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Cut-off phenomenon for Ornstein-Uhlenbeck
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Abstract

In this paper, we study the cut-off phenomenon under the total variation distance
of d-dimensional Ornstein-Uhlenbeck processes which are driven by Lévy processes.
That is to say, under the total variation distance, there is an abrupt convergence of
the aforementioned process to its equilibrium, i.e. limiting distribution. Despite that
the limiting distribution is not explicit, its distributional properties allow us to deduce
that a profile function always exists in the reversible cases and it may exist in the
non-reversible cases under suitable conditions on the limiting distribution. The cut-off
phenomena for the average and superposition processes are also determined.
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1 Introduction

The term cut-off phenomenon was introduced by Aldous and Diaconis [1] in the early
eighties to describe the phenomenon of drastic convergence to the equilibrium of Markov
chains models related to card shuffling. Although the cut-off phenomenon has mostly
been discussed in the literature for Markov chains with finite state space, it makes
perfect sense in the general context of Markov processes having limiting distribution.
To be more precise, let us consider (X9, ¢ > 0) a parametrised family of stochastic
processes such that for each ¢ > 0, the process X(¢) possesses a limiting distribution,
here denoted by u(é). Roughly speaking the cut-off phenomenon refers to the following
asymptotic behaviour: as e decreases, a suitable distance between the laws of Xt(e) and
the corresponding limiting distribution ;(¢) converges to a step function centered at
deterministic times ¢°%t. In other words, the function e — t¢"* is such that the distance is
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asymptotically maximal for times smaller than ¢S4 — o(¢¢%*) and asymptotically zero for
times larger than ¢<"* 4 o(t"t).

Limiting distributions of stochastic processes are an important feature in probability
theory and mathematical physics; and typically they are not so easy to describe explicitly.
The cut-off phenomenon can be used to simulate such limiting distributions. More
precisely, the cut-off time {¢"* determines the steps needed to converge to the limiting
distribution within an acceptable error (this will be discussed in more detail below). Also,
the cut-off phenomenon can be used to understand more complicated phenomena which
are important in mathematical physics such as metastability (see for instance Barrera et
al. [8, 9]).

For an introduction to the subject in the Markov chain setting, we refer to Diaconis
[15], Martinez and Ycart [27] and the monograph of Levin et al. [25]. We also refer
to Saloff-Coste [29] for a review of random walks where such phenomenon appears.
Chen and Saloff-Coste [13] considered the cut-off phenomenon for some ergodic Markov
processes such as Brownian motions on a compact Riemann manifold and k-regular ex-
pander graphs. Lachaud [23] and Barrera [4] considered the case of Ornstein-Uhlenbeck
processes driven by a Brownian motion and more recently Barrera and Jara (see [6, 7])
studied the case of random dynamical systems with coercive vector fields.

The authors in [6, 7] considered the following Langevin dynamics which are described
by the stochastic differential equation (SDE for short),

{0t - Foe v, o 2o .

X§) =29 € R4\ {0},

where ¢ > 0, which can be considered as the amplitude of the noise, F' is a strongly
coercive vector field with a unique asymptotically stable attractor at 0 and satisfying
an exponential growth condition; and (B;,¢ > 0) is a standard Brownian motion in
R¢. Under the above assumptions, such SDEs converge to their equilibrium and also
exhibits, under the total variation distance, the cut-off phenomenon. Moreover, in the
unidimensional case and assuming that the dynamics are given by a multi-well potential,
the cut-off phenomenon allows to describe the densities of the quasi-stationary measures
which are associated to the metastability phenomena (see Section 5 in [6] for further
details about this fact).

In this manuscript, we are interested in the cut-off phenomenon of Ornstein-Uhlenbeck
processes driven by Lévy processes (or OUL processes). The latter are defined as the
unique strong solution of the following SDE

{ dX,? = —QX{Ydt + Jeds, for t>0, (1.2)

X\ =2 € RY\ {0},

where @ is a d-squared real matrix whose eigenvalues have positive real parts, £ =
(&,t > 0) denotes a d-dimensional Lévy process and € > 0. Such class of processes
are also known as processes of the Ornstein-Uhlenbeck type, according to Sato and
Yamazato [32] terminology, or the Lévy driven case of a generalised Ornstein-Uhlenbeck
process, according to Kevei [20] and the references therein.

The study of this particular case is relevant for the understanding of the cut-off
and metastability phenomena of a wide class of SDEs driven by Lévy noises in R? and,
moreover, it also shows the complexity that brings to the problem the addition of a
Poisson jump structure with respect to the Brownian case. For instance, by replacing
the Brownian component by a Lévy process in (1.1) and since the vector field is strongly
coercive, a natural approach to deduce the cut-off phenomenon for the family of SDEs is
via a linearisation technique (similar to [6, 7]) and henceforth the Ornstein-Uhlenbeck

EJP 25 (2020), paper 15. http://www.imstat.org/ejp/
Page 2/33


https://doi.org/10.1214/20-EJP417
http://www.imstat.org/ejp/

Cut-off phenomenon for OU processes driven by Lévy processes

case is needed. Actually, this is the strategy that is used by the authors, together with M.
Hogele, in a forthcoming manuscript [5] where the non-linear case is studied. Moreover,
the jump structure may imply that the positive integers moments may not exist and even
exponential moments, a property which is strongly used in [6, 7]. This implies that the
strategy of the proof may change substantially with respect to the Brownian case and
new techniques and couplings are needed. On the other hand, under the absence of the
Brownian component, the transition functions of the SDEs may be quite irregular (this
will be discussed below), therefore some conditions on the jump structure of the Lévy
process are needed. We also note that in the Brownian case the transition functions and
the limiting distribution are Gaussian distributions and implicitly good bounds of the
total variation distance between them can be obtained. This property is strongly used in
the papers [6, 7], and is lost when a Poisson jump structure is added to the noise.

Under the assumption that the jump structure of the Lévy process £ has finite log-
moment, as well as some regularity conditions that we will specify below, we get the
cut-off phenomenon for the family of OUL (X(f), e > 0) where X (© satisfies (1.2). Both
conditions allow us to use a wide class of Lévy processes which include, in particular,
stable processes and Brownian motion. Moreover, we also provide conditions on the
limiting distribution for having the so-called profile cut-off, i.e. the abrupt convergence
is described by a deterministic function. For instance, this condition is full-filled for
symmetric distributions in the unidimensional case.

It is important to note that in [7] a necessary and sufficient condition is obtained
in order to get profile cut-off, something that seems not so easy to deduce when a
Poisson jump structure is added to the noise. Indeed the authors in [7] provided a
characterisation of the profile cut-off using the invariance property of the standard
Gaussian distribution by orthogonal matrices (see Lemma A.2 in [7]) and the upper
and lower semi-continuity property for the total variation distance between Gaussian
distributions (see Lemma A.6 in [7]). For tracking this issue, we impose an “invariance”
type condition and provide an alternative proof that does not rely on explicit computations
of the total variation distance.

Finally, we are also interested on the cut-off phenomenon for the superposition and
the average processes of OUL. For the superposition process of OUL, profile cut-off is also
obtained and the profile function is given in terms of a self-decomposable distribution.
Motivated by the work of Lachaud [23], we study the cut-off phenomenon for the average
process of OUL under the assumption that the driving Lévy process is stable and prove
that there is profile cut-off with an explicit profile function, cut-off time and window
cut-off.

2 Preliminaries and main results

2.1 Cut-off phenomenon

Before we introduce the concept of cut-off formally, let us recall the notion of the total
variation distance which will be our reference distance between probability distributions.
Given two probability measures P and @ which are defined in the same measurable
space (€2, F), the total variation distance between P and Q is given by

[P = Qllpy := sup [P(A) — Q(A)].
AeF

For simplicity, in the case of two random variables X and Y defined on the same
probability space (Q2, F,IP) we use the following notation for its total variation distance,

X = Yllpy = 1£(X) = L)l py »
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where £(X) and £(Y') denote the law under PP of the random variables X and Y, respec-
tively. For a complete understanding of the total variation distance (normalised or not
normalised), we refer to Chapter 2 of the monograph of Kulik [22].

According to Barrera and Ycart [10], the cut-off phenomenon can be expressed at
three increasingly sharp levels.

Definition 2.1. The family (X(9) ¢ > 0) possesses
i) cut-off at times (t.,e > 0), if t. goes to oo accordingly as e goes to 0 and

1 if 0<e<]l,
lim d©) (ct.) =

e—0

0 if c>1.
ii) window cut-off at ((t.,we),e > 0), if t. goes to co when € goes to 0, w. = o(t.), and

lim liminfd®(t. + cw)) =1  and lim limsup d'® (. + cw.) = 0.
c—>—00 €—0 =00 40
iii) profile cut-off at ((te, w) ,e > 0) with profile function G, ift. goes to co when € goes
to 0, w. = o (t¢),

G(c) == lim d'9 (¢, + cw,)
e—0
is well-defined for all ¢ € R and satisfies

lim G(c)=1 and lim G(¢) = 0.
c—r— 00 c— 00

Observe that the cut-off times and the windows cut-off are deterministic and both
may depend on the starting state of the process. Implicitly, the distance d(¢) (t) also may
depend on the starting state. Moreover, the cut-off times and windows cut-off may not
be unique but, up to an equivalence relation, they are (see [27] for further details). On
the other hand, there are not to many examples where the profile can be determined
explicitly, specially under the total variation distance. Actually explicit profiles are
usually out of reach and normally only windows cut-off can be hoped for.

The cut-off phenomenon, under the total variation distance, is naturally associated
to a switching phenomenon, i.e., all/nothing or 1/0 behaviour but it has the drawback
of being used with other meanings in statistical mechanics and theoretical physics.
Alternative names are threshold phenomenon and abrupt convergence (see Barrera et al.
[9]). The cut-off phenomenon can be also interpreted as a mixing time (see for instance
Lubetzky and Sly [26] and/or Chapter 18 of [25]) or as a hitting time (see for instance
[27]). Both interpretations are equivalent for the total variation distance and separation
distance, see Barrera and Ycart [10] and the references therein.

Let us exemplify the relevance of the cut-off phenomenon by the following simple and
well-known example. Imagine that we would like to sample a probability distribution
by a Markov Chain Monte Carlo method using an ergodic Markov chain that has the
desired distribution as its limiting distribution. Usually, it is not so difficult to construct
such Markov chain with the given properties. The more difficult problem is to determine
how many steps are needed to converge to the limiting distribution within an acceptable
error. The cut-off phenomenon, in this setting, implies that there exists an asymptotically
optimal sufficient running time, here denoted by T, which is asymptotically equivalent
to the cut-off time t.. Moreover, if there is a cut-off time ¢, with window size w,, then
one gets the more precise result, that is to say, that the optimal running time 7, should
satisfy |T. — t.| = O(we) as € goes to 0. The crucial point here is that, if there is a cut-off,
these relations hold for any desired fixed admissible error size whereas, if there is no
cutoff, the optimal sufficient running time 7, depends greatly of the desired admissible
error size. For further details we refer [13].

EJP 25 (2020), paper 15. http://www.imstat.org/ejp/
Page 4/33


https://doi.org/10.1214/20-EJP417
http://www.imstat.org/ejp/

Cut-off phenomenon for OU processes driven by Lévy processes

2.2 The Ornstein-Uhlenbeck process and its invariant distribution

Similarly to the diffusive case, OUL have been widely studied since they appear
in many areas of applied probability. This family of processes appears as a natural
continuous time generalisation of random recurrence equations, as shown by de Haan
and Karandikar [14] and has applications in mathematical finance (see for instance
Kluppelberg et al. [21] and Yor [35]), risk theory (see for instance Gjessing and Paulsen
[18]), mathematical physics (see for instance Garbaczewski and Olkiewicz [17]) and
random dynamical systems (see for instance Friedman [16]). From the distributional
point of view, they have attracted a lot of attention since the limiting distribution,
whenever it exists, satisfies an operator self-decomposability property which in the
unidimensional case turns out to be the so-called self-decomposability property, see
for instance Sato and Yamazato [32] for further details. Actually, any operator self-
decomposable distribution can be determined as the equilibrium distribution of an OUL,
see for instance Sato and Yamazato [32] and Sato [30, 31] for the self-decomposable
case.

Let d > 1 and & = (&,t > 0) be a R%valued Lévy process, that is to say a cadlag
process with independent and stationary increments, whose law, starting from z € R?,
is denoted by P,, with the understanding that P, = IP. We also let | - | and (:,-) be the
Euclidean norm and the standard inner product in R?, respectively.

It is well known that the law of any Lévy process is characterised by its one-time
transition probabilities. In particular, for all z € R¢, we have

E{euz.m} _ ),

where the characteristic exponent v satisfies the so-called Lévy-Khintchine formula

P(z) = —%(z, Yz) +i{a, z) +/

. (e“z’x) -1- i<z7x>1{‘z|§1}> v(dz),

a € R?, ¥ is a d-squared symmetric non-negative definite matrix and v is a measure on
R4\ {0} satisfying the integrability condition

/ (1A [z)?) v(dz) < occ.
Rd

We take € > 0 and recall that the associated OUL X () is the unique strong solution of

the following linear SDE in R¢ given by

X9 = —Qxdt + Jed¢,  for t>0, 2.1
Xéé) = Zo 7é 0, .

where @ is a d-squared real matrix whose eigenvalues has positive real parts. For
simplicity, we denote the latter class of matrices by M™(d). If the matrix @ is symmetric,
we say that the process (2.1) is reversible since the vector field F'(z) = Qx can be written
as the transpose of the gradient for the quadratic form V(z) = 27 Qz/2, which can be
thought as potential energy. Here, 27 denotes the transpose of the vector . When the
matrix @ is non-symmetric, we say that the process (2.1) is non-reversible. It is important
to note that when we perturb a symmetric matrix, typically it becomes non-symmetric, in
other words and roughly speaking, most of the matrices on M™(d) are non-symmetric.
The SDE (2.1) can be rewritten as

t
X\ = e Ry + \/E/ e 799¢,  for t>0.
0
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We denote by P, for its law starting from z,. It is known (see for instance Theorem
3.1 in Sato and Yamazato [32]) that the latter is an homogeneous Markov process with
transition function P\ (zo, B) = P, (X € B), for B € B(RY), satisfying

t
/ VP (2, dy) :exp{i<xge_tQT7)\>+ / wwe—sQTA)ds} AR,
Re 0

where Q7 denotes the matrix transpose of Q.
By straightforward computations, we deduce that the transition function Pge) (z0,-) is

infinitely divisible with generating triple (af), EEG), z/t(e)) given by

t t
EEE) = e/ efSQEefsQTds, ufff)(B) = / v(Vee*®B)ds  for B e B(RY),
0 0

t t
agf) = e—thO + \ﬁ/ e_SQadS —+ \/E ., V(dy)/ e_sz (1{‘\/€ef‘sz|§1} — 1{|y|§1}) ds,
0 R 0

where e*?B = {y € R? : y = ¢*?z,x € B} (see for instance Theorem 3.1 in [32]).
Moreover, according to Masuda [28], the process has a transition density which is
infinitely differentiable and bounded (i.e. belongs to C;°) if the rank(X) = d or the Lévy
measure v satisfies Orey-Masuda’s condition, that is to say, if there exist constants
a € (0,2) and ¢ > 0 such that

(v, 2)|?v(dz) > clv]*~®  for any v € R¢ with |v| > 1. (2.2)
{z:l(v,2)|<1}

A weaker assumption, on the Lévy measure v, for the transition density being infinitely
differentiable and bounded appears in Bodnarchuk and Kulyk [11, 12]. Indeed, according
to Theorem 1 in [12] if

1

) zeigv?df—l /}Rd ((z,€>2 A r2>u(dz) — o0 asrgoestoO, (2.3)

where $7~! denotes the unit sphere in R?, then the transition density belongs to Cye.
Actually in the one dimensional case, the following condition

1

- m /]R (22 A r2)1/(dz) — 00 as r goes to 0, (2.4)

turns out to be a necessary and sufficient for the transition density being in C;*° (see
Theorem 1 in [11]). We also point out that the previous condition differs from the
so-called Kallenberg’s condition, i.e.

1 T
/ 2?v(dz) - oo asr goesto 0, (2.5)

C2In(r) /.,

which is a necessary condition for the density of the Lévy process £ being in C;° (see
Section 5 in Kallenberg [19]). Indeed, the Lévy measure v = > ., ndi/n satisfies
(2.4) but not Kallenberg’s condition. Actually for such example, we have the following
unexpected behaviour which is that the distribution of the Lévy process £ is singular but
the transition density of its associated OUL process is in C;° (see Example 1 in [12]). In
other words, the drift given by the dynamics (2.1) may provide enough regularity to the
transitions even if the distribution of the noise is singular.

It seems that we cannot expect a weaker condition for the transition density being in
Cy° than (2.3), since according to Bodnarchuk and Kulyk [12], the following condition

T 2I() sesin /R (=02 Ar°)0(d2) w00 asrgoeston, (2.6)
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is necessary for the existence of a bounded continuous density.

Before we introduce the invariant distribution of the process X (9, we recall the
notion of self-decomposability operator of a distribution on R?. Let Q € M™*(d), then an
infinitely divisible distribution 1 on R? is called Q-self-decomposable if there exists a
probability distribution 7, ¢ such that, for each ¢t > 0,

A0\ = / ¢ u(dz) =i (9N (h),  AERY
IR‘d

where 7, denotes the characteristic function or Fourier transform of 7, ¢. An infinitely
divisible distribution x on R? which is Q-self-decomposable for some Q € M7 (d) is
called operator self-decomposable. If d = 1, then the operator self-decomposability
property reduces to self-decomposability. It is important to note that the support of any
Q-self-decomposable distribution is unbounded except for delta distributions (see for
instance Corollary 24.4 in Sato [30]).
In the sequel, we assume that the Lévy processes ¢ satisfies the following log-moment
condition
E[loga v |51|)} < 0, 2.7)

where a V b denotes the maximum between the numbers a and b, which is equivalent to

/ log |z|v(dz) < oo,
Dg

where D, := {z € R?: |z| <7}, forr > 0, and D¢ := R?\ D, (see Theorem 25.3 in Sato
[30]). The log-moment condition (2.7) is necessary and sufficient for the existence of a
stationary distribution for the process X (¢), here denoted by u(f), and it satisfies

oo
/]Rd ') (9 (d) = exp {/ w(\/ge_sQT)\) ds} ) e R4,
0

see for instance Theorems 4.1 and 4.2 in [32] (or Theorem 17.5 in [30] for the case
Q@ = qlq for ¢ > 0 and where 14 denotes the identity matrix). Moreover, the distribution
u(e) is Q-self-decomposable which is determined by a triple (agfo), o-c(;), Vc(xi)) given by
ol = V@t ﬁ/d V(dy)/ ey (L yee—say<1y — Liyi<1y) ds,
R 0
and
) = e/ e_SQZe_SQTds, v9(B) :/ v(Vee*'®B)ds  for B e B(R?).
0 0

In fact, Theorem 4.1 in [32] determines the class of all of )-self-decomposable distribu-
tions as the class of all possible invariant distributions of OUL. According to Yamazato
[34] if (©) is non-degenerate then (¢ is absolutely continuous with respect to the
Lebesgue measure on R?. However, not so much information about the regularity of the
density can be found in the literature, up to our knowledge. In the one dimensional case,
the distribution () is self-decomposable and, if it is non-degenerate, then it is absolutely
continuous with respect to the Lebesgue measure and its density is increasing on (—oo, p)
and decreasing on (g, c0), where p € R is known as the mode (see for instance Theorem
53.1 in [30]).

Computing explicitly the density of the invariant distribution ;(¢) is rather complicated
even in the one dimensional case but in some specific examples we can say something
about it. For instance, if the Lévy process ¢ admits a continuous density and x(¢) has
a smooth density then the latter can be determined explicitly, see Remark 2.3 in [28].
In the case when ¢ is a subordinator with finite jump measure (i.e. v(0,00) < o0), the
asymptotic behaviour of its density near 0 can be established (see for instance Theorem
53.6 in [30]).
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2.3 Main results

Recall that d(°)(¢) denotes the total variation distance between the distribution of
X!9 and its invariant distribution 4(°), that is to say

d(t) = HXF) —x©

for t>0,
TV

where ng) denotes the limit distribution of X (¢ whose law is given by p(©).

We also introduce the Lévy process &7 as follows 55 =& —at, for t > 0, and its
associated exponential functional I* = (If,t > 0) which is defined by

t
IE:/ e~ (=9Rq¢t  for t>0.
0

We observe that its limiting distribution is well-defined under the log-moment condition
(2.7), here denoted by I% . We also denote by ui the distribution of If, for t > 0, and pd,
the distribution of I . For the sequel, we assume that for any ¢ > 0,

o~

(H) pf,(-) isintegrable and lim sup / |;;\ﬂ5(>\)|d>\:0,

R—o0 s>to(R)

where M denotes the characteristic function of ut, D% :=RI\ D 'r and to(R) is positive
and goes to co as R increases. The integrability condition on uht implies that I. 7, for
t > 0, has a continuous density f;(z) that goes to 0 as |z| goes to oo (see for instance
Proposition 28.1 in [30]). If the log-moment condition (2.7) also holds then Igo also has a
continuous densities fo(z) that goes to 0, as |z| goes to co. It is not so difficult to deduce
that the same property holds for the density of Xt(l) and its invariant distribution (1.
Indeed, the latter holds since If and Xt(l) differ only in the drift term and

‘,ﬁl\)()\)‘ < ‘/Iht(/\)‘ forany t >0,

where |z| denotes the modulus of z € C. For simplicity, we use the same notation between
the Euclidian norm and the modulus for the complex numbers. The second condition in
(H) guarantees the convergence, under the total variation distance, of If towards 1%, as
t increases.

Recall that the matrix @) belongs to M™(d), i.e. it has eigenvalues with positive real
part. The following lemma, whose general proof can be found in Barrera and Jara [7] (see
Lemma B.1) and we state it here for the sake of completeness, provides the asymptotic
behaviour of e~*?, for large ¢. Such asymptotic behaviour is necessary for determining
the cut-off times.

Lemma 2.2. Let Q € M™*(d). For any vy € R?\ {0} there exist v := v(z¢) > 0,
£ = Ll(xg),m := m(zg) € {1,...,d}, 01 := 01(x0),...,0m := On(xo) € [0,27) and v; :=
v1(20), - -, U := v (79) € C? linearly independent such that

t m
—tQ _ it0g
fli{[olo tf 1 € :L‘O Z € Uk

Moreover,

m m

0 < liminf 0k <l itk <
< im in Z Vi l?i:)gp Ze Vi Z\vﬂ
k=1 k=1 k=1
The numbers {\ + 0,k = 1,...,m} are eigenvalues of the matrix @) and the vectors

{vk,k =1,...,m} are elements of the Jordan decomposition of Q). For a better under-

standing of the asymptotic behaviour of e *? and its role, we provide the proof of Lemma
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2.2 in the case when all the eigenvalues of () are positive real numbers, see Proposition
A.4 in the Appendix.

Here we present the main result of this paper using the same notation as in the
previous lemma.

Theorem 2.3. Let Q € M™*(d) and o € R?\ {0}. Assume that the log-moment condition
(2.7) and (H) hold; and take 0 < € < 1 such that

= (29) tn () + — ! In(In(/e)) >0 and we:=~"'4o0.(1) >0, (2.8)

where lim o.(1) = 0, then
e—0

i) if 0, = 0 for every k € {1,...,m}, the family of OUL processes (X(9) ¢ > 0) has
profile cut-off with cut-off time t., time window w,. and profile function G, : R —
[0, 1] given by

Gy (€) = lim d'(t, + cw.) = H( 29)' " e~ v(xo) + I ) .y H
e—0

for every ¢ € R, where v(xg) := > .-, vx. In addition, the profile function G,
satisfies
lim G, (c)=1 and lim G,,(c) =0.

c——00 c—00

ii) if 6 # 0 for some k € {1,...,m}, the family of OUL processes (X9, ¢ > 0) has
window cut-off with cut-off time t. and time window w,.

Recall that the cut-off times ¢. and the windows cut-off w. depend on the initial
condition. We omit such dependence for simplicity of exp051t10n It i 1s also important
to note that when the initial condition z, = 0, we have X = /€ X Y for t > 0, and

oo = \fXOO . From Lemma A.1 part (ii) (see Appendix), we obtain

e -xel,

— 1) _ (1)

- HXt x( HW for ¢>0,
that is to say the cut-off phenomenon does not occur. Moreover, Lemma 2.2 does not
hold if g = 0. For that reason, we assume that zy # 0.

We also observe that the profile function GG,, when it exists, depends on the initial
condition x( and is given in terms of the total variation distance between two Q-self-
decomposable distributions that do not depend on the drift term of the underlying Lévy
process since such part is deterministic. The previous observation is very interesting
since most of the examples that appears in the literature (mainly for Markov chains such
as the random walk on the hypercube) that exhibits profile cut-off are given in terms of
the Gauss error function. Up to our knowledge, the only examples that exhibit profile
cut-off and do not fulfill the previous property are the top-to-random shuffle and the
transposition shuffle for which the important statistic is the number of fixed points which
behaves like a Poisson random variable, see Lacoin [24] and the references therein.

We also point-out that part (i) of our main result includes the case when () has real
eigenvalues which is easier to understand. Indeed, denote by 71 < 75 < --- < ~4 for
the eigenvalues associated to Q. If () is a symmetric matrix (or that the process (2.1) is
reversible) with different eigenvalues then we can characterise explicitly v, ¢ and v in a
very simple way using the celebrated Spectral Theorem. In other words, there exists an
orthonormal basis {v1, vs, . ..,vq} of R? for which

d
e Py = Ze_'“t<x0,vj>vj for ¢t>0.
j=1
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Define 7(zo) := min{k € {1,...,d} : (xo,vx) # 0} and take v = v,(y,). Then

d
e R = (T0, V7 (20)) Vr(20) T Z e_(W_'Y)t<x0,vj>vj for ¢t>0,
j=71(zo)+1

with the understanding that if 7(z() = d, then the second term of the right-hand side of
the above identity equals 0. Consequently,

tlgglo e 2 = (0, Vr(20))Vr(ag) € R\ {0}
If @ is still symmetric but some of the eigenvalues may repeat, the values of v,/ and v
can also be determined using the matrix diagonalisation method. For more details see
Proposition A.4, part (i) in the Appendix.

In the particular case when d = 1 and conditions (2.7) and (H) are satisfied, we
always have profile cut-off for the OUL process. Moreover, we have that (") and 1% are
self-decomposable (see Theorem 17.5 in [30]).

For a general Q € M™(d) and since part (ii) of Theorem 2.3 only implies window
cut-off for the family of OUL processes (X € e> 0), then a natural question arises: Are
there cases where profile cut-off exist for general Q? There is an affirmative answer to
this question which depends on the following invariance property,

o+ 1) = ol = (02 + 50) = Ly (2.9)

for any vy, vy € R? such that |v;| = |vg|.

Corollary 2.4. Let Q € M™*(d) and 2y € R?\ {0}. Assume that the log-moment condition
(2.7), (H) and the invariance property (2.9) hold and we take 0 < ¢ <« 1 such that t. and
w, are defined as in (2.8). If

m

E esz t’Uk»

k=1

is constant,

then there is profile cut-off for the family of OUL processes (X(9) e > 0).

We point out that the invariance property (2.9) is satisfied when the limiting distribu-
tion ,uio is isotropic, i.e. that it is invariant under orthogonal transformations. Examples
of isotropic distributions which are also self-decomposable are the standard Gaussian
and isotropic stable distributions.

The strategy to deduce our main result is as follows. We first introduce an auxiliary
metric which approximates the metric d(¢) quite well. The idea of using this auxiliary
metric comes from the Brownian setting where the distributions of Xt(e) and Xéf)) are
known and everything is much easier to control thanks to the good estimates that
one can deduce under the total variation distance. More precisely, both distributions
are Gaussian and the convergence of such auxiliary metric depend on the speed of
convergence of the mean of Xt(e) towards the mean of XC(;), under the total variation
distance. In the Lévy case such estimates are not available (even in the stable case)
and henceforth a new approach is needed. Indeed, we use Scheffé’s Lemma together
with Lemma 2.2 to study the behaviour of the auxiliary metric. Here is where the cut-off
times appear by analysing the drift term e~?’z, and using the scaling parameter /€ that
appears on the noise. Then to control the error term, we use the Fourier inversion of the
characteristic functions of Xt(e) and its invariant measure, together with Masuda-type
estimates as those used in [28].

The remainder of this paper is organised as follows. In section 3, the statements

of the cut-off phenomenon of the superposition and average processes are established.
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Section 4 provides few examples where the assumption (H) is fulfilled. Section 5 is
devoted to the proofs of the results of this paper. Finally, in the Appendix some tools that
we omit along this paper are established.

3 Further results

3.1 Superposition process

A simple and nice way to model observational processes that show significant depen-
dence over long time periods is by means of superposition of independent processes
with short-range dependence. In this setting, superposition of independent OU type
processes have provided flexible and analytically tractable parametric models, see for
instance Barndorff-Nielsen [3] and the references therein.

On the other hand the superposition of independent OU type processes, that we
consider here, can be associated with an example of a cylindrical OU process which is
defined in terms of an infinite-dimensional Langevin equation, see Section 7 in Apple-
baum [2] for further details. As it is noted in [2], infinite-dimensional processes arise
naturally in mathematical modelling through noise that is described as “superposition”
of independent real-valued Lévy processes.

In the sequel, we take the parameter ¢ > 0 and introduce (£(j), j > 1) a sequence of
independent real-valued Lévy processes which are not necessarily equally distributed.
For each j > 1, we assume that £) has characteristics (aj,05,m;) satisfying a; € R,
o; > 0and

/ (1A 2%)7(dz) < oo.
R

Similarly as before, for each j > 1, we also consider their associated OUL processes
X (¢7) which are defined by

Ax{*) = —y;x{Ddt 4 \fedg  for  t>0,
X5 =,

where v; > 0. Let m = (m;,j > 1) be a sequence of real positive numbers such that
>_j>1™; = 1 and define the superposition process X = (Xf), t > 0) as follows

X =3 mx) for t>0. (3.1)
j=1

We now introduce a series of assumptions that guarantee that the superposition
process x(©) is well-defined. We first assume that the initial configuration z := (x;,j > 1)
is m-integrable, that is to say,

> mjlzs] < 0. (3.2)
j=1
The next conditions guarantee that the drift and Gaussian terms of (3.1) are well-defined,
o] 1, o) m2-0"
3 milail oo and Yy < (3.3)
= i = Yi

For the jump structure of the process, some additional conditions are needed. Let us
assume that the Lévy measures (7;,j > 1) satisfies

Z —J/ 22m;(dz) < oo, Z —77@([—17 1]°) < oo, (3.4)
= Vi J(-1,1) = Vi
EJP 25 (2020), paper 15. http://www.imstat.org/ejp/
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and
— 1
Z —/ log |z|m;(dz) < oo. (3.5)
=1 Vi J-1,1]¢

Lemma 3.1. Let « := (z;,j > 1) be an initial configuration satisfying (3.2) and take
e > 0. We also assume that conditions (3.3), (3.4) and (3.5) are satisfied. Then the
superposition process (Xge)ﬂf > 0) is well-defined and has a limit distribution u(f’m) which
is independent of the initial configuration x. Moreover, ;(¢™) is self-decomposable with
characteristics

> m;a; > 7 ;
ageo,m) = \/EZ % + ﬁZmJ /ﬂ‘j(dl‘)/e_’h'éx (1{‘6—7jsx‘gl} — 1{‘m‘§1}) ds,
j=1 " j=1

R 0

and

2

olem) = Z 237J, m(&™(B) = Z/ mi(Vem;'e®B)ds  for B € B(R).
i —1J0
j=1

j=1

Since ;(“™ is a self-decomposable random variable on R then it is degenerated or
absolutely continuous with respect to the Lebesgue measure. As we mentioned before,
from Theorem 53.1 in [30] its density, when it exists, is unimodal. From Proposition 2.4
in [28] or Proposition 24.19 in [30], it follows that x(©™) is non-degenerate if and only if
the limit distribution of the process X (¢7) is non-degenerate for some j > 1.

For the main result in this section, we assume that the friction coefficients are
uniformly bounded away from 0. In other words, we assume uniform coercivity as
follows

there exists v > 0 such that v; > « for any j > 1. (3.6)

We also consider the sequence of Lévy process (£(57), j > 1) which is defined as follows:
foreach j > 1, §(h’j) has characteristics (070j, 7rj) satisfying (3.3), (3.4) and (3.5). For the
sequence (¢£(59)j > 1), we also introduce its associated functional /%™ = (If’m,t >0)
which is defined by

o} t
;" = Zmz‘/ e WIAg) - for 120,
=1 70

We observe that its limiting distribution I, Eg” is well-defined under conditions (3.3), (3.4)
and (3.5).
For every e > 0 and t > 0, define

d(e,m) (t) — nge) _ X((;,m)

)

TV

where y'5™ denotes the limiting distribution of x (¢ whose law is given by u(¢™).

Theorem 3.2. Let x := (z;,j > 1) be a initial configuration satisfying (3.2) and assume
that conditions (3.3), (3.4) and (3.5) hold. We also assume that there exist j > 1 such
that for any t > 0, the distribution of

789 ::/O (=) gg )

satisfies hypothesis (H), the coercivity condition (3.6) is fulfilled, J := {j > 1 :v; =

inf v} # 0 and 3 mjx; # 0. Then, the family (x'),¢ > 0) possesses profile cut-off
€ jeJ

EJP 25 (2020), paper 15. http://www.imstat.org/ejp/
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under the total variation distance when ¢ decreases to 0, with cut-off time and window
cut-off given by

1
te = % In (1/¢) and we := — + o(1),

where 4 := kin]% ~x. The profile function G ., : R — [0,1] is given by
€

Gym(c) = 251(1) dem™ (t. + cw,.) = e_cz;mjxj +I8m | - 1m
JE.

TV

for any c € R, and satisfies

lim Gim(c)=1 and lim G4 m(c) =0.

c——0o0 c— 00

3.2 Average process

Finally, we study the cut-off phenomenon for the average of OUL when the driving
process is a stable Lévy process. In the diffusive case, Lachaud [23] observed that the
average process satisfies window cut-off with the same cut-off and window times as
the sample of OU processes. The previous observation is quite surprising since the
sample process comprises a huge amount number of processes. As we will see below,
the average process of OU not only possesses cut-off and window cut-off but also has
profile cut-off.

Let us consider the sequence (¢,,n > 1) of strictly positive real numbers converging
to 0 accordingly as n increases. In what follows, we assume that the process ¢ is a
real-valued stable Lévy process with a linear drift a« € R, that is to say its characteristic
exponent 1), is given by

Yo (z) = iza — c|z|” (1 — i tan(wa/2)sgn(z)) for zeR, (3.7)

where a € (0,1) U (1,2], ¢ > 0 and g € [-1,1J or « = 1, 8 = 0 and we understand
Btan(mra/2) = 0.

We also consider the sequence of OUL processes ((Xt(e’”‘),t > 0),n > 1) such that
for each n > 1, X(») is defined as the unique strong solution of (2.1) with v := Q > 0
and initial condition Xée") =20 #0. Let ((Xt(e")’l, e ,Xt(e")’n),t > 0) be a sample of n
independent copies of X (¢»). For simplicity on exposition, we denote by (& W 1<j< n)
for the sequence of independent copies of the stable Lévy process £ which drives the
above sample of OUL.

For each n > 1, we define the average process A(™ := (A,E"),t > 0) as follows

n 1 " €n ),
A= H;Xt( T for  t>0. (3.8)

It is not so difficult to deduce that the uniform average process A satisfies the following
SDE
dA™ = —yAMdt + e dL™  for >0,

where L(™ := (L§")7 t > 0) is a stable Lévy process with drift such that

n 1 - i
LP;:EZ@() for t>0.
i=1
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It is straightforward to deduce that the characteristic exponent of L(™ is given by
wﬁ(n) (2) = iza — en*~%|2|* (1 — if tan(ra/2)sgn(z)) for zeR.

Since the stable Lévy process ¢ satisfies the log-moment condition (2.7) for « € (0, 2), the
average process A(™) has a limiting distribution, that we denote by Agf). On the other
hand, it is well known that the limiting distribution also exists when ¢ is a Brownian
motion with drift, i.e. when o = 2. In any case, the characteristic exponent of Af!o’) is as
follows

(n) - 1-a o/
Ya= (2) = iza\F I |2|% (1 — if tan(ma/2)sgn(z)) for zeR.
v a”y

For each n > 1, we also define the total variation distance between Ag") and its limiting
distribution by

d™(t) == HAE") — AW L, for t>0.

oo

Theorem 3.3. For x( # 0, the family of processes (A, n > 1) possesses profile cut-off
under the total variation distance, when n goes to oo, with cut-off time and window
cut-off given by

1 2—2/a 1
thi=—1In (n ), Wy, 1= — 4 0, (1).
2y €n 0

The profile function G : R — [0, 1] is given by

Gz, (C) = nh—>Héo datm (tn + Cwn) = ||(e_6$0 + Sa) - SuH’II‘V ’
for any b € R and where S, is a strictly stable distribution, i.e. it characteristic exponent
is given by 1, with a = 0. Moreover, it satisfies

Cl}r_noo Gy (c)=1 and nggc Gz, (c) =0.

It is important to note that the assumption that ¢ is a stable Lévy process with drift is
crucial in our arguments. Indeed, the dimension of the sampling and the cut-off times ¢,
in the distance d(™ are very strong related that without the scaling property seems to be
very difficult to deduce any limiting behaviour of d(™ (t). To be more precise the weak
limit of

tn
/ e_'Y(tn_S)dLgn)7
0

under the total variation distance needs to be well-understood.

4 Smoothness

In this section, we provide a few examples where condition (H) is satisfied. Moreover,
in all examples presented below the marginal distribution of the OUL process X () (and
the superposition process x(¢)), for any ¢ > 0, has a density in C, or C;°. Implicitly the
invariant distribution u(e) (similarly for u(eﬁm)) and the random variable I go (similarly for
I%™) have densities belonging to C; or C{°. For simplicity, we use the notation R(z) and
¥(z) for the real and imaginary part of any complex number z.

1. The first example that we consider here is the case when ¥ is positive definite, i.e.
the Lévy process £ has presence of a d-dimensional Brownian motion. In other words, the
matrix ¥ has full rank and implicity for any ¢t > 0, Xt(l) and If have densities belonging

EJP 25 (2020), paper 15. http://www.imstat.org/ejp/
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to Cp° (see Masuda [28]). Both distributions possess a Gaussian component which are
described by the covariance matrix

t
zt:/ e39%e=5Q"ds  for >0,
0

implying the integrability of the map A — |A[*|1%,())

, for any k£ nonnegative integer, and
implicitly the smoothness for the densities of Xt(l) and IE. Moreover, if the log-moment
condition (2.7) holds, then the same holds true for the limiting distributions ,u(l) and [ go
where the Gaussian component is described by the covariance matrix

Yoo = / e5Q¥e=5Q" gs.
0
In order to deduce the second part of condition (H), we first observe that the character-
istic exponent ¢ of the Lévy process ¢ satisfies
P(A) =O(A?)  as |A| = oo,

Since R(¥(A\)) < 0 for any A € R, there exist constants C' > 0 and R > 0 such that
R(p(N)) < —C|\|? for any |\| > L > 0.

On the other hand, recall that for any Q € M™(d) there are positive constants c;, ¢z,
c3 and ¢4 such that

cae™ N < e @A < ezemfA|  for t>0 and AeR? 4.1)

see for instance page 139 of Urbanik [33]. Hence, we take R > chL and introduce
to(R) :=c; ' In (£) > 0. Putting all the pieces together, we have for t > t,(R), that

~ t -
/ | (A)]dA = eXp{/ %(w(e‘sQ A)) ds}d/\
D, D3, 0
to(R) -
s/ exp{/ §R<¢(e—sQ /\)) ds} A
% 0
to(R) -
S/ exp{—C/ le5Q )\|2ds}d/\
)2 0

R
c2
= / eXp{—C4 (1 ~ e—262t0<R>) |)\2}d)\,
% 202

which implies the second part of condition (H).

2. The second case that we consider here is very similar to the previous example and
includes the so-called family of stable Lévy processes. Indeed, we suppose that there
exists « € (0,2) such that

R(p(A
lim sup ()

Aooo A

In other words, there exist constants C' > 0 and R > 0 such that R()(\)) < —C|A|* for
any |A\| > L > 0. Hence, for any ¢t > 0, we define L; = ¢; ' Le®** and deduce

B, Mldr = [ exp t é}%(w(e—sQTA)) ds b da
D D 0
< /D exp {—C/Ot |e_SQT)\|°‘d8} dX

< / exp {—CC4 (1 — e‘ac?t) |)\|O‘} dX.
D 262
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The previous integral is clearly finite and implicitly the smoothness for the densities of
Xt(l) and If is obtained. If the log-moment condition (2.7) holds, then the same holds
true for the limiting distributions x(!) and 1%, and implicitly, the smoothness for their
densities.

Using exactly the same arguments but with R > ¢; 'L and to(R) := ¢; ' In (£&) > 0,
we deduce for ¢t > to(R)

J,

which implies the second part of condition (H).

3. Our third case impose an Orey-Masuda or Kallenberg-Bornarchuk-Kulik type
condition on the jump structure of the Lévy process £. To be more precise, let us assume
that there exists a radial non-negative function « : R? — [0, 0o) satisfying

(e}

exp {_CC4 (]_ _ e—aczto(R)) A'a} dA,

[076%)

[ (V)]dA < /

c c
R DR

i) as a function of the radius, i.e. &(r) = k(v) if |v| = r > 0, it is non-decreasing,

ii) for any 5 > 0, we have

/ e PRy < oo,
D

c
1
iii) and

(z,0)?v(dz) > K(v) forany v € RY with |v] > 1. (4.3)

{z€R%:|{z,v)|<1}

The previous assumption on the Lévy measure v is an Orey-Masuda or Kallenberg-
Bornarchuk-Kulik type condition. Indeed, we observe that Orey-Masuda’s condition (2.2)
is fulfilled when x(v) = c|v|* with « € (0,2) and ¢ > 0. Similarly, Kallenberg’s condition
(2.5) and Bornarchuk-Kulik’s condition (2.6) are satisfied when x(v) = g(|v|) In(|v|) and g
is increasing and goes to oo, as |v| goes to co. It is important to note that our assumptions
does not seem to imply condition (2.3).

In order to prove that for any ¢ > 0, u5 possesses a density which is smooth, we first
observe that for any A € R¢

t 0T
exp {/ / (e“e Az o i(e*SQT)\, z>1{|z|<1}) V(dz)ds}‘ .
0 JRrd -
Recalling that 1 — cos(x) > (2/x—2)2? for |x| < 7, we deduce that for any A € R¢,
-~ t T
15, (N)] < exp {/ / cos ((e7°Q N\, 2)) —1 V(dz)ds}
0 J{l(z.em#@TN)|<m} ( ( ) )

t
<exp{ —2 / / (2,6 Mx)2p(d2)ds b .
0 J{|{z,e==R@T \)|<n}

Next, we take L; = Lwcgle@t, and observe that if |A\| > L and 0 < s < ¢, then \e‘SQT/\| >
7. Hence, using (4.3) together with (4.1) and the fact that £ is non-decreasing, we

(V)] <
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deduce

J,

—~ t -
Iu“t(A)\dAS/ cxp{—2/ / (z,e7°¢ /\/n)QV(dz)ds}d/\
Ds, 0 J{[{z,e==@TN)|<m}

¢
S/ exp{—2/ /@(|€SQT>\/7r|)ds}d/\
D, 0

L

< / exp { =2tk (cse™ m 7 A|) } dA
D

c
Lt

S/DC exp { =2tk (|A) } dA,

L

¢
Ly

which is integrable from our hypothesis. Similarly as in the previous cases, the latter
implies that the densities of Xt(l) and If, for ¢t > 0, belong to C,. Moreover, if the log-
moment condition (2.7) holds, then the same holds true for the limiting distributions ,u(l)
and 7% .

Using exactly the same arguments but with R > ¢;'r and to(R) := ¢; ' In (2£) > 0,
we deduce that for any ¢ > ¢y (R)

/ e NI = [ exp {=2to(R)s(cam e M|x)) Lan,
D

c c
R DR

which after change of variable and using our assumptions on «, allow us to deduce the
second part of condition (H).

5 Proofs

5.1 Preliminaries

From the so-called Lévy-It6 decomposition, we can express the Lévy processes
(&,t > 0) as the sum of two independent Lévy processes, in other words,

&i=at+VEB +&Y  for t>0,

where we recall that a € R, ¥ is a d-squared symmetric non-negative definite matrix,
VT is any matrix such that (vXz,vXz) = (2,%z2) for z € R%, B = (B,,t > 0) is a d-
dimensional Brownian motion and () = (ft(l), t > 0) is a pure jump Lévy process in R¢
which is independent of B. The latter implies that we can rewrite the solution of the
SDE (2.1) as follows

t

t
X9 = 7@z + \ﬁa/e_(t_s)st + \/E/e_(t_s)Qd(\/EBs +eM)y  for t>0.
0 0

Since ¢ = VIB, + @F”, for t > 0, we identify

t
I = / e TI(VEB, +¢Y)  for t20,
0

and for simplicity, we write Cy := (I —e*?) Q@ 'a, for t > 0. Then, we write X(© as
follows
X = e Qupg + eCy + VeI for t> 0.
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Assuming that ¢ satisfies the log-moment condition (2.7), then Xt(e) converges in distri-
bution to ng), as t goes to co. We recall that the law of Xég) is given by 1(¢) and observe

that it can be written as
= \/gcoo + \ﬁfgc

where %, denotes the limiting distribution of Ith as t increases. We also recall that 1%,
is @-self-decomposable and, if it is non-degenerate, then its distribution is absolutely
continuous with respect to the Lebesgue measure on RY (see Yamazato [34]).

Bearing all this in mind, in order to study how the process X () converges to its
equilibrium distribution x(¢) under the total variation distance, as t increases, we define
the auxiliary metric as follows

DOt H ( e Qrg + zgo> —I| (5.1)

TV

and introduce the error term
R(t) = H(C’Hrlf) —X;?HW, (5.2)

which does not depend on e.

Lemma 5.1. For any ¢ > 0 andt > 0, we have

’d(e)(t) - D<€>(t)’ < R(t). (5.3)
Proof. We first use the triangle inequality to deduce

d(t) < H (e*t%o - ng)) - x{
v (5.4)
+ H (e‘tho + VeCy + ﬁ[f) — (e‘tQaﬁo + Xfxi)) H
TV

On the one hand, from Lemma A.1 part (i), we see

e e i) - (s ), = (v vr) - 0

TV

Recalling that X () = /eCx + /€ It &, then from Lemma A.1 part (ii), we have

| (veci + vers) - x

_ b _
= H (Co+ 1) - (Cou + IEO)HTV = R(1).
On the other hand since X © =./e X , we apply Lemma A.1 part (iii) to deduce

1
= H(ﬁet%ﬁxg;)) - XU =DO@).

TV

(eftczro + X(e)) _X©

Putting all pieces together in inequality (5.4), allow us to get the following inequality
d9®t) < R(t)+ D) for t>0.
Similarly, we have
Dt) = [[(e™" Va0 + VeIL) = VeI |y
(679 + /eCoo + Vell) — X9 .
= R(t) +d°(1),

+ Hx&) ~ X

TV

where the first and the last identities follow from Lemma A.1 (parts (i), (ii) and (iii)); and
the second inequality follows from the triangle inequality. The desired result now follows
form both inequalities. O
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Therefore, our approach for proving the main result consists in determining the
cut-off phenomenon (window and/or profile respectively) for the auxiliary distance (5.1)
and that the error term (5.2) vanishes, as t goes to infinity. The latter, together with
inequality (5.3) implies the cut-off phenomenon for the distance d(® as we will see in
Subsection 5.3.

5.2 Auxiliary metric

For a better understanding of our arguments, we study separately the behaviour of
the auxiliary metric D(©). In order to do so, we use the asymptotic behaviour in Lemma
2.2,

Proposition 5.2. Let ) € M™(d). Using the same notation as in Lemma 2.2, we let
0 < € < 1 such that

foim (20 (V) + L (n (1)) > 0 and w. = 7 + 0u(1) > 0,

where lirré 0.(1) = 0. Moreover, if the density of the random variable I%_ is continuous
€E—r
almost everywhere with respect to the Lebesgue measure and

i) if0, =0 forevery k € {1,...,m}, then

lim DO (¢ + cw,) = [[((29)' e v(o) + 1) — L lpy +

for every ¢ € R, where v(z) :== > -, Uk,

ii) if 0, # 0 for some k € {1,...,m}, we have for each ¢ € R that there exists
subsequences (to + cwer, €’ > 0) of (t. + cw,, e > 0) such that
m
Ue(0) := lim eiltatewa)Ohy,  oxists,

e’ —0
k=1

and is different from the null vector; and moreover

lim D) (te + cwe) = ||((27)' e Be(wo) + %) — I |y, -

e’ —0

Proof. We first prove part (i). Let us define

R(€) L i h & 05t b
R (t) := \%e xo+ I | — evt\[Ze Mo + I8

)

TV

and

-1
(e 10t b _7h
D H(e”fze Kog + 1 ) 1%

Recalling the definition of the auxiliary metric in (5.1) and using the triangle inequality,
we deduce

TV

D) <

@ 1 m
(e’yf ZCZthvk_’_\[]’h > _ \E‘Z—go

-1 &
(e7"9zq + Vel’) ( Zew’“tv + Vel )

TV

_|_

TV
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We then apply Lemma A.1 part (iii) in order to deduce D()(t) < Rl )(t) + D (t). On the
other hand, using again the triangle inequality, we obtain

~ —tQ
D) < ‘ (6% +Igo) — I
Ve TV
t( 1 m ot ! tQ !
§ 10
" e =" el ( Ve S ) v

Similarly as before, we apply Lemma A.1 part (iii) and deduce D) (t) < R (t) + D (¢).
Putting all pieces together, we get

D@ - DI(1)] < BOw. (5.5)

Next, from Lemma A.1 part (i), we observe

. t571 e’ytefth m )
(€) _ 0o 0t b _ 78
R (t) - H (e,yt\/g ( -1 E et Uk) Ioo) Ioo
k=1

On the other hand, straightforward computations led us to

TV

i (te 4+ cw, )t te 7 tetewe)
im

e—0 \ﬁ

for any ¢ € R, which implies, together with Lemma 2.2, that

i (te + cwe)“l (ev(t5+cwf)e(tg+cw£)on _ ieiek(t£+cw5)vk> -0

= (2y) e, (5.6)

eg% e’y(te—&-cwf)\ﬁ (te +cw€)l—1 —

for every ¢ € R. Therefore, Scheffé’s Lemma allow us to deduce

lim R (t, + cw.) =0 for any ¢ € R. (5.7)

e—0

Since 6, = 0 for every k € {1,...,m}, Scheffé’s Lemma together with relation (5.6) imply
. (e o 1—¢ _—c b b
ggr(l)D( )(te + cw,) = | ((27) e v(xo) + IL) _IOOH’]I‘V’
for every ¢ € R. Using inequality (5.5) and Scheffé’s Lemma again, we deduce
. € _ 1-¢_—c b b —
EE)%D( )(t6+cw€) - |’((27) e v(x0)+loo) 7IDOH’II‘V *GIO(C)

for every ¢ € R. Finally, we use again Scheffé’s Lemma to derive lim G, (c) = 0. Using
cC— 00
Lemma A.3, we obtain hm G, (c) = 1. The proof of part (i) is now complete.

The proof of part (11) follows from similar arguments as those used above by taking a
subsequence (t. + cw.r, € > 0) of the sequence (¢, + cw,, ¢ > 0). Indeed, we first observe
that inequality (5.5) and the limit (5.7) always holds. On the one hand, we also observe
that

m

lim ) e s(teteway,  may not exist. (5.8)
e—0
k=1
On the other hand, from Lemma 2.2 we have
m
0< hm 1nf Zewktvk < lim sup Z erty,| < o0,
t— o0
k=1 k=1
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which allows us to deduce that the null vector is not in the basin of attraction which is
defined by

m
Bas := {v € R? : there exists a sequence (tj) Tooand lim Zei‘g’““ v = v} , (5.9
tj-)OO b1

and turns out to be not empty since the vectors {v;,k = 1,...,m} are linearly indepen-
dent.
Next, let D = limsup D) (t. 4+ cw.) and we take a subsequence (t. + cwe, € > 0) of
e—0
(te + cwe, e > 0) such that D = hmO D) (to + cwe ). We write
e —

m
v(t, o) = Z eOrtyy
k=1

m

and deduce |v(te + cwer, x0)| < D |vg| for any € > 0. By Bolzano-Weierstrass’ Theorem,
k=1

we get that there exists a subsequence (t.» + cwer, €’ > 0) of (te + cwer, € > 0) such that

limov(ten + cwer, z9) = U(x0) € Bas. From Scheffé’s Lemma, we get
e’ —

lim D) (e + cwen) = I ((27) e 0(zo) + I%) —

Jim, Lol

Since D = lim D) (ta + cwer), then

e’—0

lim sup D) (te + cwe) = H ((27)146_%@0) + I(Eo) - Igo

e (-

The proof of part (ii) is now complete. O

It is important to note that (5.8) breaks down the existence of a profile function and
only windows cut-off for the auxiliary distance D(® can be hoped. Indeed, from the
previous proof, we have deduced

limsup D (¢ + cwe) = || ((29)' e d(xo) + I%) — I || py - (5.10)
e—0
where 9(z() € Bas. Similarly, we can obtain
.. € o 1—4_ —cp By _ 7B
hmelngD( ) (te 4 cwe) = |((2y) e b(x0) + IZ,) IOOHTV, (5.11)

where 9(z() € Bas. Since lim e “0(xg) = 0, we use Scheffé’s Lemma and conclude
c—00

lim limsup D9 (¢, + cw,) = 0.

€0 0

By observing that lim |e °d(zg)| = oo, then Lemma A.3 implies
c——00

lim liminf D) (¢, 4+ cw.) = 1.

c——oo €—0

5.3 Proof of the main result
Proposition 5.3. Assume that the log-moment condition (2.7) and (H) hold. Then

lim R(t) = lim H(Ct +1f) - XQHW ~ 0.

t—o0 t—o0
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Proof. We first observe that X(%) has the same distribution as Co +1 go From the triangle
inequality, we have

(s ) X0, =5 8) @ #1602 - o

From our assumptions /7 has a continuous density and since 75lim C; = C, an applica-
— 00
tion of Scheffé’s Lemma allows us to deduce

Jim [[(Ce+ I5) = (Coo + I8 || py = 0-
It remains to prove
fim [[(Cor mt) - (€0 2], =0

which is equivalent, according to Lemma A.1 part (i), to
2], -
Jim ‘It |, =0

From our hypothesis, we have that I” has a continuous density f;(z) that goes to 0 as |z|
goes to co. Recalling that

\,Jhoc()\)| < |pr, (V)] for any ¢ > 0 and A € R,

we also deduce that % has a continuous density f.,(z) that goes to 0 as |z| goes to oo,
under our assumptions. By the Fourier inversion formula, we know, for Lebesgue almost
everywhere z € RY,

1
(2)"

1
(2’

@) = —= [ RO and o) = g [ eV

Therefore, for Lebesgue almost everywhere z € R¢,

[fe(x) = foo(@)] <

(27)? /,R 12 (0) = e (V)] .

If

lim
t—o00 Rd

() = 1o (V)] A =0, (5.12)

then tlim fi(x) = fs(x), for Lebesgue almost everywhere x € R?. Hence Scheffé’s
—00
Lemma allow us to deduce
lim ‘If _zgoH =0.
t—o00 ™V

In other words, the proof will be completed if we deduce (5.12). In order to do so, we
take R > 0 and introduce a strictly positive constant ¢o(R) that only depends on R. Thus,
we observe

A

for t > to(R), where we recall Dy = {z € R% : |z| < R} and D% = R?\ Dy. Since I
converges in distribution to I% as ¢ goes to infinity then 1?,(-) converges uniformly on

e () — oV dA (5.13)

) = | r = [ [0 = ] ar s [

c
R

compact sets to ut__(+) as t goes to infinity. Then, for any R > 0 we have

lim ],ﬁt(x)—,ﬁm@) d\ = 0.
Dgr

t—o00
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On the other hand for the second term in (5.13), we get, for any R > 0,

limsup/ 1E () — ﬁhm(A)] A < limsup/ Jut(x)‘ dA +/ ,Ihoo(x)] A,
t—oo JD$ t—oo JDg D,
Since for any ¢ > to(R) we have
[ frears [ fEojars s [l o]an
D, Dg, s>to(R) J D¢
we deduce
limsup/ 15 () — ,Ihm(A)’ AA<2 sup / QHS(A)’ A,
t—oo  JDg s>to(R) J D,
The latter inequality, together with our assumption (H), imply that as R increases,
timsup [ [ () = e )] dr =0,
t—o0 D¢,
and implicitly we obtain (5.12). The proof is now complete. O

At this stage, we have all the tools to prove Theorem 2.3.
Proof of Theorem 2.3. We first prove part (i). From Lemma 5.1, we have

d(e)(t6 + cwe) — D (te + cwe)

< R(te + cwe), (5.14)

and from Proposition 5.3, we know that liH(l) R(t. + cw) = 0, for any ¢ € R. On the other
(g
hand, from Proposition 5.2 part (i), we also know

lim DO (te + cwe) = [ ((27)' e v(wo) + IL) — I ||y

for any ¢ € R. Putting all pieces together in inequality (5.14), the desired result is
obtained.
Now, we prove part (ii). Recall from the equalities (5.10) and (5.11) that

lim inf D) (¢, + cwe) = [|((29)' e~ *0(z0) + %) — Lo lpy -

and

lim sup D9 (¢, + cw,) = ||((2’Y)17£€7017($0) + Igc) - Igo”qw’

e—0

where 9(zg), 9(z9) € Bas, and Bas denotes the basin of attraction which is defined in
(5.9). On the other hand since, for any c € R, liné R(te + cw.) = 0 (see Proposition 5.3),
e—

inequality (5.14) allow us to deduce

0 < liminf d')(t + cw,) < liminf D) (¢ + cwe) = ||((27)'~*e 0 (@0) + IL) — I& ||y »
e—0 e—0

and

H ((27)1756766(1’0) + Igo) - I(EOH’]FV = limsup D(E)(te + Cwe) < limsup d(g)(te + Cwe) <1
e—0

e—0

Using Scheffé’s Lemma, the following limit is obtained

lim lim '51f d(t. + cw.) = 0.

c— 00 €E—>

Finally, recalling that o(z¢) # 0 and using Lemma A.3, we get

m limsupd® (¢, + cw.) = 1,

li
c——00 e—0

which implies the statement in part (ii) of Theorem 2.3. This completes the proof. O
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Next, we prove Corollary 2.4.

Proof of Corollary 2.4. From the same arguments used in the proof of Theorem 2.3 part
(ii), we deduce

H((ny)l%e*c@(xo) + Igo) - IEOHT < lirninfd(e)(t€ + cwe)

< limsup d(®) (te + cwe) < H( 2y)" e () —|—I£o) _IEOH’ITV’

e—0

m .

where 9(z), 0(xo) € Bas, where Bas is defined in (5.9). Since | > e“’ktvk’ is constant,
k=1

we obtain that |0(zo)| = |0(z0)|,

(0o atm) + 1) = Iy = (@) e 000 + 12) ~ Eillpy
Therefore,

lim ) (tc + cw,) = [[((29)' e 0wo) + 1) = Ly

5.4 Proofs for the superposition process
Proof of Lemma 3.1. Let us first fix ¢ > 0. From the Lévy-I1t6 decomposition, for each
j > 1, we have

9 =ajt+ 7B + LY for t>0,

where BU) = (B,fj),t > 0) is a standard Brownian motion and L) = (Lij),t >0)isa
pure jump Lévy process which is independent of B(Y). Therefore, for each j > 1, we
deduce

1—e )

¢ ¢
Xt(e,j) = zje Wt 4 \@aj( + \/Eﬁ/e_Vj(t_‘g)ngj) + \@/e—vj(t—S)dng)7
0 0

J

for any t > 0. In other words, for each t > 0, the r.v. Xff) is well-defined if and only if

each term

t
0 1_ vt o .
> myzje " E m; e ), M=) mj\/@/e_”(t_s)dBﬁ”,
j=1 J=1 0

and
t

Ny = ij /e_w(t_s)dng),
j=1

0

are well-defined.
The finiteness of the first two terms is clear. Indeed, from condition (3.2), we have

o0 o0 oo
g mjxje it < E mjlz;le” 1t < E mjlzj| < oo for t>0.
=1 =1 =1

For the second term, we observe from the first condition of (3.3) that

- (1—et - m]|a’]| it - m;la;|
ij gz 67%)§27<OO for t>0.
=1 i =1 i
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For the continuous local martingale term M := (M;,t > 0), we use its quadratic variation
to deduce that M, is well-defined if and only if

0 2
Z %(1 —e 2t < 0.
=
The latter is finite if the second condition in (3.3) holds, implying the M; is well-defined
for any ¢t > 0.

Finally, we analyse the pure jump term. In order to deduce that the r.v. N;, which is
infinitely divisible, is well-defined for any ¢ > 0, we need to verify that its characteristic

function is also well-defined. In other words, we need to verify that

o0
Z/ (e7%zm;)ds exists for z € R,

where 1; denotes the characteristic exponent of L), for j > 1. In order to do so, we
first observe that each .

/ef'v]'(t*S)dng),

0

is infinitely divisible with characteristics ()\gj )0, z/t(j )), where
¢ ¢
/\,Ej) = /ﬂ'j(dx)/ef"’jsm (1{‘67”%51} - 1{\$|S1}) ds and I/t(J) /7rj (e°B)d
R 0 0

for any B € B(R). Therefore,

/¢j(e_’”szmj)ds = izmjAEj) + / (€% — 1 —imjzalyy<1y) Vt(j)(dx).
R
Since

| 12T

—1- ZZI]_{‘I|<1}‘ < *Z x 1{\x|<1} + 21{|$‘>1} for z,z € R.

Similar computations as those used in the proof of Theorem 17.5 in [30] allow us to
deduce that for any z € R

> ) ; mj
Z/ (€% — 1 —imjzalyjz<1y) Z/t(J)(dJ?) < ZZ Z — (1A )7 (dz)

and
t

s = m; .
szj / m;(dz) / e (L eninairy ~ Lwizy ) ds| < 12130 Ty (=111,
R 0 g=1

where the left-hand sides of both inequalities are finite by assumptions (3.4) and (3.5). It
is important to note that all our bounds do not depend on ¢, implying that Xge) converges
in distribution as t goes to infinity to ng)), where

X = ey ey [ B s Ve my [ s,
j=1 Y j=1 0 j=1

0
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and does not depend on the initial configuration xy. Moreover from its structure, it is
not difficult to see that Xf;) is self-decomposable. O

Proof of Theorem 3.2. Our arguments follows from similar reasonings as in the proof of
the main result. For simplicity on exposition, we denote by uE’m for the distribution of
IF™ for t > 0, and pu%™ for the distribution of I%™. Similarly, for j > 1, and t > 0, we

write ugh’)j for the distribution of It(h’j ),

We now assume that there exist j > 1 such that for any ¢t > 0, Mgh’j) satisfies condition

(H) and prove that this implies that for any ¢ > 0, u%™,(-) is integrable and

lim sup/ \Ws()\ﬂd)\zo,
R—00 5510(R) J[-R,R]¢

where 1&™ denotes the characteristic function of ™ and to(R) is positive and goes to
M H g

oo as R increases. We recall the latter integrability condition on y;" implies that Ifm
e, xgl) and its invariant distribution p(1'™) posses continuous densities.
Without loss of generality, we assume that for any ¢t > 0, uE”’l) satisfies condition (H).

Since the Lévy processes (¢(7),j > 1) are independent, we deduce

0] = T om0 | < D ). (5.15)
j=1
implying that
o L[] en
we (A dA < — w0 ()| du < oo.
R mi Jr
Next, we use again inequality (5.15) and deduce
[ s D dws [ D)
[~ R,R]° M1 J[—Rmi,Rm]° m1 J[-R,R]e
where the last inequality follows from the fact that m; < 1. In other words,
- e 1y Oy _
lim sup [pom (A)|dA < lim sup w7 (w)| du =0,
R—005540(R) J[-R,R]* my1 B—o0 s540(R) J[-R,R]

,m

which implies that p;”"" satisfies condition (H).

For the sequel, we follow the same notation as in the proof of Lemma 3.1 and observe
Ith’m = M; + N;, for t > 0. From our assumptions, its limiting distribution Igg” is
well-defined and moreover the r.v.

J

o0
m;a;
Ve T VR,
j=1

has the same distribution as (™). For each t > 0, we introduce

1 o0
D™ () = 7 Z myxje” it 4 1™ | — 1R ,
J=1 TV
and
> m;a;
R™ (1) : -y TJ L=t 4 2™ | — [

=1V TV
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The same argument as those used in the proof of Lemma 5.1 allows us to deduce
‘d(f’m)(t) - D(E'm)(t)‘ <RM™@)  for > 0.

Recallthat J ={j > 1:v; = kin]%I v} # 0. For simplicity, we define
S

(6) : \[ijmj it \[ijxje it —l—— Z mjzje —it

jeJ ]G]N\J

and observe that for any b € R, we have

hmv(e)(t + bw,) :== mejxj,
jeJ

where ¢, and w, are chosen as in the statement. Therefore,

hm Dlem) (te + bwe) = meja:j —|—I£;>m —Iﬂg)m
ied v
It remains to prove that R(m) ) goes to 0 as ¢ goes to infinity. Using the triangle

inequality and Lemma A.1 part i), we deduce

R(m) th,m Ih m
T

oo
m;a;
+ _Z J7T o5t _,'_Igém _ Igém
A% 1 Vi

7= TV

Since ui’m satisfies condition (H) for any ¢ > 0, we have that I(E;Jm has a continuous

density and since
> m;a;
lim —L L1t = 0,
t— i
[e’¢) = Yj

an application of Scheffé’s Lemma allows us to deduce

o0

m;a;
li _ 207 4t Ih m | _ r4m —0.
tl—% Z o7 * o0 0

J=1 TV

The proof that Hlf’m —Igm HTV goes to 0, as ¢ increases, follows from the same arguments

as those used in the proof of Proposition 5.3 given that ,ut’m satisfies condition (H). O

5.5 Proof of Theorem 3.3

Proof of the Theorem 3.3. Let us consider the sequence (E(j),j > 1) of independent
copies of the stable process ¢ with drift a. Therefore, forn > 1 and j € {1,...,n}, we

can write
(1 —e

t
X9 e 1 e Lo v [ erenag,
0

where §~t(j) = £t(j) —at, fort > 0.
For simplicity on exposition, for each j > 1, we denote

Va2 ;:/ e 1=9aéW)  for ¢ > 0.
0
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In other words, the average process (Ag"), t > 0) satisfies

" B a(l—e %) p—. ,
AW — oo 4 e - _i_\/;Z}/;(J)_

Jj=1

Observe that the sequence of processes (Y(j ), j > 1) defined above is clearly independent
and identically distributed. Moreover, it is not difficult to deduce that for each ¢ > 0, the
distribution of Yt(J ) is strictly stable with characteristic exponent

c(1— e )

Yralz) =~

|2|* (1 — if tan(ma/2)sgn(z)) for zeR.
Moreover, for each j > 1, the following limit
Yo(g) = lim Yt(j ) exists,
t—o0
and is also a stable distribution with characteristic exponent
Uooa(2) = ——|2|* (1 — iB tan(ra/2)sgn(z))  for =€ R.
ay

Next, for each t > 0, we define the auxiliary metric

D) = | | T = Rae e 3 v0 | - (V)
" j=1 j=1

TV

and the error term

RU(1) = H PR R DR
j=1 j=1

Similar reasonings as those used in Lemma 5.2 allow us to deduce

TV

d™ (1) — D™ (t)] <R™(@#)  fort > 0.

On the other hand by the scaling property of the total variation distance (see Lemma A.1
part (ii)), we deduce

ae—'yt+n—1/(xZYO(g) _ nl—l/aZYo(g)

=1 j=1

nl—l/a nl—l/a
€n

D™ (t) = H xoe Mt —
NG

TV

and

R(n)(t) | S W Zyt(j) _p e Zyo(oj)
=1 =1 TV

Moreover, since the sequence (Y(j ),j > 1) is independent and with the same distribution,
we have for each ¢ > 0

n ) 1_ e—ot 1/
ey v (e ) Sa.

«
i=1 7

d
where @ means identity in law or distribution. We observe that the latter identity in law
also holds for ¢t = co.
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In other words, we can rewrite the distance D) (after using the scaling property of
the total variation distance) and error term R™) as follows,

( ) nl— 1/« . nl—l/a .
D eVt _ - Sa _Sa
H( Nt IR Hay e )

1 — e—7at 1/« 1 1/«
(=) (&) -
ay ay

Finally, we take the sequences t,, and w,, as in the statement and recall that S, has a
continuous unimodal density. Therefore an application of Scheffé’s Lemma allow us to
deduce

)

TV

and

R™(t) = |

TV

lim D™ (t, 4 cw,) = H( “xo +Sa) _SQHTV’

n—oo
and
lim R™ (tn + cwy,) =0.
n=00
This completes the proof of our result. O

A Appendix

The following section contains useful properties that help us to make this article
more fluid. Since almost all proofs are straightforward, we left most of the details to the
interested reader except for those that seem to be not so direct.

Lemma A.1. Let (Q, F, P) be a probability space. Let X,Y : Q — R? be random variables
such that their laws are are absolutely continuous with respect to the Lebesgue measure
on (R4, B(R?)). For any a,b € R¢ and ¢ € R\ {0}, the following holds true:

) [(X+a)= (Y +b)lpy = (X +a—b) =Yy
i) [[(eX) = (Y)|lpy = IX = Ylpy-
iii) [|(cX 4 a) = (Y)|lpy = (X + 9/c) = Y py-

Proof. The idea of the proofs of (i)-(iii) follow by the Change of Variable Theorem and
using the characterisation of the total variation distance between two probabilities with
densities

1
X =Yy = 5 [ 1Fx(:) = fr2)] =
Rd
where fx and fy are the densities of X and Y, respectively. O

Lemma A.2 (Convolution). Let (2, F,P) be a probability space and X1, X»,Y1,Ys, Z be
r.v.’s defined on () and taking values in R¢.

i) Assume that X, and X, are independent, and that Y, and Y5 are independent. Then
(X1 4+ X2) = (V1 + Y2)[lpy < [ X1 = Villpy + [[ X2 = Yo gy -
ii) Assume that (X1,Y1) is independent of Z. Then

(X1 +2) = (V14 2)|lpy < X1 — Xalpy -

Proof. The idea of the proof follows from the fact that the distribution of the sum of two
independent random variables corresponds to their convolution. O
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The following Lemma is stated in [7] and its proof is straightforward, we leave the
details to the interested reader.

Lemma A.3. Let (Q, F,P) be a probability space and let X : Q — R? be a random

variable. Assume that L£(X) is absolutely continuous with respect to the Lebesgue

measure on (R, B(R?)). Let (a.,e¢ > 0) be a function such that lim ||| = oo. Then
e—

tim [(e + X) ~ Xl = 1.

Proposition A.4 (Real Spectrum). Let Q@ € M*(d) and 29 € R?\ {0}. Denote by
Y1, Y2, - - -, Y4 the eigenvalues of () which are assumed to be real.

i) If Q is symmetric, then there exist v := v(zg) > 0 and v(zg) € R%\ {0} such that

tlim eVte g = v(xo) € R4\ {0}.

—00

ii) If Q) is not symmetric, then there exist v := vy(xg) > 0, £ := £(x0) € {1,2,...,d} and
v(wo) € RY\ {0} such that

. evte gy d
Proof. We first prove part (i). Without loss of generality, we assume that v; < --- < 4.
Since () is a symmetric matrix, then it is diagonalisable. In other words, there exist
orthogonal matrix U such that Q = Udiag(y1,...,74)U”. Therefore, if we take zo # 0

andlety = UTxg = (y1,...,54)T # 0, we have
e Rz = Udiag(e "y, ..., e Yilyy) for ¢>0.

We define 7(z¢) := min{j € {1,...,d} : y; # 0}, and take limit as ¢ increases in the
previous identity to deduce
Jim e e0te gy = Udiag(0y (sg)— 15 Yr(xo)s - - - » Yb(o)s Od—(z0)) 7 0

where k(z¢) := max{j > 7(v0) : ¥j = Vr(x0)}, @a0d 07(z0)—1, O4—k(z,) are the zeros of
R7(*0)=1 and R4 *(z0), respectively. The latter implies the statement of part (i).

For the proof of part (ii), we observe that since @ is not symmetric, it is not always
diagonalisable. Nevertheless, ) has a Jordan decomposition. In other words, there exist
an invertible d-square matrix U and a d-square matrix J such that Q = UJU !, where

Jiy (1) 0 e 0 0
0 Jk2 (’}/2) s 0 0
J=1 L : L] (A1)
0 0 ka—l(,ym_l) 0
0 0 T O Jknz (’ym)
m < dand vy,...,vm € (0,00) are the eigenvalues of ). In order to make the proof more

readable, we first explain our arguments in a Jordan block. Recall that a Jordan block
Ji(7) is a k-square upper triangular matrix of dimension k defined as follows

v 1 0 0
0 ~ 0 0
Je(v) = : Do
0 0 v 1
0 0 0 «
EJP 25 (2020), paper 15. http://www.imstat.org/ejp/
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Since any Jordan block can be written as a sum of diagonal matrix and a nilpotent matrix
then the exponential matrix of a Jordan block can be computed explicitly

—t —vt th—2 —~t th—1 —~t
€ te k—2)1€ k—1)1°¢
0 6_’Yt th—3 e—’yt tk—2 e—’yt
(k—3)! (k—2)!
e—th(’Y) — . ,
0 0 e et te= "t
0 0 .- 0 et

for any ¢t > 0.
Next, we consider the simplest case which is Q = UJ,(y)U !, where v > 0. Taking
into account the previous identity, we have

et .. 2yt 0T oyt
e te (dd 23)|€ (dd 12),6
—~t t t t t
o 0 e vy e ( )| e - (d 2)' e - )
7t —
e =U . . . . U ,
0 0 S et te 7t
0 0 C 0 et

for any ¢ > 0. We let 2o € R?\ {0} and write y = U~ 'z = (y1,...,%4)7 # 0. We define
7(y) = max{j € {1,...,d} : y; # 0} and observe

(r(y) - D1Yr)
eVryt 0

—tQ _
oo pr)—1¢ PO v 70,

which implies our result.
For the general case, we only provide the main ideas and leave the details to the
interested reader. Notice that

e_tho = Ue_t‘]y for t>0,

where y = U~ 'zy # 0 and J is given in (A.1) and where Jy,, ..., J;, denote the Jordan
blocks. For simplicity of exposition, we denote by y = (y1,...,54)" the coordinates of
the vector y.

J
Next, we let 7o = 0 and consider the partial sums r; = > k; foreach j € {1,...,m}.
i=1
For each j € {1,...,m}, we define the k;-dimensional vector [y]; := (¥, _, 41, .- ,yrj)T

andlet I :={j e {1,...,m}: etk [y]; # 0} which is not empty. Proceeding similarly
as above in each Jordan block, we observe that for any j € I there exist v; > 0 and
¢; € {1,...,d} such that

et

relyl; # 0.

lim ?
t—oo tti—

Then, we take v := mm% and define ¢ := max/¢; where I:={jel: v; = v}. The

jerl
previous identity may lead to
. et —tJ
Jm ey £ 0,
. t
and consequently tlg& 511 e 1Ry # 0. O
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