# € © and (2,y) € Zx Y, ¥?(y)(2) € X;.
(ii) sup  g(3y) < oo
(0,2,5)EOXX XY
(iii) Forally € Y and 0 € ©, dx (xgi),z/}(’(y)(z(i))) Y JU(T(y),ugi)) < o(y).
(iv) Forall 8 € © and (z,2',y) € X1 x X1 XY,
0 (z: O 20 ) -
(3.16) Pn%é#%WShwﬂﬁfmeC@ﬂl ) gy,
(v) h(u) = O(u) as u — 0.
(vi) If C =0, then, for all § € ©, G InT ¢ < V. Otherwise, for all § € ©,
G < Vx.
Remark 7. If we consider a VLODM as in Definition 1, Condition (B-2) is obvious
and (B-3) (iii) reduces to impose that ¢(y) > A + B|Y(y)| for some non-negative
constants A and B only depending on xgi), on (the compact set) © and on the
choice of the norm | -| on U = RY .

Remark 8. In the case where the observations are discrete, one usually take v to be
the counting measure on the at most countable space Y. In this case, ¢°(z;y) € [0,1]
for all #, 2 and y and Condition (B-3)(ii) trivially holds whatever X; is.

We have the following result, whose proof is postponed to Section 4.3.

Theorem 10. Consider an ODM(p, q) for some p,q > 1 satisfying (A-4). Assume
that (A-1), (A-2), (B-1), (B-2) and (B-3) hold. Then the MLE 0 ,, defined by (2.9)

is equivalence-class consistent, that is, the convergence (2.11) holds for any 6, € ©.

4. POSTPONED PROOFS

4.1. Embedding into an observation-driven model of order (1,1). A sim-
plifying and unifying step is to embed the general order case into the order (1,1)
by augmenting the state space. Consider an ODM as in Definition 1. For all u € U
and y € Y, we denote by \ifz and \ilg the two Z — Z mappings defined by

22:p, ,(/;0 <u> (2)7 Z(p+2):(p+q—1)» u) ifg>1
22, 00 (1) (2)) ifg=1,

(4.1) \ilz D2 = 20 (ptq-1) &

0 _ a0
(42)  wh=0%, .
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. ‘s 0 ) 0

We further denote the successive composition of ¥, . W7 ..., and ¥, by
0 0 0 0

(4.3) U (yo.) = \Ilyk o \I/yki1 0---0 \I/yo .

Note in particular that 1/%(yo.x) defined by (2.8) with the recursion (2.7) can be
written as

(4.4) % (youk) = Ty 0 W {your)
Conversely, we have, for all k > 0 and yo.,, € YF+!,
(45) ‘119<yOk>(Z) = ((¢9<903>(2))k_p<]gk 7u(k—q+2):k) )

where we set u; = 1445 (2) for —¢ < j < =1 and u; = Y(y;) for 0 < j < k
and use the convention 1%(yo.;)(2) = I,_; (2) for —p < j < 0. By letting Z, =
(X (h—pt1):k> Uth—q1):(k—1)) (see (2.4)), Model (2.1) can be rewritten as, for all
ke ZZO7

Vi | Fe ~ G*(IL (Zk) 5 ),
Ziy1 = VY (Zy).

By this representation, the ODM(p, ¢) is thus embedded in an ODM(1,1). This in
principle allows us to apply the same results obtained for the class of ODMs(1,1)
in [16] to the broader class of ODMs(p,q). Not all but some conditions written
above for an ODM(p, ¢) indeed easily translate to the embedded ODM(1,1). Take
for instance (A-4). By (3.5), (3.6) and (4.5), we have, for all n € Zs¢, using the
convention Lipfn =1for m <0,
0 0 /

(4.7) sup bz (V) (), V() () < lincgy V (max Lipi') '

yeYn z,z' €72 (SZ(U) 0<j<p J
Hence the same assumption (A-4) will hold for the embedded ODM(1,1). As an
ODM(1,1), the bivariate process {(Zy,Yx) : k € Z>o} is a Markov chain on the
space (Z x Y,Z ® Y) with transition kernel K satisfying, for all (z,y) € Z x Y,
Ae Zand Be),

(48) K%wwawa=/LMB@&aw@G%mwany»

(4.6)

Remark 9. Note that (A-1) is equivalent to saying that the transition kernel K
of the complete chain admits a unique invariant probability measure 7% on Z x Y.
Moreover the resulting wﬁ and 7r$ can be obtained by projecting 7 on any of its X
component and any of its Y component, respectively.

Note also that, by itself, the process {Zx : k € Z>¢} is a Markov chain on (Z, Z)
with transition kernel RY defined by setting, for all z € Z and A € Z,

(4.9) RO 4) = [ 1a(W(:) G (1L () ).

4.2. Proof of Theorem 8. The scheme of proof of this theorem is somewhat sim-
ilar to that of [16, Theorem 2] which is dedicated to the ergodicity of ODM(1,1)
processes. The main difference is that we need to rely on assumptions involving
iterates of kernels such as (E-2), (A-4) and (A-8)(iv) below, to be compared with
their counterparts (A-4), (A-7) and (A-8)(iv) in [16, Theorem 2]). Using the em-
bedding of Section 4.1, we will use the following conditions directly applying to the
kernel R of this embedding.
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(E-1) The space (Z,d7) is a locally compact and complete separable metric space.

(E-2) There exists a positive integer m such that the Markov kernel R™ is weak
Feller. Moreover, there exist (A, 3) € (0,1) x R>g and a measurable function
V :Z — R such that RV < AV + 8 and {V < M} is a compact set for
any M > 0.

(E-3) The Markov kernel R admits a reachable point, that is, there exists zo, € Z
such that, for any z € Z and any neighborhood N of zo,, R™(z,N) > 0 for
at least one positive integer m.

(E-4) There exists a Markov kernel R on (Z2 x {0,1}, 292 @ P({0,1})), a Markov
kernel R on (Z2, Z®2), measurable functions @ : Z2 — [0,1] and W : Z2 —
[1,00) symmetric, and real numbers (D, (1, (2, p) € (R4)? x (0,1) such that
forall v =(2,2',u) € X2 x {0,1} and n > 1,

(4.10) l—a<dézxW onZ?,

(4.11) VzeZ, Iy >0, sup{W(z,2):682(2,2") <v} < o0,
R(v;- x Zx {0,1}) = R(z,-) and

(4.12) {R(U;Z x+x{0,1}) = R(#,"),

(4.13) R(v;- x {1}) = a(z,2") R((2,2"), ) ,

(4.14) R™((2,7);02) < Dp"dz(z,7') ,

(4.15) R™((2,2'); 82 x W) < Dp"85' (2, 2") W (z,2') .

Based on these conditions, we can rely on the two following results. The existence
of an invariant probability measure for R is given by the following result.

Lemma 11. Under (E-1) and (E-2), R admits an invariant distribution 7; more-
over, TV < 00.

Proof. By [45, Theorem 2|, Assumption (E-2) implies that the transition kernel
R™ admits an invariant probability distribution denoted hereafter by m,,. Let 7 be
defined by, for all A € Z,

T(A) = % > mmRE(A).
k=1

Obviously, we have 7R = 7, which shows that R admits an invariant probability
distribution 7. Now let M > 0. Then by Jensen’s inequality, we have for all n € Z>,

#V AM)=FR"™(V A M) < #((R"™V)AM)

< )\"fr(V/\M)—i-% A M.
Letting n — oo, we then obtain #(V A M) < % A M. Finally, by the monotone
convergence theorem, letting M — oo, we get 7V < o0. O

Proposition 12. Assume (E-1) (E-3) and (E-4). Then the Markov kernel R admits

at most one unique invariant probability measure.

Proof. This is extracted from the uniqueness part of the proof of [13, Theorem 6],
see their Section 3. Note that our Condition (E-3) corresponds to their condition
(A2) and our Condition (E-4) to their condition (A3) (their o, Q, Q and Q¥ being
our &, R, R and R) O
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Hence it is now clear that the conclusion of Theorem 8 holds if we can apply
both Lemma 11 and Proposition 12. This is done according to the following suc-
cessive steps.

Step 1 Under (A-3), the metric (3.6) makes (Z, dz) locally compact, complete and
separable, hence (E-1) holds true.

Step 2 Prove (E-2): this is done in Lemma 13 using (A-3), (A-5), (A-6) and the fact
that, for all y € Y, 9 (y) is continuous on Z, as a consequence of Lip; < oo
in (A-4).

Step 3 Prove (E-3): this is done in Lemma 14, using (A-3), (A-4) and (A-7).

Step 4 Define @ and prove (4.10) and (4.11) in (E-4) with W as in (3.13): this
directly follows from Conditions (A-8)(ii) and(A-8)(iii).

Step 5 Provide an explicit construction for R and R satisfying (4.12) and (4.13)
in (E-4): this is done in Lemma 15 using (A-8)(i);

Step 6 Finally, we need to establish the additional properties of this R required
in (E-4), namely, (4.14) and (4.15). This will be done in the final part of
this section using the additional Lemma 16.

Let us start with Step 2.

Lemma 13. If for all y € Y, ¥ (y) is continuous on Z, then (A-5) and (A-6)
imply (E-2).

Proof. We first show that R is weak Feller, hence R™ is too, for any m > 1. Let
f :Z — R be continuous and bounded. For all z = (:E(,pﬂ):o,u(,qﬂ):(,l)) €z,
Rf(z) is given by

E. [f(Z1)] = E. [f(2(—pt2y:0, X1, u(—g42):(—1), T (Y0))]

= /f(ﬂﬂ(—p+2):0ﬂ/)<y>(z)aU(—q+2):(—1)7T(y)) G(wo;dy) .

Let us define f: Z x Y — R by setting, for y € Y and z as above,

flz,y) = f(x(*p+2):07w<y>(z)7 U(—g+2):(-1)> T(y)) -

Further define F : Z x X — R by setting, for all z € Z and = € X,
F(z,2) = /f(z,y) G(z;dy) .

Hence, with these definitions, we have, for all z € Z, Rf(2) = F(z,1I,(z)), and
it is now syfﬁcient to show that F' is continuous. We write, for all z,2z’ € Z and
x, 2 € X, F(',2") — F(z,x2) = A(z,2',2') + B(z, z,2) with

Az, 2,2 :/(f(z',y) —f(z,y)) G(z';dy)

B(z,z,2') = /f(z,y) (G(2';dy) — G(z;dy)) .
Since z — f(z,y) is continuous for all y, we have A(z, 2, 2') — 0 as (2/,2') = (2, )
by (3.7) and dominated convergence. We have B(z,z,2') — 0 as ¢/ — z, as a

consequence of (A-5)(a) or of (A-5)(b). Hence F is continuous and we have proved
that R™ is weak Feller for all m € Z~g.
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We now show that we can find m € Zsg, A € (0,1) and 8 > 0 such that
R™V < AV + g with V : Z — R>q defined by (3.9). We have, for all n > ¢,

n _ VU(U"—IC)
R'V(z) = E. O?I?EPVX(X"_k)\/lgl?fq |GV |y
< Y B (X k)] GV Y B W (Yay)]
0<k<p 1<k<q
<2 Y B [W(Xank)]
0<k<pVq
where we used that VU(Unfk) = VU(T(Yn,k)) = Vy(Yn,k) and Ez [Vy(Yn,k)] =
Ez [GVy(Xn,k)] S |GVY|VX Ez [VX(ank)L which is valid for n — k Z 0. NOW,
by (3.8), for any A € (0,1), we can find m € Z>o and M > 0 such that
E, [W(Xm—r)] <AV (2)+M)/(2(pVq)) for 0 < k <pVgq. Hence R™"V < AV +
for 8 = M. O

We now proceed with Step 3.
Lemma 14. (A-3), (A-4) and (A-7) imply (E-3).

Proof. We separate the proof in two cases: first we assume (A-7)(a) and secondly,
we assume (A-7)(b).

Case 1: Assume (A-T)(a). In this case, we pick yo € Y as in (A-7)(a) Set
yr = yo and ur = Y(yo) for all k¥ € Z>o. By Lemma 18, we have that

Y (Yo ) (2) = VP (up.n)(2) converges to the same x, in X, for all z € Z. Now set
Zoo = (Toos -+, Toos L(W0), -+, L(yo)) € Z. Then, for any z € Z, by (4.5) and (3.6),
for any § > 0, there exists m € Z~ such that §z(ze0, ¥ (y0.m)(2)) < § and thus

R (2:{2' € Z:02(200,2") < 0}) 2 Po(Zins1 = ¥ (o) (2))
>P(Yi =yo, Vk €{0,...,m})

= H G (¥ (o) (2); {wo}) -
k=0
By (A-7) (a) and (3.10), we have G?(z;{yo}) > 0 for all # € X, and we conclude
that 2z is a reachable point.

Case 2: Assume (A-7)(b). Since (U, dy) is assumed to be separable in (A-3), there
exists ug € U such that

(4.16) forall § >0, v({yeY:du(ug, T(y)) <d})>0.

For any u € U and any integers k < [, in the following, we denote by [u]x; the
constant sequence uy.; in U=*+1 defined by u; =ufor all k < j <I. By Lemma 18,
we have that 9% ([uo]o.n)(z) converges to the same 2., in X, for all z € Z. And
by (4.1), setting zeo = (Too, - - - » Too, U0, - - - , Up) € Z, we have that, for all z € Z,

m— 00

(4.17) lim U2 ([ugloim)(2) = lim Wy, 0---0 Wug(z) = 2o in Z.
m—r oo N — —
m times

Now pick z € Z and § > 0. By (4.17), we can choose an integer m such that

62(2007 \p9<[u0]0:m>(z)) < 5/2 .
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Moreover, using (A-7) (b) and (4.1), we have that, for any m € Zsq, ug.m +—
WO (ug.m)(2) is continuous on U™T!. Hence there exists & > 0 such that,
for all yo.m € Y™ Su(ug, T(yx)) < & for all 0 < k < m implies
02 (U ([uo]o:m) (2), BT+ (0. ))(2)) < 6/2, which with the previous display
gives that

YO <k <m, 8uluo, T(yr)) <8 = 8z(200, P(XE D (55,))(2)) <6 .
Thus we have
R (2 {2 1 82(200, ) < 0}) > P (80 (0, Y(Vi)) < &, 0 < k < m).
Applying (4.6) and then (4.16) with (3.10), we have, for all £ > 1,

P (8u(uo, T(Y2)) < &'|F¢) = G*(IL,, (Ze) s {y = du(uo, T(y)) < 8'}) > 0

It follows that for all £ = m,m —1,...,1, conditioning on Fy, P,(du(uo, T (Yi)) <
8, 0 <k < {) =0 implies P,(du(uo, Y (Yz)) < ¢’, 0 < k < £—1) = 0. Since
P, (6u(uo, Y (Vo)) < ') = G(I1,, (2);{y : du(uo, Y(y)) < &'}) > 0, we conclude
that R™*1 (25 {2 : §2(200,2) < 6}) > 0 and 2 is a reachable point. O

We now proceed with Step 4. Let us define @ = oo II¥?. By (3.6) and (3.13),
we have W > Wx o II$? and 8z > dx o I15?. Hence (4.10) follows from (A-8)(iii).
Condition (4.11) directly follows from (A-8)(ii) and the definition of W in (3.13).

We now proceed with Step 5.

Lemma 15. Let o : X2 — [0, 1] be a measurable function and G be a Markov kernel
on X2 x Y satisfying (A-8)(i) and define the Markov kernel R on (Z2, Z%?) by

(4.18) /fo\11®2 G (IIF%(v); dy) .

Then one can define a Markov kernel R on (Z2 x {0,1}, 292 @ P({0,1})) which
satisfies (4.12) and (4.13).

Proof. We first define a probability kernel H from Z2 to Y®2@P({0,1}) Let (z,2') €
Z? and set x = II,, (2) and 2’ = II,, (2'). We define H((z,2');-) as the distribution
of (Y, Y, €) drawn as follows. We first draw a random variable Y taking values in Y
with distribution G(z,’;-). Then we define (Y,Y”,€) by separating the two cases,
alz,z’) =1 and a(z,2') < 1.

- Suppose first that «(z,z’) = 1. Then by (A-8)(i), we have G(z;-) =
G(z';-) = G(x,2';-). In this case, we set (Y,Y",¢) = (Y,Y,1).

- Suppose mnow that a(z,2’) < 1. Then, usmg (3.12), the
functions (1 — afz,2")7 ! [g(z;) — a(z,2')g(z,2’;-)] and (1 —
oz, 2)) 7t [g(@'s+) — oz, 2 )g(x, 2’5 -)]  are probablhty density func-
tions with respect to v and we draw A and A’ according to these two
density functions, respectively. We then draw e in {0, 1} with mean «(z, z')
and, assuming Y, A, A’ and € to be independent, we set
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One can easily check that the kernel H satisfies the following marginal conditions,
for all (z,2') € Z? and B € Y,

H((z,2");BxY x{0,1}) = G(11, (2); B),

H((z,2");Y x B x {0,1}) = G(II,, (') ; B),
Define the Markov kernel R on (Z% x {0,1}, 292 @ P({0,1})) by setting for all
(2,2',u) € 22 x {0,1} and A € 292 ® P({0,1}),

R((z,7,u); A) = /1,4 (Uy(2), Uy (2),u1) H((2,2");dy dy’ duy).
Then (4.19) and (4.9) immediately gives (4.12). To conclude the proof we
check (4.13). We have, for all v = (2,2',u) € Z2 x {0,1} and A € 292
R(v; Ax {1}) = E 14 (Ty(Y), ¥y (V) Lie=1y]

where Y and € are independent and distributed according to G(II$?(z, 2');-) and

a Bernoulli distribution with mean @(z, ). This, and the definition of R in (4.18)
lead to (4.13). O

(4.19)

In order to achieve Step 6, we rely on the following result which is an adaption
of [13, Lemma 9].

Lemma 16. Assume that there exists (0, D1,£) € (0,1) X R>g X Zs¢ such that for
all (z,2') € 72,

(4.20) R((z,2); {07 < D167(z,2)}) = 1,
(4.21) RY((2,2): {67 < 002(z,2")}) =1,
and that W : Z? — Rsq satisfies

1 A'n.
(4.22) lim limsup — In sup F'W(v) <0,

(50 nooo M pezz WS(v) —
Then, (4.14) and (4.15) hold.

Proof. Note that (4.20) implies, for any non-negative measurable function f on Z2,
R(67 % f) < Dy (az x Rf) and (4.21) implies RY(67 x f) < 0(dz x R'f). Hence
for all n > 1, writing n = k€ 4+ r, where r € {0,...,£ — 1} and k € Z>, we get,

setting p/ = o'/¢,

R™(87 x f) < DI o* (52 x R"f) <(AvDIY) et (52 x R"f) :
Taking f = 1, we get (4.14) for any p € [p,1). To obtain (4.15), we take f = W
and observe that (4.22) implies that, for any 6 > 1, there exists ¢ > 0 such that

sup(R"W/W¢) = O(6™). Choosing § small enough to make p'd < 1, we get (4.15)
with p =6, (¢ =1 and (= (. O
We finally conclude Step 6. By Lemma 16, it remains to check Conditions (4.20)
and (4.21), and (4.22). For all £ > 1, we have R’ (v; {¥ (y1.0)®%(v) : y1.0 € Y}) = 1.
Using (4.7), we thus get
RZ <’U;6Z < 62(’0) <1{é<q} v (Epr)I}ra,<Xm<ELipm>) =1 )
and (4.20) and (4.21) both follow from (A-4).
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We now check (4.22). By (4.18) (3.11) and (3.13), for all n > ¢ and v € Z?,
R"W (v) can be written as

WY (Yo—r) VW (Y, )

~n . A, li
R"W (v) = E, Olélkai(pWX(Xn—kaank) élffq IGWr Ly,
X Wy (Yo—k) + Wr (Y, _
< Z E, | Wx(Xp—g, X, _1) + Vito ) MLEEY
0<k< Gl
<k<pVq
<3 Z E, (Wx(Xp—r, X5_1)]
0<k<pVq
where we used, for n — k > 0, E,[Wy(Yer)] = E, (W] =

E, [QWy(Xn,k,X;_k)]. We directly get that (iv) implies (4.22). As for the two
conditions in (v), the first one implies that, for any p € (0, 1), there exists m > 0
and S > 0 such that R™W < pW + B, and the second one that there exists 7 > 1
and C' > 0 such that "W < CWT for all r = 0,...,m — 1. Combining the two
previous bounds, we obtain, for all n = mk +r with k € Z>o and 0 <r < m,

R'W < p"R'W 4+ B/(1—p) < p"CW™ +B/(1—p) < Cu W™,

where Cp, is a positive constant, not depending on n. Hence we obtain (4.22) and
the proof is concluded.

4.3. Proof of Theorem 10. We apply [16, Theorem 1] to the embedded
ODM(1,1) with hidden variable space Z derived in Section 4.1. Note that our condi-
tions (A-1) and (A-2) yield their condition (A-1) and (A-2) on the embedded model
with

V(z) = max{Vx(zg): 1 <k <p}, z=m1pH€X.

Let us briefly check that (B-2), (B-3) and (B-4) in [16] hold. Conditions (B-2)
and (B-3) correspond to our (B-1) and (B-2), noting, for the latter one, that wy‘g
here corresponds to the W defined in (4.2), inherited from the embedding. As
for (B-4) in [16], we have that (B-4)(i) and (B-4)(ii) corresponds to our (B-3)(i)
and (B-3)(ii), but with X; in (B-4) replaced by Z; = XP~1 x X; x Y¢~1 with the
latter Xy as in (B-3). Also our condition (A-4), by Lemma 17 and (4.7) imply (B-
4)(iii) for some g € (0,1) by setting 9)(z) = Cdz(z1,2) for some C > 0. This
1 is locally bounded, hence (B-4)(iv) holds. Condition (B-4)(v) follows (up to a
multiplicative constant) from (B-3)(iii) by observing that, () has constant first p
entries and constant ¢ — 1 last entries,

B = (0x(al’. v/ () () v u (. T (w) -

The remaining conditions (vi), (vii) and (viii) of (B-2) follow directly from (3.16),
(v) and (vi) in (B-3). All the conditions of [16, Theorem 1] are checked and this
result gives that, for all 8,60, € ©, P*-a.s., p’(y|Y_oc:0) defined as in (3.1) is well
defined for all y € Y, that, if § = 0,, it is the density of Y7 given Y_ .o with respect
to v, and also that the MLE ézﬁ),n satisfies (3.3) with ©* defined by (3.2). Finally,
by [15, Theorem 3], we also obtain that ©* = [f,] and the proof is concluded.
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4.4. Proof of Theorem 4. We prove (i), (ii) and (iii) successively.

Proof of (i). We apply Theorem 8 with Vi(z) = e7l#I for some arbitrary 7 > 0.
Note that Remark 2(1) give (I-1), which, by Remark 6(2), gives (A-4). Remark 6(5)
gives (A-5), and (A-7)(a) is trivial in this example. Hence, it only remains to show
that (A-6), and (A-8) hold.

We start with (A-6), with Vi (z) = 7 |*|. We can further set Vi;(u) = 7 I*l, hence
W (y) = e7!m0+9)| and, by Lemma 19, we then have GV4 (z) < 2e(1+#+)7 50 that
|GV |y, < 2e7. With these definitions, (3.9) leads to
(4.23) Vi(z) > (2e7) 7" e Il ze”Z,

where |z|s denotes the max norm of z € RPT4~1. Now, to bound E,[Vx(X,,)] as n
grows, we see Vx(X,,) as e"MZn)l with the specific A = II, and, for any linear form
A on Z, we look for a recursion relation applying to

E, [er\x(zl)q ) |:eT|5\z(ln(l+V))|j| ,

where V ~ P(e»(2)) and, for all z = (T(—pt1):0, Y(—g+1):(—1))5 X, : R — R is defined
by

(4.24) Az (Y0) = M (—pr2):0, Y (Y0) (2), Y(—q+1):(~1) Yo) -

Observing that A, is an affine function, of the form X, (y) = Yo + dy, we can apply
Lemma 19 with ¢ = z¢ (and the trivial bound || V |9g + 94| < [Fo| V [P0 + 9¢])
and obtain that

E, [efu(zl)q < Cer(|Ao@<o>(z)|v|Ao@<1>(z)|) <c eT|Ao@<o>(z)| +eT|Ao®<1>(z)| :

where we set ¢ = 2¢7t and, for w = 0,1 and all z € Z, W (w)(z) is defined by
U (w)(2) = (T(_pt2):0s T1,Y(—g+2):—1,Y0) With

Topyr =1 (2) for 1<k<p,

Yogii =pyi(2) for 1<k<gq,

up=wxreg and uj_p="TV(y1-x) for 1<k<gq,

p q
xr, = E ap T1—k + E br ug .
k=1 k=1

Defining for all w = wg.p_1 € {0,1}", U(w) = U (w,_1) o... ¥{we), we get

(4.25) E k(X)) <em Y Mot
we{0,1}m™
Now observe that, for all w = wpmiq—1 € {0,1}""9, we can define II, o

~

W (wo.(r4-q—1))(2) as Ty 44 obtained by adding to the previous recursive equations,
for1<k<n+ag,

P q
up = wrrr and T4 = E aj The1—j + E bj up1—5 -
j=1 j=1

Note that, in this recursion, we can replace upyi1—; by Wrpt1—jTr+1—; for k +
1 —j > 0, hence z4(n4q) satisfies the recursion (2.13) and it follows that
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~

I, o W (wo:(n4q—1))(2) can be expressed as

¢<wq:(n+q71)> ((HP(EQH (‘I’ <w0:(ql)+>(z))>l<é<pvq) .
Hence Condition (2.14) implies that, for all z € Z,
lim sup{‘Hp o W(w)(z)‘ tw € {0, 1}”} =0.

By linearity of z — U (w)(z), it follows that
(4.26) lim sup {|z|;01 ‘H,, o U (w)(2)

cw e {0,1}", zeZ\{O}}:o.
Hence using (4.25), we finally obtain for a positive sequence {p,, : n € Z>¢},
E,[Vx(X,)] < (20)" e P2l with  lim p, =0,
n—oo

which, with (4.23), leads to, for all z € Z and M > 0,
E, [VX (Xn)]
M+ V(z)

Let C' > 0 be arbitrarily chosen. Using the first term and the second term in this

min for |z]oc < C and |z|e > C respectively, we get that, for any n such that
pn <1,

< (200" min (M Ver o lele (267) 7! o lon D el )

lim sup sup 71& [V (Xn)]
M—oco z€eZ M+V(Z)

Using that {p, : n € Z>o} converges to 0, this holds for n large enough and we
get (3.8), and (A-6) holds.
We now turn to the proof of (A-8). We can apply Lemma 9 with C =R = X and

S = {1}, p being the Dirac mass at point 1. For all (z,y) € X x Y, let j(z) = e~
ez(cu—l)

and h(z;u) = Ter—nr» Which h satisfies (H'-1). Hence Lemma 9 gives that (A-8)(i)
and (3.14) hold with

< (20)" (2e7) ' em P DC 4085 C — 0.

zva'

—e ’

/ / / /
a(az,az)zm:e and oz, z’) =z AN, x,x € X.
e
Now for all z, 2’ € X, we have
’
—|e*—e® ’ ’
1—a(r,z’)=1-¢ | < e —e? | < el gz — 2|

We thus obtain (A-8)(iii) by setting Wx (z,2) = e/*IVI#'|  and (A-8)(ii) also follows
by setting Wy (y) = el¥l. Since Wy is Viy with 7 = 1, we already saw that GWy () <
2e!t7+ hence |Wy o ¢|WX < 2e, and (3.13) leads to, for all z, 2’ in Z,

(4.27) W(z,2') > (2¢) tel#lVIZle |

It now remains to prove either (A-8)(iv) or (A-8)(v), which both involve
E. [Wx(Xy, X},)]. We proceed as previously when we bounded E. [e7A(ZVI]. Let
7 > 1. For any linear function \ : Z2 — Z2, we have, for all v = (z, 2/) € Z2,

k&, efwzl)\vwz;)\} <R, {ermzl)\} + R, {ermz;)\}

:E[eflizan(lwm] +]E{ef|xz,<m<1+v>>|} ,
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where V' ~ P(e‘bon?z(”)) and )\, is defined by (4.24). By definition of ¢ above,
we have ¢ o IT9?(v) < I, (2) 11, (2'). Hence Lemma 19 with ¢ = ¢ o II$?(v) and
¢’ = II, (z) and II, (2) successively, we obtain, similarly as before for bounding
E. [e"*(Z)I] ] that for all v = (2, 2') € Z2,

R, {ef<|x<zl>|vu<21>\>} <e % oT| AW (w) (=)

z2"=z,z' w=0,1

(428) < 2c Z eT(|>\o\fl(w)(z)|\/|)\o(f/<w>(z’)|) -

w=0,1
Taking A = II,,, and observing that II, o T (w) is a linear form for w = 0, 1, we get,
setting co = max,—o,1 5up|,|_<; [1, o W(w)(z)], for all v = (2, 2') € Z?,
(4.29) By, (Wi (X1, X))] < dee™ Pl with [v]ae := [2]oo V |2]os -

Thus, with (4.27), the second condition of (A-8)(v) holds with 7 = 7(¢o V 1). To
conclude, it is now sufficient to show that the first condition of (A-8)(v) also holds.
Iterating (4.28) and taking 7 = 1 and A = II,,, we thus get, for all n € Z>( and
v=(z,2") €Z?

B I X0 = B, [
< (4¢)"™ max {e'HPO‘T’<w>(z)|V|HP°@<w>(Z/)| rw € {0, 1}”} :

Applying (4.26) and (4.27), we get that, for all v € Z2,

(20) e(pn—1>v|oo} ,

Ey [Wx (X, X7,)]
M+ W (v)
where {p, : n € Z>o} is a positive sequence converging to 0. We now proceed
as for proving (A-6) previously: the first term in the min tends to 0 as M — oo
uniformly over |v|o, < C for any C' > 0, while, if p, < 1, the second one tends to
zero as |v|o — 0o. Hence, for n large enough, we have

ePn |'U‘oo

< (4¢)™ min {

E, [WX(Xmelz)]

li =0
Mk ey M+ W (0) ’
and (A-8)(v) follows, which concludes the proof. O

Proof of (ii). We apply Theorem 10. We have already shown that (A-4), (A-1)
and (A-2) hold in the proof of Assertion (i), with Vi(z) = e”1*! for any 7 > 0.
Assumptions (B-1) and (B-2) obviously hold for the log-linear Poisson GARCH
model (see Remark 7 for the second one). It now only remains to show that, using
Vx as above, (B-3) is also satisfied. We set X; = X which trivially satisfies (B-3)(i).
Condition (B-3)(ii) is also immediate (see Remark 8). Next, we look for an adequate
$, h and C > 0 so that (iii) (iv) (v) and (vi) hold in (B-3). We have, for all § € ©
and (z,2',y) € R? X Z>o,

V'

[Ing? (z;9) —Ing? (2/s9)| < [z — 2’| ™" y

w—wgi) \% m/—;ﬂgi)

<l|z—2 o et

We thus set h(u) = et u, C = 1 and ¢(y) = A + By for some adequate non-
negative A and B so that (iii) (using Remark 7 and Y(y) = In(1 + y) < y), (iv)
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and (v) follow. Then we have G?¢(x) < A + Be® < Vi, provided that we chose
7 > 1. This gives (vi) and thus (B-3) holds true, which concludes the proof. O

Proof of (iii). We apply [17, Theorem 17] in which:

- Condition (A-1) corresponds to our assumption (A-1) shown in Point (i)
above;
- Condition (L-3) corresponds to checking that

(4.30) /ln+(ln(1 + ) 79 (dy) < 0o .

We already checked that GV& < Vi with W& (y) = (1 + y)7, implying
J(1 4 y)" 7% (dy) < co. Hence (4.30) holds.
- Condition (SL-1) is the same as our Condition (I-1), which were already
proved for showing Point (i) above;
- Conditions (SL-2) and (SL-3) are immediately checked for the Log Poisson
Garch model;
- Condition (SL-4) is directly assumed in (iii);
Thus [17, Theorem 17] gives that [0,] reduced to {f,} and Assertion (iii) follows
from (ii). O

4.5. Proof of Theorem 5. We prove (i), (ii) and (iii) successively. We take v is
the counting measure on Zx>( so that we have

(131) o) = D () ()

y!T(r) \1+= 1+

Proof of (i). As for the Log-linear Poisson Garch(p,q), we apply Theorem 8 this
time with Vx(z) = x. Note that, since ag,bx > 0 for all k, Condition (2.20) implies
> h_1 ar < 1, which implies (I-1) and thus (A-4) by Remark 6(2). Also as for the log-
linear Poisson Garch(p, q) case, Remark 6(5) gives (A-5), and (A-7)(a) is trivially
satisfied. Hence, again, we only have to show that (A-6), and (A-8) hold. Here T is
the identity mapping.

We start with (A-6), with Vx(x) = 2. We can further set Vi (y) = y since, we
then have GV& (z) = rVx(z) so that [GV¥ |y, = 7. With these definitions, (3.9) leads
to

(4.32) V(z)> (147" 2lee, z€Z.

On the other hand, we have that, for all z = (2(_p41).0, U(—g11):(—1) € Z = Rg’gq_l
and alln =1,2,..., -

B [Vx(Xn)] = Eo[Xp] =w+ Y axBEo[Xn k] + > bkE.[Ve 4] ,
k=1 k=1

where, in the right-hand side of this equation, if n — k < 0, E,[X,,_x] should be
replaced by x,_; and if n — k < —1, E,[Y,,_x] should be replaced by u,_j. By
definition of G, E,[Y,_x] = rE,[X,_k]. Hence, denoting z,, = E.[X,,] we get that
the sequence {zy : k € Z>o} satisfies the recursion

pVq

wn=w+zcwu—k, n>pVag,
k=1
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where here ¢, = ar+r by >0fork=1,...,pAq, cx = ar if g <k < pand ¢, = rb,
if p < k < q. Moreover we can clearly find a constant C' only depending on 6 such
that |21, (pvq) |Oo < C(1+ |z|oo). Then applying Lemma 20 and (4.32), we get that
there exists C’ > 0 and p € (0,1) such that, for all n > 1,

E:[Xnp1] <Cp" (1+V(2)) .

Condition (A-6) follows.
We conclude with the proof of (A-8). Let us apply Lemma 9 with C = (0,00) = X
and S = {1}, p being the Dirac mass at point 1, j(x) = (14 z)~" and h(x;y) =

y
1‘;('}-1;3)) (ﬁ) , which satisfies (H'-1). This leads to « and ¢ satisfying (A-8)(i) and

(3.14) by setting, for all z,2" € R>¢

1+zAz

W) and ¢($,$1) :J,'/\.’I]/.
VT

a(z,2') = (

Next, for all (z,2") € Z2, we have

L+zna’\"
1- N=1-[—"") <(1 -
a(z,z") <1+;v\/x’) <(1vr)|e—a
We thus obtain (A-8)(iii) by setting Wx(z,2’) = (1 V r). All the other conditions
of (A-8) are trivially satisfied in this case, taking Wy = 1. 0

Proof of (ii). We apply Theorem 10. We have already shown that (A-4), (A-1)
and (A-2) hold in the proof of Assertion (i), with Vx(x) = x. Assumption (B-1)
follows from (4.31), and (B-2) from Remark 7. It now only remains to show that,
using Vx as above, (B-3) is also satisfied.

Since © is compact, we can find w > 0 and 7 € Z>¢ such that w > w and r <7
for all § = (w,a1.p,b1:q,7) € ©. We set X; = [w, 00) which then satisfies (B-3)(i).
Condition (B-3)(ii) follows from Remark 8.

Next, we look for an adequate ¢, h and C' > 0 so that (iii) (iv) (v) and (vi) hold
in (B-3). For all € ©, (z,2') € X; and y € Z>(, we have

[(r +y)In(1 +2') —In(1 + )] + y[Inz — In2']|
<[+ +w) +yw ] -2
<[F4+2ywl] |z -2

Ing°(z;y) —Ing® (s y)|

We set C' =0, h(s) = s and ¢(y) = A+ By for some adequate non-negative A and
B so that (iii) (using Remark 7 and Y(y) = y), (iv) and (v) follow. Then we have
G’In" ¢(z) < A+ Bra < Vx. This gives (vi) and thus (B-3) holds true, which
concludes the proof. O

Proof of (iii). The proof of this point is similar to the proof of Theorem 4(iii) in
Section 4.4, except that Condition (4.30) is replaced by

(4.33) / In* (|y]) & (dy) < oo .

We already checked that G’V < Vi with V& (y) = y, implying [y nd(dy) < oc.

~

Hence (4.33) holds and the proof is concluded. O
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4.6. Proof of Theorem 7. The following remark about Assumption (L-4) will be
useful.

Remark 10. If the Markov kernel L admits a kernel density ¢ with respect to some
measure vy, on Borel sets of R™ as in (L-1), then

dryv(L(E, ). L / 06 €7) — ((€:€7)] m(de”)
—1- / (UEE") NEE")) m(de”) .

It follows that Assumption (L-4) is equivalent to assuming that there exist a measur-
able function ay, : R?" — [0, 1] and a Markov kernel L on (R")? x B(R") dominated
by v, with kernel density £ (£,£';€") such that

(a) for all (¢£,&,€") € R3",

068" neEE") > an(€, €L, €5¢").
(b) there exists a constant M > 1 such that for all (¢, &) € R?",

1—ay(§¢) < Mlig-¢|.
Obviously these two conditions imply (L-4). To see the converse implica-
tion, take ar(£,&) = [p (UEE)ALEE"))  vn(dE”) and L(E,€5E7)
(&) N Le(E5€") Jan(&.€).

Proof of (i). As explained in Example 3, the PARX model can be cast into a
VLODM(p, ¢) and, to prove ergodicity, we can thus apply Theorem 8. Hence we
now need to check Conditions (A-3), (A-4), (A-5), (A-6), (A-7) and (A-8). (A-3)
always hold for a VLODM. (A-4) follows from (2.22) by Assertion (i) in Lemma 21.

Let us check (A-5), by first verifying (3.7). Using the definition of the kernel G
(we drop @ from the notation G? since it does not depend on #) in Example 3 b),
and using (L-1), G admits a kernel density g wrt v := vz, ®vr,, with vz, denoting
the counting measure on Zx, given by - -

y o

(130 g(@mp) =06, (@9)= (08, (1) €Xx V.

We set, for (z,7') = ((x,€), (2',€")) € X2

(4.35) ox(z,2') = |z — 2’| + ||I§ = €|

According to assumption (L-1)(ii), there exists 6 > 0 such that

Jor supje/—¢j<s P(5§")vn(d€”) < oo. Thus, using the expression of g given
in (4.34),

S [ s (gl(a! € ) 8@’ (2.)) < 8} (")
y=0

< Ze—wﬂs (x +0)Y /W Hg/sup {n(g';€") (g,

= y! —¢ll<s
< [ s {W(EEne) <o,
R™ || =<6

which shows (3.7). Since L is weak-Feller by (L-2), (A-5)-(b) holds, and finally (A-5)
is satisfied.
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We now turn to checking (A-6). Define

VY(yvé.) =Wo T(yag) = VU(y7f1(§)5 EER fd(g)vg) =y+ VL(&))
Vx(z,€) = + V1(8).
Then, using (L-3)-(iv) with n = 1 and h = W,

GVY(:E 5): I—I—LVL(f) < I—I—CQVL(f)—I—?T(VL)
Vx z+Vi(§) ~ z + VL(§)
so that GV& < V. Moreover, {Vx < M} is compact for any M > 0, and so is

{(W < M} since {W. < M} is compact for any M > 0 by (L-3)-(ii). To complete
the proof of (A-6), it only remains to check (3.8). Recall that in this model, Uy =
(Yz, f1(Zt), ..., fa(Zt),Z¢). Noting that for all z € Z = XP x U171 E,[V;] = E.[X{]

(see (2.21)), we have, using (L-3),

<1V (Co)+ (W),

p q
E.[Xn] =E: |w+ Y aiXn i+ biYni| +L"(£)(E 1)
i=1 =1

p q
<wt+ Y aB X+ Y BE[X, )
=1 =1

+ Co" |f'Y|VL VL(E_l) + WL(fV) .

Defining ¢; as in Assertion (ii) of Lemma 21, we write this inequality as
(4.36) E.[Xn] Sw+ Y 6B [Xn ] + Co™ [£]y, Vipiq(2) + mL(fy).

Similarly, we have
E. [Vx(Xn, En-1)] = E:[Xn] + L"(VL)(E-1)
(4.37) <E.[X,] + Co"Vu(p1q(2)) + 7 (V).

Combining (4.36) and (4.37) yields that, for any € > 0, we can find M large enough

such that, with V' defined by (3.9), and setting
Ez [VX(Xnu En—l)]
n =S5 , € Z>o,
T MV

we have, for all n € Z~¢, un, € R>g and

pVq 1
Uy < Zciun_i + Co" |GVY|VX + €
i=1
Thus, since p < 1, for n large enough,
pVy

Uy < E Cillp—; + € .
=1

It follows that, for any € > 0,

E,[Vx(Xn, En_
limsup lim sup V(X Zn)] < limsup u,, < ;\/,
n—oo M—00 ;7 M + V(Z) n—00 1- Zf:il Ci

where, in the second inequality, we used Lemma 20 with Assertion (ii) of Lemma 21.
We thus get (3.8).
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Let us now check (A-7). From (L-1) (i) and (4.34), we have (3.10). Since (A-7)-(b)
always holds for a VLODM, we obtain (A-7).
To complete the proof, it remains to check (A-8). In what follows, we set for

(@,7") = ((#,€), (2',¢)) € X* and § = (y,£") €Y,

/ (e AN )Y
(4.38)  a(z, @) =e " "lay (&, ¢), g@ @y =e " %E(&é’;ﬁ”) :
where oy, is given by Remark 10 and take for Wy : X2 — [1,00) and Wy : U —
R>¢ the constant functions equal to M, where M is the constant that appears in
Assumption (L-4) and Remark 10(b). - -
Using (4.34), we have, for all (z,7') = ((z,£), (z/,¢')) € X? and § = (y,£") €Y,
. o o, ove (@ AZY
winfo(@:9).9(5)} 2 e E b ) Anie'e”)
(x Aa')Y
y!
> a(z,2)g(z, 7' y),

where o and g are defined in (4.38). Then (A-8)-(i) holds. Moreover, since Wx and
Wy are constants, (A-8)-(ii) trivially holds. We now turn to (A-8)-(iii). By (4.38),
for all (z,7z') = ((z,€), (2/,&)) € X2,

> e~ |z—a'| e—m/\m'

ar(§, €)L& €5 ¢7)

1—a@ @) =1-c " lag(&¢) <1+ (M ¢ - ¢ - 1)
(4.39) <1—e e g — &) < M(lw -2/ + 1€ =€),

where in the last inequality we have used 1 — e 1*=%'l < |z — 2| < M|z — x
Plugging the definition of dx given in (4.35) into (4.39) shows (A-8)-(iii). Since W
and Wy are constants, we obtain that W defined in (A-8) is also constant and
therefore any of the two conditions (A-8)-(iv) or (A-8)-(v) trivially holds.

We have thus checked all the assumptions of Theorem 8 for the VLODM of
Example 3 and this concludes the proof of Assertion (i). O

'

Proof of (ii). We apply Theorem 10. We have already shown that (A-4), (A-1)
and (A-2) hold in the proof of Assertion (i), with Vx(z, &) = z+ VL (€). Using (4.34)
and the assumption (L-5)(i), we get (B-1) (here g does not depend on 6). Assump-
tion (B-2) always holds for a VLODM.

To conclude the proof of (ii), it thus remains to check (B-3). Since © is compact,
we can find w > 0 such that w > w for all § = (w,a1.p, b1:g,71:¢) € O. Then we
set X; = [w,00) x R" which is a closed subset of X and for which (B-3)(i) holds
(with Y replaced by Y and X; by X; since we deal with Example 3). (B-3)(ii) holds
as an immediate consequence of (4.34) and (L-5)(ii). In the VLODM case, to meet
(B-3)(iii), it suffices to have

¢(y7§)200(1+y+”§”)7 yEZZf)u §€RT7
where ¢ is a positive constant only depending on z(). In the following, we choose
(4.40)  G(y,&) == (V) (1+(AVw™) y+6Ll)) , yE€Zso, EER,

which, with (L-5)(iii), guaranties that the previous inequality holds, and thus
(B-3)(iii) is verified.
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Let Z,7 € X; and § € Y, that is Z = (z,¢) and 2’ = (2/,¢’) with 2,2 € [w, 00)
and £,¢ € R",, and § = (y,&") with y € Z>¢ and £” € R", we have, by (4.34),
- V(&€
’m g(fc/, ) o (6/7 3 ,/)
9('; ) 0(€5¢")
By (L-5)(iv) and using that |In(z/2")| < w™!|z — 2'|, we obtain that

’§|x—x’|+y‘ln2/ —i—‘l
x

i S < o (14 7))o CHEMED Gy 7).
9(z';7)

Thus (B-3)(iv) holds with ¢ defined as in (4.40) and for some well chosen ¢; > 0

only depending on z®

(4.41) h(u) =c¢; (u+hp(v)) and C=CL

Obviously (B-3)(v) is then satisfied. We now observe that, with G given by
Example 3 b) and ¢ given by (4.40), for all z € R>g and £ € R", we have

Gln™ ¢](z,€) < (1Ve) + (1Vw™) x4+ L™ ¢r)(€) ,
Go(2,6) < (1Ve) (1+ (IVw™) 2+ Len(€)) ,
where, in the first inequality, we used that In™ (1 + (1 \/g_l) Y+ oL (f)) <

(1vw™) y + InT(¢r(€)). By (L-3)(iv) we have LVL < Vi and thus (L-5)(vi)
implies L[ln+ (JBL] 5 LVL 5 VL if CL = 0 and LQZT)L ,S LVL 5 VL otherwise.

The previous display with (L-5)(vi) yields (B-3)(vi) with C' = Cr. (Recall that
Vx(z,§) =z + VL(£))- O

Proof of (ii). To obtain (iii) from Assertion (ii) we only need to have that [6,]
reduced to the singleton {6, } for all §, € ©. To prove this, we use [17, Section 5.5] (or
[18, Thorem 18]), where it is proved under Assumption (L-6) and other assumptions
named (A’-1), (L-1) and (L-3) which, in our setting here, respectively correspond
to (A-1), (I-1) and to having, for all § € ©,

d
(4.42) E° lanr <Y0 + ) fil(E0) + IIEoH)
k=1

We have already shown in Assertion (i) that (A-1) and (I-1) hold, and also (A-2)
with Vi (z, &) = z + VL(€), which yield that, for all § € ©, E? [ X + VL.(2_1)] < oo,
and thus

(4.43) E? [Yo + Vi (Z0)] < oo .
Using that, for all y € Z>¢ and £ € R",

d d
In* <y +> f(©+ ||§||> <In (1 +HIEN+ D fl©) +y>
k=1

k=1

< 0.

d
<Y A©+y+m(+el)
k=1

we get that (4.42) follows from (4.43), (L-3)(iii) and the fact that In (14 |- ||) <

In™ ¢, < V4, as a consequence of (L-5)(iii) and (vi), respectively. This concludes the
proof of Assertion (iii) of Theorem 7. O
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5. USEFUL LEMMAS

The following result is used in the proof of Theorem 10. It is proven in [18,
Lemma 19].

Lemma 17. (A-4) implies that for all 6 € ©, there exists C > 0 and p € (0,1)
such that LipfI < C p" for alln € Zso.

A byproduct of Lemma 17 is the following result, which is used in the proof of
Lemma 14.

Lemma 18. Suppose that (A-3) and (A-4) hold. Let 0 € © and up € U and set
ur = ug for all k € Z>o. Then there exists oo € X such that for all z € Z

V0 (ugen ) (2) converges to xoo as n — oo in (X, dx).

J

Proof. Let z,2’ in Z. Denote, for all n € Zwg, 2, = ¥%{uon)(2) and Z, =
Y% (ug.n,)(2"). Then, for all n € Z,

(5.1) Ox(xn, &) < Lip? 87 (2,7) ,
(5.2) Ox(Tns1,zn) < Lip? 87 (z @30(3)) :

where W is defined in (4.1). By Lemma 17, the right-hand side in (5.2) is decreasing
geometrically fast and x,, converges to a point 1. (yo) which does not depend on
z by (5.1). O

The following lemma is used in the proof of Theorem 4.
Lemma 19. Let ¢ € R. Then, for all 99 € R and € R, if U ~ P(QC)’ then
(5.3) E[(1 + U)?] < e(+¢) 9+
(5.4) E[el?ot? I+l < 9e?+ gldolVIdo+d 4|
(5.5) < 2e"+ el PVIPAI L for all (1> ¢

Proof. We separate the proof of (5.3) in three different cases by specifying the
bound (5.3) in each case.

Case 1 For all ¥ < 0, we have E[(1 +U)?] < 1.
Case 2 For all ¥ > 0 and ¢ < 0, we have E[(1+ U)?] < e”.
Case 3 For all ¥ > 0 and ¢ > 0, we have E[(1 + U)?] < e”e¢?.

The bound in Case 1 is obvious. The bound in Case 2 follows from
]E[(l + U)ﬂ] S ]E I:e’L?U} — eCC(ﬁfl) .

Finally, the bound in Case 3 follows from the following inequalities, valid for all
¥ >0and ¢ >0,

E [6_419(1 + U)ﬂ} <E {(1 + e—CU)ﬂ} <E {eﬂeng} _ 664(1967(—1) < 619 )
Hence we get (5.3).
Let us now prove (5.4). Observe that
E[e|190+191n(1+U)\] < E[e190+191n(1+U)] —|—E[67190719 1n(1+U)]
— ME[(1+ U)?) + ¢ PE[(1 + U)7).
Then using (5.3), we get
Efe!?0 70O < 2¢7 exp [(do + (¢0)+) V (Yo + (¢0)-)]
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We conclude (5.4) and (5.5) by observing that, for all a,b € R, (a+by)V(—a+b_) =
aV(a+b)V(—a)V(—a—>)=la|V|a+Dbl. O

The two following lemmas are straightforward and their proofs are thus omitted.
They are used in the proofs of Theorem 5 and Theorem 7, respectively.

Lemma 20. Let r be a positive integer and (w,c1..) € R, Let {xy, : k € Z>o}
be a sequence satisfying

r
Tp =w+ E CkTp—k, N2=2T,
k=1

Suppose that the polynomial P(z) = 1=, _, cxz"* has no roots in {z € C: |z| < 1}.
Then there exist p <1 and C > 0 such that, for all n € Z>,

|xn —w/P(1)] < Cp™ (1 + max(|zol,..., |z —1]) .

Lemma 21. For any ai,...,ap,b1,...,bqy € R>g, Condition (2.22) implies the first
and is equivalent to the second following assertions.

(i) The polynomial z — 1 — >, aiz_i has no roots in {z € C: |z| <1}.

(ii) The polynomial z +— 1 —>"""7¢;2% has no roots in {z € C: |z| < 1} where
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