"\ SORBONNE
b UNIVERSITE

DEPUIS 1257

Ecole doctorale de sciences mathématiques de Paris centre
Laboratoire de Probabilités, Statistique et Modélisation - LPSM

Sorbonne Université

THESE DE DOCTORAT

Discipline : Mathématiques
Specialité : Statistiques

présentée par

Gloria Buritica

LPSM

Laboratoire de probabilités
statistique & modélisation

Assessing the time dependence of multivariate extremes

for heavy rainfall modeling

dirigée par: Philippe NAVEAU (LSCE) and Olivier WINTENBERGER (LPSM)

Soutenue le 31 Mai 2022

Composition du Jury :

Prof. Dr. Axel BUCHER Heinrich-Heine-Universitat Diisseldorf
Prof. Dr. Sebastian ENGELKE  University of Geneva
Prof. Dr. Stéphane GIRARD Inria Grenoble Rhone-Alpes

Prof. Dr. Anja JANGKEN Otto-von-Guericke-Universitdat Magdeburg
Prof. Dr. Marie KRATZ ESSEC Business School
Prof. Dr. Olivier LOPEZ Sorbonne Université

Prof. Dr. Mathieu RIBATET Ecole Centrale de Nantes

Examinateur
Examinateur
Examinateur
Rapporteuse

Examinatrice
Examinateur

Rapporteur






"\ SORBONNE

S UNIVERSITE LPSM

CREATEURS DE FUTURS Lab?ra}oiredepm’habilir‘xés
DEPUIS 1257 statistique & modélisation

Ecole doctorale de sciences mathématiques de Paris centre
Laboratoire de Probabilités, Statistique et Modélisation - LPSM
Sorbonne Université

THESE DE DOCTORAT

Discipline : Mathématiques
Specialité : Statistiques

présentée par

Gloria Buritica

Assessing the time dependence of multivariate extremes

for heavy rainfall modeling

dirigée par: Philippe NAVEAU (LSCE) and Olivier WINTENBERGER (LPSM)

Composition du Jury :

Prof. Dr. Axel BUCHER Heinrich-Heine-Universitat Diisseldorf Examinateur
Prof. Dr. Sebastian ENGELKE  University of Geneva Examinateur
Prof. Dr. Stéphane GIRARD Inria Grenoble Rhone-Alpes Examinateur
Prof. Dr. Anja JANGKEN Otto-von-Guericke-Universitdat Magdeburg Rapporteuse
Prof. Dr. Marie KRATZ ESSEC Business School Examinatrice
Prof. Dr. Olivier LOPEZ Sorbonne Université Examinateur

Prof. Dr. Mathieu RIBATET Ecole Centrale de Nantes Rapporteur



Laboratoire de Probabilités, Sorbonne Université

Statistiques et Modélisation. Ecole doctorale de sciences
UMR 8001 mathématiques de Paris centre.
Boite courrier 158 Boite courrier 290

4 place Jussieu 4 place Jussieu

75252 Paris Cedex 05 75252 Paris Cedex 05









Para Mama y Papa,






"The task of a poet is not to tell what has
happened, but what might happen, and
what is possible according to probability

or necessity."

Aristotle, Poetics.
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Abstract

Assessing the time dependence of multivariate extremes

for heavy rainfall modeling

Nowadays, it is common in environmental sciences to use extreme value theory to assess the
risk of natural hazards. In hydrology, rainfall amounts reach high-intensity levels frequently, which
suggests modeling heavy rainfall from a heavy-tailed distribution. In this setting, risk management
is crucial for preventing the outrageous economic and societal consequences of flooding or land-
sliding. Furthermore, climate dynamics can produce extreme weather lasting numerous days over
the same region. However, even in the stationary setting, practitioners often disregard the temporal
memories of multivariate extremes. This thesis is motivated by the case study of fall heavy rainfall
amounts from a station’s network in France. Its main goal is twofold. First, it proposes a theoretical
framework for modeling time dependencies of multivariate stationary regularly varying time series.
Second, it presents new statistical methodologies to thoughtfully aggregate extreme recordings in
space and time.

To achieve this plan, we consider consecutive observations, or blocks, and analyze their extreme
behavior as their /P-norm reaches high levels, for p > 0. This consideration leads to the theory
of p-clusters, which model extremal ¢P-blocks. In the case p = oo, we recover the classical cluster
(of exceedances). For p < oo, we built on large deviations principles for heavy-tailed observations.
Then, we study in depth two setups where p-cluster theory appears valuable. First, we design disjoint
blocks estimators to infer statistics of p-clusters, e.g., the extremal index. Actually, p-clusters are
linked through a change of norms functional. This relationship opens the road for improving cluster
inference since we can now estimate the same quantity with different choices of p. We show cluster
inference based on p < oo is advantageous compared to the classical p = oo strategy in terms of bias.
Second, we propose the stable sums method for high return levels inference. This method enhances
marginal inference by aggregating extremes in space and time using the {*-norm, where o > 0 is the
(tail) index of the series. In simulation, it appears to be robust for dealing with temporal memories
and it is justified by the a-cluster theory.

Keywords': Eztreme value theory, reqularly varying time series, large deviations, environmental

time series
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Résumé

Analyse multivariée de la dépendance temporelle des extrémes

pour la modélisation des précipitations sévéres

Il est commun dans les sciences de l'environnement d’utiliser la théorie des valeurs extrémes
pour évaluer le risque des dangers naturels. En hydrologie, les précipitations atteignent fréquem-
ment des hauts niveaux d’intensité, ce qui suggére de modéliser les pluies sévéres a ’aide d’une
distribution & queue lourde. Dans ce contexte, la gestion du risque est cruciale pour prévenir des
conséquences économiques et sociétales majeures telles que des inondations ou des glissements de
terrain. Par ailleurs, les dynamiques du climat peuvent produire des conditions météorologiques
extrémes pendant plusieurs jours sur la méme région. Cependant, dans le cadre stationnaire, les
praticiens négligent souvent les dépendances temporelles des extrémes multivariées. Cette thése pro-
pose un cadre théorique pour la modélisation des dépendances temporelles des séries chronologiques
stationnaires & variation réguliére et des nouvelles méthodologies statistiques pour agréger les ob-
servations spatiotemporelles des extrémes. Plus précisement, nous développons ’étude de cas sur
les précipitations extrémes d’un réseau météo en France.

Nous considérons des observations consécutives, ou blocs, et analysons leur comportement
lorsque leur fP-norme atteint des niveaux extrémes, pour p > 0. Cette approche conduit a la
théorie des p-clusters qui sert & modéliser les ¢P-blocs extrémaux. Dans le cas p = oo, nous retrou-
vons la définition classique du cluster extrémal. Pour p < oo, nous nous appuyons sur les principes
de grandes déviations pour les observations a queue lourde. Nous approfondissons sur deux cas ot
la théorie des p-clusters semble pratique. Premiérement, nous proposons des estimateurs de blocs
disjoints pour estimer des statistiques des p-clusters, e.g., l"indice extrémal. De plus, nous retracons
les p-clusters par une fonctionelle de changement de norme. Cette relation ouvre la voie & une
possible amélioration de 'inférence des clusters puisque nous pouvons maintenant estimer la méme
quantité avec des choix de p différents. Nous montrons que l'inférence des clusters basée sur p < oo
est avantageuse par rapport a la stratégie classique p = co concernant le biais. Deuxiémement, nous
proposons une méthode pour l'inférence des niveaux de retour extrémaux. Cette méthode améliore
I'inférence marginale en agrégeant les extrémes dans I’espace et dans le temps & l'aide de la norme
% ot av > 0 est I'indice (de queue) de la série. En simulation, cette méthode parait robuste pour
traiter les dépendances temporelles et se justifie par la théorie des a-cluster.

Mots clés?: Théorie des valeurs extrémes, séries temporelles a variation régulicre, grandes dévi-

ations, séries temporelles environnementales
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1.1 Extreme value theory

Extreme value theory (EVT) is the area of statistics studying rare events. This domain calls
the attention of many disciplines where risk assessment is necessary, and this feature encapsulates
its realm of applications. Some examples are finance, insurance, network traffic, hydrology, geology,
metallurgy, and electronics [59, 34, 12, 143]. Among all applications, their common point is their
need to quantify how frequently unlikely events occur for designing prevention plans. Risk man-
agement of extremes has both a societal and an economic impact. Its ultimate goal is to gauge the
magnitude of hazards and infer coverage levels for protection against disasters such as flooding, de-
bris flows, land slides, heatwaves, financial crashes, high tides, network traffic crashes, etc. Overall,
the techniques in extreme value statistics provide valuable information for defining risk policies and
infrastructure plans attempting to reduce the ruinous consequences of environmental, industrial or
economic disasters.

(EVT) groups the main statistical tools and methodologies for inferring the probability that an
unusual phenomenon will happen. Naturally, this task entails significant statistical challenges as,
by definition, rare events are scarce, and in practice, we rarely or never observe them beforehand.
To overcome this statistical issue, both practitioners and theoreticians rely on probability theory
and asymptotic analysis. The (EVT) primary goal is to extrapolate beyond observed data by
modeling high records, and then to evaluate the uncertainties of this approximation. Typically,
we have access to a sample of observations drawn under the same random mechanism. In this

stationary setting, rare events lie on the tail of the underlying probability distribution, and we



aim to infer/extrapolate the probability tail from the empirical observations. Stating the problem
differently, we seek to model and infer large deviations from the distribution’s median.

To list a few fields intersecting extreme value theory, we mention asymptotic development,
theory of regular variation, measure convergence, and empirical processes theory. Aside from the
asymptotic and probabilistic results, we need sharp statistical methodologies to infer the unusual.
Commonly, we start by choosing among all observed values those relevant to model the tail prob-
ability. As expected, not all experimental recordings are helpful to extrapolate the tail. Once
large values are selected, (EVT) proposes a rigorous theoretical background and various statisti-
cal methodologies for the purpose of tail inference. Textbooks discuss how to model univariate
stationary data with temporal memories [34, 12, 59|. Also, assessing the risk of extremes from a
spatial grid or network co-occurring is possible from spatial considerations modeling d-dimensional
extremes [12, 80, 143]. However, practitioners often assume i.i.d. data for multivariate inference.
I consider extremal temporal dependence in a stationary multivariate setting. I present below the
case study of fall daily rainfall levels from a network of weather stations in France to illustrate my

main motivation.

1.2 Case study of daily rainfall measurements in France

This thesis aims to develop a solid framework for assessing multivariate extremal temporal de-
pendencies, and derive tactful inference strategies in the stationary setting. One main driver of this
thesis is the data set of daily precipitation amounts from a France’s network of weather stations. I
consider daily rainfall records from 1975 to 2015 obtained from Météo France. Concerning station-
arity, I focus on fall observations (September, October, and November) including both wet and dry
days. By choosing different regions in France, I can contrast our forthcoming new methodologies on
different climates. I have picked three sites featuring oceanic weather in the northwest (Brest, Lan-
veoc, and Quimper), three sites from the mediterranean in the south (Hyeres, Bormes-les-Mimosas,
and Le Luc), and three continental sites in the northeast (Metz, Nancy, and Roville). Figure 1.1
indicates the three chosen regions. Concerning the meteorological dynamics, storms/fronts entail
daily high rainfall levels recorded simultaneously over multiple sites and possibly at numerous time
lags in a short period. Consequently, the underlying extremal event, let’s say a storm, has both a
spatial and temporal coverage.

To illustrate this point, we can see in Figure 1.2 that within the same region, fall rainfall records
attain high levels with similar intensities. In addition, rainfall in the south is heavier than in the
northwest and northeast regions. Also, extreme precipitations are often recorded simultaneously at
nearby stations from the same region. As explained, the weather within a region is typically driven
by the same meteorological dynamic, let’s say, a convective storm, which produces high rainfall
levels co-occurring at close locations with similar intensity. Moreover, the extremal dependencies
in time are summarized by the temporal extremogram in' [44]. The empirical estimates are shown

in Figure 1.3, and indicate that consecutive heavy daily rainfall amounts can not be considered

'The temporal extremogram for heavy-tailed series is defined over time lags by ¢ — limy— 400 P(X: > x| Xo > z).
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Figure 1.1: Map of France with localization of the weather stations considered in the analysis.

as i.i.d. Hence, the distance proximity of stations from the same region justifies addressing time
dependence in a multivariate setting, and thus the main challenge in this framework is how to
aggregate information about extremes in space and time.

Aside from the temporal and spatial dependencies, the third feature I want to highlight from
this data set is its heavy-tailed nature. Daily rainfall take zero values on dry days, or low values on
usual days, but exhibits large deviations from its median with extreme weather conditions. Then,
as climate scientists and hydrology experts agree, the significant intensity levels reached by heavy
rainfall are appropriately modeled with heavy-tailed distributions; cf. [102, 37, 126]. More precisely,
in this stationary setting, I will model daily heavy rainfall at each station, denoted by X, using
a survival function with polynomial decay, i.e., P(X > z) = F(z) = 2-%(z), where a > 0 is a
(tail) index and x +— ¢(x) is a positive function verifying, for all ¢ > 0, lim,_, o ¢(tx)/l(z) = 1.
In this heavy-tailed setting, my goal is to infer the extremal properties of the general mechanism
driving heavy rainfall amounts while assessing uncertainties. For example, I would like to address
high return level (quantile) estimation. My main claim is that integrating the temporal memories
and spatial ties should enhance inference of confidence intervals. Indeed, uncertainties assessment is
highly important for this case study. Erroneous heavy rainfall risk evaluation can have a considerably
negative socio-economical impact as rare events are of significant magnitude in terms of flooding,
debris flows or landslides.

Chapter 4 analyzes this data set with the new forthcoming methodologies. My goal in Chapter 4
is to compute high quantiles of the distribution of heavy rainfall in a stationary setting. The reason
to introduce this case study here, is to contextualize the main objectives of this thesis that I now
state below. Of course, this data set motivates the analysis, but the new methodologies cover further

contexts based on stationary multivariate heavy-tailed time series.
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Figure 1.2: Scatter plots of fall daily rainfall in France from 1976 to 2015. The top, middle, and
bottom panels refer to three climatological regions: continental (northwest), oceanic (west), and
mediterranean (south), respectively. Simultaneous exceedances of the 95-th order statistic of the
sample of daily maxima of a region are in black.
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1.3 Goals of this thesis.

Consider (X¢) to be a multivariate stationary time series with heavy-tailed behavior; see Ap-
pendix B. In this setting, the objectives of this thesis are twofold. First, it aims to establish a
theoretical framework for modeling extremal temporal dependence. Second, it aims to investigate
statistical methods for multivariate extremes that account for the time dependencies. More precisely,

in what follows I will address the following questions written in (Quest. 1-4).

Quest. 1. How can we model an extreme episode lasting for several time units in a multivariate setting?

N

Quest. 2. How can we detect extreme episodes from all observations in a sample-based approach?

Quest. 3. How can we infer the spatiotemporal features of extreme episodes?

Quest. 4. How can we compute high return levels and quantify its uncertainties while integrating the

time and space dependencies?

1.4 Outline of the thesis

This thesis aims to assess the extremal time dependence of multivariate heavy-tailed extremes.
To do so, I will address questions (Quest. 1-4) as follows. In the context of stationary heavy-tailed
time series, extreme episodes can happen as short periods with numerous high recordings. Chapter 2
presents new large deviation principles of consecutive observations, or blocks, with a large /P-norm.
It relies on extreme value theory and large deviations of sums of heavy-tailed time series. The
asymptotics of extremal P-blocks give a rigorous definition of p-clusters taking values in /7. Taking
advantage of the p-clusters theory, Chapter 2 suggests to capture the characteristics of short periods
with extremal behavior through p-clusters to answer (Quest. 1). The second part of Chapter 2 and
Chapters 3, 4, 5, detail two applications of the new large deviation principles of extremal ¢P-blocks
and p-cluster theory. For the first application, Chapter 2 develops an inference methodology based
on extremal fP-blocks to estimate p-cluster features. It proposes new consistent disjoint blocks
estimators for cluster inference which address (Quest. 2-3). Asymptotic normality of p-cluster
blocks estimators is proven in Chapter 5. Chapter 3 will revisit the extremal index introduced in
[109, 110], which can be interpreted as a summary of the extremal time dependencies. The extremal
index has a reinterpretation using the a-cluster, where a > 0 is the (tail) index. Chapter 3 studies
cluster-based extremal index inference built on extremal ¢*-blocks, which further illustrates my
contribution to (Quest. 3). Chapter 4 shows an application of the new large deviation principles
to high quantile inference for heavy-tailed spatiotemporal data sets, and addresses in depth (Quest.
4). It presents the stable sums method for high return levels inference, which proposes to aggregate
spatiotemporal extremes with the £*-norm and is justified by the a-cluster theory. Finally, Chapter 4
computes return levels for the case study of daily rainfall previously introduced in Section 1.2.

In the remaining of this chapter, I outline my contributions and publications, and sketch how

they tackle the queries in (Quest. 1-4). Finally, appendices A and B provide a toolbox of back-



ground results needed for this thesis. Appendix A analyzes heavy daily rainfall in France, from
the data set introduced Section 1.2, with classical tools in extremes. It also aims to underline the
limitations of the most common practices. To simultaneously model the spatiotemporal aspects of
our data, Appendix B presents a state-of-the-art framework of stationary heavy-tailed time series

and complements the discussion on the upcoming new results and methodologies.

1.5 Personal contributions

1.5.1 Notation

The main theoretical contribution of this thesis is modeling extremal fP—blocks, i.e., short periods
with large ¢P-norm. Let’s start by recalling the definition of the sequential space ¢P. For p € (0, +0o¢],
consider the p-modulus | - ||, : (RY)%Z — [0, +-00] defined by

Ixellp = (Cpezlxl?)V?, (1.5.1)

and consider the space (€7, d,) of sequences with finite p-modulus, where d,, is the metric induced
by the p-modulus. If p = oo, then || - || is the supremum norm. The p—modulus is a norm if
p € [1,400), and, abusing notation, we refer to || - ||, as the ¢P-norm for all p € (0,+o0c]. The

fP-norms are not equivalent, and they satisfy

e = -l = - oo

for all p,p’ > 0 with p < p’. The supremum norm of a fixed sequence is also the monotone limit as
p — 400 of its P-norm.

More generally, we write vectors x € R? in bold, R%valued time series as (x;) € (R%)%. We
sometimes use the notation X, ), or (X¢)i=a,...b, to write the vector (xq,...,%p) € (R)b=a+1 " for
a,b € Z, a < b. For sequences (), (yn) € (R)Z, the asymptotic relation (z,,) ~ (y,), as n — 400, is
interpreted as x,, /y, — 1, as n — +o0o. We write random vectors in capital letter as X takes values
in € RY. We denote weak convergence of probability measures by —, convergence in distribution of
random processes by $, convergence in probability of random variables by L, For random ob jects,
almost sure relations are abbreviated as a.s.. Independent identically distributed random vectors is
abbreviated by i.i.d.

1.5.2 Heavy-tailed stationary time series

Consider (X;) to be a stationary time series taking values in R? endowed with a norm | - |.

Assume it is heavy-tailed in the following sense: there exists a > 0, and a time series (0;), satisfying



|©0] =1 a.s., such that for ally >0, h =0,1,...,

P(|Xo| > y2, Xi=s01...1/|Xo0| € -||Xo| > 2) = y *P(Ot=r01...1 € ),

sdyeey slyeeey

x — +o00. (1.5.2)

We say in this case that (X;) is regularly varying with (tail) index « > 0 and spectral tail measure
(©¢); see Appendix B.5. The time series (©;) captures space and time extremal features over finite
windows of time. To capture the full duration of spatiotemporal extremes, my goal is to let h — 400
in (1.5.2) simultaneously as * — +o0o0. My aim is to model the extremal features of consecutive
observations, or blocks, defined by

Xt—l,,..,n = X[l,n]7

as n — +o0. To pursue this approach, we must embed the blocks X|; ;) into a suitable sequential

space. I will study the extremal features of blocks in the space (7, d,).

1.5.3 Large deviations of extremal ¢P-blocks

To model extremal attributes of blocks X[y ) in (¢P,dy,), as n — 400, we must define what
extreme means in (7, dy). Naturally, we say a block is extreme if its fP-norm is large. The main
challenge then is to find suitable assumptions such that P(X(; ,)/zn € - | [|[ X[ pn)llp > zn) admits a
limit, where () is a suitable sequence satisfying P([| X[y )|l > zn) — 0, as n — +o0. In this case,
we say (x,) is a extremal sequence for Xin € (¢?,dy,). In Chapter 2, Theorem 2.2.1 introduces
anti-clustering and vanishing small values conditions: AC, CS,, driving the sequence (z,), such
that, for y > 0,

P>IX(10)llp > 2, X/ 11X 1 lp € ALK pnlly > @) = 5~ “BQP) € 4),
n — 400. (1.5.3)

where QP) takes values in 7, |Q)||, = 1 a.s., this limit holds for suitable shift-invariant continuity
sets A C ({P,dp), and nP(|Xg| > x,) — 0. We say in this case that the time series (X;) admits
a p-cluster Q). We stress the close similarity between equations (1.5.3) and (1.5.2). Also, notice
sum-type functionals and norms are examples of the shift-invariant sets we can consider in (1.5.3).

We call the limit in (1.5.3) a large deviation principle of extremal ¢P-blocks. Indeed, for p < oo,
notice that if (1.5.3) holds and (z,) is a sequence such that P(|| X[ |l > ©) — 0, as n — +o0,

then necessarily
n P
Yot 1 Xe/zal? = (X n/onllp = 0, n— +o0. (1.5.4)

The left-hand side of Equation (1.5.4) is a sum of regularly varying increments |X;|P with (tail) index
a/p. Therefore, we can study the large deviations of this sum under the classical large deviation’s
literature appealing to the work in A.V. and S.V. Nagaev [125, 124] and Cline and Hsing [33], for



i.i.d. time series, and Mikosch and Wintenberger [121, 123|, for dependent heavy-tailed time series.

Moreover, notice (1.5.4) holds if the sequence (x,) satisfies nE[|X1/xn1|p} — 0, as n — 400, with
the truncation notation where X' = x1(|x| < 1). This last relation points straightforwardly to one
of the main restrictions we impose on (z,). We assume n/ gPNemR) 0, for some k£ > 0, thus
nEHml\p] — 0, as n — +00, which yields (1.5.4). This last relation follows by the Karamata’s
Theorem [100].

To sum up, Chapter 2 gives a theoretical framework to model extremal ¢P-blocks. The theory
of p-clusters, which arises from Equation (1.5.3) is also developed therein. Formalizing the limit
in (1.5.3) in Theorem 2.2.1 is my main contribution to (Quest. 1). Actually, extremal ¢*°~blocks
were previously considered in [40, 10, 9], and lead to the theory of clusters (of exceedances), which
coincide with our oo-cluster defined by letting p = oo in Equation (1.5.3). From a theoretical point
of view, it has been already challenging to formalize the definition of clusters (of exceedances); see
[65, 153, 154, 10, 9], and references there in. However, the underlying idea of p-clusters has proven
to be a very useful tool. For example, the considerations in [40] show how to model blocks X(q ) /ax
using the co-cluster, where (a,) are moderate levels satisfying P(||X{; 5llcc > an) — ¢, for some
positive constant ¢ > 0, such that nP(|Xp| > an) — 1, as n — 4o00. Furthermore, [40] used then
the limit representation of X[y /an, as n — 400, to state a central limit theory for heavy-tailed
stationary time series.

Actually, we claim that to model blocks Xy ;) /an, with nP(|Xo| > an) — 1, as n — +o0, it is
advantageous to use the a-cluster rather than the oo-cluster’s approach for one main reason. The
oo-cluster, defined with respect to the £*°-norm, is in tight correspondance with the extremal index
of the sequence (X;), that we denote 6|x|; see [109, 110]. Instead, using the a-cluster we can remove
this parameter from the limit representation of Xy ,;/an, as n — +00, in the following way. Arguing
as in [40], we model X1,n]/an as a concatenation of independent extreme episodes, or p-clusters,
such that (a,) are moderate levels satisfying nP(|Xo| > a,) — 1, as n — +o0o. Roughly speaking,
we introduce an intermediate integer sequence (by,), we denote m,, = |n/b, |, and we define disjoint

blocks as

X[l,b"] , X[b"+1,2bn] e X[n—bn+1,n] . (1.5.5)
—_—— ——— ———
=B =B =Bmy,

satisfying x, = ap, thus n/b, — +o00, as n — +o00. Then, under sufficient mixing conditions
like A(zp,); see Appendix B.4, the subsample of disjoint blocks (B:/xp, )t=1,..m, defined from
Equation (1.5.5), is asymptotically independent, as n — +oo. This last observation yields the
modeling strategy in [40] such that we model observations X[; ,j/a, as a concatenation of inde-
pendent p-clusters, as n — +o00. However, in this setting we must keep track of two things to
trace the limit representation of X[y /ay,. First, we must model the limit of extremal ¢P-blocks:
Bi/xy, = X[1,bn] /xp, , which we do using the p-clusters, and second, we care about the probability
of hitting a p-cluster given by P(|[ X[y 3,]llp > 2p,), as n — +oc0. This last probability is described
below by the asymptotics in (1.5.6), for p = oo, and in (1.5.7), for p = «a.



For p = oo, we mentioned that the oo-cluster is linked to the extremal index x|. Actually, note
the extremal index exists for time series with short-range memories, and that it can be interpreted
as a summary statistic of the extremal time dependencies as follows. Under classical anti-clustering
conditions like AC in Theorem 2.2.1, preventing the long-range dependence of extremes, the ex-

tremal index satisfies Ox| € (0, 1] and
P(Hx[l,bn} Hoo > xbn) ~ 0\X| b, ]P’(’X()’ > xbn), n — —+o00. (1.5.6)

where (x,,) is as in (1.5.3). Instead, for our ¢*-norm approach, we show in Theorem 2.2.1 that, for
p = «, under anti-clustering and vanishing small values conditions AC, CS,, stated therein, the

following relation holds
P X1, pn)lla > @6,) ~ 0o P(|Xo| > 2p,), n— +00. (1.5.7)

Both, conditions AC, CS,, in Theorem 2.2.1 typically hold for short-range memory time series.
Condition CS, is tailored for neglecting the small values of sums in extreme blocks. In Chapter 2,
Section 2.5 discusses these conditions thoroughly. Recall our goal to model Xy /an as a concate-
nation of independent p-cluster. In this case, the aforementioned modeling strategy based on p = «
only relies on the a-cluster due to Equation (1.5.7). Indeed, both (1.5.6) and (1.5.7) compare the
series behavior with the i.i.d. case. Roughly, we record extremal £“-blocks with the same probability
for short-range memory series than we do for i.i.d. times series. This is not the case for extremal
£>-blocks with x| < 1. We interpret Equation (1.5.7) as a robust feature of the time series with
respect to time dependencies.

Then, continuing the argument as in [40|, we show in Theorem 3.3.8 the following empirical

point process convergence towards a cluster Poisson process

n

o
d
Ny =) exifa, = N = ZZGFZQEQ_), n — +oo0. (1.5.8)
t=1 i=1 teZ *

where (ay,) is a sequence of moderate levels satisfying nP(|Xo| > a,) — 1, (I')i=1,....00, (ng))izlyu_m
are both i.i.d. sequences, independent between them, (I';) are the points of a homogenous Poisson
point process on (0, c0) with intensity measure d(—y~¢), and (QEO{)) is distributed as the a-cluster.
Reviewing this approach, we see from (1.5.8) that we can fully identify the cluster component in
the limit in terms of the a-cluster. We refer to Appendix B.6 for further discussion and references.
Moreover, we mentioned that modeling the asymptotics of blocks X{; ,,j/a, can be helpful to show
further asymptotic results. Indeed, by modeling blocks Xy /ay, through a-clusters we can prove
the central limit theorem of partial sums: Y ;- ; X;/a,, towards a stable distribution, as n — +o0.
We state central limit theory of partial sums in Proposition 2.4.4, for a € (0,1) U (1,2), and in
Theorem 4.7.1, for o = 1.



1.5.4 Statistical applications

We explained in Section 1.5.3 that for modeling purposes, the a-cluster is a good candidate for
tracking the asymptotics of moderate observations. In this section, we argue that the strategy of
considering extremal /“—blocks opens a new road for improving inference procedures for heavy-tailed
stationary time series. For inference purposes, consider observations X|; ;) and let (bn) be again an
intermediate integer sequence such that b, — +oo and n/b, — +o00, as n — +oo. In a statistical
setting, our main motivation for studying extremal ¢P—blocks, with p < 0o, is the following. Notice
that as p decreases, the p-norms increase, and thus the probability of recording an extremal ¢P—block
increase also. Actually, under the assumptions of Theorem 2.2.1 for p, there exists a non-increasing

function p — ¢(p), for p > 0, such that
P(1X 1,8, lp > @,,) ~ c(p) bn P(|1Xo| > 2p,,), 1 — +o0, (1.5.9)
where nP(|Xo| > x,) — 0, and p — c(p) satisfies
1 = c(a) = c(p) = c(o0) = Ox; (1.5.10)

see (1.5.6), (1.5.7). Hence, ¢(p) summarizes the temporal memories of the time series for the ¢P-
norm when compared to the i.i.d. setting. Actually, an i.i.d. sequence has extremal index one.
Hence, from (1.5.9) and (1.5.10), we read that the number of extremal ¢*°-blocks available in a
sample-based scenario is proportional to the extremal index, compared to the i.i.d. case. Instead,
the extremal ¢“-blocks happen with the same probability than in the i.i.d. case. For this reason,
the £“-blocks seem to be a robust solution for evaluating spatiotemporal extremes.

We develop statistical methodologies to enhance both cluster inference and marginal infer-
ence. Concerning cluster inference, note that Theorem 2.2.1 holds for p > « solely under AC
and nP(|Xg| > z,) — 0 such that this resctrictions determine the asymptotics of (z,) . Equa-
tion (1.5.9) indicates that fewer extremal ¢*°-blocks are available in a sample compared to the
number of extremal ¢P-blocks, with p < co. Then, estimation of cluster features using extremal
fP-blocks should improve inference as we take p | a. For p = «, we also require condition CS,, but
in this case ¢(a) = 1. This is advantageous since now the proportion of extremal /% blocks remains
constant compared to the i.i.d. case, thus the estimation procedure is robust to time dependencies.
We formalize this argument in the second part of Chapter 2 and further illustrate the advantages
of /P-cluster-based inference in Chapter 3, for p < co. We detail briefly our main contributions to
p-cluster inference in Section 1.5.5 below. Concerning marginal inference, our goal is to estimate
features of the distribution of X;. In this case, the relationship between the extremal £*°-blocks
and the extremal index also troubles the implementation of classical statistical methods in (EVT),
tailored for i.i.d. observations. For example, the common block-maxima and exceedances approach
for high quantile inference, built on Pareto models, must be corrected when applied to stationary
time-dependent observations to obtain consistent estimates [60, 63]. Typically, estimating the ex-

tremal index is a necessary additional step to correct the asymptotics; c¢f. Appendix A. Instead, for

10



high quantile inference, we can extrapolate the distribution of X; using (1.5.7). The main idea is
to aggregate short periods through the ¢*-norm and then model the a-power sums from a stable
distribution. This seems to be a robust solution to account for the temporal memories. We will
present our stable sums algorithm for marginal inference in Chapter 4. We explain in short the
underlying idea in Section 1.5.6 below.

In what follows, it will be convenient to relate the p-clusters among them to compare the
inference procedures tuned with different values of p. Recall the spectral tail process (0;) in (1.5.2).
In Proposition 2.3.1 we state that, provided [O]|o + [|©]l, < +oc a.s., and E[|[O]|5/[|©]5] < +oo,

then p-clusters can be related as follows

PQY ) = cp)E[lGE 16/, € )] (15.11)

such that |Q®)||, = 1 a.s., ¢(p) coincides with (1.5.9) and

c(p) = E[lOl/lI0]3]-

Moreover, ||O]|q < oo a.s. holds if lim; 4~ |O¢] = 0, i.e., for time series with short-range memory.

It follows straightforwardly that ¢(«) = 1 and the a-cluster satisfies
d
QW = 0/[]a.

1.5.5 Cluster inference

Concerning cluster inference, we can summarize the main features of extreme episodes with
spatiotemporal coverage through cluster statistics. To address (Quest. 3), we propose consistent
disjoint blocks estimator based on extremal ¢P-blocks, for p-cluster inference. Our methodology
uses order statistics of the /P-norms sample as empirical thresholds. Roughly speaking, for cluster
inference we consider an intermediate integer sequence (b, ), the disjoint blocks defined in (1.5.5),
and we write m = m,, = [n/b,]. Then, for suitable continuous bounded shift-invariant functionals
f /P — R, we define the statistic fﬁ by

Q= E[f(QW))].

We propose to estimate the statistic ff b

/\

Z (Be/1Btllp) L(I1Bellp > 1Bellp, k) ) (1.5.12)

??'\P—‘

where B[, 1) > -+ > || Bl|p,m) and

ko= ke = (maP(|Xpale > 26,))- (1.5.13)
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Then, Theorem 2.4.1 states that, under suitable mixing conditions, B, x)/Zs, 5 1and
;}9 5 fﬁ, n — +oo.
Furthermore, in Theorem 5.2.1 we state sufficient conditions yielding
\/E(]:;S — j}?) LN N(O,Var(f(Q(p))), n — +oo.

One of the big challenges for implementing the estimators in (1.5.12) is to determine how to
choose the sequence (ky) in practice. The choice of k = k,, points to the classical bias-variance
trade-off in extreme value statistics (see Resnick [143]), where selecting k very large reduces the
variance but it might increase the bias. This difficulty in choosing k appeals to (Quest. 2) since
we have to choose a correct proportion of extremal blocks out of a sample to guarantee unbiased
estimates. Furthermore, notice that in our setting the sequence (k,) also depends on p, and, from
Equation (1.5.13) and Equation (1.5.9), k,, = k,(p) must satisfy

kn(00) ~ c(o0) nP(|Xo| > xp,) < c(p)nP(|Xo| > xp,,) ~ kn(p), n — +o0, (1.5.14)

such that p — ¢(p) is the non-increasing function in (1.5.9) and (1.5.10). Then, it follows straightfor-
wardly from Equation (1.5.14) that inference based on extremal ¢P-blocks as in (1.5.12), for p < oo,
justifies taking k larger compared to inference built on extremal £°°-blocks. Moreover, note that the
same quantity f19 can be obtained using different pairs p’, f,y, thanks to the cluster representation
in (1.5.11). In this case, we must keep in mind to multiply f by the change of norms derivative to
obtain f,y. We further illustrate in Chapter 2 that inference based on extremal ¢P-blocks with p < oo
can be advantageous compared to the classical approach letting p = oo, since for this last approach
choosing k can be more challenging. Consistency of the disjoint blocks estimators in (1.5.12) is
proven in Chapter 2, and asymptotic normality in Chapter 5.

As an example, we can apply cluster-based inference to estimate the extremal index. Interpreta-
tion of the extremal index through the oo-cluster features is the basis for inference procedures from
the early 1990s [160]. The main idea in this case is to infer the extremal index from the Equation
(1.5.6). This strategy motivated the so-called extremal index blocks estimator in [88, 161], based on
counts of exceedances per cluster, and also the runs estimator [161, 65|, based on interexceedances

lengths. In our setting, we can deduce from (1.5.11) the relation
Ox| = c(o0) = E[|Q|%], (1.5.15)

such that Q(®) is the a-cluster. Equation (1.5.15) suggests to use extremal £*-blocks to infer the
extremal index. Letting p = a and f = f : (x¢) — [|x¢]|%/[|%¢]|S in (1.5.12), we deduce an a-
of the extremal index. We review the extremal index, and

Q .
9‘X| in Chapter 3.

cluster-based consistent estimator §|C)2q

assess a-cluster-based inference of the estimator

12



Furthermore, a theoretical framework for proving asymptotic normality of cluster-based disjoint
blocks estimators was first established in [52]. Actually, [52] treated in detail estimation of the
aforementioned extremal index so-called blocks estimator in [88, 161]. Notice that in general for
disjoint blocks-type estimation, we can start the series at a lagged time unit and compute a possibly
different estimate. We can then take means of the disjoint blocks estimator computed over lagged
observations aiming to improve inference. This strategy yields to the sliding blocks estimators.
Asymptotic normality of the cluster-based sliding blocks estimators was studied in [51, 28|; see
also [108]. Variance computations indicate cluster-based sliding blocks estimators typically have
the same asymptotic variance than disjoint blocks estimators. Furthermore, already in [39, 50|, the
authors discussed how to improve cluster inference using the (tail) index of the time series o > 0.
Our a-cluster theory gives a solid theoretical framework to further study this strategy exploiting

the information on the (tail) index «.

1.5.6 Marginal inference

Concerning marginal inference, Chapter 4 introduces the stable sums method for inferring mul-
tivariate high quantiles. Algorithm 1 summarizes the new inference methodology which aims to
address (Quest. 4). We claim that looking at ¢*-norms rather than looking at ¢°>°-norms, can be
seen as a robust approach for aggregating the spatiotemporal information within an extremal block.
Consider observations X{; ,, an integer sequence (by) satisfying n/b, — 400, as n — +o0, and
the disjoint blocks defined in (1.5.5). We deduce from (1.5.2) and (1.5.9) the following asymptotic

approximation
P(Xo,; > xp,,) ~ m(j) (bn c(p))*IIP’(HX[Lbn]Hp > xp,), N — +00, (1.5.16)
such that Xy ; is the j-th coordinate of Xy, for j = 1,...,d, and m(j) is a positive constant satisfying
P(Xo; > ap,) ~ m(j)P(|Xo| > zp,), n— +o0,

where m(j) = E[(O,;)%] tracks the spatial features of the vector Xy with respect to the j-th
coordinate, and does not depend on the temporal aspects. Then, (1.5.16) suggests to aggregate the
d-variate observations within blocks By = X{; ], in space and in time, through the ¢“ norm to
infer the marginal extremal features of X;. In particular, in Equation (1.5.16) we focus on inference
of marginal coordinates. Of course, this approach can be implemented, albeit the knowledge of the
two constants m(j), ¢(p). Though, choosing p = «, the (tail) index, in Equation (1.5.16), yields
¢(a) = 1 which simplifies to

P(Xo,; > xp,) ~ m(j) (bn)_IP(Z?iﬂXﬂa >y ), n— +o0. (1.5.17)

Hence, we can infer the coordinate aspects of X ; through (1.5.17), for j = 1,...,d. We pursue

this strategy in Chapter 4 for high return levels inference.
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Chapter 4 explains our new inference methodology in Algorithm 1, which responds to (Quest.
4). Roughly speaking, suppose the constants m(j), for j = 1,...,d, are known or have been already
estimated. From the right-hand side of Equation (1.5.17), we can see that the extrapolation of high

levels is possible from the distribution function
z o PO X < ). (1.5.18)

Actually, since |Xg|* is regularly varying with (tail) index equal to one, the central limit theory
justifies modeling the distribution in (1.5.18) with a stable distribution. In practice, we propose
to fit the sub-sample of disjoint sums: (||B¢[|%)i=1,....m. (see (1.5.5)), with a stable distribution of
stable parameter one. From this fit we can infer the distribution in (1.5.18). Finally, for high return
levels inference, we rely on the asymptotic approximation from Equation (1.5.17) and extrapolate
the right-hand side of Equation (1.5.17) from the fitted stable distribution.

Two major advantages can be highlighted from this procedure. First, we fit a univariate sta-
ble distribution to the a-powers of sums only once, and information on the whole spatiotemporal
extreme event is available in this first step. In simulation, this seems to enhance inference. Then,
in the second step, we allocate the weights m(j), for j = 1,--- ,d, to recover coordinate features.
Second, (1.5.17) keeps track of the temporal memories of the time series but avoids typical declus-
tering methods [65, 34|, which are needed for the Pareto-based methods. Indeed, these methods
often rely on the asymptotics of £°°-blocks. To conclude, this new approach is justified since we will
show ¢(a) = 1 for a number of classical models exhibiting short-range time dependence behavior.
Moreover, this method also requires estimating the (tail)-index o > 0, but this is a mandatory step
also in Pareto-based high quantile estimation. Again, it is important to highlight the important
role of « for assessing temporal dependencies. Chapter 4 concludes with the analysis of fall daily

heavy rainfall in France from the data set introduced in Section 1.2.
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Chapter 2: Large deviations of /’—blocks of regularly varying time series and
applications to cluster inference

Abstract

In the regularly varying time series setting, a cluster of exceedances is
a short period for which the supremum norm exceeds a high threshold.
We propose to study a generalization of this notion considering short
periods, or blocks, with #—norm above a high threshold. Our main
result derives new large deviation principles of extremal ¢P-blocks. We
show an application to cluster inference to motivate our result, where
we design consistent disjoint blocks estimators. We focus on inferring
important indices in extreme value theory, e.g., the extremal index.
Our approach motivates cluster inference based on extremal ¢P—blocks
with p < oo rather than the classical one with p = co. Our estimators
also promote the use of large empirical quantiles from the /P—norm of
blocks as threshold levels which eases implementation and facilitates
comparison.

keywords®: FExtremal index, cluster Poisson process, extremal cluster,
reqularly varying time series, affine stochastic recurrence equation, au-
toregressive process
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Main contributions

I address (Quest. 1-3) in this Chapter. The following are my main contributions:

- (Quest. 1): Recall my goal to model extremal characteristics of blocks Xon]; a8 1 —
+00. Theorem 2.2.1 presents large deviations of blocks embedded in the shift-invariant

sequential space (gp, czp), and defines p-clusters Q) e (P, satisfying HQ(p)Hp =1, a.s.

- (Quest. 3): I present in Theorem 2.4.1 consistent disjoint blocks estimators tailored to
infer the features of extremal ¢P-blocks. The estimators in (2.4.2) can be used to infer

statistics

12 = E[f(vQW)], (2.0.1)

for suitable functionals f : /7 — R, Y Pareto distributed, P(Y > y) = y~¢, for y > 1,
and independent of Q®).

Moreover, Proposition 2.3.1 show that all p-cluster are related through a change of
norms functional. Hence, the same statistic, let’s say f;‘) in (2.0.1), can be obtained by

combining pairs ¢, fq : {7 — R, for p,q > 0.

- (Quest. 2): The new estimators in (2.4.2) use order statistics of the ¢P-norms sub-
sample as threshold levels. This strategy aims to stress the intrinsic relation between
the large deviation results from Theorem 2.2.1, and the choice of p indicating we infer
ff in (2.0.1) using extremal ¢P-blocks. I demonstrate inference with extremal ¢P-blocks,
for p < o0, is advantageous compared to the classical approach p = oo. This is further

illustrated with numerical experiments.
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2.1 Introduction

For various applications of extreme value statistics with stationary time series, it is natural
to wonder how a recorded high level can affect the future behavior of the sequence or how often
extreme events occur. However, the extremal dependencies of the time series can disturb the
inference procedures tailored for independent observations; cf. Leadbetter [109], Embrechts et al.
[59]. We consider the setting of R%valued stationary regularly varying time series (X;)iez with
generic element Xy; see Section 2.2.1 for a definition, cf. Basrak and Segers [10]. In this framework,
an exceedance of a high threshold by the norm |X;| at time ¢ might trigger consecutive exceedances
in some small time interval around ¢. To model these short periods with at least one exceedance
Davis and Hsing introduced the clusters (of exceedances) implicitly in the seminal paper [40]. These
were further reviewed in Basrak and Segers [10]| and Basrak et al. [9].

The main motivation for studying clusters (of exceedances) can be traced back to Theorem 2.5.
in Davis and Hsing [40]. Roughly speaking, for weakly dependent regularly varying time series,
the limit distribution of a,, 1X[07n] = a,'(Xo, ..., X,) is fully characterized in terms of the index of
regular variation, the cluster (of exceedances), and the extremal index of (|Xy[), denoted by 6%,
where nP(|Xo| > ay,) — 1. In this representation, the notion of a cluster aims at modeling how rare
events of Xg,, happen, i.e., its behavior if its supremum norm exceeds the high level x,,, and as the
probability of recording a cluster tends to zero, i.e., P(||X1 zlloc > 2n) ~ OxnP(|Xo| > z,) — 0.
From this last equivalence, we can also see that 6x| summarizes the ratio between the expected
number of exceedances in the stationary time-dependent scenario and the independent setting.

By the previous discussion, the cluster (of exceedances) is tied together with the extremal index

by the supremum norm. Our main theoretical result extends the aforementioned ideas from the £°°—
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norm to fP-norms. In Theorem 2.2.1 we investigate the behavior of X[ ,; when its {/-norm exceeds
high levels (z,,) satisfying P([|Xnllp > 2n) = P11 [X¢fP > 23) — 0 as n — +o0. We call this
a large deviation result since it describes the block behavior when the probability that the partial
sums of the norm pth powers of R%valued regularly varying vectors exceed the extreme threshold
ab. This leads us to a new definition of a cluster process in the space ¥ = E”(]Rd) and, in the
limiting case p = 0o, one recovers the classical clusters (of exceedances). Similarly, large deviation
principles for sums were considered by Nagaev [124], Cline and Hsing [33] in the independent heavy-
tailed case, and by Mikosch and Wintenberger [121, 122, 123], Mikosch and Rodionov [118] in the
dependent heavy-tailed case. Instead, we derive large deviation principles for blocks in /P and focus
on P-norms: they increase when p decreases, hence the proportion of extremal clusters increases.
This fact points at an advantageous road for improving inference procedures which we will follow
in the second part of this article.

For inference purposes we divide a sample X1, ..., X,, into disjoint blocks (Bt>1§t§|_n/bnjv B; =
X (t=1) bu+[1,0n]» for a sequence of block lengths (b,,) such that b, — oo and b,/n — 0 as n — oo.
To apply our findings we study cluster inference. Typically, inference on clusters (of exceedances)
starts with selecting blocks whose supremum norm exceeds a high threshold z3, ; cf. Kulik and
Soulier [108]. Instead, we aim at considering blocks whose ¢P—norms exceed a high threshold. As
a matter of fact, for cluster inference the thresholds (x, ) should adapt to the block lengths (by,)
and take into account the value of p. In the existing literature for p = 0o no detailed advice is
given of how the couple (by,) and (xp, ) must be chosen; see for example Drees, Rootzén [52], Drees,
Neblung [51], Cissokho, Kulik [28], Drees et al. [50], who assume bias conditions on the sequence
() such as nP(|Xo| > x,) — 0 as n — oo. It is common practice to replace xp, by an upper order
statistic of (|X¢|)1<t<n, turning the choice of b, into a delicate problem which has not been studied
carefully. This problem occurs for example in the context of the blocks estimator of the extremal
index proposed by Hsing [88].

To address the aforementioned threshold /block length difficulties of cluster inference, we design
consistent disjoint blocks methods in Theorem 2.4.1 with thresholds chosen as order statistics of £P—
norms that adapt to the length of the block. In this way one deals with the classical bias-variance
trade-off in extreme value statistics (see Resnick [143]) where choosing a small number of order
statistics increases the variance while a large number might lead to biased estimates. We retrieve
the need for a rigorous definition of extremal ¢P—blocks for cluster inference to reveal how p can play
a key role. Indeed, we can infer the same quantity using extremal ¢P—blocks, for different values of
p, by applying a change of norms functional. When comparing these estimators, our large deviation
principles support our approach for p < oo is more robust compared to the classical perspective
based on p = 00.A similar change of norms approach was investigated in Drees et al. [53] and
Davis et al [39] for inference of the tail process. In this paper, we focus on inference of cluster
processes and show consistency of the blocks estimators. Asymptotic normality of our estimators
can be derived by combining arguments from Theorem 4.3 in Cissokho and Kulik [28] and the large

deviation arguments developed below; this topic is the subject of ongoing work.
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We apply our inference procedure to estimate the extremal index using extremal /“—blocks, with
a equal to the index of regular variation of (X;). We also consider inference of cluster indices as
defined by Mikosch and Wintenberger [122] on partial sum functionals by considering extremal ¢!
blocks. These functionals are shift-invariant with respect to the backward shift in sequence spaces;
see Kulik and Soulier [108] for details. To define extremal ¢P—blocks for p < «, we require a so-called
vanishing-small-values condition too; see Section 2.5. Another advantage of this consideration is
that, using a simple continuity argument, we can also study ath-power sum functionals acting on £7.
Then, coupled with the random shift analysis of Janssen [96] based on the ath moment of the cluster
process, we also extend cluster inference to functionals acting on P rather than on shift-invariant
spaces. We heavily rely on Theorem 2.2.1 to provide the main argument for comparing inference
methods as we build therein on the definition of cluster processes from the new large deviation

principles.

2.1.1 Outline of the paper.

Section 2.2 states the main large deviation principle in Theorem 2.2.1 after introducing the
preliminaries on regular variation and fixing the notation. In Section 2.3 we study the cluster
processes in the space P introduced in Theorem 2.2.1. In Section 2.4 we apply Theorem 2.2.1 to
inference for shift-invariant functionals acting on these cluster processes through Theorem 2.4.1,
choosing thresholds as empirical quantiles of the /P—norms of blocks. In an example, we illustrate
our approach for p < oo and compare it with the setting p = oo. This is done at the end of
Section 2.4. In Section 2.5 we supplement the discussion on Theorem 2.2.1 and analyze in depth its
assumptions. In Section 2.6 we provide inference for non-shift-invariant functionals. We defer all

proofs to Section 2.7.

2.2 Preliminaries and main result

2.2.1 About regular variation of time series

We consider an R%valued stationary process (X;). Following Davis and Hsing [40], we call it
regularly varying if the finite-dimensional distributions of the process are regularly varying. This
notion involves the vague convergence of certain tail measures; see Resnick [143|. Avoiding the
concept of vague convergence and infinite limit measures, Basrak and Segers [10] showed that

regular variation of (X;) is equivalent to the weak convergence relations: for any h > 0,

Pz (Xe)jy<n € - | 1Xo| > ) =5 P(Y (O)y<n € °) T — 00,
(2.2.1)

where Y is Pareto(a)-distributed, i.e., it has tail P(Y > y) = y~“, y > 1, independent of the vector
(©1)j¢j<n and [©g| = 1. According to Kolmogorov’s consistency theorem, one can extend the latter

finite-dimensional vectors to a sequence © = (6;)scz in (R?)? called the spectral tail process of (Xy).
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The regular variation property, say RV, of (X;) is determined by the (tail)-index a > 0 and the
spectral tail process.

Extending vague convergence to My-convergence, Hult and Lindskog [89] introduced regular
variation for random elements assuming values in a general complete separable metric space; see
also Lindskog et al. [113]. Segers et al. [152] proved regular variation of random elements with
values in star-shaped metric spaces. Their results are based on weak convergence in the spirit of
(2.2.1). Our focus will be on a special star-shaped space: the sequence space ¢, p € (0, co] equipped

with the metric

» 1/p
Ix =yl = (Siea b —ye) ", p21,
I = y15 pe (1),

dp(x,y) = X,y €47,

with the usual convention in the case p = oo. We know that d,, makes ¢? a separable Banach space
for p > 1, and a separable complete metric space for p € (0,1). Using the p-modulus function || - ||,
the ¢P-valued stationary process (X;) has the property RV, if and only if relation (2.2.1) holds with
|Xol| replaced by [|X(g pnllp- Equivalently, (Proposition 3.1 in Segers et al. [152]), for any h > 0,

Pz ' Xou € - | | Xjonlly > z) ~> P(Y QP(h) € ), T — 00,
(2.2.2)

where for a < b, X{q3 = (Xq,...,Xp), and the Pareto(a) variable Y is independent of QW (h) €
R+ and |QP)(h)], = 1 a.s. We call Q) (h) the spectral component of X0,n]-

2.2.2 Notation

For integers i and a < b we write i + [a,b] = {i + a,...,i+ b}. It is convenient to embed the

b=atl) in (R%)? by assigning zeros to indices i ¢ [a,b], and we then also write

vectors X, p € R«
X[a,p] € (RHZ. We write x := (x;) = (X¢)sez, and define truncation at level € > 0 from above and
below by x, = (Xt _)tez, X° = (X)tez, Where x;_ = x¢ 1(|x¢| > €), Xj = x1([x¢] < e).~

Recall the backshift operator acting on x € (RY)%: B¥x = (x;_p)ez, k € Z. Let /P = P/ ~ be
the quotient space with respect to the equivalence relation ~ in P: x ~ y holds if there exists k € Z
such that B¥x = y. An element of 7 is denoted by [x] = {B¥x : k € Z}. For ease of notation, we
often write x instead of [x], and we notice that any element in % can be embedded in Iz by using

the equivalence relation. We define for [x], [y] € 7,

dy(x],y]) i= nf {d,(B*a,b) :a € [x],b e [y]}.

For p > 0, Jp is a metric on P and turns it into a complete metric space; see Basrak et al. [9].
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2.2.3 Main result

We start by giving our main result on large deviations of the sequence Xj ], that we embed in

the space (7, Jp). The proof is postponed to Section 2.7.1.

Theorem 2.2.1. Consider an R-valued stationary time series (Xy) satisfying RV o for some o > 0.

For a given p > 0, assume that there exist a sequence (x,,) such that nP(|Xo| > x,,) — 0 and some

Kk > 0 such that n/xﬁ/\(a_”) — 0 as n — +o0o. Furthermore, assume that for all § > 0,

AC : limy,o0 limsup, oo P([|[Xpnilloo > d2n | [Xo| > d2,) =0,
P(|lzn X1n llp > )

CS, : lim,olimsup,, ., =

nP(|Xo| > xn)

Then, there exists c¢(p) > 0 such that

P([1X0,n)llp > 2n)

li = . 223
n-rtoo nP(|Xo| > ) (p) ( )

Moreover, c¢(p) < oo if p > «, in particular, c(oo) < ¢(p) < c(a) = 1. If ¢(p) < oo there exists
QW ¢ (¢, dP) such that |QP)|, =1 a.s. and

Pz, Xion) € <[ 1 Xjomllp > 2n) —= PYQW €4), n— o0,
(2.2.4)

in the space (£P,d,) where Y is Pareto(a) distributed, independent of Q.

Since HQ(I’)HP =1 a.s., QP has interpretation as the spectral component of a regularly vary-
ing (P-valued random element. From (2.2.3) we infer that ¢(p) is a non-decreasing function of p.
Letting p = oo, one recovers the classical definition of clusters (of exceedances) in (2.2.4). From
Theorem 2.2.1 we also have c¢(a) = 1 < oo which motivates the study of extremal ¢“~blocks and,
for the purposes of statistical inference, suggests Q(®) as a potential competitor of Q).

We refer to a relation of the type (2.2.3) as large deviation probabilities motivated by the following
observation. Write S,(f ) = S [X¢fP for k > 1. Then |X[? is regularly varying with index a/p.
Relation (2.2.3) implies that

P(|Xpumllp > 2n) = P(SP > ab)

c(p)nP(|Xo| > zn) =0, n—o00.

2

)

Thus the left-hand probability describes the rare event that the sum process Sflp exceeds the extreme

threshold b .
Equation (2.2.4) extends the large deviation result for || Xo |, in (2.2.3) to one for the process

Xo,n) In the sequence space (P. Motivated by inference for the spectral cluster process QWP we
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establish (2.2.4) employing weak convergence in the spirit of the polar decomposition given in Segers
et al. [152].

We work under the one-sided anti-clustering condition AC together with a telescoping sum
argument to compensate for the classical two-sided condition (2.5.1) used in Kulik and Soulier
[108]. Conditions similar to CS,, are standard when dealing with sum functionals acting on (Xy)
and hold for any time series satisfying RV, for p > « by a Karamata-type argument. In Section 2.5

we further discuss the assumptions of Theorem 2.2.1.

Remark 2.2.2. Fquation (2.2.4) provides a family of Borel sets in (Zp, dp) for which the weak limit

of the self-normalized blocks X 5,1 /|| X{o,n)llp evists. This result implies that the sequence of measures

pn (") = P(ay Xo,n) € )/P(1Xo,nllp > zn)

o) = /OOOIP’(yQ(”)G-)d(—y“"), n = oo,

in the My-sense in (gp, dp). By the portmanteau theorem for measures (Theorem 2.4. in Hult and

Lindskog [89])
pn(A) = P(a, X € A)/P(IXjo,llp > 2n) = u(A),

for all Borel sets A in (£, Jp) satisfying p(0A) =0 and 0 € A. This approach is discussed in Kulik

and Soulier [108] where similar conditions are stated for obtaining limit results for Iz -functionals.

2.3 Spectral cluster process representation

2.3.1 The spectral cluster process in

From (2.2.1) recall the spectral tail process © of a stationary sequence (X;) satisfying RV,,.
We start with a representation of the spectral cluster process Q) from (2.2.4) in terms of ©. The

proof is deferred to Section 2.7.3.

Proposition 2.3.1. For p,a > 0 assume [|O|, + [|©||a < oo a.s. Under the assumptions of
Theorem 2.2.1, the distribution of the spectral cluster process Q") in the space (P, dy) is given by

PQ" e ) = cp)'E[|0/IOlll; 1(O/Ol, € -)], (2.3.1)
where the constant c¢(p) defined in (2.2.3) admits the representation
cp) = E[l6/I0]alp]- (2.3.2)

This result provides a new representation of the distribution of Q") for fixed p and relates
distinct spectral cluster processes to each other by the change of norms transform in (2.3.1). In the

next sections we consider the cases p € {a, 00} in detail.
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The spectral cluster process in £

In view of (2.3.1) the process ©/]|©|, is the candidate for the f-spectral cluster process Q)
introduced in (2.2.4), and it plays a key role for characterising QW in general. The following result
shows that ©/(|©||, is well defined under AC.

Proposition 2.3.2. Let (X;) be a stationary sequence satisfying RV, with spectral tail process

(©y). Then the following statements are equivalent:
i) [|O]|a < 00 a.s. and O/||O||q is well defined in £~.
ii) |0 — 0 a.s. as t — oc.

iii) The time of the largest record T* := inf{s : s € Z such that |Os| = sup,cz, |O+|} is finite a.s.
Moreover, these statements hold under AC.

A proof of Proposition 2.3.2 is given in Lemma 3.6 of Buritica et al. [25|, appealing to results
by Janssen [96].

From (2.2.2) recall the sequence of spectral components (Q(®)(h)),>0 of the vectors (X{0,n)) 10
with the property |Q(®)(h)|lo = 1 a.s. Our next result relates the sequence (Q(®)(h))n>0 to ©/(|O]|a,
the candidate process for Q(®).

Proposition 2.3.3. Let (X¢) be a stationary time series satisfying RV, and lim;_,~ [0 = 0 a.s.
Then Q) (h) ~% Q@ (00) as h — 0o in (1%, dy) with Q) (c0) £ ©/(|O)]|a-

This result gives raise to the interpretation of ©/||©||, as the spectral component of (X¢) in €.
The proof is given in Section 2.7.3. Under the assumptions of Theorem 2.2.1 we also have the a.s.
representations Q(® = ©/||0||, and © = Q(a)/‘Qéa)\ in (£%,d%).

The spectral cluster process in £%°

Letting p = oo in Theorem 2.2.1, we retrieve the classical definition of the cluster (of exceedances)
by embedding Q> from (2.2.4) in (!700, 6700) From Proposition 2.3.2, assuming AC, we can relate
the cluster (of exceedances) to ©/||0||, using (2.3.1) by

PYQ™ e-) = P(YO/Ollw €| [YO/[Ollalloc > 1),
(2.3.3)

where Y is a Pareto(a) random variable independent of Q(>) and ©. In particular, [|Q(*) ||, =1
a5, and P((| YO/||8]lalloc > 1) = E[J| 0/l ]l2] = c(o0).

Assuming AC and additional mixing assumptions (see e.g. Theorem 2.3. in [25]), the extremal
index x| of (|X;|) exists and equals c(c0). Under AC, Basrak and Segers [10] proved that [©;| — 0

as [t| — oo and ¢(00) is given by
c(00) = E[[|(81)e=oll% — (On)e>1]l%] - (2.34)
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Following Planini¢ and Soulier [138], the spectral tail process (0;) satisfies the time-change formula:
for any measurable bounded function f : (ZP,J,,) — R such that f(Ax) = f(x) for all A > 0, we
have for all t,s € Z,

E[f(B*(@))1(6_, #0)] = E[e,]* f((©))]. (2:3.5)

An application of this formula and a telescoping sum argument yield

) = EllOl;/le]g]
= S E[(1®0iz-s/18llall} ~ (©1)z—s1/1€llall3) ]

SEZL

= S E[0. IO/ IOllally ~ 11(©0)=1/100lall3) |

SEZ
= E[I012(1On 0/ 10llallg = (©2)i21/1©1ali5)]
= E[I®zoll§ ~ 1(©)e1ll3] - (2:3.6)

Thus we deduce the representation in (2.3.4) for ¢(oo) by letting p = 0o in (2.3.6).

Furthermore the representation in (2.3.6) extends from p = oo to 0 < p < co under AC. We
notice that under AC it is in general not obvious whether ¢(p) is finite or not for 0 < p < a. A
Taylor expansion shows that (2.3.6) is finite if E[||(©;):>0llp 7] < oo and thus ¢(p) < oo, which is a

necessary condition for defining Q) as in (2.2.4).

2.4 Consistent cluster inference based on spectral cluster processes

Let Xi,...,X,, be a sample from a stationary sequence (X;) satisfying RV, for some o > 0
and choose p > 0. We split the sample into disjoint blocks By := X;_1)p4 (1,5, t = 1,...,mp, where
b= b, — oo and m = m,, := [n/b,] — oo. Throughout we assume the conditions of Theorem 2.2.1
for p. Then, in particular, P(||B1|[, > x3) — 0 and k = k,, := [m,P(||B|, > xs,)] — oo.

The key message from Proposition 2.3.1 is that the same quantity, say e.g., ¢(q), for ¢ > 0, can
be obtained from letting different functionals act on Q® for different p, in particular for p < co.
In this context, we want to compare the inference procedures of p < oo and p = 0o, and promote
the use of the order statistics of ||B¢|lp, t = 1,...,my, ie., ||Bl|, 1) > [|B

p@ = = [Bllpom) -

2.4.1 Cluster functionals and mixing

The real-valued function g on /P is a cluster functional if it vanishes in some neighborhood of the
origin and P(Y Q) € D(g)) = 0 where D(g) denotes the set of discontinuity points of g. In what
follows, it will be convenient to write Q+(17p) for the class of non-negative functions on #? which
vanish in some neighborhood of the origin.

For asymptotic theory we will need the following mixing condition.
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Condition MX,,. There exists an integer sequence b = b, — oo such that m = m,, — oo, and for

any Lipschitz-continuous f € G, (¢P), the sequence (x,) satisfies

1 5~Lm/k)

Ele~# Xl /@ B = (E[e~# 25 @ B 4 o(1), s co.
(2.4.1)

If MX,, is required in the sequel we will refer to the sequences (by), (my) and (k,) chosen in
this condition. MX,, is similar to the mixing conditions A, A" in Davis and Hsing [40], Basrak et
al. [8], respectively. These are defined in terms of sequences (f(X;)) while our functionals f act
on blocks. MX,, holds under mild conditions, for example, under strong mixing with quite general

mixing rate; cf. Lemma 6.2. in Basrak et al. [9)].

2.4.2 Consistent cluster inference

The following result is the basis for an empirical procedure for spectral cluster inference built

on disjoint blocks. The proof is given in Section 2.7.4.

Theorem 2.4.1. Assume the conditions of Theorem 2.2.1 hold for p > 0 with c¢(p) < oo together
with MX,,. Then ||B|lp,x)/ 2o 51 and for all g € G, (¢P),

%ZQ(HBH;&)BO g/0 E[g(yQ®)]d(-y~*), n — oco. (2.4.2)
t=1

The sequence (ky,) in (2.4.2) depends on p, but the choice of p is flexible due to Proposition 2.3.1
relating spectral cluster processes by a change of norms functional. The constant at the right-hand
side of (2.4.2) can be written in different ways by combining the choice of p with the choice of the
functional g. The choice of p, g are left to the practitioner. Theorem 2.4.1 points to the following
two advantages.

Notice Theorem 2.4.1 promotes the use of order statistics of the sample of /P—norms where
thresholds adapt automatically to block lengths. This allows us to exploit the link between the
block length and the threshold through the sequence (k,) that must satisfy

kn = [maP(|Bllp > @3,)] ~ e(p)nP(Xo| > z,) = o(n/b/PV1),
n — +o0. (2.4.3)

The asymptotic equivalence follows from the restriction on the thresholds in Theorem 2.2.1 where
for p < o, n/ah — 0, and for p = o, n/z&™* — 0 for some x > 0.

Also from (2.4.2) we see that k, corresponds to the total number of extreme blocks used for
inference. Then, for inference through Q) equation (2.4.3) justifies taking k,, larger if p < oo than
if p = oo since ¢(+) is a non-increasing function of p.

In the next section we illustrate these two points.
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2.4.3 Applications

In this section we apply Theorem 2.4.1 to inference on some indices related to the extremes in

a time-dependent sample and focus on cluster inference using Q(® and Q.

The extremal index

The extremal index of a regularly varying stationary time series has interpretation as a measure
of clustering of serial exceedances, and was originally introduced in Leadbetter [109] and Leadbetter
et al. [110]. If (X}) is iid with the same marginal distribution as (X;) then the extremal index 6)x|
relates the expected number of serial exceedances of (|X;|) with the serial exceedances of (|X}]).

We aim to apply Theorem 2.4.1 with p = «. In this setting, the change of norms formula in
(2.3.2) and the discussion in Section 2.3.1 lead to the identities

= E[|Q|%].

HGHSO}

I = o) =B gy

Then letting p = o and g(x) = (||x[|%/[x[|%)1(||x]la > 1) on the right-hand side of (2.4.2), we

obtain

| Elw@a-y = [ E[HQ LI >y dt-y )

= E[|IQ®]%] = e(c0).

Next we introduce a new consistent disjoint blocks estimator of the extremal index defined from

exceedances of /“-norm blocks.

Corollary 2.4.2. Assume the conditions of Theorem 2.4.1 for p = a. Then

Bl
t

w\_‘

To motivate this estimator of ¢(oo) we compare it to one based on the cluster (of exceedances)
following a more classical approach. Motivated by the blocks estimator in Hsing [88] for the extremal
index, we let g(x) := 3 ;5 L(|x¢[ > 1) act on large £>°~blocks. Choosing p = oo and fixing g on
the right-hand side of (2.4.2), we can find an integer sequence k¥’ = k], — oo such that

1 — -1 p
(EZ“(‘X” > yyBHOQ(k,))) Py (o0), n - o00. (2.4.5)
t=1

Arguing as for (2.4.3), we obtain k], ~ m,P(|Bllc > @) ~ c(o0)nP(|Xo| > x3). Thus, the
proportion of extreme blocks used in (2.4.5) depends on c¢(co) whereas the number of extreme

blocks used in (2.4.4) is constant regardless of the time dependence structure.
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A cluster index for sums

In this section we assume a € (0,2) and E[X] = 0 for a € (1,2). We study the partial sums
Sn == > 1 Xs, n > 1, and introduce a normalizing sequence (ay) such that nP(|Xo| > a,) — 1.
Starting with Davis and Hsing [40], a-stable central limit theory for (S, /a,) was proved under
suitable anti-clustering and mixing conditions.

In this setting, the quantity ¢(1) appears naturally and was coined cluster index in Mikosch
and Wintenberger [122]. For d = 1 it can be interpreted as an equivalent of the extremal index
for partial sums rather than maxima. Indeed, consider a real-valued regularly varying stationary
sequence (X;) with index of regular variation a € (0,2) satisfying P(X < —z) = o(P(X > z)) or
X £ _X. Consider an iid sequence (X;) with X 2 X' and partial sums (S/,). Then a,'S, 4, &a
and a, 15! LN ¢!, both &, and &, are a-stable and

E[eiufa] _ (E[eiuf’a])c(l)‘

Letting p = 1 and g(x) = ([|x[|2/[1x[|$)L([|Ix||1 > 1) on the right-hand side of (2.4.2), we obtain

- . QMg R I
| Elw@ - = [ E[”Q(l)”an<ucz<l>ul>y Y]d(—y~)

E[IQW2] = (1)),

where the last identity follows from Proposition 2.3.1. Then Theorem 2.4.1 for p = 1 and g as

mentioned yields a consistent estimator of ¢(1).

Corollary 2.4.3. Assume the conditions of Theorem 2.4.1 for p =1. Then

(

As we have argued above, such an estimator is appealing since it is based on large ¢!-norms of

wM—‘

L || Be|S -1 p
Z” t” ]1||Bt||1>||B||1(k )) — (1), n—o0. (2.4.6)

blocks instead of ¢*°-norms. Moreover, arguing as in Cissokho and Kulik [28], Kulik and Soulier
[108], we can extend Theorem 2.4.1 for p = oo to hold for ¢!-functionals under CSy. Then, for
g(x) :== 1(||x|l1 > 1) and p = oo on the right-hand side of (2.4.2), we find k¥’ = k], — oo such that

22 LBl > [IBlloo,r) P
21 L(IXe] > [[Bllos, k1))

c(l), n— oo, (2.4.7)

where as in (2.4.3), k], ~ ¢(00) nPP(|Xo| > 23) then this value gets shrunken by a factor c¢(oco) < 1
compared to the i.i.d. case. This is not the case for £!-cluster inference since k,, ~ c¢(1)nP(|Xo| > )
with ¢(1) > 1 which suggest the choice of kj, in (2.4.6) is more robust. For o € (0,1) we can argue
similarly and improve inference by proposing an estimator based on £“-norm order statistics.

As in the extremal index example, we promote inference based on extremal £P—blocks with p < oo

for a better control of the tuning parameter k, compared to inference with extremal £>°—blocks.
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Furthermore, Theorem 2.4.1 yields estimators of the parameters of the a-stable limit for (S,,/a,)
denoted &,. Indeed, following the theory in Bartkiewicz et al. 5], we characterize the a-stable limit

in terms of Q); the proof is given Section 2.7.4.

Proposition 2.4.4. Assume that (X;) is a regularly varying stationary sequence with o € (0,1) U
(1,2) together with the mizing condition:

E[eiuTS"/“”] = (]E[eiuTSbn/“"])m" +o(1), n—oo, uecR?,
and the anti-clustering condition: for every d > 0,

lim limsuanf;lE[(]Xt/an\ AS) (| Xo/an| AS)] =0. (2.4.8)

=500 n—oo

Then S, /an LN €., for an a-stable random vector €, with characteristic function Elexp(iu'€,)] =
exp(—cq 0a(u) (1 — i B(u) tan(an/2))), u € R, where ¢, := (T'(2 — a)/|1 — a|)(1 A @) cos(arn/2),

and the scale and skewness parameters have representation

oa(u) = (V)E[u’Y,,Q" ],
Bu) = (EluS,QM)% — (0,0 Q8)2) /Bl S, Q0] -

As for ¢(1), an application of Theorem 2.4.1 with p = 1 for a € (1,2) and p = « for o €
(0,1) yields natural estimators of the parameters (o,(u),5(u)) in the central limit theorem of

Proposition 2.4.4

An example: a reqularly varying linear process

We illustrate the index estimators of Corollaries 2.4.2 and 2.4.3 for a regularly varying linear
process Xy 1= ) .7 @;jZi—j, t € Z, where (Z;) is an iid real-valued regularly varying sequence (Z¢)
with (tail)-index a > 0, and (y;) are real coefficients such that ., lp;|"M@=8) < oo for some
e > 0.

In this setting, (X;) is regularly varying with the same (tail)-index a > 0, and the distributions
of Z; and X, are tail-equivalent; see Davis and Resnick [46]. The spectral cluster process of (X;) is
given by Q) = (p11/(0)la) OF. t € Z, where limgoo B(£Zy > 2)/B(|Zo| > ) = P(OF = 1),
©F is independent of a random shift J with distribution P(J = j) = |p;]%/||(¢¢)||; see Kulik and
Soulier [108], (15.3.9). Then

c(00) = maxeezled/llells,  c(l) = (Ziezled)/llela -

For the causal AR(1) model given by X; = ¢ X; 1+ Z;, t € Z, [p| < 1, one retrieves 0 x| = c(c0) =

1— | and ¢(1) = (1 — |o|*) /(1 — |@])*.
We aim at comparing estimators of 6| x| and ¢(1) built on extremal (P-blocks, p < oo, against
inference over />°~blocks, for the causal AR(1) model with student(«) noise for a = 1.3. Guided by
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(2.4.3), we take k = kj, := max{2, Ln/ban)J} with k = 1. For estimation of «, we follow the bias-
correction procedure in de Haan et al. [83]. This estimator is plugged into (2.4.4), (2.4.6), resulting
in the estimators ¢/9\|X|, 1/¢(1), based on % and ¢'-extremal blocks, respectively. Figures 2.4.5
and 2.4.6 present boxplots of these estimators as a function of b, and for different sample sizes n
in blue. For comparison, we also show boxplots of the estimators in (2.4.5) and (2.4.7) based on
extremal £°°—blocks in white. Estimation based on #P—block for p < oo outperforms in simulation
the £°°—blocks approach in terms of bias for fixed k. Also, notice the bias for large block lengths
decreases as n increases. Indeed, if we fix n, the relation [n/b0+%) | — 0 as b — oo restricts the
block length for small sample sizes. We have fixed the tuning parameter x = 1, though improvement
can be achieved by fine-tuning x > 0. We also refer to Buritica et al. [25] for further simulation
experiences showing that the estimator of the extremal index in (2.4.4) compares favorably with

various classical estimators as regards bias.

2.5 A discussion of the assumptions of the large deviation principle in Theorem 2.2.1

Consider a stationary sequence (X;) satisfying RV, and let (x,) be a threshold sequences such
that nP(|Xo| > x,) — 0. In the conditions AC and CS,, below we refer to the same sequence (xy,).

We will discuss the conditions of Theorem 2.2.1.

2.5.1 Anti-clustering condition AC.

For any § > 0,

lim limsup P([| X plloc > 620 | [Xo| > 6 2,) = 0.
k—00 n—oo ’
Condition AC ensures that a large value at present time does not persist indefinitely in the extreme

future of the time series. This anti-clustering is weaker than the more common two-sided one:

lim limsupP( max [X¢| > day, | [Xo| > day) = 0. (2.5.1)
k—0c0 n—oo k<|t|<n
A simple sufficient condition, which breaks block-wise extremal dependence into pair-wise, is given
by

n
lim 1 P(1X,| > 62 | [Xo| > 62) .
i s SR > | ol > 52,

For m-dependent (X;) the latter condition turns into nP(|Xo| > ¢ z,,) — 0 which is always satisfied.
If p < « an extra assumption is required for controlling the accumulation of moderate extremes
within a block.
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Figure 2.4.5. Boxplot of estimates (/9\| x| as a function of b, from (2.4.4) for inference through Q@
(in blue) and from (2.4.5) through Q(*®) (in white). 1000 simulated samples (X;)i=1.. . from a
causal AR(1) model with student(c) noise with a = 1.3 and ¢ = 0.8 (left column), ¢ = 0.6 (right
column) were considered. Rows correspond to results for n = 8000, 3 000, 1 000 from top to bottom.
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Figure 2.4.6. Boxplot of estimates 1/¢(1) as a function of b, from (2.4.6) for inference through
QW (in blue) and from (2.4.7) for inference through Q> (in white). We simulate 1000 samples
(Xt)t=1,..n from an AR(1) model with student(a)) noise; models are the same as in Figure 2.4.5.
Rows correspond to n = 8000, 3000, 1 000 from top to bottom.
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2.5.2 Vanishing-small-values condition CS,.

For p € (0,a] we assume that for a sequence (x,) satisfying nP(|Xo| > x,,) — 0 and for any
d > 0, we have

o T P(||en X [}~ Ellen X1 [7]] > 9)
e—0 naoop n[F’(’XO‘ > fEn)

= 0. (2.5.2)

We refer to (2.5.2) as condition CS,, in what follows. Indeed, if & < p < oo then by Karamata’s
theorem (see Bingham et al. [13]) and since nP(|Xo| > z,) — 0,

- TE—— I —
Ellzn' Xpm ] = nE[lzn' X P] =o(1),  n— oo,
Also, if p < a, then E[|X|P] < co. If we also have n/z}, — 0 then
E[HxﬁlX[Ln]EHg] <nz,PE[|X[’] =0, n— 00.

If p=a, E[|X]|¥] < co and n/xd — 0 then the latter relation remains valid. If E[|X|*] = oo then

E[|zn 1XE|O‘] = z,%l(zy) for some slowly varying function ¢ depending on ¢, hence for any small

k > 0 and large n, ¢(x,,) < z¥. Then the condition nz,, *** — 0 also implies that IE[Hx;lX[Lnf”g] =
o(1). Thus we retrieve CS,, as used in Theorem 2.2.1. In sum, under the aforementioned additional
growth conditions on (z,), if (2.5.2) holds then it holds without the centering term holds too as is
the case for condition CS,, written in Theorem 2.2.1.

We mentioned that conditions of a similar type as CS, are standard when dealing with sum
functionals acting on (X;) (see for example Davis and Hsing [40]|, Bartkiewicz et al. [5], Mikosch
and Wintenberger [121, 122, 123]), and are also discussed in Kulik and Soulier [108].

Remark 2.5.1. Assume a < p < oo. Then by an applications of Markov’s inequality of order 1

and Karamata’s theorem yield for § > 0, as n — oo,

P(llzn X lIp>0) P len' Xe [P > 0)
TLIP(‘X()‘ > xn) n]P’(\X0| > mn)
Ellex X0 7] P(Xo| > )
— OP(|Xo| > exn) P(|Xo| > zp)

L™,

The right-hand side converges to zero as € — 0. Here and in what follows, ¢ denotes any positive

constant whose value is not of interest. We conclude that (2.5.2) is automatic for p > a.

Remark 2.5.2. Condition CS,, is challenging to check for p < o. Forp/a € (1/2,1], by Cebyshev’s
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inequality,

P(|llm Xpo oy 112~ Elllon X 1] > 6) /[ P(Xo| > 20)]
< 5 var ([ Xy [2)/ 10 P(Xo| > )]

e
El|lzn X, |2 e ¢ ;
20" Xo ] [1+2Z|corr(|xglxo A |p)y}.
h=1

e

- P(|Xo| > zp)

Now assume that (Xy) is p-mizing with summable rate function (pp); cf. Bradley [14]. Then the
right-hand side is bounded by

E[|z, X [2]

5_2
P([Xol > @n)

o0 o0
[1+22ph}N5_262p_a[1+22,0h], €0,
h=1 h=1

where we applied Karamata’s theorem in the last step, and CS,, follows. For Markov chains weaker
assumptions such as the drift condition (DC) in Mikosch and Wintenberger [122, 123] can be used
for checking CS,,.

Remark 2.5.3. Condition CS, not only restricts the serial dependence of the time series (X;)
but also the level of thresholds (xy,). Indeed for p/a < 1/2 and (X}) iid, since (Hn71/2X’[17n]||£ -
E[|ln=?X1,
CS,, implies necessarily that x,//n — oo as nP(|Xo| > x,) — 0.

]Hg]) converges in distribution to a Gaussian limit by virtue of the central limit theorem,

2.5.3 Threshold condition

In Theorem 2.2.1 we assume growth conditions on (z,): n/zh — 0if p < @ and n/z3™" — 0
for some k > 0 if p = a.

For inference purposes it is tempting to decrease the threshold level x,, such that more ex-
ceedances are included in the estimators. Indeed, the assumptions on (z,,) can be relaxed, justified
by results such as Nagaev’s large deviation principle in [124], by adding a centering term as we will
show in Lemma 2.5.4. However, in this section we aim at pointing at the difficulties that might
arise while doing so in practice.

To motivate the results of this section we start by considering an iid sequence (X;) satisfying
RV, for some a > 0. Then, for p > «a, (2.2.3) holds with limit ¢(p) = 1 and S = Yoy 1 XGP
has infinite expectation. If p < « the process (S}lp )) has finite expectation and by the law of large

numbers, for n/x} — 0,

P([|Xjomllp > zn (n2,P E[[X[?] +1)1/7)
= PSP —E[SP)] > 2B(1+0(1))) = 0. (2.5.3)
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Following Nagaev [124], a large deviation result for the centered process holds:
P(SP ~EISP] > af) ~ nB(Xo| >2:), 0 oo,

provided n/z& % — 0 for p/a € (1/2,1) and some x > 0, and \/n logn/zh, — 0 for p/a < 1/2.
These conditions are satisfied for extreme thresholds satisfying n/x}h — 0: in this case the centering
term IE[S,(LP )] in (2.5.3) is always negligible which allows us to derive (2.2.3). Next, we extend the

previous ideas to regularly varying time series.

Lemma 2.5.4. Consider an R%-valued stationary process (X4) satisfying the conditions RV, AC,
CS, and c¢(p) < oo for some p > 0. If p < a then

P([Xomllp > #n (nzn” E[X[?] +1)"/7)

A nP(Xo| > zn) = cp) (2:54)
If p =« then
P(1Xfo,ullla > #n (nE[X 2, °] + 1))
lim ’ =c(a)=1. (2.5.5)

n—o0 nP(|Xo| > xy)
Moreover, if also E[|X|*] < oo then equation (2.5.4) holds for p = a.

The proof is given in Section 2.7.2. Now the restrictions on the level of the thresholds (x,,) are
the ones implicitly implied by condition CS,, in (2.5.2); see Remark 2.5.3.

We define an auxiliary sequence of levels:

zn (nzn"E[|X|P] + 1)1/p if p < a,
zn 1= zn(p) = { (nEHX/:Unl\a] + 1)1/a ifp=a,

Tn ifp>a.

For thresholds satisfying the growth conditions n/x}, — 0 we have z, ~ x,, while for moderate
thresholds verifying CS,, and n/z5, — oo this is no longer the case.

For the purposes of inference Lemma 2.5.4 is not as satisfactory as (2.2.3) in Theorem 2.2.1.
Indeed, the level z, in the selection of the exceedances is not the original threshold x,. For any
moderate threshold x, with z,/z, — oo the use of z, instead of z, might include a bias. As a
toy example, consider the problem of inferring the constant ¢(q)/c(p) for p < a, ¢ > p. Then an

application of Lemma 2.5.4 ensures that

P(|[Xjo,nllg > 20(@) | 1 Xjomllp > 20(p))
- P(|lYQW, > 1) =E[|QP(|2] = c(q)/c(p),  n— o0,
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However, choosing moderate thresholds (z,,), we would have

P(1X0,n)llq > 7n)
P(n!/PE[|X[P]V/P > 1)

P(1Xonllg > 2n [ [ Xjo,mllp > n)

1 if g <a,
%
0 ifg>a, n—oo.
By this argument, the assumption n/azﬁ/\(aﬂ{) — 0 is justified to simplify inference procedures.

Otherwise, the choice of the threshold sequence becomes complicated.

2.6 Inference beyond shift-invariant functionals

So far we only considered inference for shift-invariant functionals acting on (Ep,d;)) such as
maxima and sums. Following the shift-projection ideas in Janssen [96], jointly with continuous

mapping arguments, we extend inference to functionals on (¢7,d,).
2.6.1 Inference for cluster functionals in (7, d))
Let g : (/7,dy) — R be a bounded measurable function. We define the functional 1, : (e, Jp) —

R by

(2] = () = ) 1221 9((B'2))er), (2.6.1)

jEL

where z; := z;_p+(y), for t € Z, such that T%(z) := inf{s € Z : |z5| = ||z[|oc } and B : % — (P is the
backward-shift map.

We link the distribution of the spectral cluster process Q(® and the distribution of the class
[Q®] through the mappings (2.6.1) in the next proposition whose proof is given in Section 2.7.5.

Proposition 2.6.1. The following relation holds for any real-valued bounded measurable function

g on £¢

E[g(Q“)] = E[%,(IQ“))].

where 1y is as in (2.6.1). This relation remains valid if « is replaced by p, whenever the spectral

cluster process in €P is well defined.

For p < a the mappings in (2.6.1) are continuous functionals on (#”,d,) and we can extend

Theorem 2.4.1 to continuous functionals on (¢, dy) evaluated at the spectral cluster process Q).

Theorem 2.6.2. Assume the conditions of Theorem 2.4.1 for p < «. Then for any continuous
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bounded function g : P N {x : ||x||, =1, |x0| > 0} = R,

A 1« B'-'B
2 :Ezzm¢(mwﬁwwpmmw (26.2)
t=1 j=1
:iwg(Bt/HBtllp)
= E[g@QY), - oo,

where Wi i(p) = [X¢—1)p4*/[IBelly for all 1 < j <b.

The proof is given in Section 2.7.5.

2.6.2 Applications

Examples of non-shift-invariant functionals on (7, d,) are measures of serial dependence, prob-
abilities of large deviations such as the supremum of a random walk and ruin probabilities, and

functionals of the spectral tail process ©. We study these examples in the remainder of this section.

Measures of serial dependence

.
Define gp,(x¢) = |xp|* F;%‘ |§h‘ Then the following result is straightforward from Theorem 2.6.2.

Corollary 2.6.3. Assume the conditions of Theorem 2.6.2 for p = a. Then

N Xjt Xjng
) = 1 S Wa W g Tt 1Bl > Bl o)
t=1 j=1 J+h,
=g, (Br)
P a
— E[gh(Q( ))]’ n — +00,

where the weights W;y = W;(«) are defined in Theorem 2.6.2, satisfying 22:1 W;i = 1, and
Xt = X—1)p4j for 1 <j <b.

The function g gives a summary of the magnitude and direction of the time series h lags after

recording a high-level exceedance of the norm, and satisfies the relation Y, ., E[gn(Q(®)] = 1.

Example 2.6.4. Let (X;) be a linear process satisfying the assumptions in Example 2.4.3, then

ZteZ |0t|“[pen|“sign(epr)sign(pryn)
5 , hezZ.
(07
(llellg)

This function is proportional to the autocovariance function of a finite variance linear process with

E[gn(Q)] =

coefficients (|| sign(y)). In particular, for « = 1 it is proportional to the autocovariance function

of a finite variance linear process with coefficients (¢¢).
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Large deviations for the supremum of a random walk

We start by reviewing Theorem 4.5 in Mikosch and Wintenberger [123]; the proof is given in
Section 2.7.5.

Proposition 2.6.5. Consider a univariate stationary sequence (Xy) satisfying RV o, for some o > 1,
AC, CSy, and ¢(1) < oco. Then for allp > 1,

P(supy<;<p, St > =)
nlP(| X| > )

- c(p)E[sli}Igo <Supt275 S QEP))H ‘ —0, n—oo. (2.6.3)

If a > 1, then [|[QW[|2 < |QM|¢ = 1 and a consistent estimator of ¢(1) = 1/E[|QM||2] was

suggested in Corollary 2.4.3. A consistent estimator of the term in (2.6.3) is given next.

Corollary 2.6.6. Assume the conditions of Theorem 2.6.2 for p=1. Then

X
‘ZT1 (sup1<j<o ooty ) 3 LUIBellt > By )
B.llo
S BB > Bl 1))

—c(1) E[Slggo (Suptz_s Z;?:fs Q§1)>j] ‘ K 0, n— oo,

where Xy j := X(_1yp45, for 1 <j<b, 1<t <m.

Following the same ideas and using Theorem 4.9 in [123], one can also derive a consistent

estimator for the constant in the related ruin problem.

Application: a cluster-based method for inferring on (©y)

Exploiting the relation (Qta)) / |Qéa)| g (©¢) discussed in Section 2.3.1, we propose cluster-based
estimation methods for the spectral tail process.

Cluster-based approaches with the goal to improve inference on ©; for Markov chains were
considered in Drees et al. [53]; see also Davis et al. [39], Drees et al. [50] for related cluster-based
procedures on (O¢) <, for fixed h > 0. Our approach can be seen as an extension for inference on
the ¢“-valued sequence (©y).

Consider the continuous re-normalization function ((x) = x/|xo| on {x € £* : |xo| > 0}. We

derive the following result from Theorem 2.6.2; the proof is given in Section 2.7.5.

Proposition 2.6.7. Assume the conditions of Theorem 2.6.2 for p = «. Let p: (¢*,dy) — R be a
homogeneous continuous function and p¢(x) := (p* A1) o ((x). Then

1 m
%Z 1([Bill > [Bllpw) — B(p(Y ©) > 1), n— o0,

where 1, (By) is defined in (2.6.2) and the Pareto(a) random variable Y is independent of ©.
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Classical examples of such functionals are p(x) = max;>0 j>i(z; — =)+, functionals related

to large deviations such as p(x) = sup;sq(Y.i_y i)+, or measures of serial dependence such as

p(x) = [xnp|.
2.7 Proofs

2.7.1 Proof of Theorem 2.2.1

Recall the properties of the sequence (x,) from Section 2.5, in particular nP(|Xo| > z,) — 0.
The main result in Theorem 2.2.1 follows by applications of Lemma 2.7.1 and Proposition 2.7.2

below; their proofs are given at the end of this section.

Lemma 2.7.1. Consider an R%-valued stationary time series (X;) satisfying the conditions RV ,
AC, CS,. Ifp < a, assume also also n/zh, — 0 and if p = o also n/z2™" — 0 for some k > 0.
Then the following relation holds

I P(HX[O,n]Hp > )
im

A B Xl > 20 = c(p), (2.7.1)

where c(p) is given in (2.3.2).

We recall from Remark 2.5.1 that (2.5.2) in CS,, is always satisfied for p > . Moreover, for
p < a, under the growth conditions on (x,) in Theorem 2.2.1, centering with the expectation in

(2.5.2) is not necessary.

Proposition 2.7.2. Assume the conditions of Lemma 2.7.1. Then,

Pz, Xon) € <[ 1 Xjomllp > 2n) —2 PYQP €4), n— o0,

(2.7.2)

in the space (€, d,) where the Pareto(a) random variable Y and QW) are independent.

Proof of Lemma 2.7.1

Choose some € > 0, § € (0,1). Since ||la,,* X[g |5 is a sum of non-negative random variables we

have the following bounds via truncation

P(leglx[o,n]ﬁllg >1) < P(llz," Xl > 1)

— Y €
< P(llan Xjou 15> (1= 07) +P(lan Xjgu [If > 67) - (2.7.3)
By CS, and in view of Remark 2.5.1 we have

lim lim sup P([[zn Ko 2> 6)/(nP(|Xo| > ) = 0. (2.7.4)

n—oo
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Now, for any choice of u > 0, it remains to determine the limits of the terms P([|z;,*X[o, [Ip >
— e

u)/(nP(|Xo| > z,)). We start with a telescoping sum representation

P(HiEElX[o,n]eHg > u) = P(|lz, ' Xo B > u)
= Z?zl(IP’(Hx;lX[o,ﬂJIZ > u) — P(IlwﬁlX[o,ifuellﬁ > u))
= Z?ﬂE[(ﬂ(HJfZlX[O,i]EHg >u) — 11(||$EIX[1,¢]6||§ > u)) 1(|Xo| > exy)] |

where we used stationarity in the last step and the fact that the difference of the indicator functions
vanishes on {|Xp| < ex,}. We also observe that the second term on the left-hand side is of the
order o(nP(|Xo| > x,)). For any fixed k write Ay = {maxy<t<y, |X¢| > ez, }. Regular variation of

(X¢) ensures that, as n — oo,

P(le; Ko, I} > 0
nP(|Xo| > x,)

*ZE (Il Xpo 15 > 1) = (1l Xpp,i 1 > u) | [Xo| > exn]

~ E_O‘E[( (len Xpog- I} > ) = B(llzy Xy [} > )
X]l(Ai) ‘ |X0‘ > €$n] + E_O[O(}P’(A]C | |X0| > 6ZL’n)) s

where the second term vanishes, first letting n — oo and then k& — oo, by virtue of AC. Now the

regular variation property of (X;) implies that

Pl Ko} > )

n—oo  nP(|Xo| > xy)
= lim ¢ *(P (Z G YOPI([Y O > 1) > u)

k—o00

~P(XE YO, P1([Y 0] > 1) > u))),

by a change of variable this term equals

_ klggoE[ff(n(zfgg YO PL(|yOy| > €) > u)
— (I YO PU(|yO:| > €) > u)) d(—y )]
= Jim B[ (1(y0psr 15 > v) — 1(lyOppmsy I} > w)) d(—y)]
In the last step we used the fact that the integrand vanishes for 0 < y < e. The integrand is

non-negative and bounded by 1(y > €) which is integrable. Thus we may take the limit as &k — oo
inside the integral to derive the quantity

B[S (10001 I > ) = W (IyOpnocy 15 > w)) dl=y~)]
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By monotone convergence as € | 0 we get the limit
uPE (1000 0I5 — 191,001 ll3] = w7 c(p) ; (2.7.5)

see (2.3.6). Now an appeal to (2.7.3) with u =1 and u =1 — §P yields

P(||lz, X0, l17 > 1)
< liminf .
op) = lminf— s S o

P(|lz1X S|
< limsup (lz ' XI5 > 1)

< (1= %)/ ofp).

The limit relation (2.7.1) follows as ¢ | 0.

Proof of Proposition 2.7.2
Consider any bounded Lipschitz-continuous function f : (¢P, Jp) — R. The statement is proved
if we can show that

lim E[f(z;, X 0,0 | 1 X[0.mllp > 2]

n—oo

= cp) 'E[ll0/[8lalls f (Y ©/18l,)] -
In view of Lemma 2.7.1 it suffices to show

i E[f (25, Xp0,n) L1 X001 llp > 20)]
n—o0 nP(|Xo| > zn)

= E[|6/8]allg (Y ©/16ll)] -

In these limit relations we may replace f(z;,'Xo ) by f(z;, X9 ) since by (2.7.4) for any 6 > 0,
some Ky > 0,

lim P(|f(l‘;1x[0,n}) - f(x'r;lX[O,n]EN >4, HX[O,n}HP > l'n)
50 mandP nP(Xo| > )
P(K dy(zn X[, 50) > )
< liml ’
= 200 e nP(Xo| > @)

T 27" X o I} > 6(p)
€l0 n—)oop TL]P)(‘X()‘ > xn)

:07
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where §(p) = 0P for p > 1 and = § for p € (0,1). We also have for § € (0,1),

E[f (2 Xjom) ) 127 Xiomllp > 1) = 1(ll25 Ko llp > 1)]]
' nP(|Xo| > x,)
g P(||2 Xjonllp > 1> HHUElX[o,n]EHp)
- nP(|Xo| > zn)
P(len X lp>0) PO e X Ip > 1-9)
= CTP(Xo| > ) ¢ nP([Xo| > )
_ G o®

n,€,0 n,6,0 °

Applying (2.7.4) to Gf1 z 5 and using the calculations in the proof of Lemma 2.7.1 leading to (2.7.5)

for G( ) we conclude that

n,6,07

limlimsup G, < limlimsup G( ) es T lim lim sup G( )

el0 n—oco el0 nosoco el0 n—oco

= 0+c(1—-0) " ~1)L0, dl0.

Thus it suffices to show

o E[f (27" Xo,m ) 1(ll27 Xjom llp > 1)]
e10 noo nP(Xo| > zn)
E[lle/Oll;f(Y e/lOl)] -

This is the goal of the remaining proof.
Choose any € > 0. Noticing that z,'X[y,,; =2, X1, on {|z,'X| < €}, we have

I = E[f(xr_LlX[(Ln] )]1(H1;1X07n] HP > 1)]

= E[(/(2 X ) Wlez X Il > 1)
)

(00,27 X10)) 1 (25 X llp > 1)) 1Kol > )|
+E[£((0, 2, X, n] ) (|, X1 p>1)]
= E[(/(a Xpom ) Llz2 Xl > 1)
(0.2 X101 )) Do K > 1)) 1(Xo| > €, |
+E[£((0, 2, X[g,0— 1, ) ]1(||$771X[0,n—1]6||p >1)].
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where we used the stationarity in the last step. Using the same idea recursively, we obtain
Io= B0, 2 X)) Ll X llp > 1)
—F(O0" 7 Xy ) W1l Xy Ny > 1)) 1(|Xo| > exn)]
+E[£((0", 2, Xo ) 1(|Xo| > €xn)]

where 0F := {0}* for k > 1. By regular variation of Xq the last right-hand term is o(n P(|Xo| > z,)).

Therefore by regular variation of (X;) we obtain as n — oo,

I/ (nP(|Xo| > zn))

~ %Z?:lE[f((On_ja-fElX[o,j])) 1(llz, Xy llp > 1)
=" 2 X)) Wl Xy [l > 1) | Kol > €]

= II.

Write A = {[|Xpnllc > €xn} for fixed & > 1. By AC, P(Ag | [Xo| > €exy) vanishes by first
letting n — oo then k — oco. Since each of the summands in II is uniformly bounded in absolute
value we may restrict the summation to j € {k —1,...,n} for any fixed k > 1. Therefore we have

as n — 09,
IT — O(P(Ag | [Xo| > ezn))
~ % > E[(A(077, 2 Xy ) L({ll2n Xy llp > 13)
j=k—1
— PO a7 X1y )) B ({2 X llp > 11)) 1(AD)] [Xol > €]

= 67 Z E[f((on_jW;lX[o,k—l]eaOj_k)) ]1(|’5”;1X[0,k—1]€||p >1)
j=k—1

—f((On_jH,xElX[l,k—l]eaOj_k)) ]I(Hxﬁlx[l,k—l]e”p > 1) | [Xo| > exn] -
Next we apply shift-invariance and regular variation in ¢7:

~ ¢ Elf (2 Xop-1 ) T(llzn Ko sy llp > 1)
—f (27 X1 ) Lllen X llp > 1) [ [Xo| > exy]
— € °E [f(ey®[0,k:—1}‘) 1([ley Opx-1) llp > 1)
—f(EY@[Lk—u) H(HEY[Lk—l]FHP > 1)]
= E[f(EY@[O,k—l]l) Il(||€Y[o,1c—1]1”p >1)
—f(eYp-n ) WY Oy lIp > 1)] = Jie
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By Proposition 2.3.2 we have ||0], < 00 a.s., |0 23 0 as [t| — oo, hence T := inf;>o{t : Y |0y| <

1} < oo a.s. Then by monotone convergence as k — oo,

Jk,e = E_QE[(f(EY@[O oo] ) ]1(||€Y@0c>o] Hp > 1)
—f(eY@[loo )1 (||eY@[1OO lp > 1)) 1(T < k)]
+O(P(T > k))

— e_aE[f(ewl) ]1(H€Y@[0,oo]1||p >1)
/(€Y Ooa)) (€Y Oproa) Il > 1))
= /O E[f(yOp,00 ) LIy O] Ilp > 1)
~f(yOno0 ) Ly Opoe llp > 1)] d(=y~) = Je.

In the last step we changed variables, u = ey, and observed that the integrand vanishes for y < e.
Finally, we want to let ¢ | 0. We start by inter-changing expectation and integral in J., and
change variables, u = y||©(g s lla; in the first term of the integrand and then proceed similarly for

the second term with the convention that it is zero on {[|©( [la = 0}:
> a ¥ O0, 0] YO0, 0]
5[ [ (100l (522 ) 1 (It > 1)

o Op.o Op.o —a
_H@[l,oo]”af< y@ 1[; ”]& > (H y@[l ;]”a H > 1>>d(—y )]
a y@[o,oo] yOpo.00)

Z/ ol ( \\G[o,w]na) (] Ol o> 1)
o ¥OLe yOn,o0) e
f(||®[1,;]||a) l(“\\@u;]lla I, >1))] =)
> y@[o,oo] y@Ooo .
+E[/O / <|@[0,oo]a€> <“90w ia 1> > 1) d-y)].
Next we apply the time-change formula (2.3.5) to each summand.
y9 £,00] ¥t 0o
Z/ (6 mma> (I [ e 1)
y@ 1—t,00 y@[l ) -
_f(llg[lft;o]”a ) (HH@1 t;lla H - 1)]d( v
+E[/Oof(y® L] ) (I! y@“’ =L || > 1)d(—y‘a)}
0 190,001l 190,001l '

This is a telescoping sum in ¢ with value

IR

Je

) <H||@||a I, > 1)dt=y)].
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By monotone convergence we have

- Y 0 e

i Je = E[/O Iier,) ]l(HyHGHa I, > 1)‘“ Y )} ‘ 277)
Combining the arguments above, we proved (2.7.6) as desired. O

2.7.2 Proof of Lemma 2.5.4

The case p < a. Choose some € > 0, § € (0,1). We have the following bounds via truncation

L—1Ip = Bz X [}~ Efll2y Xpo,u 2] > 1+07)
Pl Xpo) 15~ Ellwn Xpo 5] < ~07)
P(l|lz X0l — Ef ey Xiom 5] > 1)

< P(llan Xjou 15— Efllen Xio 5] > 1-07)

IN

—1 € p —1 € p D\ __.
+P([|zn Xion) 15— E[llzn' X 5] > 67) =: I3 + 1y
Taking into account CS,, for p < a, we have

lim lim sup (I + I4)/(n P(|Xg| > z,,)) = 0.

el0 n—oco
Moreover, we observe that by Karamata’s theorem for p < «

Elly X 2] = nE[Xo/z, 1(Xo| > ea,)]
= O(nP(|Xo| > exyn)) = o(1).

Thus centering in I; and I3 is not needed, and one can follow the lines of the proof of Lemma 2.7.1

to conclude.

The case p = a. It requires only slight changes; we omit details. O

2.7.3 Proofs of the results of Section 2.3
Proof of Proposition 2.3.1

The representation (2.3.1) follows by identifying lim. | J. as on the right-hand side of (2.7.7).
In particular, taking f as the constant map (x;) — 1 in (2.3.1) we obtain the representation of the
constant ¢(p) in (2.3.2).

Proof of Proposition 2.3.3

Our goal is first to relate the sequence of spectral components (Q(p)(h))hzo to (©;). We start

with two auxiliary results whose proofs are given at the end of this section.
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Lemma 2.7.3. Let (X;) be a stationary time series satisfying RV . Then for h > 0,

h
1 19 kol . 1 O
P (p) h) €)= E ) p 1 k+[0,h] c. ’
(Q ( ) ) C(p, h) kg() |:||®—k+[0,h]Hg (||@7k+[0,h]Hp ):|
(2.7.8)
where c¢(p, h) = ZZ:O E[[[©_k+0,nll5/1©=k+jo,nlla)- In particular, c(o, h) = h + 1 and
]P(Q(O‘)(h) €)= P(e—U(h>+[O,h]/H®—U<h)+[0,h}HOé € ) ) (2.7.9)

where UM is uniformly distributed on {0,...,h} and independent of ©.

Lemma 2.7.4. Assume |0;] — 0 ast — oo and let f : (N {x : ||x||, = 1} — (0,00) be any bounded

Lipschitz-continuous function in (57"‘, Ja) Then, for every p > «,

<eh) B 1(QP (k)] — E[0/6]lalI2f(©/l1Ol1,)] (2.7.10)

as h — 400

We conclude from (2.7.10) for f(x) =1 that limp,_,o c¢(p, h)/(h+ 1) = c(p). If 0 < ¢(p) < o0,

Jim E[f(Q(h)] = c(p) "E[I6/[O]all; £(©/[O],))- (2.7.11)
Finally, the portmanteau theorem yields Q) (h) LN QP (c0) in (7 N {x : ||x||, = 1},d,) where
Q) (c0) is well defined in view of the right-hand side of (2.7.11). This finishes the proof of the

proposition. O

Proof of Lemma 2.7.5. If || X{o p) /2|, > 1 then for sufficiently small € > 0, || Xo4/7|lc > €. There-
fore, on {[|X[o ) /2[[p > 1},

h

> Xi/z* 1(|X /x| > €) > 0.

1=0

Using stationarity, we obtain

P(1Xom/2lp > 1)
h X /21 (| X /| > €)

= Y E
; Z?:o 1X¢/z]o 1 (| X /2| > €)
h
[ Xo/2|*1(|Xo/z| > €)
= E i
; [ P X mle 1(| X /2] > €)

t=—1

(X o19/2lp > 1)]

(X i/l > 1)]

h

Xo/x|* L[| X (i p—i)/xllp > 1
— B(Xo| > v 3 B[ o X il >
i=0 X /x| L(|Xe /2] > €)

t=—1

) |Xo| > aze} .
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Applying the definition (2.2.1) of regular variation and dominated convergence, we obtain as z — oo,

P(IX 0,7/l > 1) E_azh:E[leY Oo|“L(||eY O pillp > 1)}
P(|Xo| > ) MY O 1(]Y 6] > 1)

=0
h
o0 Ly || ipillp > 1 B
Z/ [ 1©1—ih—illp > 1) }d(—y o)
1L 10 1 (y |0¢] > €)

The left-hand side does not depend on e. Therefore, letting € | 0, we arrive at

P X p/zlp > 1) Ly O inqllp >1) o
li [0,h)/ Zllp _ Z/ [~i,h— ]Pa ] (—y~%)
T—00 P(‘XO‘ > .%') H@ [—i,h—1] Ha
1©_i+jomllp
= E =c(p,h). (2.7.12)
Z [HG—H-[O nll ]

This constant is finite since [|©; o4/l < (B + 1)[10;1(0,4] | o-
Next we prove (2.7.8). For this reason, let A be a continuity set with respect to the limit law in
(2.7.8). An appeal to (2.7.12) yields

c(p, )Pz KXo € Al | Xpopllp > 2)
N P(z ' X0 € A, X pllp > 2) 1),
P(|Xo| > )

Proceeding as for the derivation of (2.7.12), we obtain

h
> L(y 19— n—illp > 1) a
1)~ [ B[R A g € ) )

I 1O i n—illy O i h—i] L a
= / ZE[HGWZ]uaﬂ(%[_i,h_i € 4)]d=y).

}Hp

In the last step we changed the variable, u = y [|©_; ,—;ll, > 0 a.s., observing that ||©_; 5 ll, >
|©0| = 1. This proves (2.7.8) and the lemma. O

Proof of Lemma 2.7.4. Assume f : £ N {x : |x|, = 1} — (0,00) is any bounded Lipschitz-

49



continuous function in (€%, d,). By Lemma 2.7.3 we have for all p > a,

h
R g Q) ()] — el ELAQY)] =
1 prlespnly @l
= w1 2 Lol ol /(O -0/ 10-sall]
ol
+E[ gt (FO-kon/ 10 sanll) - F©/1011))]
=I+1II.

We will prove that I and II vanish as h — oo. Since p > « subadditivity yields for k € [0, ],

’n@_kﬂwug 1ol _ [1©1a®-iomll, = 1O-k+i0,11ll2 ]|
R CIR [6-ksonlalol
1©1la®—k+pomll; — HH@—kz—i-[O,h]Ha@Hz‘a/p
- [6-k+onlalol

Moreover,
H|||9||a9—k+[o,h]H§ - HH@—k—i-[O,h]Ha@Hz’
—k—1 +o00
SHCI A DECT RS SENCTD
t=—o00 t=—k+htl
—k-+h
+{1Ola — | > e,
=k

Thus, |I] is bounded from above by

1O il | IOl
h+1’f‘°°zo([ R A e -

1900, —k-1lla + 1O rtht1, 400 lla ||9k+[o,h]H$D
1els 19 _rt0mI&

1900, — (k1)1 llp + 1O1—0,—k+1)) 0
< b
= hr 1||f”oo E ( [ H@”a }
k=0 «

1Ok+1,400llp + \|9[k+1,+oo]|’§])
[[S21F

+E|

+E|

Taking the limit as h — oo, the Césaro limit on the right-hand side converges to zero.
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We use the Lipschitz-continuity of f to obtain an upper bound of |II|:

h
1 1O _kspnlly = /1 Okt S

I < ——c¢ E E ’ da : , .

1 h+1 & [||@—k+[o,h]||3 <||9—k+[o,h]Hp H@Hpﬂ

Similar arguments as for |I| — 0 show that [II| — 0. O

2.7.4 Proofs of the results of Section 2.4
Proof of Theorem 2.4.1

We start with a version of Theorem 2.4.1 for deterministic thresholds (z).

Lemma 2.7.5. Assume the conditions of Theorem 2.4.1. Then for every g € G4 (ENP),

1 & _ p [ —a
P20 B) S [ Bl ). 0o, (2713
t=1
holds for sequences ky, — 0o and my, := [n/by] — 0o as in MX,,.

Proof. Tf MX,, holds for Lipschitz-continuous f € G (), then it holds for functions g € G (fP) of
the form g(x;) = 1(x; € A) where A is a continuity-set of /2 and 0 ¢ A. It suffices to prove that

(Efe# T2 o Bk, B[ arQPdy)] (2.7.14)
By stationarity,
E[1 — e~ X% 0@ "B = 0 (k2 mElg(x; ' By)]) . (2.7.15)

Since g vanishes in some neighborhood of the origin there exists ¢, > 0 such that g(x) = g(x) 1(||x||, >
cg). Therefore and by virtue of Proposition 2.7.2 the right-hand side of (2.7.15) vanishes as n — oo.
Now a Taylor expansion argument shows that the left-hand side of (2.7.14) is of the asymptotic
order ~ exp{—(m/k)E[g(x; 'By)]}, and another application of Proposition 2.7.2 yields (2.7.14). We
conclude by the portmanteau theorem for Mo(gp)fconvergence in Hult and Lindskog [89], Theorem
2.4. that (2.7.13) holds. O

We continue with the proof of Theorem 2.4.1. Lemma 2.7.5 implies convergence of the empirical

measures in MO(EP);
1 m o0 o
= A B ) ) = | 2009 < ga).

Using the argument in Resnick [143], p. 81, we may conclude ||B|, )/7s ER 1, and thus the joint
convergence in (P, | B, x)/zs) N (P,1) in My(fP) x R, follows. Now (2.4.2) follows by an
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application of the continuous mapping theorem to the scaling function s(P(-),t) = P(t-). To
prove continuity of s we use again the portmanteau theorem for Mo(gp)—convergence in Hult and
Lindskog [89], Theorem 2.4. Thus it suffices to check whether the limit P, f(-/t) = p f holds as
(n,t) — (00,1) for Lipschitz-continuous f € G, (f?). But we have with Lemma 2.7.5

= |P, f(:/t) — P, fl|+op(1), n— oc.

Then, for all 0 < tp <t < 2, for tg < 1, setting g(x) = (||x[lp A | flloo) L({x : [|x|lp > cf/to}), we

have

P (/1) = P f] < ‘t_l_l‘Png“‘O]P’(l)
[ = 1] (e +0p(1)) +02(1),

IN

for some ¢ > 0, ¢y > 0 as above. Letting t — 1, continuity of s follows. O

Proof of Proposition 2.4.4

The result follows by a direct application of Theorem 3.1 in Bartkiewicz et al. [5] on u'S,, for
any u € R? such that |u| = 1 by checking their conditions (AC), (TB). Condition (2.4.8) implies
that for all § > 0,

bn
lim limsupn ZP (|X¢| > dan ,|Xo| > day),

=00 n—oo —

from which (AC) is immediate. This condition also implies (TB). We show this in two steps.
First, we identify the coefficients b(d) in (TB) in terms of the spectral tail process. Mikosch and
Wintenberger [121] showed that

bi(d) —bi(d—1) = E[(zd:uT@j)i] - E[(zd:uT@j)ﬂ ,
j=0 J=1

where we suppress in the notation the dependence of the left-hand side on u in what follows. (TB)
amounts to verifying that by (d) — by(d — 1) converges as d — oo. For a € (0,1) this follows
by concavity since [|©]o < 00 a.s. For 1 < a < 2 this will follow by a convexity argument if

E[(> ;50 19;])%71] < co. By subadditivity and Jensen’s inequality, it is enough to check
[e.@]

> (B0 '1(16;] > 1)] + E[|©;] A]) < +oo. (2.7.16)
7=0
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We start by showing

i[@[\@jy A1) < oo, (2.7.17)
j=0

Condition (2.4.8) implies

bn
lim limsupn ZE[(!angj\ A1) I(|Xo| > an)] =0,

=00 n—oco -
J=l

which yields the following Cauchy criterion: for any € > 0 there exists K sufficiently large such that
fori > K,h >0,

I4+h I4+h
limsupn ZE[(M;IXH AL L(|Xo| > an)] = ZE“Y@H A1) <e,

where we used regular variation of (X;) in the last step. Then, we conclude (2.7.17) holds. By

stationarity we can show similarly
D E[0-[ A1) < +oc. (2.7.18)
§=0
Then, by the time-change formula in (2.3.5) we deduce
co > D E[0_[Al =) E[6;*(6; " A1)
=0 j=0

E[l0;*7 A 161°] > Y _E[16;1°7'1(|6;] > 1)],
j=0

Il
NER

<.
Il
o

and (2.7.16) holds. This finishes the proof of the fact that E[(3_,> 104)*~1] < 400, in particular

¢(1) < co. Applying the mean value theorem and dominated convergence we arrive at the relation

ba(d) —boi(d—1) — E[(iﬁ@)i—(iu%j)ﬂ, d— oo,
j=1

J=0
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Reasoning for the limit as for (2.3.6) and recalling that ¢(1) < oo, we identify
(o) (o))
= 5[( 3 we))/1elz] =E[( 3 wa)]

j:—oo j:—OO

_ 0(1)1@[( i uTQg”)j .

2.7.5 Proofs of the results of Section 2.6

Proof of Proposition 2.6.1

Notice that 1, is bounded and measurable. For p = o we have Q) Lo /11©]la- Then the result
follows from Proposition 3.6 in Janssen [96]. For p > 0, assuming the spectral cluster process Qw
is well defined we have |||, < oo a.s. and ¢(p) < co. Then, we introduce the Radon-Nikodym
derivative of £(Q®)) with respect to £(0/]|©]|,) which by (2.3.1) is the function h : /N {x : ||x]||, =
1} = R defined by h(y/|lyllp) := [¥lla/|l¥]lp- Finally, the result follows by another application
of Proposition 3.6 in Janssen [96]. O

Proof of Theorem 2.6.2

The proof is given for p = « only; the case p < «a extends in a natural way. Let g : /* — R be a
continuous bounded function. We start by proving that 1), defined in (2.6.1) is a continuous bounded
function on £, Fix € > 0 and [z] € £* N {[y] : |ylla = 1}. Then for all [x] € £* N {[y] : |[y]la = 1},
k € Z and N € N, we have

(%) = vy (2)] = | 31195 e)e) = D 1741 9(( 1))

JEZ JEZ
= |22 = 2l () — X 121 (9@ o) — 9 )o))]|
JEZ JEZL
l9llocdi(B~*2", %) + 2lgloc di (", 27y )
+ 3 17190 = 9K i)

lil<N

IN

If [x] satisfies d%(z,x) < €(3]|g]loo) " then there exists kg € Z such that
diy(z,x) < d3(B~"z*,x") < e(3||glloc) "

Furthermore, choose Ny > 0 such that d%(z*, z’[" No.N ]) < €(2 x 3||g]loo) ! and consider the finite
set Clg CL*N{y : [|ylla = 1}, defined by Cpyy == {(z] )¢ € €% : [j| < No, |z}| > 0}. Notice that
for every z € () there exists §(z) such that if dg(z,x) < (z) implies |g(z) — g(x)| < €/3. Finally,
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define 7(z) := min{d(z) : z € C} A €(3|g]lc)~!. Then, noticing that 2olil<ne 1251 < lzllg = 1,
we also obtain a bound for the last term. Hence, for every [x] € o satisfying d%(z,x) < n(z) we

have [155(x) — ,(2)] < e.
This finishes the proof of the continuity of the function 14 on £*N{y : ||y« = 1}. We conclude

with applications of Lemma 2.7.5 and Proposition 2.6.1. 0

Proof of Proposition 2.6.5

Theorem 4.5 in Mikosch and Wintenberger [123] yields immediately

P(supy<y<,, St > an) [
== sup @ sup @ ”—>0, n— 0o,
nP(|X1| > zn) £>0 4 Z >1 Z

(2.7.19)

and nP(|X;| > z,) — 0. We multiply the function inside the limiting expected value by the
constant 1 = [|©]|2/||©]|2. Moreover, since ¢(1) < oo, then E[(3°72, |04])*™!] < oo; see Lemma 3.11

I

in Planini¢ and Soulier [138]. Then, by Fubini’s theorem,

[ supZ@ supZ@ }

t>0 t>1
t
= D Ele;i" (( S“pzu@n t>1z @| %))
JEZ =1

At this point we apply the time-change formula for positive measurable functions of © at every
term of the sum in j € Z; see Corollary 2.8. in Dombry et al. [48]. By the same argument as in
the proof of Proposition 2.7.2 we obtain the representation of the expectation in (2.7.19) in terms
of the univariate spectral cluster process Q®)

Now we apply Theorem 2.6.2 to f(x) := limp o0 (Sups>_ St z;)% on ¢'. It is uniformly
continuous and bounded by one on the sphere of ¢P, hence (2.6.2) holds for f. Similarly, the

-1

constant ¢(1)~! can be estimated by employing the function g(x) := [|x||o on ¢! which is bounded

by one on the unitary ¢!-sphere for a > 1. O

Proof of Proposition 2.6.7

The re-normalization function ¢ is continuous on the unit sphere of (%, d,,), except for sequences
with x9 = 0. Then

P(p(Y ©) >1) = E[p(0)" A1] =E[p(Qf"/1Qf" )" A 1]
= E[(p*A1)0¢(Q)].

The proof is finished by an application of Theorem 2.6.2. O
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Chapter 3: Some variations on the extremal index

Abstract

We re-consider Leadbetter’s extremal index for stationary sequences.
It has interpretation as reciprocal of the expected size of an extremal
cluster above high thresholds. We focus on heavy-tailed time series,
in particular on regularly varying stationary sequences, and discuss
recent research in extreme value theory for these models. A reg-
ularly varying time series has multivariate regularly varying finite-
dimensional distributions. Thanks to results by Basrak and Segers
[10] we have explicit representations of the limiting cluster structure
of extremes, leading to explicit expressions of the limiting point pro-
cess of exceedances and the extremal index as a summary measure of
extremal clustering. The extremal index appears in various situations
which do not seem to be directly related, like the convergence of max-
ima and point processes. We consider different representations of the
extremal index which arise from the considered context. We discuss
the theory and apply it to a regularly varying AR(1) process and the
solution to an affine stochastic recurrence equation.

keywords®: FExtremal index, cluster Poisson process, extremal cluster,
reqularly varying time series, affine stochastic recurrence equation, au-
toregressive process
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Main contributions

I address (Quest. 3) in this Chapter. The following are my main contributions:

- (Quest. 3): This chapter reviews the extremal index from the original work in [109,
110], and highlights its relationship with the a-cluster. Mainly, the extremal index
summarizes the temporal clustering effect due to successive observations with multiple
large values. Recall the spectral tail process (0;) in (1.5.2), and the a-cluster Q =

Q@ e ¢2 introduced in Theorem 2.2.1, which admits the representation
d
Q = 9/[0]a.

Theorem 3.3.8 reconsiders the asymptotics of the point process N, = Y /" ; €y, Jan 1
terms of the a-cluster, as n — +o00, where nP(|Xo| > a,,) — 1. Then, a re-interpretation
of the extremal index as a summary statistic of the a-cluster follows (see Proposi-
tion 3.3.10).

Section 3.4 otlines state-of-the-art methods for inferring the extremal index and re-
introduces the a-cluster-based estimator from extremal ¢*-blocks; see (2.4.4). A Monte-
carlo study compares it against state-of-the-art estimators. The simulations illustrate
Northrop’s estimator outperforms in terms of variance. The new estimator is competitive

in terms of bias, and improves classical cluster-based blocks and runs estimators in this

aspect.
Contents
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3.1 Leadbetter’s approach to modeling the extremes of a stationary sequence

The paper by Leadbetter [109] and the book of Leadbetter, Lindgren and Rootzén [110] provided
a first systematic approach to the extreme value theory of dependent stationary sequences. In
particular, Leadbetter introduced mixing and anti-clustering conditions, the conditions D and D',
which are tailored for the analysis of dependent extremal events. Moreover, [110] propagated the
use of the extremal index as a measure for extremal clustering.

The idea of an extremal index originates from [127, 115, 132] who discovered that the maxima

M, = max X, n>1,
t=1,...,n
of numerous examples of dependent stationary sequences (X;) with common distribution F' share

the property that
P(M, < un) ~ [P(X < u)]"™ = (Fu))"™,  n— oo,

for some number fx € [0,1] provided (u,) is a sequence of high thresholds converging sufficiently
fast to the right endpoint zp of F. Leadbetter [109] made this notion precise as the ezpected size
of an extremal cluster of exceedances above high-level thresholds. Since (F'(uy))™ is the distribution
function of the maximum of n iid random variables with common distribution F' at the threshold
Uy, the quantity x describes the shrinking effect that the appearance of dependent extremes may
have on the distribution of M,, compared to (F'(uy))".

Leadbetter defined the extremal index fx as follows: assume that for every 7 € (0,00) there

exists a sequence (u,(7)) such that
nEF(un(7)) = n (1 — Flup(1))) — 7,
and there exists a number 6x such that

P(M,, < up(1)) —>e_79X, n — 00.

If such a number Ox exists it belongs to the interval [0, 1] and is independent of the choice of the
sequences (uy,).
An immediate application is to the convergence in distribution of the sequence (M,,). Assume

that (X;) belongs to the maximum domain of attraction of an extreme value distribution H, i.e.,
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for iid copies (Xt) of X7, ]\7” = max(f(l, e )an), there exist constants ¢, > 0, d, € R such that

¢ Y(M, — dy,) LN & as n — oo and & has distribution H. Then if (X;) has an extremal index x
we have
nF(c,z+d,) — —log H(z), n— oo, x € suppH .
~—— ———
=1un (1) =T
and
]P’(cgl(Mn—dn)gx)%H(’X(x), n — 0o, x € suppH .

In the case of an iid sequence it is easily seen that n F(u, (7)) — 7 holds if and only if P(M,, <
un (7)) — e~ 7. Hence x = 1. The extremal index 1 is not exclusive to iid sequences. Indeed, in
the book [110] various examples of strictly stationary sequences are considered for which 6x = 1.
For example, if (X;) is a Gaussian stationary sequence whose autocovariance function satisfies

cov(Xo, Xp) = o(1/logh) as h — oo, then Ox = 1.

3.2 Sufficient conditions for the existence of the extremal index

The extremal index is often interpreted as the reciprocal of the expected size of an extremal

cluster for a stationary sequence (X;). We will give some justification for this interpretation.

3.2.1 The method of block maxima

The key is the definition of an extremal cluster in the sample X1, ..., X, split the sample into

kn = [n/ry] blocks of equal length r,:

le s )X’I’n 7X1”n+1a .- '7X27"n 5. '7X(kn71)7“n+1’ .- '7an7“n )
Block 1 Block 2 Block &,

we ignore the last block of length less than 7,,, and we simply call a block an extremal cluster relative
to a high threshold v = u,, (this means that u,, T xp as n — o0) if there is at least one exceedance
of this threshold in this block. For an asymptotic theory it will be important that r = r, — oo
such that r, is small compared to n, i.e., k, — oc.

In view of the stationarity of (X;) the expected cluster size of a block is given by

= TN P(Xy > u, My, > up)
E[ 11X, > u,) | M, n} - M
o P(Xt > un)
- IP’(MM > up)

n]P’(X >u,) 1

P(M,, >u,)  Op°
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Obviously, 6, is a number in [0, 1]. Under mild regularity conditions the limit 6 = lim,,_,~ 6, exists,
assumes values in (0, 1] and coincides with Leadbetter’s extremal index 6 x; see Theorem 3.2.3 below.
For this reason, the extremal index fx is often referred to as the reciprocal of the expected extremal

cluster size above high thresholds.
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Figure 3.2.1. Visualization of the maz-moving average X; = max(Z;, Zyy1, Zit2), t = 1,...,100, (blue)
for iid student noise Zy, t =1,...,102, with o = 4 degrees of freedom (red dots). The values of X; typically
appear in clusters of size 3. The process (|X¢|) has extremal index 6 x| = 1/3.
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Figure 3.2.2. The daily log-return series of the Bit Coin USD stock prices from 17 September 201/ until
8 January 2021. We only show the returns below -0.04 or above 0.04 which we interpret as extreme values.
These limits roughly correspond to the 10% and 90% quantiles of the data. The extremes typically appear in

clusters.

3.2.2 Approximation of 6x by 6,

The following result can be found in slightly different forms in [40], proof of Lemma 2.8, [154, 10].

Theorem 3.2.3. Consider the following conditions:

(1) (X3) is a real-valued stationary sequence whose marginal distribution F does not have an atom

at the right endpoint xp.

(2) For a sequence u, T xp and an integer sequence r = r,, — 00 such that k, = [n/r,] — oo the

following anti-clustering condition is satisfied:

lim limsup P(Mj,, > un | Xo > uy) =0. (3.2.1)

k—00 n—oo
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Here My, = max;—, . p X; for a < b such that My = Mgy with a = 1.
(3) A mixing condition holds:

P(M,, < u) — (P(M,, <up))™ =0, n— o0, (3.2.2)

where (uy), (kn) and (ry) are as in (2).
(4) For all positive T there exists a sequence (u,) = (un (7)) such that n F(u,) — 7 and (2),(3) are

satisfied for these sequences (uy,).
Then the following statements hold:

1. If (1) and (2) are satisfied then

lim limsup |0, — P(My, < uy | Xo > uy)| =0, (3.2.3)
k—00 np—oo
and liminf,, . 6, > 0.
2. If (1) and (4) are satisfied and 6 = lim,,_,~ 0,, exists, then Ox € (0,1] exists and coincides with
0.

Condition (3.2.2) is satisfied for strongly mixing (X;) with mixing rate («y,) if one can find integer
sequences (¢,) and (r,,) such that ¢, /r, — 0, r,/n — 0 and kpap, — 0 as n — oo. Anti-clustering
conditions are common in extreme value theory since Leadbetter introduced the D’ condition which
is much stronger than (3.2.1) but also easily verified on examples. The goal of such a condition is
to avoid that the stationary sequence stays above a high threshold for too long.

Relation (3.2.3) is in agreement with O ’Brien’s [133] characterization of the extremal index of
(X:) as the limit

fx = lim ]P’(Mgn < Up ’ Xo > un), (3.2.4)
n—00

for a sequence (¢,,) with ¢,,/n — 0, thresholds u, 1 2 such that n F(u,) — 1 as n — oo, provided
a mixing condition holds. O’Brien’s condition (3.2.4) has the advantage that it avoids the definition

of an extremal cluster.

Remark 3.2.4. Relation (3.2.3) provides a constructive way of calculating Ox : if we know that the
limits f(k) = limn_wo]P’(Mk < u, | Xo > un) exist for every k > 1 then we can try to derive
Ox = limg_,o f(k). In Section 3.3 we will follow this approach in the case of a regularly varying

sequence.

3.3 Regularly varying sequences

3.3.1 Definition and examples

As a matter of fact, clusters of extremes are more prominent in stationary sequences with heavy-

tailed marginal distribution. To illustrate this fact, consider a stationary causal AR(1) process which
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solves the difference equation X; = ¢ X;_1 + Zy, t € Z, for an iid noise sequence (Z;). Necessarily,
¢ € (=1,1) and, if (Z;) is iid standard normal then (|X;|) has extremal index 0| x| = 1 (see [110]),
while for iid student noise (Z;) with a degrees of freedom we have 0| x| = 1 —[¢|*; see Example 3.3.4
below. Thus, the smaller a (the heavier the tail) for given ¢ the closer x| to zero.

An AR(1) process with student noise is an example of a regularly varying time series. This class
of heavy-tailed processes has been studied rather extensively in the last 15 years; see [143] for some
basics about multivariate regular variation, and [108| for a recent textbook treatment. This class
was considered in full generality first by [40]: they required that the finite-dimensional distributions
of the process satisfy a multivariate regular variation condition; see [140, 143] for the definition of
this notion. It is an extension of power-law tail behavior from the univariate to the multivariate
case defined via the vague convergence of tail measures with infinite limit measures which have the
homogeneity property.

Here we will follow an alternative approach by [10] tailored for stationary sequences, avoiding the
vague convergence concept. They proved that a real-valued stationary sequence (X;) is regularly
varying with index a > 0 in the sense of [40] if and only if there exists a sequence (0;) and a
Pareto(a) distributed random variable Y, i.e., P(Y > y) = y=%, y > 1, such that (6;) and Y are
independent and, for all h > 0,

P(JU_l(Xt)mgh c - ‘ ’Xo’ > iL') i> P(Y (@t)|t\§h c ) R r — O0.

In the latter relation x can be replaced by any sequence (a,) such that nP(|X| > a,) — 1 as
n — o0o. Moreover, by definition, |©g| = 1 a.s. The sequence (©;) is the spectral tail process of the
regularly varying process (X;); it describes the propagation of a value |X(| > z for large = through

the stationary sequence (X) into its past and future.

Example 3.3.1. We consider a stationary AR(1) process given as the causal solution to the dif-
ference equation Xy = ¢ Xy 1 + Z;, t € Z, where (Z;) is iid regularly varying with index « (e.g.
Pareto(a) or student(c)). This means that a generic element Z satisfies lim,_,o P(£Z > z)/P(|Z]| >
x) = py+ for non-negative values py such that py +p_ = 1, and P(|Z| > z) = L(z)z=%, « > 0,
for some slowly varying function L. Then a generic element X inherits the regularly varying tail
behavior from Z (see [42]):

P(+X >2) «— N
]Z]>x NZ P ( i‘f‘Pi(‘P)]:P(Gozil)(l_W’)'
Jj=

But even more is true: (X;) is a regularly varying time series with spectral tail process

0y = Ozsign(p’ ™) |p|"L(J +t > 0) = Q' L(J +t>0), tez,
(3.3.1)
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where P(Oz = +1) = py, Oz is independent of J which has distribution

P(J=j5) =1~ |ef*,  j=0.
In particular, the forward spectral tail process is given by ©; = Qg ¢, t > 0.

Example 3.3.2. We consider the unique causal solution to the affine stochastic recurrence equation
X = A Xy—1 + By, t € Z, for an iid sequence ((A¢, By))icz with generic element (A, B) € Ri. We
assume that the distribution of (A, B) satisfies the conditions of the Kesten-Goldie theory; see
[103, 74], cf. [22] for a textbook treatment. The most important condition in this context is the
existence of a unique solution o > 0 to the equation E[A%] = 1 which yields the tail index . Under

these conditions for a generic element X, there exists a positive constant c; such that
P(X >x) ~cpa™ @, T — 0.
The forward spectral process is then given by
(04)t>0 = (IIy)¢>0 , where IT; = Ay -+ Ay,

while the backward spectral tail process (©;);<_1 has a rather complicated structure.
Writing Sy = logII;, = 25:1 log A;, t > 1, we observe that (S;) constitutes a random walk with
a negative drift. Indeed, by Jensen’s inequality we have E[log(A%)] < log(E[A%]) = 0.

3.3.2 The extremal index

Following Remark 3.2.4, we will derive the extremal index 6y of a stationary non-negative
regularly varying sequence (X;) in terms of its spectral tail process. First, we observe that by virtue

of the continuous mapping theorem, as n — oo for k > 1,

P(agle <1 ‘ Xo > an)
— ]P’(Y max 0; < 1) = ]P’( max OF < Y_o‘)

1<t<k 1<t<k
= Bl 00).) = Bl OF — e O

Here we used the fact that Y~ is U(0, 1) uniformly distributed and ©¢ = 1 a.s. Using dominated

convergence as k — oo, we proved under the anti-clustering condition (3.2.1) that

lim 0, = lim lim P(a,'M; < 1| Xo > ay)
n—oo k—o00 n—00
= lim E[ max Of — max Of]
k—oo -0<t<k 1<t<k
= E[(1-max6f), ].

From Theorem 3.2.3 we obtain the following result in [10].
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Corollary 3.3.3. Consider a non-negative stationary regularly varying process (X;) with index

a > 0. Then the following statements hold:

1. If the anti-clustering condition (3.2.1) holds for (u,) = (zayn) and some x > 0 then the limit

0 = lim,, o 0, exists, is positive and has the representations

0 = P(Ysup©,<1)=E[(1— sup@?)Jr] =E[supOf — sup©f] .
t>1 t>1 >0 t>1

(3.3.2)

2. If (3.2.1) and the mizing condition (3.2.2) hold for (u,) = (z ay) and all x > 0 then the extremal

index Ox exists and coincides with 0.

The representations of 6 given in (3.3.2) only depend on the forward spectral process (0©¢)¢>o.
In Proposition 3.3.10 below we provide representations of the extremal index 6| x| depending on the

whole spectral tail process (O¢);ez.

Example 3.3.4. We consider the regularly varying AR(1) process from Example 3.3.1. It can be
shown to satisfy the anti-clustering and mixing conditions of Theorem 3.2.3. We conclude from

Corollary 3.3.3 and the form of the spectral tail process given in (3.3.1) that

bx) = E[(1 ~ max©f), |

_ o at: o «
=1 —max|p|*" =1—[¢[".

This formula was already achieved in [42]| in the wider context of linear processes.

Example 3.3.5. We consider the regularly varying solution of an affine stochastic recurrence equa-
tion under the conditions and with the notation of Example 3.3.2. It can be shown to satisfy the
anti-clustering and mixing conditions of Theorem 3.2.3; see [22]. We conclude from this result that

(X:) has extremal index

Ox = E[(1 - maxIl) ] = E[(1 - exp (max $)), ]

where Sy = Zle log A;, t > 1, is a random walk with a negative drift. This value of 8x was derived
in [82]. In that paper a Monte Carlo simulation procedure for the evaluation of fx was proposed.
Direct calculation of fx is difficult; see Example 3.3.12 for an exception.

3.3.3 The extremal index and point process convergence toward a cluster Poisson process

A useful auziliary result

Lemma 3.3.6. Consider a non-negative stationary regqularly varying sequence (Xy) with index oo > 0
and assume that (3.2.1) holds for (u,) = (x a,) and all x > 0. Then

[O%:=) 0f<o0  as.
JEZ
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In particular, ©; — 0 a.s. as |t| — oo, and the time T™ of the largest record of (©y) is finite, i.e.,

|T™| is the smallest integer such that

O+ = max©;.
teZ

Proof. Write (Y;) = Y (©;) where the Pareto(a) variable Y and the spectral tail process (0;) are
independent. We start by showing

Y, 250, t— 0. (3.3.3)

Since (X;) is regularly varying we have for all x > 0 and integers k > 1,

li lim P(M, > Xo > = lim P Y, >
pm lim P(Mipen > van | Xo>an) = lim P, max ¥i > )
= P Y, > x).
(Y > o)

On the other hand, using the anti-clustering condition (3.2.1) for all € (0, 1], we have for fixed
k,h>1,

lim P(Mk’]ﬂ_h > Tap ‘ Xo > an)
n—00

) P(X > zay)
< limsup P(M, >zTa Xo>zay,)——=
> n%oop ( k,rn n | 0 n) P(X >an)
= z limsupIF’(MkM >za, | Xo > :Uan)

n—o0
= 1z %y,

and the right-hand side term e, vanishes for large k. Hence, letting h — oo, we obtain for all z > 0,

P(IPZEL]?(Y} > :z) <z %y,

and therefore

lim P(maXYt > x) < lim 7% =0,
k—o0 t>k k—o0

implying max;>j Y; 25 0as k — oco. Since (Y;) =Y (64) a.s. and Y > 0 is independent of (©;)
this is only possible if max;>j ©; P, 0 as k — oo but the latter relation is equivalent to ©; =2 0

as t — oo, implying (3.3.3).

Next we show that

Yo, 250, t — 00.
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Since V; 22 0 as t — oo and Yy > 1 a.s. the following relation holds

IP(ZLJO{YZ > 1>maxVi}) = ;P(YZ >1>maxY;) =1

Suppose that P(}_, o 1(Y; > €) = 00) > 0 for some € > 0. Then there exists some i > 0 such that

P(Z]l(Yj>5):oo,Yi21>I?§Zx§Q) > 0.

<0

We recall the time-change formula from [10]:

of (©t—n,---,O¢1n)
P(©_p,...,0,) €- |04 #0) = E[——-1 c€)].
((O-h:-- On) €| O #0) " e )]
(3.3.4)
In particular, P(©; # 0) = E[©¢] = 1 if and only if for all A > 0,
o (©t—n,---,O¢1n)
P((O_p,...,0p) € )=E[———1 €)l.
(( h h) ) [E[G?] ( o, )]
Therefore
oo = ZIIY>€ Y>1>m>aZxY})]
7<0
= ZIP’(YJ >eY, >1> maxY})
<0 t>1
= Z/ yG) >e,y0; >1>ymax®t)]d( y*a)
7<0
CH Oy —a
= Z/ y>5®,j,y@ﬁ>1>yglza)§®—ﬂ)]d(—y )
3<0
< _O‘ZE / z>1,z@i_j2€_l>zg?j§@t)d(—z_a)]
7<0
- gajZ%]P’(Yi_j >l > trg@au; Yt)
= *O‘Z]P’ Vi, >e > maxY})
k>1 >k
< 7@,

In the last step we used the fact that the events {Y; > e~! > max;~; Y;}, k > i, are disjoint. Thus
we got a contradiction. This proves that for all € > 0 there exist only finitely many j < 0 such that
Y; > ¢, hence Y} 2% 0 and also ©; =25 0 as t — —o0, as desired.

In particular, the time T™* of the largest record of the sequence (©;) is finite a.s.
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Now suppose that P(D = 00) > 0. Then there exists an i € Z such that

P(Z@?:oo,T*:i) >0,

JEZ

jGZ

and an application of the time-change formula (3.3.4) yields

o = E[Yesu(r =i =Y E[e5u(r =i

JEZ JEZ

D BT =i-j)=

JEZ.

leading to a contradiction. Thus O} < 00 a.s. This proves the lemma. O

JEZ.
Point process convergence toward cluster Poisson processes

The following point process result was proved in [40] and re-proved in [10] by using the termi-
nology of the spectral tail process.

We adapt the mixing condition in [40] tailored for point process convergence. It is expressed in
terms of the Laplace functionals of point processes. Recall that a point process IV with state space
E =Ry = R\{0} has Laplace functional

\IJN(g):E[eXp <—/Eng>] for g € CL

where the set (C;g consists of the continuous functions on E with compact support. Since 0 is
excluded from E this means that g € (C;F( vanishes in some neighborhood of the origin. Moreover,
we have the weak convergence of point processes N, %, Non Eifand only if U, — Uy pointwise;
see [140, 143].

Mixing condition .A(a,,) Consider integer sequences r,, — oo and k,, = [n/ry] — oo and the point

processes with state space E = Ry,

Tn

n
N, = E €alx, and N, = E €alx, n>1,
= i=1

where e, denotes Dirac measure at x. The stationary regularly varying sequence (X;) satisfies A(ay,)
if there exist (r,) and (k) such that

Un,(9) — (T (9)" =0, n-oo, geCk. (3.3.5)

Remark 3.3.7. This condition is satisfied for a strongly mizing sequence (Xy) with mizing rate
(ap,) if one can find integer sequences (¢y,) and (ry,) such that £y /ry, — 0, rn/n — 0 and kpoy, — 0.
This is a very mald condztzon indeed. Relation (3.3.5) ensures that, if Ny, %y N on the state space

E, then also Z Nri) — N where (N( ))Z 1,...kn are itd copies of Nr This fact ensures that the

n
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limit processes considered are infinitely divisible; cf. [101].
Theorem 3.3.8. Consider a stationary regularly varying sequence (Xy) with index o« > 0. We
assume the following conditions:

(1) The mizing condition A(ay) for integer sequences rn, — oo such that k, = [n/r,] — oo as
n — o0o.

(2) The anti-clustering condition (3.2.2) for the same sequence (ry,) .

Then we have the point process convergence on the state space Ry

[o oo o

No=Y ey, HN=> Ep-iag,, (3.3.6)
i—1 ‘ ‘

i=1 j=—o00

where

) Z;’ifoo €Qij s 1= 1,2,..., is an iid sequence of point processes with state space R. A generic
element Q) = (Q;) of the sequence QU = (Qij)jez, 1 =1,2,..., has the distribution of the spectral

cluster process

@= <Hgyta>tez‘

e (I';) are the points of a unit rate homogeneous Poisson process on (0,00).
e (I';) and (Q(i))izl,gw are independent.

Remark 3.3.9. In view of Lemma 3.3.6 we know that ||O]|o < oo a.s. Hence the spectral cluster

process @) is well defined.

Since the Poisson points (F;l/ “) and the sequence of iid point processes (Z jez EQ“) are inde-

pendent it is not difficult to calculate the Laplace functional of the limit process IV:

Un(g) =exp (- /0 E[1-e~ 2t d(—y~)),  geCf.

Now we apply the change of variables z = y |Q7+| in ¥ (g) where

’@T*| . maXiez, ‘®t|

|Qr+| = =
' 1l (Zjez‘@j’a)

1/a”

Then we obtain for g € CF,

Unig) = exp(—E[Qr|"]

X /OOOE[IQH%I;*HO;] (1 — e_ZjEZQ(ZQj/|QT*D):| d(—z_o‘)> _

According to Proposition 3.3.10 below, 0 x| = E[|Qr~
density |Q7+|*/E[|Qr+|*] and writing Q = (@j)jez for the sequence @Q/|Qr+| under the new measure,

®]. Now, changing the measure with the
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we arrive at
Un(g) = exp ( — /OOOE[(l — e—zjezg(z@j\))] d( — (2/0‘1)/(?)_&)) .

However, this alternative expression of the Laplace functional ¥ corresponds to another represen-

tation of the point process IV:

N = Z Z E(T4/0,x)) 1/ Qs ° (3.3.7)

i=1 j=—o0

where the Poisson points (Fi_l/ “) are independent of the sequence (ZjeZ 5(3') of iid copies of
ij
Z]EZ Eéj. N N
We observe that |Q;] < 1 a.s. and |[Q7+| = 1 a.s. The extremal index | x| plays an important

—1/a gtands for the radius of a circle

role in representation (3.3.7). Each Poisson point (I';/0)x|)
around the origin, and the points (@U) jez are inside or on this circle. In this sense, each Poisson
point (I';/6) X|)_1/ @ creates an extremal cluster. Therefore we refer to the process N as a cluster

Poisson process.

Equivalent expressions for the extremal index

Based on the results in the previous subsection we can derive equivalent expressions of 6| x| in
terms of Q7= and T™.

Proposition 3.3.10. Assume the conditions of Theorem 3.3.8. Then the extremal index 0 x| of

(|1X¢|) coincides with the following quantities:

E[|Q7+

‘= P(Y [Qr-

>1)=P(T*=0). (3.3.8)

Here Y is a Pareto(a) random variable independent of Qr+ and T™* is the time of the largest record

of (164)-

Remark 3.3.11. We observe that

maXiez, |9t|a

E[|Qr- =70 e R
lor ez 16517 ) =1

|~

Since x| = P(T* = 0) the extremal index 0,x| has the intuitive interpretation as the probability

that (|©¢]) assumes its largest value at time zero.

Example 3.3.12. We consider the regularly varying solution of an affine stochastic recurrence
equation under the conditions and with the notation of Example 3.3.2. An exception where the
extremal index has an explicit solution is the case log A; = Ny — 0.5 for an iid standard normal
sequence (N;). Then E[A;] = 1 and the theory mentioned in Example 3.3.2 yields regular variation
of (X;) with index 1. Using the expression P(7™* = 0) and applying some random walk theory (such
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as the results in [29]), one obtains an exact expression for fx in terms of the Riemann zeta function

(; see Example 3.3.13. A first order approximation to this formula is given by

1 ¢(0.5) 1
Oy ~ — ~ — —0.5826) ~ 0.2792. 3.3.9
sexp Tﬂ) 5 exp( ) (3.3.9)

Example 3.3.13. Let B = (Bt)ter be iid standard Brownian motions independent of I'; <
I'y < --- which are the points of a unit-rate Poisson process on (0, 00). We consider the stationary

max-stable Brown-Resnick [20] process

Xt:supPi_leﬁBt(i)*‘”, teR.
i>1

It has unit Fréchet marginals P(X; < x) = ®1(z) = e ® ', 2 > 0. Any discretization X(®) =
(X5¢)tez for 6 > 0 is regularly varying with index 1 and spectral tail process @E(S) = eﬂB“*‘;'t‘,
t € Z. Direct calculation of —z logP(n~! maxj<i<p, Xs5¢ < ), © > 0, yields the extremal index of
X ) as the limit

Gg?) = lim n_lE[ sup e V2Bse—ot| (3.3.10)

n—roo 0<t<n

We use the expression Hg?) = P(T*®) = 0) where 7% is the first record time of (@g(s))tez; see
(3.3.8). We consider the first ladder height epoch 7'+(5) = inf{t > 1 :v2Bs; + 6t < 0}. Using
the symmetry of the Gaussian distribution, (@§5)> (1/@ )t>1, we obtain 9( ) = = P(1*0) =
0) = P(74.(0) = o0)?. Combining this with the classical identity P(74(d) = co) = 1/E[r_(d)] for
7_(6) = inf{t > 1 : v/2 Bs; — 0t < 0}, from random walk theory (see [2]) we get

1 2 E[Bs — 4] 2 _
= (g—mm) = (& ) = PENV2IB o + 7 (0)]) 7
¥ TAEO) T \EWVZB, ) -7 (9) :

where we used Wald’s lemma and the symmetry of the Gaussian distribution. To be able to apply
Theorem 1.1 in [29] we standardize the increments of the random walk v/2B;; dividing them by
V/26, turning the drift into 1/8/2, and we get

E[\/§BT+(5) +71.(0)] = \/gexp( 2\/>Z c1/2-n) (— %)n> .

n!(2n+ 1)

This implies that
¢(1/2 —n) o\m
=0 (=3))
exp \/>Z n!(2n + 1) 4
We recover the Pickands constant of the Brown-Resnick process (see [135]) as the limit limg)o 6~ 0&?):

H(O) = lim E[ su eﬁBt*t} =1.
X T—o0 OStET
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Proof of Proposition 3.3.10. Consider the supremum of all points of the limit process N in Theo-
rem 3.3.8:

1
M =sup T, /asup|Qij|.
i>1 jez

The sequences (I';) and (Q(¥) are independent and M = SUp;>1 F;l/ “V; for the iid sequence V; :=
supjez |Qijl, 1 = 1,2,..., whose generic element V' has the property E[V*] < co. Indeed, V <1
a.s. by construction. The points (I'; Y “ Vi) constitute a marked Poisson process Nr,v with state
space F = (0,00) x [0, 00) and mean measure given by p((z,00) x [0,y]) = 27 Fy(y), x > 0,y > 0,
where Fy is the distribution function of V. For 2 > 0 we consider B, = {(y,v) € E: yv > x}. We

observe that

u(B) = [ / oy Bl = [ oy iy = BV,

=0 Jy=z/v

Therefore we have for x > 0,

P(M<z) = P(;7*Vi<z,i>1)

= P(Ney(B.)=0)
_ on(Bs) _ g —a E[VO]

Thus M is a scaled version of the standard Fréchet distribution, ®,(z) =e ™% ", z > 0:
P(M<z) = V9w, z>o0.

o

On the other hand, Theorem 3.3.8 and an application of the continuous mapping theorem yield as

n — 00,

P(a,'M, <z) = P(Ny(z,00) =0)
— P(N(x,00) =0)
= P(M<z), 2>0.

In view of the definition of the extremal index of the sequence (| X¢|) we can identify
E[V®] = E[sup|Q,l*] = E[Qr|]
JEZ
as the value 0| x|. This proves the first part of (3.3.8). The identity
EllQr-"] = P(Y'|@r+[ > 1) = P([Qr=|* > Y ™).

is immediate since @ and Y are independent, and Y~ is U(0, 1) distributed.
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Applying the time-change formula (3.3.4), shifting k& to zero, we obtain

Ox; = E[Q7-|"]
CAk
- Y E[E qgrr=p
,% > ez 19;1* }
[©_k|
= S E[E (1 =0)
é > ez 19—kl ]
— BT =0).
This proves the last identity in (3.3.8). O

3.4 Estimation of the extremal index - a short review and a new estimator based on

the spectral cluster process

First approaches to the estimation of the extremal index are due to [88, 161]|. Estimators based
on exceedences of a threshold were proposed in [65, 155, 159, 150]. A modern approach to the
maxima method was started in [129]; improvements and asymptotic limit theory can be found in
[16, 21].

We will consider some standard estimators of §x. For the sake of argument we assume that (X;)
is a non-negative stationary process with marginal distribution F', k,, = n/r, is an integer sequence

such that r,, — oo, k, — 00, and (u,) is a threshold sequence satisfying u,, T zp.

3.4.1 Blocks estimator

Recall that 0x has interpretation as the reciprocal of the expected size of extremal clusters.
This idea is the basis for inference procedures from the early 1990s (see [160, 43|). Clusters are
identified as blocks of length » = r,, with at least one exceedance of a high threshold u = u,. A
blocks estimator 6! is given by the ratio of the number K, (u) of such clusters and the total number

of exceedences Ny, (u):

_ Kn(u> — ngl H(M(t—l)r—i-l,t'r > u)
Np(u) S L(Xy > ) '

(3.4.11)

This method requires the choice of block length r and threshold level u satisfying r, F(u,) — 0; if

6"l is biased. Estimators using clusters of extreme

r, — 00 does not hold at the prescribed rate
exceedences were also considered in [88].

A slight modification of the blocks estimator is the disjoint blocks estimator of [161]:

fabl _ log(1 — K (u)/kn)
7 log(1 — Ny(u)/n)’

Assuming some weak dependence condition on (Xj), the heuristic idea behind the estimator is the
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approximations
(P(M, < un))*™ ~ P(M, < up) ~ FOX™(u,),

for a suitable sequence (uy). Then, taking logarithms and replacing F(u,) and P(M,, > u,) by

their empirical estimators N, (u)/n and K, (u)/k,, respectively, we obtain

logP(M,, < uy,)  log(l —P(My > uy))
nlogF(u,)  nlog(l—F(uy))

log(1 — Kn(u)/kn) _ fabl

rn log(1 — Ny (u)/n) ’

0x

Assuming that both K, (u)/k, and N,(u)/n converge to zero, a Taylor expansion of log(1 + z) =

z(140(1)) as  — 0 shows that A" ~ 9" [161] showed that 69! has a smaller asymptotic variance

than OP.. [150] proposed a sliding blocks version of ! with an even smaller asymptotic variance.

—log (n%m Z?;{H T(Mppqr < U))

é\slbl ( Nn (u) /kn

(3.4.12)

u, ) =

3.4.2 Runs and intervals estimator

[161] proposed the alternative runs estimator. It is based on the limit relation (3.2.4): the

probability P(My, < u, | Xo > uy) is replaced by a sample version for some sequence [ = [, — oo:

N 1 n—I
0:s(1) = No(0) Z (X > un s Mit1,i01 < up) - (3.4.13)
n i=1

Clusters are considered distinct if they are separated by at least [ observations not exceeding u. In
[65] a complete study of the runs estimator and the inter-exceedence times is given. The thresholds

(up) need to satisfy r, F(u,) — 1, and 1, < ry,.

Consider the exceedance times:
So(u) =0, Si(u) = min{t > S;_1(u) : X¢ > up}, i>1,

with inter-ezceedance times T;(u) = Si(u) — Si—1(u), i > 1. The sequence (T;(u));>2 constitutes
a stationary sequence. If r, F(u,) — 1, [65] noticed that (nT%(u)) converges in distribution to a
limiting mixture given by (1—0x)lo(z)+60x (1—e ~9X%) x > 0. Calculation yields to the coefficient

of variation v of T»(u) whose square is given by
V2 = var(Ty(w) / (E[T3 (w)])? = E[T2())/ (EITo(@)])? — 1 = 2/0x — 1,

leading to overdispersion v > 0 if and only if §x < 1. Replacing the moments on the left-hand

side by sample versions and adjusting the empirical moments for bias, [65] arrived at the intervals
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estimator

2( N (1 (w)-1))°
(N (w)—1) SN (T (u) — 1) (T () —2)

o™ (u) = 1A (3.4.14)

See also [155, 159].

3.4.3 Northrop’s estimator

Assume for the moment that (X;) is iid and F' is continuous. Then F(X) is uniform on (0, 1).

Hence for » = r,, and x > 0,

IP’( —ry log F(M,) > ac) = P(F(M,) < o /T
= P( max F(X;)

i=1,...,rn

= (P(F(X)<e @) =e".

)
e—x/r)

For a weakly dependent sequence (X;) with marginal distribution F', assume the existence of the

extremal index for (F'(X;)) which, by monotonicity of F', coincides with 0x:

P(— 7y log F(M,) > z) =P(, max F(X;)<e @) e b0xT, x>0.
i=1,...,7n
Thus the random variables (—r,, log F'(M,)) are asymptotically Exp(6x) distributed. For iid Exp(fx)
random variables the maximum likelihood estimator of fx is given by the reciprocal of the sample
mean. These ideas lead to Northrop’s estimators [129]. Mimicking the maximum likelihood estima-

tor of iid Exp(fx ) data for a stationary sequence (X;), one considers the quantities —ry, log F'(My 1),

t=1,...,n—ry, and constructs sliding or disjoint blocks estimators of 0x:
o 1 n—r-+1 1

M) = (g Z (= log Fu(My44r))) (3.4.15)
SNdbl 1 & -t

07 (r) = /7] ;(—T 108§Fn(Mr(i—1)+1,ri))) : (3.4.16)

Here F,, is the empirical distribution function of the data. This particular choice of estimator of
F depends on the whole sample, hence introduces additional dependence. This fact requires an

optimal choice of block length r, for implementation.

3.4.4 An estimator based on the spectral cluster process

In this subsection we consider a stationary non-negative regularly varying process (X;) with
index a > 0, spectral tail process (0;) and normalizing sequence (a,) satisfying nP(X > a,,) — 1.
Proposition 3.3.10 yields the alternative representation 6x = E[Q$.] where (@) is the spectral

cluster process of (X;). We will construct an estimator based on this identity.
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We consider sums and maxima over disjoint blocks of size r = r,, = o(n):

r
(@) ._ a o o
SM = E X7, M;, = t:(i_ﬁfﬁ,...ﬂ){t , i=1,...k,.
t=(i—1)r+1

The following limit relation is proved in [26]:

lim B[ M, /5% ]S > af] = E[QF.], (3.4.17)
n—oo

which is based on large deviation results for regularly varying stationary sequences; see for example

[26]. Now we build an estimator of fx from an empirical version of the left-hand expectation. Define

the corresponding estimator by

M
E;Zl S(Za’; H(Si(’(;) > )

3.4.18
S (S > ) A

((Sa))r, the sth largest among (S(a)

Here we choose v = S ir
b

that s, = o(ky,).

)iil,---7kn for an integer sequence s = s, such

3.5 A Monte-Carlo study of the estimators

We run a short study based on 1000 simulated processes (X¢)i=1.... 5000 for comparing the perfor-
mances of some of the aforementioned estimators. First, (X;) is an AR(1) process with parameter
¢ = 0.2 and iid student (1) noise, resulting in a regularly varying process with index 1 and | x| = 0.8.
Second, we consider the regularly varying solution of an affine stochastic recurrence equation with
iid log A; ~ N(—0.5,1), By =1, and 0x =~ 0.2792; see (3.3.9).

Figures 3.5.1 and 3.5.2 show boxplots of the simulation study.

6P and 0™ are functions of the block and run lengths, respectively. u is the largest [n%-5]th

upper order statistic of the sample.

5Pl is a function of 7. wu is the rth upper order statistic of the sample.

e 6" is a function of z. u is the [n/x]th upper order statistic.

@\ISI, 0%°P are functions of r.

e For 65 we choose s = [n%6/r]. The tail index « is estimated by the Hill estimator from [83]

based on [n%8] upper order statistics of the sample.

According to the folklore in the literature, Northrop’s estimator gNs!

outperforms the classical
estimators (runs, blocks); it has smallest variance but it may be difficult to control its bias. Our

experience with 65cP shows that it performs better than the other estimators as regards the bias,
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especially when 0x is small. The intervals estimator gint is preferred by practitioners because the
choice of the hyperparameter x is robust with respect to different values of 8x. This cannot be
said about the other estimators with the exception of 5P, In our experiments with sample size
n = 5000, the choices z = 32 and r = 64 work well for gint and 55‘3?7 respectively. We did not

fine-tune the hyperparameter s in #°P in our experiments.
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Figure 3.5.1. Boaplots based on 1000 simulations for the estimation of 6|x| = 0.8 in the AR(1)
model with ¢ = 0.2 and iid student(1) noise.
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Figure 3.5.2. Bozxplots based on 1000 simulations for the estimation of 0x ~ 0.2792 for the solution
to a stochastic recurrence equation.
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Chapter 4: Stable sums to infer high return levels of multivariate rainfall time

series

Abstract

We introduce the stable sums method to infer extreme return levels for
stationary time series in a multivariate context. We base our method
on large deviation principles for regularly varying time series, allow-
ing the incorporation of time and space extreme dependencies in the
analysis. First, we avoid classical declustering steps as our strategy
is implemented at independent and dependent observations from the
stationary model in the same way. Already in the univariate setting,
a comparison with the main estimators from extreme value theory,
where detecting clustering in time is required, shows improvement of
the coverage probabilities of confidence intervals obtained from our ap-
proach against its competitors. Also, further numerical experiments
point to a smaller mean squared error with the multivariate stable
sums method than its component-wise implementation. We apply our
method to infer high return levels of daily fall precipitation amounts
from a national network of weather stations in France.

keywords: FEnuvironmental time series; multivariate reqular variation;
stable distribution; stationary time series; cluster process.
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Main contributions

I address (Quest. 4) in this Chapter. The following are my main contributions:

- (Quest. 4): This chapter presents the stable sums method for inference of multivari-
ate heavy-tailed return levels. Numerical experiments illustrate the robustness of these

estimates with respect to time dependencies.

Consider a sample X{; ,, from a heavy-tailed stationary time series (X;) with (tail) index
a > 0. For inference purposes, consider an integer sequence (b, ) such that n/b, — 400,

as n — +o00o, and the sub-sample

b 2bn,
Zt:l’Xt’a ) Zt:bn+1‘xt‘a ) ’ Z?:nfbn+1‘xt‘a' (4~0~1)

Notice the large deviations principles in (2.2.1) yield the approximation
P(Xo(j) > ap,) ~ m(5) ()P0, [Xel™ > af)), = o0, (4.0.2)

for a suitable sequence (z,,) satisfying nlP(|Xo| > z,) — 0, as n — 400, where Xq(j) is
the j-th coordinate of X, and m(j) € (0, 1] traces the spatial features of X (see (4.1.3)).
Since |X1]“ is regularly varying of unit (tail) index, the central limit theorem of heavy-
tailed increments in Theorem 4.7.1 holds. Then, replacing m(j) by an estimate of this

constant, we can model the right-hand side of Equation (4.0.2) using stable distributions.

Algorithm 1 fits a stable distribution to the sub-sample in (4.0.1), replacing a with
an estimate a”, and then extrapolates high quantiles using (4.0.2). To tune the sum
length parameter (b,), Algorithm 1 assesses goodness-of-fit with the stable limit with

unit stable parameter.

Section 4.4 implements this new strategy for multivariate high quantile estimation to

the data set of daily rainfall records in France, already introduced in Chapter 1.

Contents
4.1 Introduction . .. ... ... ... 0. 86
4.1.1  Motivation. . . . . ... ... 86
4.1.2  Asymptotics of the stable sums method 88
4.2 Stable sums algorithm . . . . . . ... ... ... 91
4.2.1  Preliminaries . ... ... ... ..... 91
4.2.2  Model assumptions . . . .. ... .. .. 91



4.2.3  Choice of the algorithm inputs . . . . . 92

4.24  Algorithm . . ... ... ... ... ... 92
4.3  Simulation study . . . . ... ..o 93
431 Models. . . ... ... oL 93
4.3.2  Numerical experiment . . .. ... ... 94
4.3.3  Implementation of stable sums method . 95
4.3.4 Implementation of classical methods . . 95
4.3.5  Simulation study in the univariate case . 95
4.3.6  Simulation study in the multivariate case 97
4.4 Case study of heavy rainfall in France . . . . . . 98
4.4.1 Implementation . . . . . ... ... ... 98
4.4.2  Analysis of the radial component . . .. 99
4.4.3  Analysis of the multivariate components 100
4.5 Conclusions . .. ... ... ... 103
4.6  Asymptotic theory . . . . .. ... 103
4.6.1 Invariance principle . . . . . . .. .. .. 103
4.6.2  Central limit theorem . . ... ... .. 104
4.7 Proofs. . . ... ..o 105
4.7.1  Proof of Lemma 4.6.2 . . ... ... .. 105
4.7.2  Proof of Proposition 4.6.3 . . . ... .. 107

4.1 Introduction

Nowadays, extreme value theory [34] is frequently applied to meteorological time series to cap-
ture extremal climatological features in temperatures, winds, precipitation and other atmospheric
variables [104, 166, 171|. For example, due to its high societal impacts in terms of flooding, heavy
rainfall have been analyzed at various spatial and temporal scales [93]. In particular, storms/fronts
duration and spatial coverage can produce potential temporal and spatial dependencies among
recordings from nearby weather stations [92]. In this multivariate context, the analysis of consecu-
tive extremes, even in the stationary case, can be theoretically complex |26, 9]. Although marginal
behaviors of heavy rainfall is today well modeled, the temporal dynamic is rarely taken in account
in applied studies, especially for multivariate time series [61, 170, 1, 38, 64]. To produce accurate
high return level estimates from multivariate time series of extreme daily precipitation, we propose
an approach to jointly incorporate the temporal dependence and the multidimensional structure
among heavy rainfall. This joint modeling appears necessary to perform a full risk assessment, as
ignored correlations may lead to erroneous confidence intervals. The latter is particularly important
when the practitioner has to provide them about extreme occurrences, i.e. extrapolating beyond the

largest observed value.

4.1.1 Motivation

For our case study, we analyze daily precipitation records from a national network in France

from 1976 to 2015. To contrast different climate types, we choose three stations in three different
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regions in France: oceanic in the northwest (Brest, Lanveoc, and Quimper), mediterranean in the
south (Hyeres, Bormes-les-Mimosas and Le Luc), and continental in the northeast (Metz, Nancy,
and Roville). Concerning seasonality, we will focus on Fall (September, October, and November) as
heavy rainfall has been the strongest in France during this season. Concerning marginal behaviors,
records within the same region reach similar precipitation intensity levels. For example, the south
of France registers higher precipitation amounts than the other two regions, but the south attains
high levels at a similar rate; see Figure 4.1. We assume that heavy-tailed margins from the same
region are asymptotically equivalent, up to a constant. This is a reasonable modeling assumption

if we believe extreme episodes within a region have the same driver, let’s say, a big storm.
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Figure 4.1: Scatter plots of fall daily rainfall in France from 1976 to 2015. The top, middle, and
bottom panels refer to three climatological regions: continental (northwest), oceanic (west), and
mediterranean (south), respectively. Simultaneous exceedances of the 95-th order statistic of the
sample of daily maxima of a region are in black.

While it is reasonable to assume independence between regions, the stations’ spatial proximity
within a region imposes a tri-variate analysis by region. Figure 4.1 illustrates how high rainfall val-
ues often co-occur at two close stations pointing to a spatial dependence of large values. Concerning
the temporal ties, we see that at all nine stations, recording high rainfall levels at one day is often

followed by measures from rainy days later since an extreme weather condition can last numerous
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hours. This extremal dependence in time is well illustrated by the temporal extremogram! intro-
duced in [44] as can be seen in Figure 4.2. Overall, we can explain the spatial and temporal links by
the weather dynamics. As mentioned, It is reasonable to think that the main climatological event
impacting an area often has the same source but is manifested at different time lags and locations.
Our goal is to improve inference of its extremal features by aggregating all measurements collected

of it in space and time. We do so by introducing the stable sums method.
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Figure 4.2: Empirical temporal extremogram of the 95-th order statistic of fall daily rainfall in
France from 1976 to 2015. The first, middle and last correspond to three climatological regions
as in Figure 4.1. As a baseline, the extremogram takes the value pointed by the dotted line on
independent time lags.

4.1.2 Asymptotics of the stable sums method

The practical goal of this study is to infer the 50 years return levels at each weather station,
while taking in account the tri-variate dependence and the temporal memories. The theoretical
added value is that we address the extremal multivariate structure without assuming temporal
independence. In particular, we do not need to decluster the 3-dimensional time series to make
observations independent in the upper tail. Declustering is particularly challenging in a multivariate
context [146]. To bypass these hurdles, we build on a stable sum method. This approach takes its
roots in large deviation principles and central limit theory for weakly dependent regularly varying
time series [59]. In terms of notations, (X;);ez will always represent a stationary time series with
tail index o > 0, where X; = (X;(1),--- , X4(d)) takes values in R, that we endow with a norm |- |.
To model heavy-tailedness, we assume all vectors (X¢)jy—o,..., are multivariate regularly varying,
h > 0; see Equation (4.2.7) for a precise definition. In this setting, under short-rage dependence
conditions [10], preventing extreme records to affect indefinitely future ones, the following large

deviation approximation holds: for any p > o, j =1,...,d,
P(Xo(j) > zn) = m(5) (ne(p)) ™ P(S1a(p) > ah), n— +oo, (4.1.3)

where Xo(j) is the jth-coordinate of Xo, Si,(p) = > ;y |X¢[P, (z,) corresponds to a suitable
sequence verifying nP(|Xg| > z,,) = 0 as n — 400, m(j) takes values in [0,1], for all j =1,...,d,

!The temporal extremogram is defined over time lags by t — limg 100 P(X: > | Xo > ).
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and p — c(p) is a decreasing function. We confer to [26] the proof of (4.1.3) and its extension for
a/2 <p<a.

The practical key aspect of (4.1.3) is that, whenever the constants m(j) and ¢(p) are adequately
estimated, all marginal features of the multivariate vector Xy can be easily deduced from the single
univariate sum Si ,,(p). In practice, this means that any extreme quantile of a weather station, say
Jj, can be directly deduced from the sum Sj,(p) computed over the group of three neighbouring
stations, albeit the knowledge of the two constants m(j) and ¢(p) in (4.1.3). To interpret these two

quantities, we write them as follows

P(Xo(j) > zn) _ m(j), P((S1,0(p) )P > z0)

= . 4.1.4
n—+too P(|Xo| > zp) notoo nP(Xo| > an) c(p) (4.1.4)

The ratio between the norm feature P(|Xo| > z,,) and the marginal feature P(X(j) > x,) does not
depend on t (as t = 0), and consequently, the constants m(j) trace back the d-dimensional structure
of extremes, but not the temporal dynamic. In contrast, the constant ¢(p) captures, throughout
the /P—norm, the temporal clustering among extremes when compared to independent observations.
Recall for our case study, the three stations within a region are assumed to have the same tail
index and margins within the same region are assumed to be asymptotically equivalent, up to a
constant. This is in compliance with the left-hand of (4.1.4). Practically, this is justified by the
close proximity among the three stations within each of our region. Theoretically, the multivariate
Breiman’s theorem [72] tells us that tail equivalences can be obtained whenever a multiplicative or
linear lighter-tailed noise impacts the variables at hand.

We recall [26] also showed c(a) = 1, regardless of the temporal ties. Thus our goal is to motivate
the choice p = « in (4.1.3). This modelling strategy obviously implies that the index of regular
variation, «, needs to be estimated, a necessary step in any Pareto based quantile estimation. The
main challenge now is to infer the distribution of S; ,(p), for p > 0, from the sampled multivariate
vector (X1,...,X,). To reach this goal, we consider the following partial sums from disjoint time

periods of length b,, as

Sl,bn(p) s S?,bn (p) ) SLn/anbn(p) ) (415)
=0 Xelp = L Xl . X |P

t=|n/bn]—bn+1

with the convention Sy, (p) := S1, (p). The new sequence of variables (S, (p))i=1,...,|n/b,| Provides
us a transformed dataset from which the inference of x — P(S1,(p) > x) becomes possible. The
natural question is then what is the appropriate model for S;, (p). As Sy, (p) is a sum of regularly
varying increments, then, assuming n/b, — +o0o as n — 400, the central limit theorem for weakly
dependent stationary time series holds. There exists positive and real sequences (ay(p)), (dn(p)),
such that (S, (p) — db, (p))/as, (p) converges to a stable distribution with stable parameter a/p,
as the sums length b, goes to infinity. Two important elements can be highlighted from this

convergence. First, the family of a-stable distributions (see Section 4.2.1) appears as the natural
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parametric family to fit the sequence (Sip, (p))i=1,..[n/b,|- Second, the aforementioned choice of
taking p = « is reinforced as the stable parameter «/p equals to one for this choice. This produces
a solid yardstick to select the right b,,. In other words, an appropriate selection of b,, corresponds
to the case where the distribution of (S, (@))i=1,....|n/b,| follows a stable distribution with a stable
unit parameter. The algorithm behind this strategy will be explained in Section 4.2.3.

Notice that in our methodology, the choice of p in ¢(p) is up to the practitioner. The special
case of p = 0o has a strong connection with the so-called declustering technique [65]. Typically, the
constant ¢(oco) equals the extremal index of the time series (|X¢|)¢cz, which has been understood
as the reciprocate of the mean number of consecutive high levels recorded in a short period; cf.
[109, 110]. For univariate time series, the conventional choice of taking p = oo, describes block of
maxima, which can be modeled with classical extreme value theory based on generalized extreme
value distributions [34]. However, it brings the difficult problem of inferring the extremal index.
The exceedances approach built on generalized Pareto distributions also needs to be corrected in
this setting [30]. Typically, applied studies base inference only on the maxima of clusters [167],
but if ¢(c0) < 1, estimates of marginal features are biased [60, 62, 63]. Instead, choosing p = «
completely bypasses the estimation of ¢(p) or any declustering strategy.

From a theoretical point of view, our method is motivated by equation (4.1.3) proven in [26].
We then use central limit theory to justify the parametric model for the partial sums in (4.1.5).
Borrowing classical telescopic sum arguments, we prove the limit with stable parameter one in
Section 4.6.2, which interests us as we take p = a. This proof uses the cluster process defined in
[26]. Our proof simplifies the assumptions in [5] and [9] who might have overlooked the unit stable
domain, usually receiving less attention. Overall, (4.1.3) justifies inference of extreme quantiles in
the scope of the sequence of threshold levels (z;, ). The order of magnitude of the sequence (z3,,) was
studied for classical examples as linear processes in [120] and for solutions to recurrence equations
in [24, 106|. For further references on large deviation probabilities for weakly dependent processes
with no long-range dependence of extremes we refer to [40, 98, 97, 121]. Central limit theory for
stationary weakly dependent sequences was first studied in [40] using weak convergence of point
processes. Further, [98, 97| show it using classical telescopic sum arguments and large deviation
limits. A modern treatment is conferred to [5].

Concerning the implementation of our stable sum method, Section 4.2 details the ingredients
of our algorithm and its assumptions. The important step of setting the inputs of our alogrithm is
explained in Section 4.2.3. In particular, the estimation of the stable parameter, «, is treated there.
It is followed by the description of our algorithm. Our simulation study is described in Section
4.3. Univariate and multivariate cases are investigated. Comparisons with other approaches are
implemented and commented. In Section 4.4, the rainfall dataset introduced with Figures 4.2 and
4.1 is analyzed in depth. In section 4.5 we discuss future perspectives. The theoretical aspects of

our method are detailed in Section 4.6.
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4.2 Stable sums algorithm

4.2.1 Preliminaries

Let X = (X(1),...,X(d)) be a random vector taking values in R%. For T > 0, the multivariate
T-return level is zp = (2p(1),..., 2r(d)), where zp(j) is the T—return level associated to the j-th
coordinate: zp(j) = inf{z(j) : P(X(j) > 2(j)) < 1/T}. We recall below the definition and basic

properties of stable distributions.

Definition 4.2.1. The random variable &, := &q(0, B, p) follows a stable distribution with parame-
ters (a,0, B, p) if and only if, for all u € R,

B[ expliuta)] — exp{—0®[u|*(1 — i B sign(u) tan T¢) +ipu} if a # 1, (4.2.6)
’ exp{—olu|(1 — i B sign(u) Zlog|u|) +ipu} ifa=1, -

where a € (0,2] is the stable parameter, o € [0,4+00) is a scale parameter, § € [—1,1] is a skweness

parameter, and i € R 1s a location parameter.

Classical examples of stable distributions are the Gaussian distribution with a = 2 and 5 = 0,
the Cauchy distribution with @ = 1 and 8 = 0; and the Lévy distribution with a = 1/2 and 5 = 1.
Stable distributions satisfy the reflection property: if &, := £,(1,3,0) is a stable random variable
with parameters (a,1,3,0), then —¢, is a stable random variables with parameters (a, 1, —f,0).
The stable distribution is symmetric when 8 = 0, and has support in R when |3 # 1. If 8 =1
there are three cases: if a < 1 then the support of its density admits a finite lower bound. If
a = 1 the density is supported in R but only the right tail is regularly varying. Otherwise, the
stable distribution admits two heavy tails. A full summary on stable distributions can be found in
[67, 130, 151].

4.2.2 Model assumptions

In the remaining of the article we assume (X )z be a regularly varying time series taking values
in (R%,| - |), with index of regular variation o > 0; cf. [10]. This means there exists an R%valued

time series (©y)ecz verifying |©g| =1 a.s. and
d
P((X4t)jt|=0,..n € - || Xo| > ) = P(Y(O)yj=0,..n € ), T — +00, (4.2.7)

where Y is (a)-Pareto distributed, P(Y > y) = y~¢, for all y > 1, independent of (O)icz. We fix

| - | to be the supremum norm, i.e. |Xg| := max;—1,_ 4

Xo(7)|, but any choice of norm is possible
under minor modifications. We call (0;):cz the spectral tail process.

For now, we suppose the approximation in (4.1.3) holds and the renormalized process of partial
sums Sy, (p) converges to a stable distribution with stable parameter a = «/p as n — +00. These

assumptions are satisfied for classical examples of weakly dependent regularly varying time series.

91



We postpone the asymptotic theory behind it to Section 4.6 (see Lemma 4.6.2 and Proposition 4.6.3).

Motivated by Proposition 4.6.3, we also set the skweness parameter 8 = 1 to simplify computations.

4.2.3 Choice of the algorithm inputs

To construct the time series (Syp, ())¢=1,... |n/b,| defined in (4.1.5), we need to determine the
sum length, b,, and a. Also, the indexes of spatial clustering m(j) are required to use (4.1.3).

We estimate the index of regular variation « using the unbiased Hill estimator of [83], see their
Equation (4.2) of &, that varies in function of order statistics k. Fixing the choice of k£ one obtains
a point estimate? a" = a" (k).

To select the temporal window b,,, we recall that the renormalized partial sums, that we denoted
(St.bn (P))i=1,....|n/b,|» should follow, for p = «, a stable distribution with stable parameter a = 1.
So, for a given b, we run a ratio likelihood test for the null hypothesis (Hp) : @ = 1 and we only
keep pairs a™, b, such that the null hypothesis is not rejected at the 0.05 level. This heuristic allows
one to discard an unsuitable choice for the couple a”, b,.

Concerning the inference of m(j), we recall that (4.1.4) and (4.2.7) imply that m(j) = P(Y©q(j) >
1) = E[(©0(4))%], where Y is (a)-Pareto distributed, independent of the d-dimensional random
variable ©g, and |Og| = 1 a.s. For a review on inference of the spectral measure 0, we refer to
[26, 39, 50]. In this context, given @”, all m(j) are simply estimated by the following empirical

means

sy L = an
=% Z |X |an L(IXe| = X)), (4.2.8)
t=1

where j =1,...,d, |X(k)| is the k—th largest order statistic from the norm sample that we fix to be

the 95—th empirical quantile for the remaining of this article.

4.2.4 Algorithm

The multivariate T-return level is estimated applying Algorithm 1 to (X;);=1,..». A component-
wise estimator is calculated applying Algorithm 1 to (X¢(j))i=1,..n, J = 1,...,d. If d = 1 then
m(1) = 1 and both estimates coincide. Confidence intervals are obtained by sampling parametric
bootstrap replicates from a stable distribution with parameters (/9\, as in line 5 from Algorithm 1.
For each replicate, we evaluate a stable quantile at (1 — (m"™(j) 7))’ for j = 1,...,d, and return
the 1/a™power of the computed quantile. We then use the percentile bootstrap method with a
significance level at 0.05 to obtain the confidence intervals. We refer to [54, 55, 56, 57| for large-
sample theory of the maximum likelihood estimator for stable distributed sequences. Bounds for
the derivatives of the density function in terms of the parameters (z;a, o, ) have been computed

therein; see also [131] for an overview on maximum likelihood methods for stable distributions.

“Equation (4.2) in [83] yields to an estimate @™ (k), where k is a fixed number of higher order statistics. We tune
the second order parameter p < 0 to the median value of k, — p(k,), for 2 < k, < k; see [76, 83]. We then choose
point estimate from a steady portion of the trajectory plot of k — a™ (k).
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Algorithm 1: Stable sums estimator of the multivariate T—return level

Input: (X;)i=1,..n,bn, ", m", see Section 4.2.3;
1 compute (St p, (@"))i=1,....|n/b,| @ in (4.1.5) with p = a”,
2 fit maximum likelihood stable parameters: 5, and §a=1 fixing a = 1,
3 test the null hypothesis (Hp) : a = 1 using ratio likelihood test,;
4 if (Hp) is not rejected: then

5 | 6=6"1,
6 if d > 1 then
7 for j=1,...,ddo
8 ‘ calculate gr(j) a f-stable quantile at (1 — (T m"(4))~"); see (4.1.3),
9 else
10 ‘ calculate g7 (1) a B-stable quantile at (1 — 1/T)bn.
11 return 22 := ((gr(1)Y%", ..., (¢r(d))¥/?"),
12 else
13 ‘ choose a different pair of parameters a™, b,,.

4.3 Simulation study

4.3.1 Models

We consider the following time series in our numerical experiment.

Burr model: Let (X;);—1, . be independent random variables distributed as F* with
F(zie,k)=1—(1+2°7", z>0, (4.3.9)

¢,k > 0 are shape parameters thus X is univariate regularly varying with index o = Cin > 0.
Fréchet model: Let (X;);=1, ., be independent random variables distributed as F' with

F(z;a) = e, >0, (4.3.10)
then X7 is univariate regularly varying with tail index o > 0.

ARMAX model: Let (X;)cz satisfy

1/a

Xy =max{AX;_1,(1-X)"" 2}, tez, (4.3.11)

where A € [0,1), and (Z;)ez are independent identically distributed Fréchet innovations with tail
index of regular variation a@ > 0. Then (X¢);ez is regularly varying with same index of regular
variation but with extremal index equal to 1 — A%.

mARMAX, model: Let (X;)cyz satisfy

Xo(j) = max { X() X1 (), (1 - AN Z() ), tez, (4.3.12)
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for j =1,...,d, where \ takes values in [0,1)? and (Z;)cz are independent identically distributed
vectors from a Gumbel copula with Fréchet marginals and index of regular variation o > 0. More-
over, Z; is distributed as G defined by

Glaia,7) = 6_((x(1))—<a/7>+(w(2))‘(a/ﬂ+~--+(x(d))‘(“/7))T, (4.3.13)

for z € R% and 7 € [0,1] that we refer as the coefficient of spatial dependence. The stationary
solution (X;)¢ez is multivariate regularly varying with index of regular variation o > 0; cf. [68] for
more details.

Moreover, straightforward computations from (4.3.13) yield

W P(Xo() ) . 1—eTUE
mi) = I X S a) o] e g < b (43.14)
forall j =1,...,d. Then, from (4.3.14) we recover the symmetric properties of the Gumbel copula as
m(1l) =---=m(d) =1/d". We can also see from (4.3.14) that the coefficient of spatial dependence

7 € [0,1] plays a key role while measuring the spatial dependence of extremes. Indeed, similar
calculations allow one to compute the spatial dependence parameter between any two marginals,

say 7, as

lim P(Xo(j) > x| Xo(j) >2) =227, (4.3.15)

T—>+00
thus 7 = 1 points to asymptotic independence of extremes, whereas 7 = 0 indicates complete
dependence of extremes.
4.3.2 Numerical experiment

We perform a Monte Carlo simulation study for two main purposes. We aim to compare the
stable sums method commonly used method based on declustering detailed Section 4.3.4. We also
aim to evaluate the multivariate approach compared to the component-wise approach.

We estimate return levels zp for periods T' = 20, 50,100 years corresponding to the 99.95-th,
99.98-th and 99.99-th quantiles. We simulate 1000 trajectories of length n = 4000 from the models

presented in Section 4.3.1 with parameters:
1. Burr(c, k) model with (¢, k) = (2,2) in (4.3.9).
2. Fréchet(a)) model with o = 4 in (4.3.10).
3. ARMAX(A) model with o = 4, for both A = 0.7 and A = 0.8 in (4.3.11).

4. mARMAX()\) model taking values in [0, +00)? with a = 4 and A = (0.7,0.7,0.7) in (4.3.12),
and for 7 =0.1,0.2,...,0.9, in (4.3.13).

Notice a = 4 in all the models 1 — 4. This corresponds to a typical rainfall tail index.
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4.3.3 Implementation of stable sums method

We fix the index of regular variation to be @" = a" (k) (see Section 4.2.3 for details) with k = n%7
for the Burr model and k = n%? for the Fréchet, ARMAX and mARMAX models. Now notice that
plugging in the estimates @™, m"™ in Algorithm 1 we can run the stable sums method as a function
of the sum lengths b,. In this way, we implement our method for the sum lengths bl = 2¢, with
1 =4,5,6,7. We sample R = 100 parametric bootstrap replicates to compute confidence intervals
for the estimated return levels. For the multivariate models, we compute both the multivariate and

component-wise stable sums estimator.

4.3.4 Implementation of classical methods

For the univariate models, we also run the peaks over threshold and block maxima methods [34].
We model extremal time-dependence using the theory of clusters of exceedances; see [40, 26, 108].
A brief description of both implementation procedures is given below.

The peaks over threshold method models exceeded amounts over a high threshold with a gen-
eralized Pareto distribution; see chapters 4 and 5 in [34] for an overview. In our case, we fix the
threshold level to be the 95-th empirical quantile. To adjust confidence intervals, we keep only the
largest peak from each clusters of exceedances, and fit a Pareto model to the exceeded amounts from
this sample. For cluster detection, we follow the ideas in [65]. We use the code in the R-package
extRemes 2.0.12, and our implementation follows the guide in [73]. We compute delta-method
confidence intervals on the declustered sample.

The block maxima method models the largest records form consecutive observations with a gen-
eralized extreme value distribution; see chapters 3 and 5 in [34] for an introduction. We implement
it over disjoint blocks of length bigyr = 20. We estimate the extremal index using the interval’s
estimator in Ferro et al. [65], tuned with the 95-th empirical quantile. We fit a generalized ex-
treme value distribution, perform the extremal index estimation, and the extrapolation using the
R-package extRemes 2.0.12; see also the guide [73] for details. We compute delta-method confidence

intervals for return levels.

4.3.5 Simulation study in the univariate case

Estimation of the index of regular variation, as detailed in Section 4.3.3, yields unbiased estimates
for the univariate models (plots can be available upon request).

We can see from Figure 4.3 that the median estimate of the 50 years return level with the
peaks over threshold method underestimates the real value when implemented at the dependent
models and this underrates the risk. This bias was already observed in [63, 63|, and it avert us
from inferring marginal features from the maxima of clusters; see [60]. In comparison, our block
maxima implementation is unbiased for all four models. However, it has a larger spread compared
to the stable sums methods. Our method gives satisfactory results and, as expected, the choice of

the sum length can be seen as a trade-off between bias and variance. We conclude that Algorithm 1
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works fine coupled with a good estimate of the index of regular variation as the one detailed in
Section 4.2.3 for all models.
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Figure 4.3: Boxplots of estimates 2z with different methods such that stable 16 refers to the stable
sums method with sum length b; = 2* = 16. Dotted lines indicate the true values.

To measure the accuracy of the confidence intervals of all methods, we compute the number
of times they capture the correct value. One must keep in mind that for the stable sums method
Algorithm 1 only returns an estimate if the test of the stable parameter equal to one is accepted.
We summarize the sample coverage probabilities and provide the proportion of acceptance of the
ratio test among the 1000 simulated trajectories from each model in Table 4.1. The coverage results
are not reliable when the proportion of test acceptance is small, however, it increases as the sum
length increases. As a result, we notice from Table 4.1 that we automatically discard the very small
sum lengths.

To sum up, we read from Table 4.1 that coverage probabilities are unsatisfactory for the peaks
over threshold method, specially for the models with time dependence of extremes. The coverage
for the block maxima method is not well calibrated and gives poor results for the Burr model which
is the only model with a marginal distribution that does not belong to the family of generalized
extreme value distributions. In this manner, we aim to point at the deficiency of the classical
methods on small sample sizes. Instead, the stable sums method outperforms the block maxima
and peaks over threshold methods for sum lengths between 32 and 64, where acceptance of the ratio

likelihood test is significant.
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Table 4.1: Table of coverage probabilities. The value in parenthesis the ratio test (Hp) : a = 1
acceptance proportion. In bold we highlight the optimal choice of sum length for the stable sums
method. In our study, a precise coverage should be at 0.95.

years 20 50 100 20 50 100
Burr(2,2) Fréchet(4)

block maxima 91 89 87 93 93 92

peaks o. threshold 87 .85 .83 .89 87 .86

stable 16 g5y .89 .85 .80 (53 .94 .95 .95

stable 32 (5;) .93 .94 .95 (g3 .96 .96 .96

stable 64 g5y .95 .95 .97 (g9 96 .99 .99

stable 128 (g4) .87 .98 98 (g1) .82 .99 .99
Armax(0.7) Armax(0.8)

block maxima 93 .93 .92 92 91 91

peaks o. threshold 7879 .79 66 72 74

stable 16 (1) .92 .94 .93 (15 80 .82 .84

(21) )
stable 32 (g 90 .90 91 (55 87T .89 .90
stable 64 (g9 .93 .96 .96 (g5 .90 .93 .93
stable 128 (g4 .85 .97 .98 (g3 .83 .95 .96

4.3.6 Simulation study in the multivariate case

We inquiry now the performance of the multivariate, as opposed to the component-wise, stable
sums estimator as we aim to capture the spatial features of extremes. We compute both estimates
for the samples from the mARMAX,; model with A = (0.7,0.7,0.7) as in (4.3.12); see Section 4.3.2
for details. We compare the performance of both estimators at each coordinate, j = 1,2, 3, in terms
of the relative percentage change of the mean squared error. More precisely, for each coordinate, we
compute mean squared errors of the multivariate and univariate estimates denoted M SFEjsy, and

M S Eyv, respectively, and relate them by

MSEyy — MSEyy
MSE;y

relative percentage change of MSE = x 100. (4.3.16)

We also compute the relative percentage change of the squared variance, and of the absolute bias,
from equations similar to (4.3.16). Large positive values point to an improvement of the multivariate
estimator, while negative values detect a deterioration of its performance.

We omit details on coverage probabilities as they both have similar coverage as the ARMAX(0.7)
univariate model (as expected from (4.3.12)). We analyze in detail estimates z7(3) of the T' = 50
years return level as similar results hold for all other coordinates. The relative percentage changes
are plotted in figure 4.4 as a function of the spatial dependence coefficient 7. We notice that for the
sum lengths 32 and 64 the multivariate outperforms the univariate estimator. Indeed, the choice of
sum length 64 was optimal for the ARMAX(0.7) univariate model as pointed out by Table 4.1.
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Moreover, for values of 7 close to 0.5, the multivariate estimator has an outstanding improve-
ment, mainly due to a diminution of bias. As 7 approaches 1, and the model approaches the
regime of asymptotic independence, the multivariate also outperforms the component-wise estima-
tor though the choice of sum length becomes delicate. In contrast, the amelioration is less evident
for values of 7 close to 0. Recall from equation (4.3.15) that 7 = 0 points to asymptotic dependence
and thus m(j) = 1/d” = 1 can be difficult to estimate. ~We conclude that in general the multi-
variate estimator is preferable to the component-wise approach. Identifying, both theoretically and
practically, which spatial features efficiently improve the multivariate inference procedures requires

further investigation.
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Figure 4.4: Relative percentage change of the multivariate against the component-wise estimator
(for the 50 years return level zp(3) estimator) of the: squared variance, absolute bias and mean
squared error as in (4.3.16), from left to right.

4.4 Case study of heavy rainfall in France

We recall the data set of fall daily rainfall introduced in Section 4.1 and our goal of computing
the expected level of daily rain to be exceeded in the next 50 years at all the nine weather stations
in France. We conduct our analysis separately over the three different regions: northwest, south,
and northeast of France. Fall observations from the same region are modelled as a 3-dimensional
sample (X¢)¢=1,.., from a stationary multivariate regularly varying time series denoted X; :=
(X¢(1), X¢(2), X¢(3)), t € Z. We include both wet and dry days in our daily observations. In this
setting, our goal of estimating the expected fall daily rainfall level to be exceeded in the next 50

years at each station traduces to estimating the 99.98-th quantile of X (j), for j = 1,2,3.

4.4.1 Implementation

To study the samples (X;)i=1,. n obtained from each region, we implement the stable sums
method as a function of the number of order statistics &k in the following way. For k = 150, 250, 350,
450, 550, first we compute estimates a™ (k) as described in Section 4.2.3. Then, for each estimate
we search the sum length larger than 32 for which the p—value of the ratio likelihood test from
Algorithm 1 is minimized. We look only among the sum lengths from the first 20 acceptances of

the test. For comparison, we also implement classical methods as a function of the number of order
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statistics k as follows: we compute the peaks over threshold method for threshold levels th(k) = X 4,
such that X(1) > X () > --+ > X(;), and we compute the block maxima method for blocks of length
blBM(k) = n/k:

4.4.2 Analysis of the radial component

At each region, we start by studying the supremum norm observations, i.e. (|X¢|)i=1,..n. We
apply all three methods to estimate confidence intervals for the 50 years return level of Fall ob-
servations of the supremum norm. The obtained estimates are presented in Figure 4.5 where the
rows correspond to different regions and the columns correspond to different methods. We notice
that, as suggested by the simulation study in Section 4.3, the confidence intervals obtained with
the peaks over threshold method might be too narrow and underestimate the expected return level.
We also remark that the block maxima method varies strongly for different block length choices
in Figure 4.5, thus a careful choice is required. Finally, we conclude that the stable sums method,

illustrated in the third column of Figure 4.5, gives robust estimates as a function of k.
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Figure 4.5: Estimates of the 50 years return level of fall supremum norm observations with confidence
intervals. We write estimates as a function of k with the parametrization detailed in Section 4.4.1.

Moreover, we look at qgplots of the observed records (Si’bl(&”(k:))Uan(k))i:lw,tn/b” against the
theoretical stable quantiles to the power 1/a™(k), for k = 150, 250, 350, 450, with sum lengths chosen
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as detailed in Section 4.4.1. Figures 4.6, 4.7, 4.8 contain the qqgplots for the northwest, south and
northeast, respectively, and allow us to assess goodness of fit for the different choices of k. We
conclude from Figure 4.6 that for the northwest locations, the choice k = 350, bl = 165 captures
nicely the intermediate and extreme quantiles. For the southern region, we see in Figure 4.7 that
the choice k = 250 and bl = 105 gives an accurate fit. Lastly, for the northeast region, Figure 4.8
suggests the choices £ = 350 and bl = 70, or k = 450 and bl = 53, for a correct alignment of

intermediate and high quantiles.
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Figure 4.6: qgplots for different k values of the 1/a"(k)-stable quantiles against the 1/a"™(k)-
(Stp(@"™(K)))i=1,..|n/b) records with 95% confidence intervals for the northwest.

4.4.3 Analysis of the multivariate components

Finally, we turn back to the component-wise analysis. In this case, we must estimate the in-
dexes of spatial clustering. Relying on (4.2.8) we obtain estimates: m"™ = (0.4966,0.2709,0.5744)
corresponding to the weather stations at Brest, Lanveoc and Quimper in the northwest region; m™ =
(0.6064, 0.4706, 0.2866) for Bormes, Le Luc and Hyeres in the south; and m™ = (0.3910, 0.4448, 0.5649)
for Nancy, Metz, Roville in the northwest.

Roughly speaking, we interpret (4.1.3) to say: high daily rainfall levels at each weather station
can be modelled as high quantiles of a stable distribution. In particular, letting the largest order
statistics from each station play the role of the sequence of high threshold levels in (4.1.3), we deduce
an empirical version of this relation which can be rewritten as

P((Sh, (@) < Xy (1) =~ 1 - (4.4.17)

m(j)n/bn
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Figure 4.7: qqplots for different k values as in Figure 4.6 but for the southern region.
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Figure 4.8: qqplots for different k£ values as as in Figure 4.6 but for the northeast region.

where X(1y(j) > X2)(4) = -+ = X(|ns,)(J), for j = 1,...,d. However, the approximation
in (4.4.17) is only justified for the largest observations recorded. Moreover, the left-hand side in
(4.4.17) can be approximated from the stable distribution fitted in line 5 of Algorithm 1.

In this way, we inspect the Equation (4.4.17) by plotting the sample largest order statistics
(X@#)(J))i=1,...,| @ (j)n/bs ) » 2gainst the 1/a"-stable quantiles from the distribution fitted in line 5

of Algorithm 1 for the multivariate stable sums method. For comparison with the univariate ap-
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proach, we also plot the largest order statistics against the 1/a"—stable quantiles from the univariate

implementation as the following relation is also justified from (4.1.3)

k

PSR ()T )V < X)) ~ 1= o

(4.4.18)

The plots are displayed in Figure 4.9 with points in black and grey for the multivariate and uni-
variate approach, respectively. We use the estimates m™, presented at the beginning of this section,
and the tuning parameters @™, bl from Section 4.4.2, pointing to a nice fit of the radial component.
In particular, we set k& = 350, bl = 165 for the northwest region, & = 250, bl = 105 for the south
and k = 350, bl = 70 for the northeast. We interpret the largest records close to the diagonal as a
nice fit. We remark from Figure 4.9 that overall the plots from the multivariate approach in black
describe more accurately the most extreme observations compared to the univariate approach in
gray. In particular, we can see a big improvement in the northeast region. For this region we also
use the visual tool of Figure 4.9 to discard the choice of parameters k = 450 and bl = 53 as we

found the fit from Figure 4.9 to be more accurate.
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The intermediate quantiles shouldn’t necessarily align, and in practice, there is not a clear
procedure for knowing how many of the top quantiles should line up with the diagonal. Furthermore,
we notice the observations are limited when the estimates of the spatial index: m(j), are close to
zero and then the graphical analysis is less reliable than for values of it close to one; see e.g. the
stations of Lanveoc and Hyeres. We conclude that the multivariate method captures accurately the
highest rainfall records, and supported by the numerical results from Section 4.3.6, it is justified
for addressing the spatial dependencies of extremes. Using the choice of parameters k,bl, tuned
for each region, and the estimates m™, we can calculate confidence intervals for the 50-years return

levels using Algorithm 1.

4.5 Conclusions

Atmospheric conditions drive the heavy-rainfall measurements. These records have a spatial
and temporal coverage explained by the storm/fonts dynamics. Typically, an extreme event with
a common source is recorded simultaneously at different locations and over different time lags.
In this work, we have proposed the stable sums method to aggregate space and time information
of dependent observations. Our ultimate goal was to extrapolate high quantiles at each weather
station.

Our stable sums approach could also be used to address other environmental extremal problems.
We now comment on one of them based on the idea that the asymptotics of space and time mul-
tivariate extreme events can be summarized by the univariate random variable of partial sums. In
this work, we allocated weights m(j) to each coordinate to compute the marginal features like the
set {X(j) > z}. Conceptually, it should be also possible to study other d-dimensional extremal sets,
for example, {X(j) > =, X(j7) > x}. Applying the theoretical results of [26] will introduce weights
of the type m(j, ). Still, our take-home message will remain the same: important d—dimensional

features are accessible by fitting only the univariate sums.

4.6 Asymptotic theory

4.6.1 Invariance principle

We work under the anti-clustering condition below tailored to avoid long-range dependence of

extremes. Similar conditions are also needed to justify the declustering procedures [65].

Anti-clustering condition: There exists a sequence (x,) such that for all € > 0,

lim limsup]?(tn’;ax 1X¢| > exn || Xo| > €xy) = 0, (4.6.19)
=k,...,n

k=400 n—+o0

and nP(|Xo| > z,) = 0 as n — +o0.

To study the long-term extremal dependencies we review below Proposition 3.2 in [26].
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Lemma 4.6.1. Let (X;)icz be a regqularly varying time series in (R%,| - |) with index of reqular
variation o > 0, and spectral tail process (©)iez; see 4.2.7. Under (4.6.19), [|©4|% < +o0 a.s. and
Q: = 0:/|O¢||a, for t € Z, is well defined. We call (Q¢)icz the cluster process.

To study the symptotics of partial sums of p-powers, we require also an assumption to control

the moderate values of sums. Similar conditions where considered in [5, 40, 121, 26|.

Vanishing small values condition: There exists a sequence (x,,) verifying (4.6.19), n/z%~% — 0, as
n — oo for some k > 0, and for all § > 0
P(Z?:l [ Xe| (x| <en) > ‘5'%%)

lim lim su = 0. 4.6.20
el0 n—>+o<I>) nP(|Xo| > x,) ( )

Notice that since n/zy; ™" — 0 for some £ > 0 in (4.6.20), then nE[|Xo/2n|*1{xy<zn}] — 0,

which implies Sy, («) /2% L 0 as n — +o00. Hence,

P XN x| <ean} > 0 25) Var (Yo7 [Xe/an|*Lgx,|<cn})

<!
TLP(|X0’ > xn) - nP(]X()] > J}n)
E“X/xn‘za]l{\x [<ex }]
< (5—1 0|S€ETn 1 n
= IP’(]X()] > xﬂ) ( + Zt:lpt)’

where p; € [0,1] is a correlation coefficient defined as p; := corr(|Xo|* ™", [X¢|*™*), for some k > 0.
If Y02, pt < 400, then an application of Karamata’s theorem yields an asymptotic upper bound
given by 671 e®(1 4+ 32 p;) and (4.6.20) holds by letting € | 0.

We review Lemma 4.1 [26] showing ¢(«) = 1 in (4.1.3). The proof is postponed to Section 4.7.1.

Lemma 4.6.2. Let (X;)iez be an R%-valued regularly varying time series with index of reqular

variation o > 0. Assume it verifies conditions (4.6.19) and (4.6.20) for a sequence (z,). Then

i P(Sn () > 22)

— = TN — ], — ) 4.6.21
n—+oo nP(|Xo| > xy,) n e ( )

In this way, the choice p = « in (4.1.3) is a declustering method due to the invariance property
in (4.6.21). Indeed, the unit limit holds regardless of the underlying time dependence dynamic of
extremes for numerous examples verifying (4.6.19) and (4.6.20) [10, 24, 121].

4.6.2 Central limit theorem

We state the limit theory of partial sums of a-powers of regularly varying increments, for a the
tail index. For p/a € (0,1) U (1,2) we refer to Proposition 5.4. in [26]. We require the time series

of a-powers to satisfy the mixing condition below close to condition (2.8) in [5].

Mixing condition: Let (Z;);cz be an R% valued regularly varying time series with index of regular

variation equal to one. Assume for all € > 0, u € R?, there exists integer sequences k = k, — 0o,
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(an), satisfying n/k, — oo, nP(|Zg| > a,) — 1 and
|E[exp {i u' Y0 Z/an}] —E[exp {iu’ Zlezt/an}] Ln/kJ! —0, n— +oo. (4.6.22)

The mixing condition in (4.6.22) holds if the decay of the a-mixing coefficients happens suffi-
ciently fast; cf. Lemma 3.8. in [5] where (o) is defined, for all h € N, as

ap = sup IP(AN B) — P(A)P(B)|.
Aco((Xt)i<o),BEa((Xt)i>n)

Proposition 4.6.3. Consider (X;) to be an R valued regularly varying time series with index of
regular variation o > 0. Let (an()), (dn(e)), be sequences such that nP(|Xp|* > an(a)) — 1
and dp (o) = E[|X¢|“L(|Xe]* < an(a))]. If (|X¢]|¥)iez verifies conditions (4.6.22), (4.6.19), (4.6.20)

stmultaneously; see Remark 4.6.4, then
(Snla) — dn(a))/an(a) S &, n — +oo

where &1 is stable distributed with a = 1 and B =1 following the notation in (4.2.6).

Proposition 4.6.3 and Lemma 4.6.2 justify Algorithm 1 built on the partial sums of a—powers.
Conditions (4.6.22), (4.6.19), have been verified on numerous examples under weakly mixing

assumptions; cf. [5, 121] and references therein.

Remark 4.6.4. Conditions (4.6.22), (4.6.19) and (4.6.20) hold simultaneously if there exists an
integer sequence (kp) such that (z,,), defined by xi, = an(a), satisfies (4.6.19) and (4.6.20), (ky)
satisfies (4.6.22), and nP(|Xo|* > an(a)) — 1 as n — oo. Conditions (4.6.19) and (4.6.20) are
tailored to study the extreme behavior of (|X¢|*)i=1,..n as (z,) satisfies P(3 7 [Xo|® > xp) ~
nP(|Xo|* > z,) — 0, and

kn P(|1Xo|Y > zk,,) = kn (nP(X¢]* > an(a)))/n ~ kp/n — 0, n— +oo.

4.7 Proofs

4.7.1 Proof of Lemma 4.6.2

We rely on telescopic sum arguments from [97, 98]; see [5]. For all € > 0, 6 > 0,

1= P(Sn(0) > 22) =B(Sa(a) > 22, S0y XN ix, <eany < 522
+P(Sn(a) > xy, Z?:l‘xtwl{\théemn} > 5*%?{)

Referring to condition (4.6.20), the probability term above satisfies

P(zgzlyxtyanﬂxtb%} >af) <1< P(Zyzl\xt\an{‘xtb%} > (1= 0)zf) + o(nP(|Xo| > zn)).
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Hence, to show (4.6.21) it suffices to prove that for all 6 > 0 the following relation holds

o PO XY e,y > (1= 0)z)
lim lim lim
5—0 e—0n—+o0 nP(|Xo| > xy)

= 1. (4.7.23)

Using the so-called telescopic sum argument, and by condition (4.6.19), for all K > 0,

P(Y o I Xe [ x, seany > (1= 6)ap)
= Z?;l{P(Z{iﬁxﬂaﬂﬂxtbmn} > (L=8)ay, [Xa| > exy)
— P(CI5 X U eany > (102, K| > 6ﬂcn)} +P(X4[* > (1= 0)ay)
= Z?;}({P(Zfil|Xt’a]1{|Xt|>exn} > (1= 8, |Xq| > exy)
— P( i X L, seany > (1= )zl [Xy| > 6xn)}

+P(|X1]* > (1 = 0)zy) + o(nP(|Xo| > xp)).
Then, writing (0;)ez as in (4.2.7), we obtain

Pt XL gx, s ezt > (1= 0)z2)

11 := 1l
n-r oo nP([Xo| > )
T . —o 0O K a
= ljﬁ}Kl_lﬂ}OO {7 [P (X ioley®:] Lo,y > (- 9))

- P(zfilley@t’aﬂ{y‘@t|>1} > (1=08))d(—y™)}.

Indeed, the points of discontinuity at the limit are contained in UX {Y'|©;] = 1}, which has zero
probability. Then, using monotone convergence we take the limit as K — +o0o within the integral.

Furthermore, the change of coordinates u = €y entails

Il = 1551 {/: P(Zﬁdy@dal{m@tbe} > (1-19))

- P(Zﬁl\y®t|“ﬂ{y|9t|>e} > (1=0))d(—y™)}.

We conclude by monotone convergence that we can take the limit as € goes to zero at each term.

As a result we obtain asymptotic equivalence with the term below

~ fomIP’(Zi’io\yGtI“ > (1—=10)) —P(32|y0:* > (1 —6))d(—y~®)
— (1= 8 B[R0 — 2 e ] = (1-6)7

In the last step we use that |©¢| = 1. Finally, we conclude taking the limit as d goes to zero that
the relation 4.7.23 holds and this concludes the proof.
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4.7.2 Proof of Proposition 4.6.3

To proof Proposition 4.6.3, we state in Theorem 4.7.1 a central limit theory for regularly varying
increments of unitary index or regular variation. Our proof in Section 4.7.2 removes the assumption
(4.10) in [9] and (CT) in Theorem 3.1. [5], treating the recentering term.

Theorem 4.7.1. Let (Z4)icz be an Re-valued regularly varying time series with index of reqular
variation equal to one. Let (ay), (d,) be sequences verifying nP(|Zo| > a,) ~ 1 as n — +0o0
and dy, = E[|Z1(|Z¢| < ay)] and assume (4.6.22), (4.6.19), (4.6.20) hold simultaneously (as in
Remark 4.6.4). Then, Y (Z¢ — dy)/an converges in distribution to a stable distribution & with

unit stable parameter, and for all u € R?,

logE[exp {iuT§1}]
= o E[exp {iu">,yQf ) — 1 —isin (u' X, ,yQf) Jd(—y 1) +ip(u), (4.7.24)

where the last term in (4.7.24) is a location parameter given by

p(w) = [E[sin (0’ ¥,epQ7) —sin (0 XiezyQf —u' ¥eppQ7) )] d(-y ),

and (QF )iez refers to the cluster process of (Zi)iez, as defined in Lemma 4.6.1 verifying || Q7 |1 = 1

a.s.
Proposition 4.6.3 below follows straightforwardly from Theorem 4.7.1.

Proof of Proposition 4.6.3. Let (Q¢)tez be the cluster process of (X;);ez such that [|Q¢llo =1 a.s.
Define the time series (Z);cz, Z¢ = |X¢|®, with spectral process (Qf )iz a.s. equal to QF = |Qy|%,
for all t € Z, such that Y_,_; Q7 = 1 a.s. Theorem 4.7.1 entails "1 | (|X¢|* — dp(a))/an(a) admits

a stable limit & with log-characteristic function: v € R

logElexp{iué&}] = ["Elexp {iuy} — 1 —isin(uy)|d(—y ") +ip(u),

Then, following the lines of the argument in section XVII.2 of Feller [67], we deduce the skweness

parameter of the stable limit &; verifies 8 = 1. O

Proof of Theorem 4.7.1

Proof. Let (Z¢)iez be an R% valued regularly varying time series with index equal to one. We

introduce the truncation notation where, for € > 0, we denote S,, := > ;" | Z; and
Su/an, = i1 Ze/anllz, 5canys  Suftn = X1 Ze/anllz, <ca,)
We also consider a truncation of the centering sequence (d,)nen defined by
dn/an_ = E[|Zo/an|Lcq, <zo|<an}], 7 EN.
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To simplify we denote the cluster process (Qf )iez := (Qs).
From the mixing condition in (4.6.22) we deduce there exists a sequence k := k, — +0oo such
that, for all u € R%,

E[exp{iuT(Sn/an—ndn/an)}] E[exp{zu (Sk/an — kdy/a )}]Ln/kJ_

as n — +o00. Then, taking the logarithm at both sides yields

logE[eXp{iu—r (Sn/an —ndp/ay)}] ~ ElogE[eXp{lu (Sk/an — kdn/an)}]
N E[exp {zu (Sk/an — kdn/an)}] -1
kP(‘Z()’ >an)
E[exp {iu’ (Sk/an —kdn/an )}] —1
kP(’Z(ﬂ > an) ’

~

such that the second step is granted since k d,,/a,, — 0 as n — +oc0 and also Sy /a,, E) 0Oasn — 400
and the last step follows by the vanishing-small-values condition in (4.6.20) and boundedness of the

exponential function. Then, it follows from a Taylor expansion that

‘(E[exp{zu (Sk/an — kdn/ant)}] —1)
~ (B[exp {in" Sy/ay }] ~ 1~ iBlsin(u” Sy/a, )
= Ok dn/an E[[St/an |1(Sk/an | < 1)]).

Moreover, |kdn/an E[|Sk/an |1(|Sk/an | < D)]|/kP(|Zo| > a,) — 0 as n — +oo. Thus, we

obtain the asymptotic equivalence

E[exp {iu’ Sk/ane} —1—isin(u Sk/an:)]

log E[exp {iu' (Sn(a)/an —ndn/an)}] ~ kP(|Zo| > an)

as n — +o0o. Furthermore,

E[exp {iu' Sk/ane} —1—dsin(u’ Sk/anel)]

. . —1
= E[(exp {Z u' Me} — 1))]1{\Sk|>ean}] — E[z sm(u—r Me )ﬂ{‘sk|>5an}}.
For all x € R?, we denote x> by X, and similarly we denote x1|xj<; by x!'. Then, conditioning

to the event {|Sk| > €ay,}, we use the limit relation in (4.6.21) and Proposition 4.2. in [26] and take

the limit as n goes to infinity in the above expression. Hence,

E[exp {iuTSk/ane} — 1 —isin(u’ Sk/anel)]
kP(|Zo| > an)
~ [ Lo i Y, Q, b — 1 —isin (u” Y, (0Q, )] d—y ),
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where (Qq)cz is the cluster process of the stationary process (Z;). In particular, it takes values in
R? and verifies 3,5 |Q¢| = 1 with probability one.

Let 6 > 0 and let’s divide the integral above on the events {y > §} and {y < §}. Over the event
{y < 6} we have that given we choose ¢ < 1,

fOOOE[exp {iuTZteZLQte} —1—1sin (uTZtezgl)] I(y < &) d(—y™H
= foooE[eXp {iuTZteZLQte} — 1 —isin (UTZteZLQtG)} Iy <) d(—y ).

Then, using the inequality | exp{iz} — 1 —isin(z)| < ||? for all z € R, the integral above is bounded

in absolute value by

JRE[0T e vQel P 1y < 6)d(—y™") < SE[JuT,es1Qel[*] = buf? < +o0.

Then, we conclude that

logE[exp {iu' (Sr/an —ndy/an)}]
~ lim [E[exp {iu"Y,c,yQ:} — 1 —isin (0" S,ew Qi) ]d(=y ™).

Moreover, we can rewrite the term above as the sum of two integrals as shown below

lim [E[exp {iu'3,c,yQi} 1 —isin (u'30,c0Q0)]d(-y ")

+i f1OOE[Sm (uTZtezyQt) — sin (UTZtezyQt - utheZLQtl)] d(—y™)
=1+1]

such that the for the last term we can use the trigonometric relation sin(p)—sin(p—q) = 2sin(p/2) cos(p—
(¢/2)), for p,q € R, to obtain that the second term 17 is bounded in absolute value by fioo y 2 =1
This term can be interpreted as a location parameter.

Finally, by monotone convergence, using the bound previously derived, we can take the limit as

0 goes to 0 in [ yielding

logE[exp {z u' (Si/an —n dn/an)}]
~ Jo E[exp {iu 3, zyQi} — 1 —isin (u' 3,59 Qi)Jd(—y )
+i [{E[sin (u' 3, c79Qe) — sin (u' 3,79 Qs —u' 3,7Qe ) d(—y ).

as n — +o0o. We have shown that the limit relation from equation (4.7.24) holds and this concludes
the proof. O
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Chapter 5: (Ongoing work)
Asymptotic normality of /’—cluster inference

Abstract

In the stationary regularly varying time series framework, extreme be-
havior occurs as short periods with several heavy recordings, known
as extremal blocks. To summarize this clustering of heavy observa-
tions, we let functionals act on extremal blocks. Summary statistics of
this type are known as cluster statistics. For example, we can recover
the extremal index in this way. To address cluster statistics inference,
we review the blocks estimators in [26]. These are built on large de-
viation principles of extremal fP-blocks, i.e., consecutive observations
with large P-norms, for p > 0. We show asymptotic normality of
these blocks estimators relying on the theory in [52]. The goal of this
work is twofold. First, we aim to review the arguments of empirical
process theory. Second, we aim to study mixing conditions to guaran-
tee asymptotic normality of the ¢P-blocks estimators in the stationary
setting. We conclude by verifying the main assumptions on classic
models as linear models and stochastic recurrence equations.

keywords: Cluster processes; multivariate reqular variation; stable dis-
tribution; stationary time series; extremal index; empirical processes
theory.
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Main contributions

I address (Quest. 3) in this Chapter. The following are my main contributions:

- (Quest. 3): Consider the p-clusters Q) € (P satisfying HQ(p)Hp =1, a.s., introduced
in Theorem 2.2.1. Let’s denote f}?’ the disjoint blocks estimators from Theorem 2.4.1,

tailored to infer the cluster statistic

2 = E[f(YQW)], (5.0.1)

such that f : /# — R is a bounded continuous function, and Y is Pareto distributed,
P(Y > y) =y~ 2, for y > 1, independent of Q). Theorem 5.2.1 states that if

urr f(xe/u), (x¢) €L, u>0,
is a non-increasing function, then
VE(fR — £R) % N0, Var(fF(YQP))), 1 — +oo. (5.0.2)

holds under suitable mixing conditions.

Section 5.6 studies the main assumptions of Theorem 5.2.1 on classical models such as

linear filters and stochastic recurrence equations.
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5.1 Introduction

We consider stationary heavy-tailed time series with finite-dimensional distributions being mul-
tivariate regularly varying; see [10]. It is typical in this framework for extremal observations of
the time series to cluster. Roughly speaking, this means a heavy record will trigger a short period
with numerous extremal gauges. This behavior is known to perturb classical inference procedures
tailored for independent observations [59]. A typical statistic summarizing the clustering effect is
the extremal index. It was introduced initially in [109] and [110], and further popularized in the
field of extremes as it corrects inferential procedures of extremes applied to dependent data [59].
We can interpret it as the reciprocate of the mean number of high levels triggered by one first heavy
record in a short period [25]. In this article, we focus on cluster statistics inference, i.e., we aim to
recover summary statistics of the clustering effect by letting functionals act on consecutive obser-
vations with heavy behavior. For example, we can recover the extremal index from this setting and
also other important indexes in extremes. The main goal of this article is to study the asymptotic
properties of the so-called blocks estimators tailored for cluster inference.

We examine cluster inference for regularly varying time series based on disjoint blocks with
the framework from [26]. We review their setting and state sufficient conditions for asymptotic
normality of the cluster-based blocks estimators to hold. The novelty of the approach in [26] is
twofold. First, they propose to infer cluster statistics using extremal ¢P-blocks for p > 0, i.e.,
consecutive observations with large ¢P-norm. So far, cluster inference was typically addressed using
blocks with at least one exceedance of a large threshold [52, 51, 28, 108|. The strategy of considering
blocks exceeding a threshold for the fP-norm, for p < oo, proved to be advantageous compared to
p = oo regarding bias. Intuitively, as p decreases, the fP-norms increase yielding to more effective
clusters crossing the high threshold for the ¢P-norm. Second, [26] also introduce order statistics of

the P-norms sample, and propose to replace high thresholds with order statistics of the /P-norms
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sample.

We prove asymptotic normality of cluster-based blocks extimators relying on the asymptotics of
disjoint blocks estimators studied in Theorem 2.10. in [52], and the theory of empirical processes
therein. We also follow the modern overview in [108]. In our case, to handle the asymptotics
of extremal ¢P-blocks we rely on the large deviation principles studied in [26] and appeal to the
so called p-cluster processes theory. We state asymptotic normality of the cluster-based blocks
extimators in Section 5.2, with random threshold chosen as fP-norm order statistics. Preliminaries
on mixing coefficients, regular variation, and p-cluster processes theory are compiled in Section 5.3.
In Section 5.4, we state mixing conditions for consistency and for finite-dimensional asymptotic
normality of the cluster-based blocks estimators with deterministic thresholds. Recall this last
is a necessary condition to show functional central limit theorems, which we then use to replace
the deterministic threshold with random #P-norm order statistics thresholds. Section 5.5 studies
examples of cluster index estimation such as the extremal index and the cluster index for sums.
We conclude with verification of the assumptions on classical models such as linear processes and

stochastic recurrence equations in Section 5.6.

5.1.1 Notation

We consider stationary time series (X;) taking values in RY, that we endow with a norm | - |.
Let p > 0, and (x;) € (R%)Z. Define the p-modulus function | - ||, : (R4)% — [0, +o0] as

Il = Xrenlel”

and define the sequential space ¢ as
e = {x) € RYZ () [lf < o0}

with the convention that, for p = oo, the space £*° refers to sequences with finite supremum norm.
For any p € (0,400], the p-modulus functions induce a distance dp in ¢7, and for p € [1,+00),
it defines a norm. Abusing notation, we call them p-norms for p € (0,+oc]. Let o= p / ~ be
the shift-invariant quotient space where: (x;) ~ (y;) if and only if there exists k € Z such that
X,k = yi, t € Z. We also consider the metric space (¢7, Jp) such that for [x],[y] € o,

dp([x),[y]) = inf{dp(xe—k, ¥e), (xe) € [x], (v2) € [x]},

and without loss of generality, we write an element [x] in /7 also as (x;). Further details on the
shift-invariant spaces are deferred to [26, 9].

Furthermore, for a,b, € Z, and a < b, we write as x|,y the vector (X¢t)t=q,-. p taking values in
(R4)b=a+1 We sometimes write X[q,p] € 7, which means we take the natural embedding of X([g,p] N
P defined by assigning zeros to undefined coefficients.

For a stationary time series (X;), we write (pp), (8p), for the sequence of p- and [-mixing
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coefficients with respect to past and future o—algebras defined by Fi<o := o((X¢)i<0) and Fi>p =
o((X¢)e>n), respectively. A formal definition of mixing coefficients, and their main properties are
reviewed in Section 5.3.

The operator norm for matrices A € R¥? is defined as |A|,, := Sup|x|=1 |Ax[. The truncation

operations of (x;) at the level €, for € > 0, are defined by

(if) = (Xt]l|xt|§6)’ (ﬁe) = (Xt]l\Xt|>5)7

We sometimes write x for the sequence x := (x;) € (R%)Z.

5.2 Main Result

5.2.1 Disjoint cluster blocks estimators

Consider (X;) to be a stationary time series taking values in (R, |-|). We assume it is regularly
varying with tail index o > 0, i.e., all its finite-cut distributions are multivariate regularly varying;
see Section 5.3.2. For p € (0, 4+00], we also assume it admits a p-cluster process QW ie., for a well

chosen sequence (x,) (see Assumptions Theorem 5.3.4) satisfying
P(|Xonllp > 7n) ~ ncp)P(|Xo| > x,) =0, n— +o0, (5.2.3)
for ¢(p) € (0,00), then
P(Xpo.n/2n € || Xomillp > 20) > PYQW €-), n— +oo, (5.2.4)

where Y is independent of Q® e /P, P(Y >y) =y, fory > 1, HQ(I’)HP =1 a.s., and the limit in
(5.2.4) holds in (f?,d,); see Section 5.3.3.

It will be convenient to write Q+(l7p) for the continuous non-negative functions on (gp ) d~p) which
vanish in a neighborhood of the origin. We aim to infer statistics of bounded functionals f € g+(t7p ),
acting on YQ® | of the form

= EfyQ®). (5.2.5)

We consider observations X[y ,j, and an intermediate sequence of block length (by), such that
b, — +00, n/b, — 400, as n — +00. We then divide observations into disjoint blocks (B;);=1,....m.,
with m,, := [n/b,], such that

X1y 7an7an+17 s 7X2bna .- 'aX(mn—l)bn—f—la . 'aanbn .

By B By,

o~

Following [26], we estimate fﬁ in (5.2.5) using disjoint blocks estimators, that we denote fﬁ, defined
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as

o~ 1 Mn
= %Zf(Bt/IIBtIIp,m))]l(HBt||p > [Btllp, k) (5.2.6)
t=1
where
1Bllp, 1y = 1Bellp,2) = = = 1Btllp,(mn)s

denotes the sequence of order statistics of the ¢P-norms, and (k,) is a sequence satisfying k = k,, —
+00,

k = |m.P(|Billp > 2s,)| ~ nc@)P(|Xo| > xp), n— +oo, (5.2.7)

where ¢(p) € (0,00) is as in (5.2.3). Also, we write the deterministic threshold estimator fﬁ =

f(1) D
Q) = %Zf(l?t/uxbn)ll(ﬂlgtﬂp > uzp), u>0. (5.2.8)
t=1

5.2.2 Main result

Asymptotic normality of the estimators in (5.2.6) is established in Theorem 5.2.1 below. We
defer to proof to Section 5.7.1.

Theorem 5.2.1. Let (X;) be an R¥-valued regularly varying time series with tail index o > 0
admitting a p-cluster process Q). Let (), (by), be well chosen sequences such that (5.2.4) holds
and n/b, — 400, as n — +oo. We fix a bounded function f € G4 (fP) and assume u — f((x;)/u)
is non-increasing for all (x;) € P, u > 0. Assume also (1),(2),(3), below hold. Then,

\/%(/E—fﬁ) & N, Var(F(YQ®))), n— +oc. (5.2.9)

where Y is independent of QP) and P(Y > y) =y~ %, fory > 1.

(1) Assume the mizing condition:

MpBp, = 0, n — 400. (5.2.10)

(2) Assume also for € > 0, the bias conditions (5.2.11), (5.2.12), below hold

ELf(By/uxp, )U([|B1/2b,[lp > u)]

0 = lim Vk sup u f (5.2.11)
’I’L—>+OO u€[1—5,1+6} ]P(HBl”p > ':L'bn) |
0 = lim vk sup | PIB1/x, llp > w) u } . (5.2.12)

n—+o0 u€[l—e,l+e€] P(ngl”p > xbn)

117



(3) Let F C Gy ({P) be the set with two functions: (x;) — f(x;) and (x;) — 1. Consider the
family of deterministic threshold estimators defined by

T = {glg(u)}{g(-/u):uE[l—e,l—i—e],ge}'}- (5213)

Assume asymptotic normality of the finite-dimensional parts of T holds (see Proposition 5.4.4),

VE(Rw) —ugQ) LY Glg(-/u), gR(u) €T, (5.2.14)

as n — +0o, such that G is a centered Gaussian process satisfying

Cov(Glo(/0),GhC/0) = [ BlguQ® fwh(uQ® 0ld(-y ), (5219

Vo
foru,v €[l —¢€1+¢€, and g,h € F.
In particular, if (1),(2),(3), hold, then uniform asymptotic normality of the family T holds.

Asymptotic normality of finite-dimensional parts of 7 as in (5.2.14) is analyzed in depth in
Section 5.4 under further mixing assumptions. We highlight from Theorem 5.2.1 the simple writing
of the covariance structure thanks to the theory of p-cluster processes in [26]. We give a couple of

remarks below.

Remark 5.2.2. In Theorem 5.2.1 we assume f € Gy (P) satisfies that u — f((x¢)/u) is a non-
increasing function, for all (x;) € P. In this case, (f(- JU))ue[i—e,14+¢ 18 a linearly ordered family
and thus it is a VC-class; see Remark 2.11 in [52]. This monotonicity condition is always verified
by the indicator functions u — 1(||x¢|l, > ), for p > 0. It is also the case for functions projecting
into the (P sphere as the cluster indexes studied in [26] (see Examples 5.5.1, 5.5.2).

Remark 5.2.3. In Theorem 5.2.1 we assume the mizing condition myf, — 0, as n — +o0, to
show equicontinuity of the family T in (5.2.13). However, to show (5.2.14) holds with limit Gaussian
process G and covariance (5.2.15), we require further mizing conditions. This discussion is deferred
to Section 5.4.

Remark 5.2.4. The bias assumptions stated in (2) in Theorem 5.2.1 tells us we could neglect the
bias by choosing the block lengths by, sufficiently large. Indeed, recall from (5.2.7), k ~ nc(p)P(|Xo| >
xp), as n — +oo, thus we see from (5.2.11), (5.2.12), that the bias term can be controlled using
sufficiently large block lengths b, for inference.

Remark 5.2.5. We can consider unbounded functionals f € G4 (¢7) in Theorem 5.2.1 by imposing
a Lindeberg assumption as (C.4.3) in [108], and assuming Var(G(f(-/1))) < +oo, following the
notation from Equation (5.2.15). Recall the relationship between p-clusters established in Proposition
3.1. in [206]; see (5.3.22). We argue that for inferring f;’z we can first look for suitable choices of
pairs f',p’ such that f' is bounded and the limit fz’),Q coincides with fﬁ
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5.3 Preliminaries

5.3.1 Mixing coefficients

Properties of stationary sequences are usually studied through mixing coefficients that we review

below. For a summary on mixing conditions see |14, 47, 144].

Definition 5.3.1. Let (X;) be an R%-valued strictly stationary time series defined over a probability
space ((RY)Z, A, P). Denote the past and future o—algebras by Fi<o := o((X¢)i<o) and Fysp =
o((X¢)e>h), respectively. We recall the definition of mizing coefficients (py), (Bp), below

ph = sup |Corr(f,9)],
FEL?(Fi<0),9€L2( Fizn)
1

Bn = 23}};%% IP(A; N Bj) — P(A4:)P(B;)],

= dTV(P]‘}go(@fch ) ]P)ftgo ® ]P)]:tzh )’

where A = {A;,i € I},B={B;:j € J} are finite partitions of the space, measurable with respect to
Fi<o and Fy>p, respectively, and dry s the total variation distance of probability measures. Also,
for any two probability spaces (R1)Z, A, 1), (RHZ, A,Py), we write P @Py(Ax B) = Py (A)Py(B),
for A,B € A.

For the detailed interpretation of the coefficients (1) in terms of the total variation distance we
refer to Chapter 1.2 in [47].

Remark 5.3.2. The B-mizing coefficients (B:)>0 are well adapted while working with Markov pro-
cesses. Indeed, a strictly stationary Markov Chain (X), which is Harris recurrent verifies By, — 0
as h — +oo; see Theorem 3.5 in [14]. Further assumptions as Doeblin’s conditions also guarantee

Brn — 0 as h — +oo at least exponentially fast; see Theorem 3.7. in [14] and references herein.

Remark 5.3.3. The p-mizing coefficients (pi)i>0 were introduced in [107] and popularized due to
the Ibragimov central limit theorem for dependent stationary sequences in [95]. Mainly, it states
that the mizing condition: Y ;=) pet < +00, together with a moment assumption of order 2 + 6,
are sufficient conditions for the central limit of stationary sequences to hold. The aforementioned
mizing condition was studied in detail in [15, 136, 156, 169/, as it is shown to be a sharp condition
entailing the central limit theorem; see [14] for a review. However, aside from the Gaussian case

where pp, < 7Py, there is not a general recipe for computing p—mizing rates.

5.3.2 Regular variation

We consider stationary time series (X;) taking values in (R4, |- |). We call it regularly varying
with index a > 0 if all finite dimensional vectors of the time series are regularly varying with index

a > 0. Borrowing the approach in [10], this holds if and only if, for all A > 0, there exists a vector

119



(©¢) )<, taking values in (R?)?"1 such that
_ d
]P)(.Z‘ 1(Xt)|t|§h c - | |X(]| > .7}) — ]P)(Y(@t)mgh S -), T — +00, (5.3.16)

where Y is independent of (0y)y<; and P(Y > y) = y~*,y > 1. We call the sequence (©;), taking
values in (R?)Z, the spectral tail process, and its existence is granted by Kolmogorov’s consistency
theorem.

The time series (0;) does not inherit the initial stationarity property. Instead, the time-change
formula in [10] holds: for any s,t € Z,s < 0 < t and for any measurable bounded function
f . (Rd)tfs+1 — R,

E[f(Os—is -, 1) I(|0-i] # 0)] = E[[0 f(Os/]Oil, ..., 0:/]6i])]. (5.3.17)

5.3.3 p-cluster processes

let (X;) be a stationary regularly varying time series with tail index a > 0, taking values in
(R, | -]). Recall, for p > 0, we say (X;) admits a p-cluster process Q) € 7 if there exists a well

chosen sequence (x,), satisfying
P([[Xo,n)llp > 7n) ~ ne(@)P(|Xo| > zn) — 0, n — oo, (5.3.18)
with ¢(p) € (0,00) and
P(Xjon)/n € [ Xpmlly > z2) = PYQP €-), n— +oo, (5.3.19)

where Y is independent of Q) € 7, PY >y) =y %y >1, ||Q(p)\|p = 1 a.s., and the limit in
(5.3.19) holds in (7, d,,).

The oo-cluster process was introduced implicetly in [40]; see [9]. The p-cluster processes, for
p < 0o, were introduced in [26]. Anti-clustering and vanishing-small values conditions AC, CS,,

respectively, guarantee the existence of p—clusters. We state below Theorem 2.1. in [26].

Proposition 5.3.4. Let (X;) be a stationary regularly varying time series with tail index o > 0.

Assume (xy,) satisfies n/xﬁ/\(afﬂ) — 0, for some k > 0 and for any d,¢ > 0, and

AC: limg i oo limy o0 Y e P Xy > €y | [Xo| > €2) = 0.

P(1X 10 /2 [15>5)
nP(|Xo|>xzn)

CS,: limep limsup,, | o = 0.

For p > a, the function p — c(p) as in (5.3.18) is non-increasing, c¢(a) = 1, and (Xy) admits a
cluster process Q) in the sense of (5.3.19). For p < a, existence of the p-cluster process holds if
there exists c(p) < oo satisfying (5.3.18).

Under AC, CS,, the time series (X;) admits an a-cluster Q(®, for a > 0, the (tail) index (see
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Proposition 5.3.4). In this case, appealing to Proposition 3.1. in [26] we have

Q@ £ 9/|0]a, € (5.3.20)
where (©;) is the spectral tail process; see (5.3.16). Furthermore, if we assume in addition that
IE[HQ(O‘)H;‘] < 400, then Equation (5.3.18) holds with ¢(p) = IE[HQ(O‘)H?;] < +oo. Sufficient condi-
tions on (X;) such that E[HQ(O‘)HS] < 400 are given in Section 5.7.4.

Moreover, assume (X;) satisfies the conditions of Proposition 5.3.4, for a;, p,p’ > 0, where @ > 0
is the (tail) index. Assume also E[HQ(O‘)HZ‘;‘] + E[HQ(O‘)Hz‘,] < 400, then the p, p’-clusters exist and

are related by the change of norms formula below (see Proposition 3.1. in [26])

PQ® € )
— o) EIQ5LQ Q)] € ] (5.3.21)
— De)io31Q /1R, < ) (5.322)

where |Q®)||l, = 1 a.s. for any p > 0 and E[HQ(p')Hg] = ¢(p)/c(p’), where ¢(p),c(p’) are as in
Equation (5.3.18).

Remark 5.3.5. Condition AC is satisfied for mo—dependent sequences for sequences () satisfying
nP(|1Xo| > z,) — 0, as n — +o0.

Remark 5.3.6. Condition CS,, is always verified for p > « for sequences (xy) satisfying nP(|Xo| >
Zn) = 0, as n — +oo (see Remark 5.1. in [26]). Also, using the monotonicty of norms, we see
straightforwardly that CS, implies condition CSy, for p,p’ > 0 and p < p’. Let o > 0 be the
(tail) index. Then, for p > a/2, if > ;2o pn < 400, then condition CS, holds for sequences (xy)
satisfying n/:nfl/\(a_'i) — 0, as n — 400, for any k > 0 (see Remark 5.2. in [26]). In particular,

this means that CS,, holds for mo—dependent sequences, for p > «/2, for sequences (xy,) as before.

5.4 Central limit theory

We complement the discussion on Theorem 5.2.1 in this section. In what follows, we will work
under the assumptions fixed in Section 5.4.1. In Section 5.4.2 we give mixing rates for consistency
of the p-cluster based blocks estimators in (5.2.6). Section 5.4.3 states sufficient assumptions for
asymptotic normality of finite-dimensional parts of the family of deterministic threshold estimators
T defined in (5.2.13); see (5.2.14).

5.4.1 Assumptions

We consider (X;) to be an R%valued stationary regularly varying time series of index a > 0.
We assume (X;) satisfies AC, CS,, for a sequence (z,), and that it admits a p—cluster process
Q® € (7, p > 0 such that (5.3.19) holds for this sequence of thresholds (z,). We fix also the
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sequence of block lengths b = (by,) defining the p-cluster based blocks estimators in (5.2.6). We
write m = m,, = |n/b,| and k = (ky) the sequence defined in (5.2.7). We recall the family of
deterministic threshold estimators, that we denote 7, defined in (5.2.13).

5.4.2 Consistency of p-cluster based blocks estimators

Recall [26] show consistency of the p-cluster based blocks estimators in (5.2.6) under the mixing
condition that we provide below in Equation (5.4.23). Lemma 5.4.1 gives mixing rates for this
condition to hold. The proof is left for Section 5.7.2.

Lemma 5.4.1. Consider a stationary time series (X;) satisfying the assumptions in Section 5.4.1.
Let f € g+(t7p) be a bounded Lipschitz continuous function. If either 1. or 2. below hold, then the

sequences (xp) and (by) satisfy the relation

[E[exp{ — 30 f(a; B} — E[exp { — 151" £ (2B} — o,
n - 4oo, (5.4.23)

where k = ky(b) = [mpP(||Btllp, > zp)] is as in (5.2.7).

1. The correlation coefficients (p;) satisfy

lim }:gz(")ipbn?/kn = 0.

n—-+o0o

2. There exists a sequence ({y), satisfying €, — 400, as n — 400, such that the f-mizing

coefficients satisfy

Corollary 5.4.2. Consider the assumptions in Lemma 5.4.1, and assume either condition 1. or 2.
therein holds. Then for any bounded function f € ng(gp), the p-cluster based blocks estimator in
(5.2.6) satisfies

fﬁ 5 fﬁ, n — 4o0.
Proof. This follows from Lemma 5.4.1 and applying Theorem 4.1 in [26]. O

5.4.3 Covariance p-cluster based blocks estimators

We study now a covariance structure for the deterministic threshold estimators in (5.2.8). We

defer the proof of the next Lemma to Section 5.7.3.

Lemma 5.4.3. Consider a stationary time series (Xy) satisfying the assumptions in Section 5.4.1.

Let g, h € Q+(Zp) be bounded functions and recall the deterministic threshold estimators in (5.2.8).
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Assume either condition 1. or 2. below holds, then

kCov( git(u), ht(v)) — Cov(G(g(-/u)),G(h(-/v))), n— +oo,
and G is a centered Gaussian process with covariance structure as in (5.2.15).

1. The correlation coefficients (p) satisfy > ;"% pw,, — 0, as n — 400, and for allt >0, € > 0,

the additional anti-clustering assumptions holds as well:

. . bn
Jim lim S 1y sPUXe| > €, | [Xo| > €,) = 0. (5.4.24)
2. There exists a sequence (£y,), satisfying £, — 400, as n — +00, and the B-mizing coefficients
satisfy

Proposition 5.4.4. Consider the assumptions in Lemma 5.4.3, and assume either 1. or 2. therein
holds. Consider a bounded function f € G (fP) satisfying the bias assumptions (5.2.11), (5.2.12),
from Theorem 5.2.1. Recall the family T in (5.2.13), then asymptotic normality of the finite-

dimensional parts of T holds; see (5.2.14), with Gaussian limit G and covariance structure as in
(5.2.15).

Proof. This follows straightforwardly by the Cramér-Wold device since every linear combination of

deterministic threshold estimators in (5.2.8) is again a deterministic threshold estimator. ]

5.5 Examples of cluster inference

In view of Theorem 5.2.1, we can derive asymptotic normality of classical cluster index statistics

in extreme value theory. In this section we work in the framework of Section 5.4.1.

Example 5.5.1. (Eztremal index) Assume the conditions of Proposition 5.3.4 and the conditions
of Theorem 5.2.1 hold for p = a. Consider f to be the function x w— |[|x||S./[[x[|a, let Ox| =

E[||Q(®)]||%.], hence one deduces an estimator

) 1 S ||BtHoo
0‘X| - %Z HB ”a ]1 |Bt||a > HBtHa,(k))a (5-5~26)

such that

VE(Oix - 0x)) % N0 Var(|Q@[%)), 7 — +oo.
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where Ox| is the candidate for the extremal index. Recall, in [28] the asymptotic variance for the

blocks estimator of the extremal was computed and equals o such that

o? = 0% Y_E[6;|* A1) - bx

JEZ

= 0% >0 D EIQI A QI - bix, (5.5.27)

JEL teZ

where the last equality follows appealing to the time-change formula in (5.3.17) and Equation (5.3.20).

Furthermore, we recall the cluster index for sums from Section 4.3 in [26]. Assume the conditions
of Proposition 5.3.4 hold for p = 1 thus (X;) admits a I-cluster process Q) and 1 < . Recall
from (2.7.7) that ¢(1) in (5.3.18) satisfies ¢(1) = 1/E[||QM||2]; see (5.2.3). We show asymptotic
normality for the disjoint blocks estimator of ¢(1) appealing to the Delta method.

Example 5.5.2. (Cluster index for sums) Assume the conditions of Proposition 5.3.4 and the
conditions of Theorem 5.2.1 hold for p = 1. Consider f to be the function x — ||x||%/||x||{, for
1 < a, and let c(1) = 1/E[|QW||2] < +o00. Hence one deduces an estimator

”BtHa 1
> .0.
then an application of the Delta method yields
VE(E) —c(1)) S N0, Var(|QW[2))/e(1)?, 1 — +oo.

5.6 Classical models

5.6.1 mg—dependent linear sequences

Consider (X;) to be a regularly varying time series of index « > 0 that is mo—dependent linear

sequence.

Example 5.6.1. Let (X;) be a moving average of order my > 1 defined as:
Xt = Zt + QOthfl + -+ Somoztfmoa t€Z. (5629)

with iid regqularly varying innovations (Z;) of index o > 0 takinf values in RE.  Then, by the
convolution closure of regularly varying vectors, we deduce regular variation for the strictly stationary

sequence (Xy).

Proposition 5.6.2. Let (X;) be a mo—dependent sequence as defined in (5.6.29), regularly varying
of index o« > 0. Then, for any p > 0, for any bounded function f € G4 (gp) such that u— f(-/u) is

NON-INCreasing,
VE(FR — 1) 5 NOVar(FYQP)), n s +oo.
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Corollary 5.6.3. For mg-dependent time series as defined in (5.6.29), the a—cluster based es-
timator of the extremal index and the 1—cluster based estimator of the cluster index of sums in
(5.5.26) and (5.5.28), respectively, are asymptotically normally distributed and super efficient, i.e.

its asymptotic variance is null.

Proof Proposition 5.6.2. Conditions AC, CS,, hold by the arguments in Remark 5.3.5 and Re-
mark 5.3.6. Also, by Proposition 3.1. in [26], [|©] < +o0 a.s. and Q@ 4 ©/||0]lo. Let (¢;) be
as in (5.6.29) and ©% be the spectral measure of Zg such that |©%| = 1 a.s.. Then,

QY = (¢i/leilla) OF, € (5.6.30)

and c¢(p) = ]E[||Q(°‘)Hf,‘] < +00. Then, all assumptions in Section 5.4.1 are satisfied. Moreover,
mo dependent sequence have mixing coefficients (8y), (pn) equal to zero for h > mg. Then all

assumptions from Theorem 5.2.1 and Lemma 5.4.3 hold and this concludes the proof. O

Proof Corollary 5.6.3. Notice that if p = «, the expression in (5.6.30) yields to a deterministic
expression of |Q(®] in the shift-invariant space. Then, the index estimators in (5.5.26) and (5.5.28)
with f @ x — [|x[|2/||x]|2 and f : x — ||x]|2/|x||$, respectively, satisfy Var(f(Y Q(®)) = 0. Finally,
using the change of norms formula in (5.3.21) we can also show Var(f(YQ®)) = 0, for any p > 0,
and this concludes the proof. O

5.6.2 Linear processes

We consider linear processes (X;) satisfying the equation

X, = > 9%y, teL (5.6.31)
teZ

for a sequence of iid innovations (Z;), regularly varying of index a > 0. We assume the sequence
(p;) satisfies ||¢j|la—s < 400 for some § > 0. Then a stationary solution (X;) exists [31]; see and

[120] for sharper conditions guaranteeing existence. Moreover,

P(|Xo| > zp)

— % < 400, n— +oo 5.6.32

teZ

This relation is also shown in [31]. Examples of the linear model are stationary ARMA processes
with iid regularly varying noise (Z;) (cf. [18]). Moreover, if ©Z is the spectral measure of Z such
that |©Z] = 1 a.s., then

QY = (pj/leilla) OF, € (5.6.33)

thus Q(® admits a deterministic expression when projected to the shift-invariant space ¢%. In this
setting, we also have ¢(p) = IE[||Q(C“)H;‘] = [lojllg/lleslla which is finite if [¢;l, < oo. In what

follows the linear processes we considered satisfy the aforementioned conditions.
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Proposition 5.6.4. Let (X;) be the linear process as in (5.6.31). Let a/2 < p < a and (xy,) be a

sequence satisfying n/xﬁA(a_K“) =0, for any k > 0. If [[@llpa(a—r) < +00, then for all § > 0,
P([X(o,0)/n — X{g, /2l > 0)
lim li : i = 0. 5.6.34
P nP([Xo| > z) (56.:34)

where ng) = lelés 0;Zi—j. Moreover, AC and CS,, are verified, and for any f € G+ (P), bounded

continuous
/(5 p
’p — ?p!, n — +oo.

Moreover, assume the 3-mizing conditions (5.2.10), (5.4.25), and the bias condition (5.2.11), (5.2.12),
then for any f € G (#P), such that u— f(-/u) is non-increasing,

VEGR = 12) L N (0 Var(F(YQP))), n— 4o,

Remark 5.6.5. Computation of S-mizing bound rates for linear models are available in the liter-
ature. Typically, additional conditions on the sequence (py) are assumed; see for example Lemma
15.5.1. in [108].

Corollary 5.6.6. For linear models in (5.6.31), verifying the assumptions of Proposition 5.6./, the
estimators for the extremal index and the cluster index of sums in (5.5.26) and (5.5.28), respectively,

are asymptotically normally distributed and super efficient, i.e. its asymptotic variance is null.

Remark 5.6.7. For the extremal index, we can compare the asymptotic variance of the a—cluster
based estimator against the asymptotic variance o for the blocks estimator in (5.5.27). For example,
for autoregressive process of order one AR(1), 02 =1 — 0)x| = 0, thus the a-cluster based estimator
has a an optimal asymptotic variance. The main drawback of the a-cluster based estimator is that
« also needs to be estimated. We could use a consistent Hill estimator of 1/«; see [87, 141], but this

subject requires further investigation.

Proof Corollary 5.6.6. Under the assumptions of Proposition 5.6.4 asymptotic normality holds.
Then, as if the steps of the proof of Corollary 5.6.3 we can compute the asymptotic variance using
the expression in (5.6.33). For the extremal and cluster index, both variance computation are zero

and this concludes the proof. O

5.6.3 Solutions to affine stochastic recurrence equations under Kesten’s conditions

We study the causal solution to the equation:
X = AXy_1+ By, teZ, (5.6.35)

where ((At, Bt)) is an iid sequence of non-negative random d X d matrices with generic element A,

and random vectors with generic element B, taking values in R
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The celebrated paper of Kesten [103] demonstrates sufficient conditions for the existence of a

stationary solution to (5.6.35), admitting the causal representation

X, = > Ay ABy,  tEZ, (5.6.36)

>0

where the summand for ¢ = 0 is By, for ¢ = 1 is A;B;_1, and so on; see [6, 24] and references
therein. We quote below Theorem 2.1. in [6] to explicit sufficient conditions for the existence of a

causal stationary solution as in (5.6.36). In this case, if O is the exponent measure of X such that
O = Ai---A1©Qg, t>0

where (A;) is an iid sequence distributed as A.

Theorem 5.6.8. (Existence of stationary solution) Let A, B be a d x d random matriz and a

Re-valued random vector, respectively. Assume
E[log™ |Alop] + E[logt |B|] < +oo,

and assume the Lyapunov exponent of the iid sequence (Ay), distributed as A, is negative. Then,
the solution in (5.6.36) converges a.s. and is the unique strictly stationary causal solution to the

stochastic recurrence equation in (5.6.35).

Solutions (X;) to the stochastic recurrence equation in (5.6.35) have attired high attention
because they can be regularly varying even when innovations ((A¢, By)), are light-tailed as first
noticed in [103]. Under the so-called Kesten’s assumptions, the extremes come from the products
of arbitrary length in (5.6.36); see [13]| for a review, [74] for the Goldie and Kesten’s conditions
for univariate innovations, and [6] a treatement in the multivariate setting. Moreover, under these
Kesten’s type assumptions, the index of regular variation of (X;), denoted o > 0, is given as the

unique solution to the equation

lim n 'logE[[A1---Anl%] = 0. (5.6.37)

n—-+o0o

The multivariate solution to (5.6.35) models typical econometric time series models such as
the squared ARCH(p) and the volatility of GARCH(p, q) processes. We review Theorem 2.4. and
Corollary 2.7. in [6] to state exact conditions leading to heavy-tailed solutions (X;), from light-tailed
innovations ((A¢, By)).

Theorem 5.6.9. (Heavy-tailedness) Let ((A¢,By)) be an iid sequence of d x d matrices A with
non-negative entries, and non-negative R%-valued random vectors B, B # 0 a.s., Assume also the

conditions below hold

1. For some k >0, E[|A[}] < 1.
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2. A has no zero rows a.s.

3. The set T in (5.6.38) generates a dense group on R.

I' = {lnla, - -ailop:n>1,a,---a; >0, ap,...,a; are in the support of A’s law }.

(5.6.38)

4. There ezists k1 > 0, E[(minj—1,.. 4 Zle Ag)rt] > d" /2 and IE[|A|§1117 Int Al < +oc.

Then, there exists a unique solution o > 0 to (5.6.37), and there also exists a unique strictly
stationary causal solution (X;) to (5.6.37). Moreover, if E[|B|%] < 400 and either d =1 or d > 1
and a > 0 is not an even integer, then the finite-dimensional distributions of (X;) are regularly

varying of index o > 0.

Proposition 5.6.10. Assume ((A¢,By)) is an iid sequence of d x d matrices A, and R%-valued
vectors B, which satisfies the conditions of Theorem 5.6.9 and Theorem 5.6.8. Let (X;) be the
causal regqularly varying stationary solution to (5.6.35), with index o > 0. Assume also

E[|A|S ) <1, and E[A[L°]+E[B|*] < 400,

or some 0 > 0. Then, for allp > a/2, AC, CS, hold for all sequences (x,,) such that n xg/\a_” —
f ) f p ) ’ 14 f q n

0, for some k >0, as n — +0o0.

Proposition 5.6.11. Assume the conditions of Proposition 5.6.10 and let (X¢) be the causal regu-
larly varying stationary solution to (5.6.35), with index o > 0. Assume also the 5-mizing conditions
(5.2.10), (5.4.25), and the bias condition (5.2.11), (5.2.12). Then for any f € Gy (?), such that

w f(-/u) is non increasing
VR = £2) 5 NOVar(/(¥QP))), n s +oo.

Remark 5.6.12. Under the assumptions of Theorem 5.6.9 and Theorem 5.6.8, the stationary solu-
tion (Xy) of (5.6.35) is a Markov Chain. From Remark 5.3.2, further assumptions on A yield (SB)

has an exponential decay under the assumptions; see [23].

Example 5.6.13. Define the positive random variables A, B by log A 4N- 0.5, where N denotes
a centered and reduced Gaussian random variable, and B any bounded positive random variable.

Consider (X;) to be the univariate stationary solution in (5.6.35). Then, (X;) is regularly varying
with index o = 1 and E[(A)'=%] < 1 for all § > 0.

Remark 5.6.14. Let d > 1 and assume conditions 1. - 4. in Theorem 5.6.9. In this case, regular
variation as in (5.3.16) might not hold. In this case we can only show that linear projections x* X
are regularly varying, for all x € R%\ {0}; see (2.11) in [6]. However, a Cramér-Wold devise

entailing multivariate reqular variation as in (5.3.16) only holds under further assumptions. For
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example, if a > 0 is not an even integer then the assumptions of Theorem 5.6.9 imply regular
variation as in (5.3.16); see [89, 6, 7].

5.7 Proofs

5.7.1 Proof Theorem 5.2.1

Proof. Let f € Q+(Ep) be a fixed bounded function. Recall the set F containing two functions:
(x¢) = f(x¢) and (x¢) — 1, and the family 7 in (5.7.39) defined by

T = {gl();z(u)}{g(/u):u€[1—€,1+5]7g6]:}~ (5.7.39)

for e > 0 asin (5.2.11).

We separate the proof in two steps. We start by assuming the uniform asymptotic normality of
estimators indexed by T holds, and we show in this case (5.2.9) holds. In the second part of the
proof we will show the uniformity of the limit Gaussian process indexed by T .

For the first step of the proof, assume

VE(gR () —u g S Gg(-/u), g eT,

as n — +o0o holds uniformly and G is a Gaussian process with structure as in (5.2.15), that we

recall below

Cov(G(g(-/u)),G(h(-/v))) = /Cj Elg(yQ™ /u)h(yQ™) /v)ld(—y~®)
= c(g(-/u), h(-/v))

for g,h € F, and u,v € [1 —€,1 + €]. We also write c(g(-/u), g(-/u)) = ¢(g(-/u)) in what follows.
Then, for g € F, u € [1 —¢,1 + €], we have

ViR W)@ —u) L Glg(-/u)/eQ n— +oo,

Then, taking 1 € F to be the constant function one: 1(x;) = 1, yields 129 = 1. Moreover,

VEAR () = (™))
= VE(||Bi/xs,

plla)y —u%), e l—e 14
Then, by an application of Vervaat’s lemma; see (5.9.5),

VE(IB /2o, (k) — 1) % —a'G(1(-/1)),
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as n — +oo. In particular || B ||, ((x])/Tb, % 1 and the joint convergence of distributions holds thus

VE((RW), [Billpey/z0) = (F2), 1) 5 (G(f(-/u), —a 'G(-/1)),

uniformly for u € [1 —€,1+ €], as n — +oo. Furthermore,

VE(FQ = 1Q) = VEFQ(FRUIB 0 /zn )/ 12— 1)

= VEfQ (f;é("Bl|’p,(k)/wbn)/f19 — (IB1llp,k)/20,) ™)
+VE £ ((1B1/ @, [y )~ — 1)

= LG/ 1)

To sum up, \/E( fﬁ — fﬁ) 4 N (0, Var(f(YQ®))), and we recognize that the variance term can be
rewritten as in (5.2.9).

To conclude the proof, we must show

VEgRw) - @) 4 G, g eT,

uniformly as n — +o00. Recall, we assumed finite-dimensional convergence holds in (5.2.14). Under

the bias assumptions (5.2.11),(5.2.12), we can replace the expected value of the estimator g,?(u)

directly by the limit gg(u). Then, it remains to check asymptotic equicontinuity holds and this will
yield the uniformity of the asymptotic normality. To do so, we split the remaining of the proof into

two steps as follows. First, we have to show that the sequence (B;)i=1,..m, can be replaced by a

sequence (Bf)¢=1,...m,, containing iid blocks distributed as B;. Second, we have to show that the
conditions (4), (i), (i4i), of Theorem C.4.5 in [108] hold; see also Theorem 2.3. in [51].

Let’s denote ug, sp with up =1 —€ < + <1+ € = sg. Notice in our case, it is enough to check
equicontinuity separately over (g]f;Q (4))ue[tuo,so)» for g € F, as we only consider a family F containing

two functions. We fix g € F. Let’s start by considering the semi-metric d(-, ) defined as

dg(-/u).g(-/s)) = |u=® =s*|E[g(YQP)?], s,u>0,

such that (gﬁ(u))ue[uwd is totally bounded for this semi-metric. For the first part, for replacing
(B:) by (By) we argue as in Section 10.6. in [108|. For any ¢ > 0,

(s VR - g > )
u,s€|up,S0
d(g(u="),9(s1))<é
< 2]P’< sup \/§|g;9*(u) - gg*(s)| > 5/2) + 4myfp, -

u,s€[uo,s0]
d(g(u="-),9(s7"))<8

where gg*(u) =13 mnt odd 9B /uxy)L([|Bf|[p > up), and the last bound follows by Lemma

.....
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2 in [58].

We are now in the framework of Theorem C.4.5. in [108] and it is enough to check conditions
(i),(ii),(iii) therein. The Lindeberg condition (i) is verified since g is bounded. We now show (ii)
holds (this is also condition (D1) in [51]). Under the bias conditions, convergence of the finite

dimensional distributions of 7 yields, for s > w,

RE[ (g% (u) — 92u(5))?]
e(g(-/u)) + e(g(-/5)) — 2e(g(-/u), g(-/5))
+o0
- / (™ + 57 g(uQ®P)? — 259 (yQP)g((s/) yQP)d(—y ).

Moreover, since v — ¢(-/v) is a non-increasing function, then

Jim E[(g7 () — g(5)°] < = s [Elg(YQP)]
= d(g(-/u), g(-/s)).

Then, to sum up we have shown

lim lim sup sup EE[ (g5 (u) — gp (3))2] =0.
30 n—+oo u,8€[ug,50]

d(g(-/t),9(-/5))<é

Thus, from this we conclude (ii) holds. Finally, the entropy condition in (iii) holds with respect to
the random metric (dy, (9(-/%))ueug,s0]) defined by

(-/5)))"

g
%fj( JCuaa)) LB | > uas) - g(B; /(s 2 L(IB; > sa1))*

Indeed, the family of functions (gzg(t))te[to,so] is linearly ordered thus it forms a VC(2)-class (cf. [52],
Remark 2.11 and the discussion on condition (D3) in [51]). Hence, we conclude uniform asymptotic
normality of the estimators indexed by 7. Finally, by the first step of the proof we have shown
Theorem 5.2.9 holds. 0

5.7.2 Proof Lemma 5.4.1
Condition (1) = (5.4.23)

We start by denoting disjoint blocks as

Bt = X(t—l)b-‘r[l,b]? B;; = )(kt—l)b-i-[l,b]’ t = 17 e, M. (5740)
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such that (B} )1<t<m is a sequence of iid blocks, distributed as Bj, independent of (B:)1<¢t<m Then,

the mean value theorem entails [e™* — e Y| < |z — y|, thus

[Bexp{ — 37 @ B)Y] — E[exp { — X0 £y B
< B[(AX0 f(wy B — £ f(wy BD)’]
= 1.

The term I can be controlled using the correlation coefficients (py,), defined in Definition 5.3.1. It

follows from stationarity and Theorem 1 in [157] that there exists a constant ¢ > 0 such that
I < QC%E[f(LUb By) ] exp {c¢ L gg(n”pb ot }
Moreover, by (5.3.19), for any function g € G (f,),
|2 E[g(z;, ' B1)] — [3"g —y )| =0, n— +oo.

Hence, if exp {ZtU:OgZ(")prgt}/k — 0 as n — +o00, (5.4.23) holds. Thus, since k — 400 we deduce
condition (1) in Lemma 5.4.1 implies (5.4.23) and this concludes the proof.

(2) = (5.4.23)
Consider a sequence £ := £, — +00. We denote disjoint blocks as
Bie = X@-1)p+[1,6-4> t=1,...,m.

such that for £ = 0 we keep the notation in (5.7.40). Notice that for all § > 0,€¢ > 0, and for every
bounded Lipschitz-continuous function f € G (£7)

‘E Xp{ - %Z? 1f(xb_15t)}] - E[QXP{ - %Z;llf(xb_lgte)}”

[e
< E[[3Xlfe b Bi) - kZ?ilf(wb_lBte)H
< [ P 1|f 1By — f(ifngte)H

= o(mP(|Bi/y |l > 8)/k)

This term vanishes by condition CS,,. Moreover, we denote I the following term

I=[Elexp { = 1200 felw, 'Bi)}] — E[exp { — i X fe(, ' Bro ],
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where fe(x¢) := f(x¢_). Then, there exists a constant ¢ > 0 such that

1
I < C%P(1I§nja§)§n 112?§€|X(j—1)b—i+1’ > exp)

< (Bl > €ay)
< OBl > ) ~ Ufb(ec /(@) = O(/D)

Thus, we conclude that lim,,_, 1 £, /b, = 0 is a sufficient condition for I — 0 as n — +o0. Fur-
thermore, recall the definition of the mixing coefficients (f;,) in Definition 5.3.1. Arguing similarly

as before it follows that

[Eexp { = §X0 felay Buo)}] — Elexp { = 1550 felay B}
T2 dry (£(Bu) @ LX) ©- - © LX), L(By))

£ times

IN

IN

%Hfuoozmn 50, n— too.

we use first the definition of the total variation distance, and second a reformulation of the distance

in terms of the mixing coefficients (f;,). Hence we deduce that (2) in Lemma 5.4.1 implies (5.4.23).

5.7.3 Proof Lemma 5.4.3

We start by proving the following auxiliary lemmas.

Lemma 5.7.1. Consider a stationary time series (Xy) satisfying the assumptions in Section 5.4.1.
Assume that for allt =1,2,...,, ¢ >0,

lim  lim 33, PG| > x| [Xo| > exp) = 0. (5.7.41)

S$——+00 N—+00

Then, for allt = 2,3,..., we deduce for g,h € Q+(Zp)

lim %Cov( g(zy By), hzy ' By) ) = 0. (5.7.42)

n—+00

Lemma 5.7.2. Consider a stationary time series (X¢) satisfying the assumptions in Section 5.4.1.

Assume one of the two conditions below holds
1. The mixing correlation coefficients (pp) satisfy pp — 0 as h — +o00.

2. There exists a sequences (€y), satisfying £y, — +oo, and

ngg—loo mnﬂén /kn - nEI—iI—loo En/bn - 0.
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Then, the relation below holds

lim sup  Cov(g(z, 'Bi)h(z, 'B)) = 0. (5.7.43)
n—+00 t=2,...,mn
Proof Lemma 5.7.1. Let f, f: /? — R be Lipschitz-continuous bounded functions in gy (@’). From
condition CS,, it follows that for t =0,1,2,...,

—-Cov( f(z, "B @y Biwe)) ~ TEf(xy By f (2 Bue)]

~ TE[f(a;'Bu)f @y Buae ), n— oo,

Moreover, using a telescopic sum decomposition we might rewrite the term above such that for any

s> 0,

TE[f (B ) f @y Buae )]

E[§ 30 (F(r X ) — (@, X)) f (2 K-y ) |
c(p)P(1Xo| > z)

~

= 1

Indeed, the finite terms in s are negligible as n — +o0o0 by the Lipschitz-continuity of the function f.
Then, the term I can be bounded in absolute value by decomposing the function f’ as a telescopic

sum again as follows. We write fe(x;) := f(x;_) and f{(x;) := f'(x¢.) to simplify notation. Hence

E[1(Xol > ex)§ X Sy Xii-1jpsivinn)|

Il < oo
=1l DP(Xol > )
< E[]l(|X0| > €xyp)
T X3 S, Z;’;} (fe/(xb_lx(tfl)b+i+[l,j]) - fe/(xb_lx(tfl)b+i+[l,j+l]))]
OO c(p)P(|Xo| > xs)
el 71 E[L(|Xo| > exp) x + 0, L(IX—1yppit| > €mp)]
ol e c(p)P(|Xo| > )
E|1(|Xo| > 651%)l Z?:S Zb;l L(| X (t—1)privj| > €xp)
< [ fllooll o [ b J=1 (EL)btits | + o(1)

c(p) P(|Xo| > p)
= O(Xi (1P > € | [Xo| > €))

Then, by letting first n — +oo and then s — +oo we obtain (5.7.42) for Lipschitz-continuous
function and this concludes the proof. Moreover, since for all g,h € G (gp ) it still holds

T-Cov(g(wy ' Bu)h(z, ' Bie)) ~ TElg(a, ' Boh(r, Bray)

then, it follows by a Portmanteau argument that (5.7.42) holds for all g, h € G (¢P).
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O

Finally, the proof of Lemma 5.7.2 follows similar arguments as in the proof of Lemma 6.7 in [28]

as we show next.

Proof Lemma 5.7.2. Considering the same notation as in Lemma 5.4.1. We start by showing that
the condition (1) is sufficient to obtain (5.7.43).
(1) = (5.7.43)

We fix t € N and consider £ € N such that £ >t > 1. Consider bounded functions g,h € G (gp),
and let kK > 0 be such that f, g, vanish at the interior of the ¢P-sphere of radius k. Then, by the

definition of the correlation coefficients,
m _ _ m _ _ 2
"Cov(g(ey Bk, Brad]) < g (Elg(ey B2 Elh(sy Br)?)

= O(pw ),

as n — +oo. Then, by letting n — 400 we conclude

lim lim  sup %Cov(g(xb_llgl)h(xb_l&)) = 0. (5.7.44)

t—-+o00 n——4o00 t=2,...,mn
Finally, for £ < ¢ we apply Lemma 5.7.1 which together with (5.7.44) yields to (5.7.43).

(2) => (5.7.43)

Arguing as in the proof of Lemma 5.7.1, it is enough to establish the relation (5.7.43) for Lipschitz
continuous bounded functions f, f' € G4 (gp) vanishing at the interior of the unity sphere in ¢P. For
€ > 0, recall the notation fe(x;) = f(x¢ ). Recall also we assume the Lipschitz-continuity of the
function f € G (Zp) and condition CS,. Then, as in the proof of Lemma 5.7.1, it is enough to show
that for all € > 0,

. m _ _
lim SUPECOV(fe(%151)fe/(93b131ﬂ5j)) = 0.

n—-+o0o &1

Moreover, by similar steps as in the proof of Lemma 5.4.1 we can replace B; by B, inside the

covariance since we assumed £, /b, — 0 as n — +o00. Hence,

m _ _ m
?COV(fe(fL’b 'Bio) fl(xy ' Biye)) < QHfHoon’Hoo?ﬁu(gq)b

Thus, taking the supremum for £ > 1 we conclude the proof letting n — +o0. O
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Proof Lemma 5.4.3. We write m = my, = [n/b,|, k = [mP(||B|l, > xp)] ~ c(p) nP(|Xo| > xp).
Consider bounded functions g, h € G4 (¢7),

Cov(EE 905 B, F ST ah(oy o)

m - - 2 b b
- ﬁVar[g(xb Bi)h(x,  Br)] + ﬁ21§t<j§mco"(9($b 'By), hiwy ' By))
(U+1n
k

The second term I can be rewritten in the following way by stationarity:

I = %%thqgm Cov(g(z; 'By)h(z; ' B;))
= e i<t<m < t<mt Cov(g(z, 'Bi)h(z;, ' Bj—y))
= %ZlgtSmZKjgm—t% Covlg(z, ' Br)h(z; ' B;)]
= % Z1<j§m—121gt§m—j%COV[Q(ﬂfz:lBl)h(xz:lgj)]
= Zl<j§m—1(1 - %)% COV(Q(l’b_llgl)h(wb_lBJ‘))‘

Then, following the lines of Lemma 5.7.2 we conclude that assuming Y ;" pw, — 0 we deduce
IT — 0. Also, if my, /kn 32" Be,4(t—1) — 0 then IT — 0 as n — +o0.
Finally, notice that for bounded functions g, h € Q+(l77’ ),

I = %Var(g(m;lBl)h(xngl))
el ) = [ oQPMEQd(—y )
and this concludes the proof. O

5.7.4 Condition finite limit ¢(p)

Lemma 5.7.3. Let a/2 < p < a. Assume the anti-clustering condition:

PZ (5, 1th|”A DI([Xo| > zn)]

lim limsu
|X0| > SCn)

= 0. (5.7.45)
It|=1

Then ||O||, < 400 a.s. and also c¢(p) < +o0.

Remark 5.7.4. Conditions of the type (5.7.45) were considered also in [5] in the context of stable

central limit theorems for reqularly varying time series.

5.7.5 Proof Lemma 5.7.3:

Let p < «. Condition (5.7.45) implies the classical anti-clustering condition which implies

|0 — 0 as [t| — +oo. Moreover, by the mean value theorem, c(p) < +oo if one proves
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E[(3222,16:P)*/P 1] < +o0. Moreover, for p > «/2, by Jensen’s inequality and subadditivity

we deduce it suffices to check

ZE[\et\a PL(|0;] > 1) } +ZE 0P A 1] < oo (5.7.46)
t=0 t=0
We start by showing
D E[6:f A 1] < oo (5.7.47)
teZ

Notice that (5.7.47) implies ||©]|, < 400 a.s. since |O¢] — 0 as |t| = +o0 a.s., and (5.7.47) follows
by (5.7.45) and the Cauchy criterion as for any € > 0 there exists a K sufficiently large such that
foralll > K, h >0,

I+h

lim sup
n—-+0o00

I+h
=) E[YO,P Al <
t|=t

E[(|Jzy  XeP A 1)L(1Xo| > )]
P(’Xo‘ > $n)

[t]=l

where the last equality follows by regular variation. Thus we conclude (5.7.47) holds. Finally, by

the time-change formula we deduce

co > Y E[6:(0 P A1)

teZ

> D E[0PL(6,] > 1)),

teZ

thus (5.7.46) holds. This concludes the proof.

5.8 Proofs examples

5.8.1 Proof Proposition 5.6.4

Proof. First, notice that (5.6.34) can be written as, for all § > 0,

POy 1201155 i Lt—j/alP > 6)
lim 1 = I8 =0. 5.8.48
550 n e nP([Xo| > x) (5849

Once we have verified (5.8.48), AC and CS,, will follow straightforwardly since, for all s > 0,
(XES)) given by ng) = ngs ;4 is an mo-dependent sequence with mg = 2k + 1, and satisfies

AC,CS,, from Example 5.6.1. Moreover, consistency of Lipschitz continuous functionals holds.
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Then, for all s > 0,

(s)
E X — f(X
|>e) < € [1f (X)) = [(Xjo))l]
P([[X0,51llp > )
< N P([1 X0, /6 — XES,)b]/bup > de 1)
- P([1X0,5)llp > )

(S - 7°

where fﬁs is the deterministic threshold estimator in (5.2.8) for X (). Then, we can conclude letting
first n and then s tend to infinity and finally ¢ to zero. To resume, for any f € G (7) bounded
Lipschitz continuous fﬁ 5 fﬁ and following the proof steps in Theorem 4.1. [26] we conclude
consistency of f,@

In what follows, we focus on showing (5.8.48). Let’s consider a Taylor decomposition of the

function | - |P. For a,b, € R,
-1
at ol = Jap+ psign(@alrb+ P2 ap=22 4 Ry Ga)

where the remaining term can be written as

—1)---(p—
Ry = Ryjlab) < p(p )[p]!(p 2D ), _ g qpp-tolyp,

and ¢ € [0,1]. Then,

|Z%’thj/93n|p < eiZo/zn|?
7>k

+ psign(eiZo)l1Zo/anP (D @i Zi—j/7nl)
71>k
ot

+-o+ Ry,

Then, by subadditivity of the function z — xzP~[?, denoting (|Z;|) by (Z;),

‘ Z 0iZi_j/xnlP < |prZo/anl? + cleeZo/Tn P Z 0| Ze—j/n|
51>k li|>k

At
+ o Zo/alP P Y 1l Zisg P
|71>k
J#t
e 30 llesl Ze g /el ™0 S li0|Zi s /20|
7>k 7[>k
it it

= Jop+ D+ D+ D

where ¢ > 0 is again a constant of no interest, only depending on p, and we have decomposed the
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previous sum into finite terms. In fact, for p < 1, we can use the subadditivity yielding

| Z ;P < Z (02" = Ippjias-
1>k 7[>k

In the following, we show that for all i = 0,...,[p] + 1,

: : P> Liy > 0)
lim 1 =l =0. 5.8.49
0 = R > ) o540

To show (5.8.49) we consider a typical truncation argument. It will be enough to show that for all
€6 >0,

P(Cp, Ty >0) | POCiy fie, > 9)

lim limsu + = 0. 5.8.50
k—4o00 n4)+o<1;) TLP(’X()’ > xn) TLIP(’XQ‘ > .fn) ( )
where the truncated terms are defined as follows, for i = 0,...,[p] + 1
Li" = lpiZojxn |P'| Z il Ze—j/an |,
li|>k
J#t
_— 7 €, T 5 €
Tpiere = Y leiZijfan PPN il 2/ ",
li|>k lil>k
J#t J#t
Ii’te = |(PtZ0/.%’n€|p_7'} Z ’Soj|thj/$n€‘Z,
li|>k
J#t
Ipprg = 0 105Zg/oa P70 D loslZesfan |7,
li|>k li|>k
J#t J#t
We study first the truncation from below. For ¢ = 0,--- , [p], by the Markov’s inequality,

P(Cry Ly >0) < 0 'nE[lgiZo/an PTIE[| D 95l Zei/7n |']
li|>k
J#t
= o(nP(|Zo| > zn))
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where the last relation holds by Karamata’s theorem. For the last term, by Markov’s inequality

PO T, > 9)
< 6 n Z iy -+ " Py |‘90i[p]+1 |p*[p]

5 p) 1
lij1>k
><IE[|ZZ-17/Q;NW_1 Ty /xn£ MNZigy 20 P=IP])
" Pify) ;!
[p]+1

= 07 ) |Gl Bl Zi/an, ')+ o(nP(| Zo| > wn))

1>k
< 5 Ipe—ato Z ’%|p+a—5 + o(nP(|Zo| > )

li|>k

where the last relation holds by an application of Karamata’s theorem and Potter’s bounds. Finally,
we conclude
PO iy Liy > J)

lim limsu = 0,
koo msios P(|Xo| > Zn)

letting first n — 400 and then & — +o00.
We focus now on the terms from the truncation from above. In this case, assuming n/x} — 0,
it will be equivalent to show
P(> oy Tit” —E[lie] > 9)

lim limsu =
i nP(|Xo| > )

In this case we use Chebychev’s inequality which yields
[ J— n R [—
P(Ct Tia —ElLi]>0) < 267%n) Cov(lig', Iix)
t=0

As in the arguments for the truncation from above, the main difficulty lied in showing the term

i = [p] + 1 is negligeable. To handle this terms we compute the covariances

Cov(I 41,0 > [pp 41t )
- Z | i1 "'@Di[p]||‘pi[p1+1‘p_[p}|wl s e 10 1P

i1y p) 1
ely"' 7£[p]+1
lij1>k,|€5]>k

—[p]

1 —1 —1
2 €p; €p; _
XCov(|Ziy [n -+ Dy Jan W[ Z iy, Jrn WP vl

—1 —1 -1
Zet T2 P Zy—4,) [ Tn “Ip) [~ “lpl 1 [p=lel)

140



such that in the above term the covariance vanishes for all except a finite number of index ¢. Then,

n fle
N CovTpnn - Tpme) = Yl PEIZ /2" ) + o(P(IXo| > @)
t=0 JEL

~ PN o PPTOTOP(|X | > @) + o(P(1Xo| > @)
JEZL
The last step holds by an application of Karamata’s theorem. Finally, since p > a/2 we can let

n — 400 and then we conclude letting € | 0. In this case,

n TE TE
lim lim sup >t—o Cov(lio , it )

= 0, (5.8.51)

for i = [p] + 1. Then, for i = 0,..., [p] we can show with similar calculations that (5.8.51) holds.
Finally, this shows (5.8.50), and this concludes the proof. O

5.8.2  Proof Proposition 5.6.10

Let (X;) be the causal stationary solution to (5.6.35), admitting the representation in (5.6.36).
We assume it is regularly varying with tail index o > 0. We will denote the products II;11; :=
Ajq--- Ay, it € Z with ¢ < t. Then, backward computations yield

X, =I,Xg+ Ry, t>1, (5.8.52)

where

t
Oiji=Ai--Aj,  Re=) I,B; t>1, i<y
j=1
with the conventions: ITy ; = II; and II; 41 = Id. Notice that the remaining I; is measurable with
respect to O'((Ai, Bz‘)1§z‘gt) and is independent of the sigma-field a((Xi)igo).
Condition AC has been shown for Theorem 4.17 in [121]. Then we focus on showing CS, holds.

For this purpose, we require the auxiliary results that we state below.

Lemma 5.8.1. Let (X;) be a reqularly varying sequence of index o > 0 and assume for a/2 < p < a,

and for any sequence £, — +00, the following relation holds

P(|I X /211 — E[X /2 (I5] > )

su 5.8.53
s WB([Xo| > 7) (859
n
—1
< C(EnIEHXO/a:n Pl S Bt/]P’(|X0|>;vn)>, Tn > To. (5.8.54)
t=ln+1

for a constant ¢ > 0. Suppose also that (Xt) has f—mizing coefficients (Bt) verifying By = O(t™")

for some k > 14 a/p+ 0, then condition C'S, holds uniformly over (x,,+00), for any constant xy,
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verifying limy, o nP(|Xo| > z,,) = 0.

Lemma 5.8.2. Let (X;) be a causal stationary solution to the equation (5.6.35). Assume it is
reqularly varying of index o > 0 for a sequence of iid ((A¢, By)) innovations and assume E[|A|3‘p_6] <
1 for some § > 0. Then, for all p > «/2, (5.8.54) holds for any choice of £,. Then, if n/zh — 0
and p > a/2, CS, holds.

Remark 5.8.3. In Lemma 5.8.1 and Lemma 5.8.2 he have shown a little more. Actually, we
showed that (By,) mizing condition are sufficient to show condition CS,, holds uniformly in the sense
lime 0 limsup,, .| (5.8.53) = 0 over the uniform regions A, := (x,,+00) where (xy) satisfies
nP(|Xo| > x,) — 0. In this case it is possible to extend the large deviation results for p—norms
to uniform regions following the approach in [121]. This result extends the setting in Theorem /.17

[121] where only bounded regions where considered.

Finally, from Lemma 5.8.1 and Lemma 5.8.2 we conclude Proposition 5.6.10 holds. The proof

is concluded as long as we have shown these auxiliary results.

Proof Lemma 5.8.1. The bound in (5.8.54) can be decomposed as ¢(I; + I3). For I to go to zero

p—0

one can choose ¢, := x;, ° for some § > 0. In this case, one can bound the second term up I2 by

> BP(Xol > an) = O(X),, it "/P(1Xo| > 2n))

t=ln+1
= 0L, " /P(|Xo| > x))
< O(l,;n(p—6)+(p—5)+(a+§)).

Then I vanishes as n — +oo if Kk > 1+ (a+9)/(p —0) > 1+ a/p + § where the last bound holds

by Karamata’a theorem and plugging in the value for £,. O

Proof Lemma 5.8.2.
Case p > a/2 We will use that is p < a then nE[|X;/z, [?] = o(1).

Let’s write X} := ILX{ + R; with X{, independent identically distributed as Xo. Indeed,
this corresponds to the solution of equation (5.6.35) with innovations ((Aj,B})) where (A}, B}) =
(A4, By) for t <0 and (A}, B}):>1 is an iid sequence independent of (A4, B¢)i<o. Then,

P([1Xn /25 = B[ X /2|5 > 0) < 2n Y L
t=0
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where I; = Cov(|Xo|, |X;]). Thus,

Iy = EUXO/mnc PIXe/wn p} - EUXO/xnc|p’X{t/xnc|p]
< EUXO/%c b (‘Xt/mnc|p - |X2/xn€‘p)+]
< E[Xo/za |7 (1Xe/aal” = [Xi/2al?) , 1(Xe/2n] < )L(X}/20] < €)]

+E[|Xo/zn [P [Xe/n [PL(IX} /20| > €)]
Iiq+ I o.

Assume p > 1. Then, for the first term I; 1, a Taylor decomposition yields

€ 2€ € 2e _
Iy < pE[ [ Xo/zn [P|X¢/an — Xe/an || Xi/2n + E(X;/mn = X[z )’p 1]
€ 26 € 26
= pE[[Xo/zn PILX}/zn — LiXo/2y || X]/zn + (LX) 20 — ILXo/zn )P ]

for some random variable £ € (0,1) a.s. Then, by Jenssen’s inequality we have that there exists a

constant ¢ > 0 such that

Ly < p2® V4 E[|Xo/zn PIX) 20 — WXo 2 | XL 20 [P7]
+p2 0+ B[ (Ko, P [1XD J2n — X0 zn 7]

cE[ |me|2p]l/2E|:|7Htx6/mn46|2p:|1/2

¢ (E[ [ Xo/za |*IE[|L|*°]P(|Xo| > @)
O (2P E[TL,|*~%]) /*P(|Xo| > ) )-

IA

1/2

IN

The last result holds by an application of Potter’s bounds and Karamata’s theorem. Then, if
E[|A]*~%] < 1 we conclude limjo limsup,,_, ;o > 1oq Lt.1/P(|Xo| > 2,,) = 0. If p < 1 then we can

use a subadditivity argument and we conclude by similar steps. Now we look at the term I; o

Lo = B[ Xo/zn [P [Xi/zn PL(X, /20| > €)]

EUXO/xnc‘p ‘HtXO/xnc‘pﬂ(‘X:‘,/xn‘ > 6)] + EUXO/wnCV) |Rt/xn2€|p]1(|X;:/xn| > 6)]
+E[|Xo/zn [P 1(|I:Xo /2| > €)1(|X} /20| > €)].
O(E[[Xo/mn P|E[[Refwn [PL(X}/2a| > €)]

IN

Then,
limlimsup Y I 2/P(|Xo| > @n) = O(nE[[Xo/zy [P]P(|Xo /20| > €xn))
t=1

€l0 n—4oo —

143



In this case we argue as in Lemma 5.8.1 and write
P(|I1Xq, n]/flf 15— Ell X0/ (5] > 0)

2n ZIt+ Z It

t=0n+1

IN

n

< O(GE[Xo/zn [Pl + > 1)

t=Cn+1

O(LynE[[Xo/z [P] + 1™ Y By)
t=ln+1

IN

where in the last bound we use the covariance inequality for the (/) mixing coefficients. Finally,

notice that if n/z5, — 0 then CS,, holds without additional mixing conditions. O

5.9 Annexes

Theorem 5.9.1. (Karamata’s theorem) Let X be a regularly varying random variable with index

a > 0. Then, the following asymptotic bounds hold

E[IX/z[P1(X[ <2) _p—-«

i ) |
R ) o yr=a
E[X/oPL(X| > )] _p-a |
li = .
2+ Fo0 P(|X| > z) a p<a

Theorem 5.9.2. (Potter’s bounds) Let X be a regularly varying random variable with index o > 0.
Then, there exists € > 0,xg > 0,cq > 0 such that for all x >y > xg,

< P(X > x)

cHafy) o m

c(a/y)~Te

Consider the multivariate version of Breiman’s lemma proven in [6] extending Breiman’s uni-

variate result in [19].

Theorem 5.9.3. (Multivariate Breiman’s lemma) Let Xq be an R¥-values regularly varying vec-
tor with index o« > 0 and let A be a random matriz in Rqu, independent of Xo. Assume 0 <
E[|A[3] < +oo for some § > 0. If nP(a,'Xg € ) = p = [[“P(y©y € -)d(—y~*), where
|O0| =1 a.s., then
0o
nP(a,'AXg€-) = ji:= /0 P(y AOg € -)d(—y~ ), n— +o0

where < denotes vague convergence on R\ {0} and R\ {0} respectively.
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Remark 5.9.4. In particular, under the assumptions of Theorem 5.9.3, regular variation on R?

holds if the probability P(|ABGq|op > 0) is strictly positive.

Theorem 5.9.5. (Vervaat’s lemma) Let (Fy,)n—o,... be a sequence of D[0, +00)-valued elements and

Fy has continuous paths. Assume F,, has non decreasing paths there exists k, — 400 such that
kn(Fn(t) — ) % Fy(t), n— 400

in D(0,4+00). Then,
(Bt — 1) 5 —F(t)

See Proposition 3.3. in [143|
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Conclusions

This thesis focuses on the multivariate study of extremal time dependencies of heavy-tailed
stationary time series. The heavy-tailed phenomenon aims to model random mechanisms attain-
ing high-intensity levels regularly. For example, in hydrology, heavy rainfall follow this principle
[102]. Furthermore, extreme weather conditions produced by storms/fronts typically entail large
rainfall amounts, which can be recorded on numerous days and can have extensive spatial coverage.
Naturally, neighboring weather stations will record, let’s say, a storm, on the same day or week.
Overall, the meteorological dynamics lead to temporal and spatial dependencies in the hydrology
data sets. Moreover, modeling the frequency and magnitude of high-intensity precipitation levels
is critical for constructing coverage policies and infrastructure plans to protect human, societal,
and environmental valuables from hazards. Extreme value theory (EVT) is essential for the risk
assessment of this heavy-tailed phenomenon. Actually, a significant component of environmental
risk is its interconnected aspect [69]; thus, the spatiotemporal considerations are essential for ac-
curately modeling heavy rainfall. For example, flooding often occurs due to heavy rainfall records
co-occurring in the same region and period, overloading the drainage systems. For these reasons,
Chapter 4 has proposed to model regional fall daily rainfall amounts in France (see Figure 1.1),
from the data set consisting of three different regions introduced in Chapter 1, as a multivariate
stationary regularly varying time series.

Consider a stationary regularly varying time series (X;), taking values in (R?, |- |), with (tail)
index a > 0. Motivated by the rainfall data presented in Chapter 1, this thesis had two main
objectives. First, to present a theoretical framework for modeling heavy-tailed extremes in space
and time, and second, to propose new inference procedures tailored to aggregate spatiotemporal
extremes thoughtfully. To achieve the first goal, I have proposed to model spatiotemporal features
of extremal (P-blocks, i.e., blocks Xy, with a large ¢P-norm, through p-clusters QW) e ¢r, for
p > 0, (see Theorem 2.2.1). Comparing the asymptotic results for different choices of p (see
Proposition 2.3.1), has pointed to the a-cluster Q = Q@ € ¢* to be a good candidate for trailing
the spatiotemporal characteristics of extreme periods, where o > 0 is the (tail) index. Actually,
extremal £*°-blocks had been previously studied and lead to the cluster (of exceedances) theory. The
asymptotics of extremal ¢>°-blocks already demonstrated to be helpful to obtain theoretical results
for heavy-tailed time series in [40, 8, 9]. My work has extended the classical approach undertaken
in [40] for modeling extremal ¢£>°-blocks; see also [40, 10, 9, 138, 28, 108]. In my case, I have studied
extremal ¢P-blocks, for p € (0,+00]. For p < oo, my approach was built on the theory of large

deviations of sums of heavy-tailed time series; see [121, 123].
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Concerning the second goal of this thesis, I have proposed new inference methodologies which
aggregate spatiotemporal extremes using the /*-norm. The new procedures I presented are justified
by the asymptotics derived for extremal /“-blocks in Theorem 2.2.1. I have addressed cluster
inference in Chapters 2, 3, and marginal inference in Chapter 4. For cluster inference, I have
proposed disjoint blocks estimators to infer cluster statistics from p-clusters using extremal ¢P-
blocks, for p > 0. I have stated consistency of the disjoint blocks estimators in Theorem 2.4.1,
and asymptotic normality in Theorem 5.2.1. To compare inference procedures, recall a relationship
between p-clusters has been established (see Proposition 2.3.1). It follows that the same constant can
be estimated from different pairs f, p, by letting a suitable functional f, : #/ — R act on extremal
£P blocks. Inference based on extremal ¢*-blocks has proven to be advantageous compared to £°°-
based inference in terms of bias. For example, the extremal index can be estimated from extremal
¢*-blocks (see Corollary 2.4.2). Concerning marginal inference, I have introduced the stable sums
method to improve high return levels inference of Xg. This new method is explained in Algorithm 1,
and it is justified by the asymptotics of extremal ¢*-blocks. Roughly speaking, the method starts by
computing the /*-norm of disjoint short periods to create a new sample. Then, it relies on central
limit theory of heavy-tailed increments to extrapolate high quantiles from the new sample of £*-
norms. Actually, using the (tail) index o > 0 for improving inference procedures had been already
studied in [10, 39, 50]. The a-cluster theory, from the new large deviation results in Theorem 2.2.1,
has proven to be helpful to pursue this approach, since the new inference methodologies I presented
are built on the asymptotics of extremal £*-blocks.

To conclude, the a-cluster, defined to model extremal ¢“-blocks, has demonstrated to be a
nice candidate to capture heavy-tailed extremes with spatial and temporal coverage. Inference
methodologies based on extremal ¢“-blocks have appeared to be robust to handle time dependencies.
Finally, I want to highlight how aggregating all the recordings from the underlying extreme event
(which were recorded over space and time) can be advantageous for enhancing inference. In terms of
robustness, using the /*-norm proved to be more fruitful than, for example, picking only the largest
value in a short period. Nevertheless, even in the stationary setting, many theoretical and practical
challenges remain to improve the risk estimation of spatiotemporal data sets. For example, from
a theoretical perspective, computations of the a-clusters are unavailable for many classical models.
Concerning the practical difficulties, notice I have not fully accounted for the uncertainties from
estimating the index of regular variation « in the methodologies presented in this thesis. Moreover,
statistical methods for extremes come in several steps, where the first step is typically choosing
a high threshold or selecting a block length. In this scenario, comparing and scoring statistical
procedures for extremes is complex due to multiple-steps estimation and hyperparameter tuning.
Overall, a list of open questions can be very long. I conclude by detailing three future perspectives

of my work.
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Future perspectives

e We have studied extremal ¢“-blocks in Chapter 2. We have mentioned the a-cluster is a
good candidate to characterize extremal spatiotemporal features. They were defined as the
spectral component in ¢* of the spectral tail measure, i.e., Q® = ©/]|©]la. Computations
of the forward spectral tail: (O)¢>0, are available for classical models like linear models and
stochastic recurrence equations (SRE). However, less is known about the backward spectral
tail (©¢)i<o for the (SRE) under the Kesten’s conditions. A methodology for inferring the full
spectral tail of stochastic recurrence equations should improve a-cluster inference. Indeed,
we have discussed cluster inference in Chapters 2, 3, only through non-parametric approaches
based on disjoint blocks estimators. Imposing a Markov structure could improve estimates of

a-cluster statistics.

e We have presented in Chapter 4 the stable sums method for multivariate high quantile in-
ference. We have proposed to aggregate spatiotemporal data through the ¢*-norm. In this
case, the univariate /*-norm drives the extreme behavior of the d-variate time series. For high
return levels inference, in the first step we model the sums of a-powers, and then we allocate
weights m(j), for j = 1,...,d, to each coordinate to retrieve marginal features. Our approach
focuses on extremal sets: {X; > z}, 7 = 1,...,d, but we can retrieve other d—variate ex-
tremal features similarly. For example, inference on sets of the form {max{Xj;, X;} > =} could
be possible while allocating new weights m(i, 7). In practice, for a full risk assessment, it is
important to model compound multivariate extremes like sites i, j, recording large amounts
simultaneously. For example, in hydrology, a frequent cause of flooding is the saturation of
drainage systems due to heavy rainfall recorded over the same region at the same time. This
application motivates the study of compound spatiotemporal extremes. The theoretical tools

in this thesis could help tackling this problems.

e Implementation of the stable blocks method from Algorithm 1 assumes that the vector coor-
dinates reach high levels with similar intensities. Our motivation behind this assumption is
that, for climatological time series, extremes can have a similar source explained by shared
weather mechanisms. Extreme weather conditions then propagate in space and time following
physical laws. In this setting, to apply our methodology to a larger spatial grid, we must
first detect spatial patches with akin extreme climates. A spatial cluster detection for similar
extreme events is studied in [112|. Coupling these techniques with our stable sums heuristic

opens the road to new research perspectives.

149






[1]

2]
3]

[4]

5]

6]

7]

8]

19]

[10]

[11]

[12]

[13]

[14]

Bibliography

Asapi, P., ENGELKE, S. AND DavIsON, A.C. (2018) Optimal regionalization of extreme value
distributions for flood estimation. Journal of Hydrology. 556, 182-193.

ASMUSSEN, S. (2003) Applied Probability and Queues. 2nd edition. Springer, New York.

ARAUJO, A., AND GINE, E. (1980) The Central Limit Theorem for Real and Banach Random
Variables. Wiley, New York.

ANDREWS, B., CALDER, M. AND Davis, R.A. (2009) Maximum likelihood estimation for
a-stable autoregressive processes. The Annals of Statistics. 37, 1946-1982.

BARTKIEWICZ, K., JAKUBOWSKI, A., MIKOSCH, T. AND WINTENBERGER, O. (2011) Stable

limits for sums of dependent infinite variance random variables. Probab. Th. Relat. Fields 150,
337-372.

Basrak, B., Davis, R.A. AND MikoscH, T. (2002) Regular variation of GARCH processes.
Stoch. Prob. Appl. 99, 95-115.

BASRAK, B., Davis, R.A. AND MIKOSCH, T. (2002) A characterization of multivariate regular
variation. Ann. Appl. Prob. 12, 908-920.

BASRAK, B., KRIZMANIC, D. AND SEGERS, J. (2012) A functional limit theorem for dependent
sequences with infinite variance stable limits. Ann. Probab. 40, 2008-2033.

BAsrAK, B., PLANINIC, H. AND SOULIER, P. (2018) An invariance principle for sums and
record times of regularly varying stationary sequences. Probab. Th. Rel. Fields 172, 869-914.

BASRAK, B. AND SEGERS, J. (2009) Regularly varying multivariate time series. Stoch. Proc.
Appl. 119, 1055-1080.

BEIRLANT, J., DIERCKX, G., GUILLOU, A. AND STARICA, C. (2002) On exponential repre-

sentations of log-spacings of extreme order statistics. Fatremes. 5, 157-180.

BERLANT, J., GOEGEBEUR, Y., SEGERS, J. AND TEUGELS, J.L. (2006) Statistics of extremes:
theory and applications. John Wiley & Sons, Chichester.

BINGHAM, N., GoLDIE, C.M. AND TEUGELS, J. (1987) Regular Variation. Cambridge Uni-
versity Press, Cambridge (UK).

BRADLEY, R.C. (2005) Basic properties of strong mixing conditions. A survey and some open
questions. Probability Surveys 2, 107-144.

151



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

[28]

[29]

BRADLEY, R.C. (1988) A central limit theorem for stationary p-mixing sequences with infinite
variance. Ann. Probab. 16, 313-332.

BERGHAUS, B. AND BUCHER, A. (2018) Weak convergence of a pseudo maximum likelihood
estimator for the extremal index. Ann. Stat. 46 , 2307-2335.

BREIMAN, L. (1968) Probability Addison-Wesley, Reading, Mass.

BROCKWELL, P.J. AND Davis. R.A. (2002) Introduction to time series and forecasting. New
York, Springer New York.

BREIMAN, L. (1965) On some limit theorems similar to the arc-sin law. Theory Probab. Appl.
10, 323-331.

BrowN, B.M. AND RESNICK, S.I. (1977) Extreme values of independent stochastic processes.
J. Appl. Probab. 14, 732-739.

BUCHER, A. AND JENNESSEN, T. (2020). Method of moments estimators for the extremal
index of a stationary time series. Electr. J. Stat. 14 |, 3103-3156.

BURACZEWSKI, D., DAMEK, E. AND MIKOsCH, T. (2016) Stochastic Models with Power-Laws.
The Equation X = AX + B. Springer, New York.

BurAaczEwsKI, D., DAMEK, E. AND MIKOSCH, T. (2016). Stochastic models with power-law
tails. The Equation X = AX + B. Springer Ser. Oper. Res. Financ. Eng., Springer, Chap, 10,
978-3.

BURACZEWSKI, D.; DAMEK, E., MikoscH, T. AND ZIENKIEWICZ, J. (2013). Large devia-
tions for solutions to stochastic recurrence equations under Kesten’s condition. The annals of
Probability. 41, 2755-2790.

BURITICA, G., MiKOsCH, T., MEYER, N. AND WINTENBERGER, O. (2021) Some variations

on the extremal index. Zapiski Nauchn. Seminarov POMI, to appear.

BURITICA, G., MIKOSCH, T. AND WINTENBERGER, O. (2022). Large deviations of ¢P-blocks

of regularly varying time series. Technical report.

BURITICA, G. AND NAVEAU, P. (2022) Stable sums to infer high return levels of multivariate
rainfall time series. https://arxiv.org/abs/2112.02878

C1ssOokHO, Y. AND KuLIK, R. (2021) Estimation of cluster functionals for regularly varying
time series: sliding blocks estimators. Electronic Journal of Statistics 15, 2777-2831.

CHANG, J.T. AND PERES, Y. (1997) Ladder heights, Gaussian random walks and the Riemann
zero function. Ann. Probab. 25, 787-802.

152


https://arxiv.org/abs/2112.02878

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

CHAVEZ-DAMOULIN, V. AND DaAVISON, A.C. (2012) Modelling time series extremes.
REVSTAT-Statistical Journal. 10, 109-133.

CLINE, D. B. (1983) Estimation and linear prediction for regression, autoregression and ARMA
with infinite variance data. PhD Diss. Colorado State University.

CLINE, D.B.H. (1986) Convolution tails, product tails and domains of attraction. Probab.
Theory Related Fields. T2, 529-557.

CLINE, D.B.H. AND HsING T. (1998) Large deviation probabilities for sums of random vari-

ables with heavy or subexponential tails, Technical Report. Texas A&M University.

CoLEs, B., Bawa, J., TRENNER, L. AND DORAZIO, P. (2001) An introduction to statistical

modeling of extreme values. Springer, London.

CoLES, S.G. AND TAwN J.A. (1991) Modelling extreme multivariate events. Journal of the
Royal Statistical Society: Series B (Methodological). 53, 377-392.

CoLES, S.G. AND TAWN J.A. (1991) Statistical methods for multivariate extremes: an applica-
tion to structural design. Journal of the Royal Statistical Society: Series B (Applied Statistics).
43, 1-31.

CooLEY, D., NICHKA, D. AND NAVEAU, P. (2007) Bayesian Spatial Modeling of Extreme
Precipitation Return Levels. Journal of the American Statistical Association. 102. 824-840.

CooLEY, D., Davis, R.A. AND NAVEAU, P. (2012) Approximating the conditional density
given large observed values via a multivariate extremes framework, with application to envi-
ronmental data. 6, 1406—1429.

Davis, R.A., DREES, H., SEGERS, J. AND WARCHOL, M. (2018) Inference on the tail process

with applications to financial time series modeling. J. Econometrics 205, 508-525.

Davis, R.A. AND Hsing, T. (1995) Point process and partial sum convergence for weakly

dependent random variables with infinite variance. Ann. Probab. 23, 879-917.

Davis, R.A. AND MIKOSCH, T. (1998) The sample autocorrelation of heavy-tailed processes
with applications to ARCH. Annals of Statistics. 26, 2049-2080.

Davis, R.A. AND RESNICK, S.I. (1985) Limit theory for moving averages of random variables
with regularly varying tail probabilities. Ann. Probab. 13, 179-195.

DavisoN, A.C. AND SMITH, R.L. (1990) Models for exceedances over high thresholds (with
discussion). J. Royal Statist. Soc., Series B. 52, 393-442.

Davis, R.A., AND MIkOsCH, T. (2009) The extremogram: A correlogram for extreme events.
Bernoulli 15, 977-1009.

153



[45]

[46]

[47]

48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

Davis, R.A. AND MikoscH, T (2001) Point process and partial sum convergence for weakly

dependent random variables with infinite variance. Ann. Prob. 23, 879-917.

Davis, R.A., AND RESNICK, S. (1985) Limit theory for moving averages of random variables
with regularly varying tail probabilities. Ann. Probab. 3, 179-195.

DEDECKER, J., DOUKHAN, P., LANG, G., RAFAEL, L. R. J., LOUHICHI, S. AND PRIEUR,
C. (2007) Weak dependence: With examples and applications. Springer, New York.

DoMBRY, C., HASHORVA, E. AND SOULIER, P. (2018) Tail measure and spectral tail process
of regularly varying time series. Ann. Appl. Probab. 28, 3884-3921.

DRrEEs, H. (2000) Weighted approximations of tail processes for S-mixing random variables.
Ann. Appl. Probab. 10, 1274-1301

DREES, H., JANSSEN, A. AND NEBLUNG, S. (2021) Cluster based inference for extremes of

time series. Stochastic Processes and their Applications. 142, 1-33

DREES, H. AND NEBLUNG, S. (2021) Asymptotics for sliding blocks estimators of rare events.
Bernoulli 27, 1239-1269.

DRrEES, H. AND ROOTZEN, H. (2010) Limit theorems for empirical processes of cluster func-
tionals. Ann. Stat. 38, 2145-2186.

DRrEES, H., SEGERS, J. AND WARCHOL, M. (2015) Statistics for tail processes of Markov
chains. Eztremes 18, 369-402.

DuMoucHEL, W.H. (1971) Stable distributions in Statistical inference. Dissertation Yale Uni-

versity.

DuMoucHEL, W.H. (1973) On the asymptotic normality of the maximum-likelihood estimate
when sampling from a stable distrbibution The annals of Statistics. 1, 948-957

DuMoucHEL, W.H. (1973) Stable distributions in statistical inference 1: Symmetric stable
distributions compared to other symmetric long-tailed distributions. JASA. 68, 469-477.

DuMoucHEL, W.H. (1975) Stable distributions in statistical inference 2: Information from
stable distributed sampled JASA. 40, 386-393.

EBERLEIN, ERNST. (1984) Weak convergence of partial sums of absolutely regular sequences.
Statistics and Probability Letters. 2, 291-293.

EMBRECHTS, P., KLUPPELBERG, C. AND MIKOSCH, T. (1997) Modelling extremal events for

insurance and finance. Springer-Verlab, Berlin Heidelberg New York.

EAsTOE, E.F. AND TAawN, J.A. (2012) Modelling the distribution of the cluster maxima of
exceedances of subasymptotic threshold. Biometrika. 99, 43-55.

154



[61] EvIN, G., FAVRE, A.C. AND HINGRAY, G. (2018) Stochastic generation of multi-site daily

precipitation focusing on extreme events. Hydrology and Earth System Sciences. 22, 655—-672.

[62] FAWCETT, L. AND WALSHAW, D. (2007) Improved estimation for temporally clustered ex-

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

73]

[74]

[75]

tremes. Environmetrics. 18, 173—-188.

FawceTT, L. AND WALsHAW, D. (2012) Estimating return levels from serially dependent

extremes Environmetrics. 23, 272-283.

FAwWCETT, L. AND WALSHAW, D. (2014) Estimating the probability of simultaneous rainfall
extremes within a region: a spatial approach Journal of Applied Statistics. 41, 959-976.

FERRO, C. A. AND SEGERS, J. (2003) Inference for clusters of extreme values. J. Royal Statist.
Soc., Series B. 65, 545-556.

FELLER, W. (1971) An Introduction to Probability Thoery and Its Aplications I. 3rd edition.
Wiley, New York.

FELLER, W. (2008) An introduction to probability theory and its applications. John Wiley %
Sons, New York.

FERREIRA, M. AND FERREIRA, H. (2013) Extremes of multivariate ARMAX processes. TEST:
An. oficial Journal of Spanish Society of Statistics and Operations Research 22, 606—-627.

FieLps, C.S. AND BARROS, V.R. (2014) Climate change 2014-Impacts, adaptation and vul-
nerability: Regional aspects. (IPCC) Cambridge University Press.

FINKELSHTEYN, B.V. (1953) Limiting distribution of extreme values of the variational series
of two dimensional random variables. DOKL. AK. NAUK. SSSR 91. 2, 209-211.

FOUGERES, A.L. (2004) Multivariate extremes. Eztreme values in finance, telecommunications,
and the environment. 1, 373-388.

FOUGERES, A.L. AND MERCADIER, C. (2004). Risk measures and multivariate extension of
Breiman’s theorem Journal of Applied Probability. 49, 364—-384.

GILLELAND, E. AND KaTz, R.W. (2016) extRemes 2.0: An extreme value analysis package
in R. Journal of Statistical Software. 27. 1-39.

GoLDIE, C.M. (1991) Implicit renewal theory and tails of solutions of random equations. Ann.
Appl. Probab. 1, 126-166.

GoMEs, I., DE HAAN, L. AND RODRIGUES, L.H. (2008) Tail index estimation for heavy-
tailed models: accommodation of bias in weighted log-excesses. Journal of the Royal Statistical
Society: Series B (Statistical Methodology) 70, 31-52.

155



[76]

[77]

78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[36]

[87]

[33]

[39]

[90]

GoMEs, M.I., DE HAAN, L. AND PENG, L. (2002) Semi-parametric estimation of the second

order parameter in statistics of extremes. Fxtremes. 5, 387-414.

GUMBEL, E.J. (1960) Distributions de valeurs extremes en plusieurs dimensions. Publ. Inst.
Statist. Paris. 9, 171-173.

HAAN, L. DE (1984) Slow variation and the characterization of domains of attraction. In: Tiago
de Oliveira, J. Statistical Extremes and Applications, p. 31-48. Reidel, Dordrecht.

HaAN, L. DE (1984) A spectral representation for max-stable processes. Ann. Probab. 12,
1194-1204.

HAAN, L. DE. AND FERREIRA, A. (2006) Extreme Value Theory: and introduction. Springer,
New York.

HaaN, L. DpE, REsNIcK, S.I. (1977) Limit theory for multivariate sample extremes.
ZEITSCHRIFT FUR WAHRSCHEINLICHKEITSTHEORIE UND VERWANDTE GEBIETE. 40, 317-.337.

HaAN, L. DE, RESNICK, S.I., ROOTZEN, H. AND VRIES, C.G. DE (1989) Extremal behaviour
of solutions to a stochastic difference equation with applications to ARCH processes. Stoch.
Proc. Appl. 32, 213-224.

HaAaN, L. DE, MERCADIER, C. AND ZHOU, C. (2016) Adapting extreme value statistics to

financial time series: dealing with bias and serial dependence. Finance and Stochastics 20,
321-354.

HaAN, L. DE AND REsSNICK, S. I. (1977). Limit theory for multivariate sample extremes.
Zeitschrift fiir Wahrscheinlichkeitstheorie und verwandte Gebiete. 40, 317-337.

HiLr, B.M. (1975) A simple general approach to inference about the tail of a distribution. The
annals of statistics. 1, 1163-1174.

Hurr, H. AND LINDSKOG, F. (2005) Extremal behavior of regularly varying stochastic pro-
cesses. Stochastic Processes and their applications. 115, 249-274.

HsiNG, T. (1991) On tail index estimation using dependent data The Annals of Statistics. 1,
1547-15609.

HsinG, T. (1993) Extremal index estimation for a weakly dependent stationary sequence. Ann.
Stat. 21, 2043-2071.

Hurr, H. AND LINDSKOG, F. (2006) Regular variation for measures on metric spaces. Publ.
de UInstitut Math. (Belgrade) 80 (94), 121-140.

Hurt, H. AND SAMORODNITSKY, G. (2008). Tail probabilities for infinite series of regularly

varying random vectors. Bernoulli. 14, 838-864.

156



[91] Hurr, H. AND SAMORODNITSKY, G. (2010). Large deviations for point processes based on
stationary sequences with heavy tails. Journal of Applied Probability. 47, 1-40.

[92] HUSER, R. AND WADSWORTH J.L. (2020) Advances in statistical modeling of spatial extremes
Wiley Interdisciplicary Reviews: Computational Statistics. 14, e1537.

[93] IPCC (2021) Climate Change 2021: The physical Science Basis. Contribution of Working
Group I to the Sizth Assessment Report of the Intergouvernmental Panel on Climate Change.
Cambridge University Press (In Press).

[94] IBrRAGIMOV, I.A. (1970) On the spectrum of stationary Gaussian sequences which satisfy the
strongly mixing conditions II. Sufficient conditions. The rate of mixing. Th. Probab. Appl. 15,
24-37.

[95] IBRAGIMOV, I.A. (1975) A note on the central limit theorems for dependent random variables.
Th. Probab. Appl. 20, 135-141.

[96] JANSSEN, A. (2019) Spectral tail processes and max-stable approximations of multivariate
regularly varying time series. Stoch. Proc. Appl. 129, 1993-2009.

[97] JAKUBOWSKI, A. (1993) Minimal conditions in p-stable limit theorems. Stoch. Proc. Appl. 44.
291-327.

[98] JAKUBOWSKI, A. (1997) Minimal conditions in p-stable limit theorems II. Stoch. Proc. Appl.
68. 1-20.

[99] KABLUCHKO, Z. (2009) Spectral representations of sum- and max-stable processes. Extremes.
12, 401-424.

[100] KARAMATA, J. (1933) Sur un mode de croissance réguliére. Théorémes fondamentaux. Bulletin
de la Société Mathématique de France. 61, 55-62.

[101] KALLENBERG, O. (2017) Random Measures, Theory and Applications. Springer, Cham.

[102] KaTz, R.W., PARLANGE, M. AND NAVEAU, P. (2002) Extremes in hydrology. Adv. Water.
Resour. 25, 1287-1304.

[103] KESTEN, H. (1973) Random difference equations and renewal theory for products of random
matrices. Acta Math. 131, 207-248.

[104] KHARIN, V.V., ZwIERS, F.W., ZHANG, X. AND WEHNER, M. (2013) Changes in temper-
ature and precipitation extremes in the CMIP5 ensemble Climatic change. 119, 345-357.

[105] KIRILOUK, A., ROOTZEN, H., SEGERS, J. AND WADSWORTH, J.L. (2019) Peaks over thresh-

olds modeling with multivariate generalized Pareto distributions. Technometrics. 61, 123-135.

157



[106] KONSTANTINIDES, D. G. AND MIKOsCH, T. (2005). Large deviations and ruin probabilities
for solutions to stochastic recurrence equations with heavy-tailed innovations. The Annals of
Probability. 33, 1992-2035.

[107] KoLMOGOROV, A.N. AND RozANOV, YU.A. (1960) On the strong mixing conditions for
stationary Gaussian sequences. Th. Probab. Appl. 5, 204-207.

[108] KULIK, R. AND SOULIER, P. (2020) Heavy-Tailed Time Series. Springer, New York.

[109] LEADBETTER, M.R. (1983) Extremes and local dependence in stationary sequences. Probab.
Th. Relat. Fields 65, 291-306.

[110] LEADBETTER, M.R., LINDGREN, G. AND ROOTZEN, H. (1983) Extremes and related prop-

erties of random sequences and processes. Springer, Berlin.

[111] LEDFORD, A.W. AND TAWN, J.A. (1996) Statistics for near independence in multivariate

extreme values. Biometrika, 83. 169-187.

[112] LE GALL, P., FAVRE, A.C., NAVEAU, P. AND PRIEUR, C. Improved regional frequency
analysis of rainfall data (2021) https://hal.archives-ouvertes.fr/hal-03114324/.

[113] LinDpskoG, F., RESNICK, S.I. AND Rov, J. (2014) Regularly varying measures on metric
spaces: hidden regular variation and hidden jumps. Probab. Surveys 11, 270-314.

[114] LiNn, T. AND DE HAAN, L. (2001). On convergence toward an extreme value distribution in
C10,1]. The Annals of Probability. 29, 467-483.

[115] LoyNEs, R.M. (1965) Extreme values in uniformly mixing stationary stochastic processes.
Ann. Math. Statist. 36, 993-999.

[116] McCuLLocH, J.H. (2003) 13 Financial application of stable distributions. Handbook of statis-
tics. 14, 193-425.

[117] MikoscH, T. (1999) Regular Variation, Subexponentiality and Their Applications in Proba-
bility Theory. (Vol. 99) Eindhoven, The Netherlands:Eindhoven University of Technology.

[118] MikoscH, T. AND RopioNov, I. (2021). Precise large deviations for dependent subexponen-
tial variables. Bernoulli. 27, 1319-1347.

[119] MikoscH, T. AND NAGAEV, A. V. (1998) Large deviations of heavy-tailed sums with appli-

cations in insurance. Ertremes. 1, 81-110.

[120] MikoscH, T. AND SAMORODNITSKY, G. (2000). The supremum of a negative drift random
walk with dependent heavy-tailed steps. The Annals of Applied Probability. 10, 1025-.1064.

[121] MikoscH, T. AND WINTENBERGER, O. (2013) Precise large deviations for dependent regu-
larly varying sequences. Probab. Th. Rel. Fields 156, 851-887.

158


https://hal.archives-ouvertes.fr/hal-03114324/

[122] MikoscH, T. AND WINTENBERGER, O. (2014) The cluster index of regularly varying se-
quences with applications to limit theory for functions of multivariate Markov chains. Probab.
Th. Rel. Fields 159, 157-196.

[123] MikoscH, T. AND WINTENBERGER, O. (2016) A large deviations approach to limit theory
for heavy-tailed time series. Probab. Th. Rel. Fields 166, 233-269.

[124] NAGAEV, S.V. (1979) Large deviations of sums of independent random variables. Ann. Probab.
7, 7T45-789.

[125] NAGAEV, A.V. (1969) Integral limit theorems for large deviations when Cramer’s condition
is not fulfilled LII. Theory Probab. Appl 14, 51-64.

[126] NavEAU, P., HUSER, R., RIBEREAU, P. AND HANNART, A. (2016). Modeling jointly low,
moderate, and heavy rainfall intensities without threshold selection. Water Resources Research.
52, 2753-27609.

[127] NEWELL, G.F. (1964) Asymptotic extremes for m-dependent random variables. Ann. Math.
Statist. 35, 1322-1325.

[128] Nikias, C.L. AND SHAO, M. (1995) Signal processing with a-stable distributions and appli-
cations. Wiley, New York.

[129] NORTHROP, P.J. (2015) An efficient semiparametric maxima estimator of the extremal index.
FExtremes. 18, 585-603.

[130] NoLAN, J.P. (2020) Univariate stable distributions. Berlin/Heidelberg, Germany, Springer.

[131] NorLaN, J.P. (2001) Lévy Processes: Theory and Applications, chapter Maximum likelihood

estimation and diagnostics for stable distributions. Springer, Boston.

[132] O’BRIEN, G.L. (1974) Limit theorems for the maximum term of a stationary process. Ann.
Probab. 2, 540-545.

[133] O’BRIEN, G.L. (1987) Extreme values for stationary and Markov sequences. Ann. Probab.
15, 281-291.

[134] OLIVEIRA, J.T. DE (1958) Extremal distributions. REvV. Fac. CIENC. UNIV. LISBOA. 2,
219-227.

[135] PICKANDS, J. (1969) Asymptotic properties of the maximum in a stationary Gaussian process.
Trans. Amer. Math. Soc. 145, 75-86.

[136] PELIGRAD, M. (1985) Invariance principles for mixing sequences of random variables. Ann.
Prob. 10, 968-981.

159



[137] PESCAROLI, G. AND ALEXANDER, D. (2018) Understanding compound, interconnected, in-
teracting, and cascading risks: a holistic framework. Risk analysis. 38, 2245-2257.

[138] PLANINIC, H. AND SOULIER, P. (2018) The tail process revisited. Extremes 21, 551-579.

[139] PraNiNic, H. (2021) Palm theory for extremes of stationary regularly varying time series
and random fields. arXiv preprint arXiv:2104.03810.

[140] RESNICK, S.I. (1987) Extreme Values, Regular Variation, and Point Processes. Reprint 2008.
Springer, New York.

[141] RESNICK, S.I. AND STARICA, C. (1995) Consistency of Hill’s estimator for dependent data.
Journal of Applied probability. 32, 129-167.

[142] RESNICK, S.I. (1997) Heavy tail modeling and teletraffic data. Ann. Statist. 25, 1805-1869.

[143] RESNICK, S.I. (2007) Heavy-Tail Phenomena: Probabilistic and Statistical Modeling. Springer,
New York.

[144] R1o, E. (2017) Asymptotic theory of weakly dependent random processes. Springer, New York.

[145] ROBERT, C.Y. (2009) Inference for the limiting cluster size distribution of extreme values.
Ann. Stat. 37, 271-310.

[146] ROBERT, C.Y. (2008) Estimating the multivariate extremal index function. Bernoulli. 14,
1027-1064.

[147] RooTzEN, H., SEGERS, J. AND WADSWORTH, J. L. (2018) Multivariate generalized Pareto
distributions: Parametrizations, representations, and properties. Journal of Multivariate Anal-
ysis. 165, 117-131.

[148] ROOTZEN, H., SEGERS, J. AND WADSWORTH, J. L. (2018) Multivariate peaks over thresh-
olds models. Extremes. 21, 115-145.

[149] RooTzEN, H. AND TAJviDI, N. (1997) Extreme value statistics and wind storm losses: a

case study. Scandinavian Actuarial Journal. 21, 70-94.

[150] FERRO, C. A., SEGERS, J. AND ROBERT, C. Y. (2009) A sliding blocks estimator for the
extremal index. Flectr. J. Stat. 3, 993—-1020.

[151] SAMORODNITSKY, G., TAQuu, M.S. AND LINDE R.W. (1996) Non-Gaussian random pro-

cesses: stochastic models with infinite variance. Bulletin of the London Mathematical Society.

[152] SEGERS, J., ZHAO, Y. AND MEINGUET, T. (2017) Polar decomposition of regularly varying

time series in star-shaped metric spaces. Eztremes 20, 539-566.

160



[153] SEGERS, J. (2003) Functionals of clusters of extremes. Advances in Applied Probability. 35,
1028-1045.

[154] SEGERS, J. (2005) Approximate distributions of clusters of extremes. Stat. Probab. Letters
74, 330-336.

[155] SUVEGES, M. (2007) Likelihood estimation of the extremal index. Extremes. 10, 41-55.

[156] SHAO, Q.M. (1993) On the invariance principle for stationary p-mixing sequences. Chinese
Ann. Math. 14B, 27-42

[157] SHAO, Q.M. (1995) Maximal inequalities for partial sums of p-mixing sequences. The Annals
of Probability. 948-965.

[158] SiBUYA, M. (1960) Bivariate extreme statistics, I. ANNALS OF THE INSTITUTE OF STATIS-
TICAL MATHEMATICS. 11, 195-210.

[159] SUVEGES, M. AND Davison, A.C. (2010) Model misspecification in peaks over threshold
analysis. Ann. Appl. Stat. 4, 203-221.

[160] SmiTH, R.L. (1989) Extreme value analysis of environmental time series: an application to
trend detection in ground-level ozone. Statist. Sci. 4, 367-377

[161] SmiTH, R.L. AND WEISSMAN, I. (1994) Estimating the extremal index. J. Royal Statist. Soc.,
Series B 56, 515-528.

[162] SmiTH, R.L., TawN, J.A. AND CoLEs, S.G. (1997) Markov chain models for threshold
exceedances. Biometrika. 84, 249-268.

[163] STARICA, C. (1999) Multivariate extremes for models with constant conditional correlations.
Journal of Empirical Finance. 6, 515-553.

[164] Tawn, J. A. (1988) Bivariate extreme value theory: Models and estimation. Biometrika. 75,
397-415.

[165] TAwN, J. A. (1990) Modelling multivariate extreme value distributions. Biometrika. 77, 245—
253.

[166] TOULEMONDE, G., GuiLLOU, A. AND NAVEAU, P. (2013) Particle filtering for Gumbel

distributed daily maxima of methane and nitrous oxide. Environmetrics. 24, 51-62.

[167] TENDLICK, S. EASTOE, E., TAWN, J., RANDELL, D. AND JONATHAN P. (2021) Modeling
the Extremes of Bivariate Mixture Distributions with Application to Oceanographic Data.

Journal of the American Statistical Association. 0 1-12.

[168] TYRAN-KAMINSKA, M. (2010) Convergence to Lévy stable processes under some weak de-
pendence conditions. Stochastic process. Appl. 120, 1629-1650.

161



[169] UTEV, S.A. (1990) Central limit theorem for dependent random variables. Probability Theory
and Mathematical Statistics, Proceeding of the Fifth Vilnius Conference. 2, 519-528.

[170] TENCALIEC, P., FAVRE, A.C., NAVEAU, P., PRIEUR, C. AND NICOLET., G. (2019) Flexible

semiparametric generalized Pareto modeling of the entire range of rainfall amount. Environ-
metrics. 31, e2582.

[171] ZSCHEISCHLER, J., NAVEAU, P., MARTIUS, O. ENGELKE, S. AND RAIBLE, C.C. (2021)
Evaluating the dependence structure of compound precipitation and wind speed extremes.
Earth System Dynamics Discussions. 12, 1-16.

162









Appendix A: Introduction to extremes

A.1 Outline of Chapter A

In this chapter we review classical theory and statistical methodology for extremes. We introduce
univariate extreme value theory in Section A.2. We present the classical multivariate extension in
Section A.3. The most common statistical aspects of both univariate and multivariate, are illustrated
with the case study of fall daily heavy-rainfall in France from Chapter 1. This chapter aims to point
at the drawbacks of classical approaches while applied to our data set. An expert reader can skip

the introductory theory and go directly to Section A.4, where we discuss these limitations.

A.2 Univariate extremes

A.2.1 Regular variation and extreme values

In their work, Fisher and Tippett (1928) and Gnedenko (1943) derived the founding theorem
of extreme value theory. All introductory books of the field include its statement, cf. Theorem
3.2.3 in [59], Theorem 2.1 in [12], Theorem 3.1. in [34], Theorem 1.1.3 in [80] or Proposition 0.3 in
[140]. Mainly, it characterizes the family of distributions in the maximum domain of attraction of a
distribution. Three types of domains are possible: Weibull, Gumbel, or Fréchet. Our focus is on the
last one detailing heavy-tailed distributions. Typically, we aim to study distributions with a survival
function decaying faster than at an exponential rate. We also want to consider distributions with
an infinite variance such that extremes drive the large deviations from the median. We describe

heavy-taildness in terms of regularly varying distributions following Karamata’s theory in [100].

Definition A.2.1. A function f : R — R is reqularly varying of index o > 0 if for all t > 0,
limy 400 f(tx)/f(z) =77,

Definition A.2.2. A function £ : R — R is slowly varying if for allt > 0, limy_, 4o £(tx)/l(z) = 1.

Definition A.2.3. A distribution function F : R — [0,1] is reqularly varying with (tail)-index

a > 0 if and only if its survival function: = +— 1 — F(x) is reqularly varying of indez «.

Naturally, from the definitions above, every regularly varying function of index v > 0 can be
written as f(z) = x~*¢(z) for a slowly varying function £. The Table A.1 below summarizes classical
examples of regularly varying distributions and their slowly varying term, e.g. Pareto distribution,
the Fréchet distribution, the Burr distribution, the log-gamma; see Table 2.1. in [12|. Further
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examples of regularly varying distributions are the student distribution, the Lévy distribution and
the Cauchy distribution.

Remark A.2.4. The index of reqular variation plays a key role in determining the heaviness of the
tail. For example, if X a non-negative random variable with regularly varying distribution of index
a >0, then for p > a, E[XP] = 400, and for p < a, E[XP] < 4o0; ¢f. [13].

Remark A.2.5. Concerning closure properties, let X1, Xo, be non-negative independent regularly
varying of index o > 0, and let Y be non-negative such that E[Y“t€] < +oo,for € > 0, independent
of X1,Xo. Then, X1+ Xo, X1Xo, and Y Xo are regularly varying of index o > 0. The last result is
known as Breiman’s lemma. We refer to [117, 32, 19].

Remark A.2.6. It is common to refer to heavy-tailed distributions only in the case of infinite

variance, i.e., a < 2. We study the whole family of laws verifying Definition A.2.3 with o > 0.

H F(x) H 1—F(x) l(x) (tail)-index H
Pareto <, 1 a>0
a>0 z>1
Fréchet 1 — exp{—x~°}, 1- % +o(z™?) a>0
a>0 z >0
A A
Burr () (F07) AT >0
7> 0 z>0
Koo _ k-1 _ _
logT e FO(‘ 7y L(log y)*—1dy, ‘ii(—k)(logzn)]’C L1+ akioglx + 0(10;6)) a>0
a, k>0 r>1

Table A.1: Regularly varying distribution F' with (tail)-index o > 0 satisfying 1 — F(x) = z~*¢(x).

A.2.2 The maxima and exceedances modeling theorems
We state below the Fisher-Tippett-Gnedenko theorem for maxima modeling.

Theorem A.2.7. (Fisher—Tippett—Gnedenko Theorem) Let (X) be an iid sequence of random vari-

ables. Assume there exists renormalizing constants a, > 0,b, € R and a non-degenerate distribution

G such that
lim P( max X; <za,+b,) = Gx), zeR, (A.2.1)

n—+oo  t=1,...,n

then G belongs to the family of generalized extreme value distributions and
G(x) = Gy(z;p,0) = exp{—(1+~+E)7V " 2 eRr, (A.2.2)

forp e R, 0 >0 and v € R such as for v =0 one shall read the above expression as the limit as vy

approaches zero.
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As we mentioned, regularly varying distributions determine the maximum Fréchet-type domain
of attraction, i.e., the case v > 0 in (A.2.2) in the Fishet-Tippett-Gnedenko theorem. We rephrase
Proposition 1.11 in [140] containing the original result from Gnedenko (1943).

Theorem A.2.8. The condition in (A.2.1) holds for G = G, where v > 0 is the tail parameter,
if and only if the survival function © — P(X; > x) is regularly varying of index 1/ and one can
choose b, =0 and (ay,,) verifying nP(X1 > a,) = 1 as n — +o0.

Theorem A.2.7 is the core for many statistical approaches to model the tail of the distribution
from observed values. Another approach is built on exceedances type methods justified by the next
theorem below. It relates the maximum domain of attraction of the limit in (A.2.1) with the family
of generalized Pareto distributions. They key idea is to notice that if X is a random variable with
distribution F' and

F"(apx +by) = G(z), x€R, (A.2.3)

at the continuity points x of a non-degenerate distribution G, for constants a,, > 0, b, € R, then
the relation (A.2.3) holds if and only if

n(l — F(apz + b)) - —logG(x), = €R, (A.2.4)

at each continuity point x of G for which 0 < G(z) < 1. This is Theorem 1.1.2 in [80]. We rephrase
below Theorem 3.4.5 in [59] or Theorem 1.1.6 in [80]; see also [78].

We state below the Pickands-Balkema-de Haan Theorem for exceedances modeling.

Theorem A.2.9. (Pickands-Balkema-de Haan Theorem) The condition in (A.2.1) holds with G =
G, for v € R, if and only if there exists a measurable function a : Ryg — Rsq such that

lim P(X; —u<za(u) | X3 >u) = H(z) = 1—-(1+ fyx/g)jrl/v r € R, (A.2.5)

utu*

where u* := sup{u : P(X; <u) < 1} and H belongs to the family of generalized Pareto distributions

H(z) = Hy(z;p,0) = 1— (14017 (A.2.6)

g

the case v = 0 is the limit as v approaches zero in (A.2.6).

A.2.3 Inference beyond observed values

The Fisher-Tippett-Gnedenko and Pickands-Balkema-de Haan theorems gather the foundation
of most statistical univariate practices in extreme value analysis to extrapolate the tail distribution
from observations. They lead to the block maxima and peaks over threshold approaches, respec-
tively. Classical interpretations of these methods for stationary univariate time-dependent scenario

lean on the extremal index modeling approach introduced in the paper [109] and the book [110].
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Statistical implementation is discussed in Chapter 5 [34]. We are often interested in fixed quantities
from the tail model like an extreme quantile outside the range of observations. In the hydrology
community, we want to answer in 50-years, which rainfall record will we reach? This value is called
the 50-years return level. Let us investigate how to implement classical approaches to compute
return levels. We choose the Hyeres weather station in the South of France; see Section 1.2 for

illustrating high quantiles statistical inference and uncertainties assessment.

Block mazima method

The block maxima approach follows the 1-5 steps:

1. Identify disjoint blocks,
2. keep only the largest record from each block as in Figure A.1 (in black),
3. fit a generalized extreme value distribution G as in A.2.2,

4. compute the extremal index 6 satisfying
(P(X1 < za,))"? = G (x), nP(X;>a,) =1, n— oo (A.2.7)

5. Extrapolate high quantiles and confidence intervals from (A.2.7).

We can evidence in Figure A.1 the impact from time dependence of extremes in the implementation
of the block maxima method. Heavy storms that propagate for several days lead to high levels
recorded on consecutive days, i.e., clusters of numerous high records in short periods. Then, the
block maxima method tends to discard large values, as can be seen in Figure A.1, where several
exceedances of a large order statistic are omitted and instead various lower levels are kept. In this
manner, we interpret equation (A.2.7) as a bias correction. We can also read the extremal index in

(A.2.7) as a measure of the clustering in time phenomenon.

Peaks over threshold method

The peaks over threshold approach follows the 1-5 steps:

Identify the exceedances amounts as in Figure A.2 (in black)

Identify clusters of numerous exceedances,

keep only one record from each cluster and compute its exceeded amount,
fit generalized Pareto distribution: H, as in (A.2.6),

extrapolate high quantiles and confidence intervals.

G W=

For the exceedances approach, Figure A.2 illustrates again the clustering phenomena we evoked.
Exceedances happen as short periods with various heavy rainfall levels. In this setting, keeping

all exceedances as in the iid case, lead to erroneous confidence intervals since observations due to
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Figure A.1: Time series of fall daily rainfall measures from one weather station in the South of
France. In black observations kept from the block maxima method from blocks of length 20. The
dotted line the 95th order statistic of the sample.

intra-clustering dependence. For this reason, a common practice is to discard the information of all
except one record from each cluster in step 3. Detecting the clusters is already a difficult task, for
example, the work in [65] built the bridge between clustering detection and the extremal index as
defined in (A.2.7). Furthermore, once we achieve accurate cluster identification, there is still the
complicated question of which record should we keep from each cluster? Many practical studies keep
the peak cluster observation; cf. [34]. However, this strategy is only justifies when the extremal

index equals one and yields biased estimates otherwise; cf. [60, 63].
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Figure A.2: Time series of fall daily rainfall measures from one weather station in the South of
France. In black exceeded amounts kept from the peaks over threshold method. The dotted line
the 95th order statistic of the sample.
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A.2.4 Moderate levels and tail inference

Extrapolation beyond the observed values is challenging and requires a rigorous theoretical
modeling. We can also be interested in intermediate values of the tail distribution. To set an
example, notice that implementation of the exceedances method starts with the choice of a high
empirical quantile. This random choice brings new uncertainties that we can assess by modeling
moderate quantiles. Another quantity we can infer from moderate values is the (tail)-index o > 0. It
plays a crucial role in weighting the tail’s heaviness and determines the return levels’ magnitude. We
can estimate it using the block maxima, or exceedances maximum-likelihood fit since it links to the
tail parameter inhere; see Theorem A.2.8. We call this maximum-likelihood estimator. Though, this
needs simultaneous estimation of the tail and shape parameter which can convey practical issues.
Another approach is Hill-based estimation from the original work in [85]. This section will formulate
the classical results on moderate values inference and Hill estimation of the (tail)-parameter.

We start with a brief heuristic for the iid setting. We consider observations (X¢)¢=1,... » identically
distributed as X1, such that X; has regularly varying distribution F' of index a > 0. We consider
the quantile function a(-) : R — R defined by

a(r) = FT(1 —z7h), (A.2.8)
and we consider the order statistics of the sample to be defined as
X(l) > X(g) > e 2 X(n) (A.2.9)

Typically, for k € N, X3)/a(n/k) LN 0; as n — 4oo. Letting k = k,, such that n/k, — +oo,
kn, — 400, as n — +oo allows to estimate moderate quantiles. Asymptotic normality is shown in
Theorem 2.2.1 below. In this setting, refering to Theorem A.2.8, we define the Hill estimator of the

tail parameter v = 1/« as

K

~ 1

V(k) = EE log X (1) — log X(1.—1)- (A.2.10)
t=1

We detail below an heuristic argument justifying the Hill estimator. Recall for regularly varying
F,

1— F(tx)

— st — .
- F(z) , T —+00

Moreover, the tail quantile function a(-) in (A.2.8) satisfies a(z) — 400 and z(1 — F(a(z)) — 1 as
x — 4o00. Then, for t > 0,

(1 _ 1) ~ 1 —F(a(n/t)) N (a( a(n/t)

) T Flam/i=1)) ~ n/(t—l))) ) T oo
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Then, applying logarithm at both sides of the equation and replacing a(n/t) by its estimate X,
yields

~log(1 - t=h)

o ~ IOgX(t) — IOgX(t_l), n — +o0o.

Moreover, —tlog(1 —t~!) — 1 as t — +oo. Then, consider a sequence (k) such that k, — +o0,

n/ky, — 400 as n — +oo. In this case, taking the average over the k largest order statistics leads

Q

k
1 1
v = > %Z tlog X4y —tlog X(;_1)
t=1

k
1
= % Z IOgX(t) - IOgX(k_l), n — +00.
t=1

with the convention that for ¢ = 1 the summand is simply log X(;). where the last equality holds
by developing the telescopic sums.

To sum up, sufficient conditions for granting the approximations above in the iid case can be
found in Theorem 2.4.1. and Theorem 3.2.5 [80] that we reformulate below.

Theorem A.2.10. Let (X;)i=1,..n be tid observations with regularly varying distribution F. Let
a(-) be as in (A.2.8). Assume F satisfies the second-order condition for p < 0: there exists a

nonnegative function A(-) such that limy_ 1o A(x) =0 and fort > 0,

Consider (ky,), such that for k = ky,, k — 400, n/k — +oo, VkA(n/k) = X. Following the notation
in (A.2.9) and (A.2.10), then

X (k)
vk (a(n/k)

VE () =) S N1 =p) 9%, n— +o. (A.2.12)

-4 N(0,1), (A.2.11)

for X € (0,400).

Consistency properties of the quantile and tail index estimators above for stationary, possibly
dependent, observation were studied in [87, 141]. An optimal asymptotic normality result for
stationary observation is shown in [49], under mild mixing assumptions. Bias correction of the Hill

estimator is discussed in [11, 75, 83|, and references therein.

A.3 Multivariate extremes

The precedent statistical techniques allow us to infer high quantiles from univariate time series.

However, our case study, and further examples from spatial data, come in a multivariate format. We
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aim to study the extremes from the network of rainfall measures from weather stations in France.
In the context of natural /climate events, we define risk as a compound, interconnected, interacting,
and cascading event [69, 137]. For example, in hydrology, the cause of river flooding is often due
to high rainfall amounts recorded simultaneously at multiple close-by stations from the national
network [37]. Similarly extremal sea levels, temperatures and wind speeds have been studied from
a spatial perspective; see [35]. Also from an economics point of view, the price returns of a basket
of multiple assets need to avoid recording multiple extremes in periods of high volatility [163].
Moreover, embedding univariate time series in a multivariate framework might also help assess the
time dependencies

Multivariate extreme value theory undertakes two main challenges. First, multivariate extreme
value distributions no longer belong to a parametric family Second, but closely related, depending
on the application, we can learn the extremal multivariate aspect from different perspectives. For
example, we can study the vector of component-wise maxima or aggregate all the d-coordinates
and study its univariate tail distribution. These both lead to possible definitions of spatial extreme
episodes. Indeed, the family of d-dimensional extreme events has to be broader than the interval-
type sets, typical of univariate problems. It should be flexible if we are interested in extremes where
at least one coordinate is large or extremes where all coordinates are large or extremes issue from
aggregating with sum-type functionals the coordinates, or further Re-functionals.

From the univariate setting, we saw regular variation is well-suited or studying heavy-tails
in Theorem A.2.8. Therefore, a good program for a multivariate extension is to define regular
variation of vectors. This approach was pursued in [140, 143] who built upon the generalization of
regular variation using the notion of vague converges of measures. Instead, we state an equivalent
version in terms weak convergence of probability measures using polar decomposition arguments
[84, 152|. Tt highlights the random aspects of spatial extremes, establishes the main features of
regular variation, and allows to extends the Fisher-Tippett-Gnedenko. We state it below and then
explain the advantages of characterizing heavy-tailed extremes through this definition in detail
below.

In terms of notation, we write variables taking values in R% in bold, and we endow the space R?
with a norm | - |. We focus on P(R?%) norms: |- | :x + (|z1|? + |22/ + - + |z4[P) /P, for p > 1
where p = oo refers to the supremum norm. Operations in R? like x +y, xy, x <y or x >y, (X)4,

are taken component-wise unless stated otherwise. In particular, we write

P( max X; <x) = IP’( max X §x1,...,t§11ax Xudgznd).

t=1,....n t=1,....n =1,...,n

If X is a random d-dimensional vector with distribution F', then the coordinate X; is distributed

as Fj, j=1,...,d. We also write g (-) for the left inverse of a non decreasing function g : R — R.
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A.3.1 Multivariate regular variation

Definition A.3.1. An R%-valued random variable X is reqularly varying of (tail)-index o > 0 if

there exists a random variable © satisfying |©| =1 a.s. such that
P(|X| > tx, X/|X| € -||X|>z) Bt *POC:), x— 4oo. (A.3.13)

The (tail)-index «, and the random variable © are informative of the magnitude and spatial
distribution of extremes, respectively. Decomposing the extreme event into its magnitude and the
spatial features yields to asymptotically independent component. The measure © is known as the

spectral tail measure and takes values in the d-dimensional sphere S¢~! := {x € R : |x| = 1}.

Remark A.3.2. The closure of sums also holds for multivariate regular variation as in the uni-
variate case; see Remark A.2.5. For the products closure, we must be careful. A Breiman’s lemma

extension is given in Proposition 5.1. in [6].

Remark A.3.3. Concerning a Cramer-Wold type devise for the weak limit in (A.3.13), reqular
variation with index o > 0 of u' X, for all u € R is equivalent to (A.3.13) only under certain
conditions. For example, if a is a positive non-integer or if X € [0, 400)¢ and « is an odd integer;
cf. Theorem 1.1. in [17].

Any random variable © in the d-dimensional sphere S¥! = {x € R?: |x| = 1} is a spectral tail
measure, but notice that its support may not be the whole sphere. Two opposite behaviors capture

much attention due to their interpretation. We present them in the following examples.

Example A.3.4. (Full asymptotic independence) Let © be a random variable in S?1 defined by
PO €)= Z?Zl pibe,, where (p;) € (0,1)? satisfy Z?Zl p; = 1, 8. is the Dirac measure, and e; is

the vector in R? taking the value 1 at the i-th coordinate and zero elsewhere.

Example A.3.5. (Full asymptotic dependence) Let © be a random variable in ST satisfying
P©; >0,j=1,...,d) =1.

Briefly speaking, asymptotic independence models vectors where two coordinates can not be
large simultaneously, whereas all coordinates must be large for full asymptotic dependence. Defi-
nition A.3.1 characterizes the extremal properties of a regularly varying vector X after the polar
decomposition X — (|X],X/|X]). Further, we recover the extremal behavior of X over a large

family of sets following Proposition 3.1. in [152].

Theorem A.3.6. An R?—valued random variable X is reqularly varying with (tail)-index o > 0 if
and only if there exists a Borel measure p in R% and a regularly varying function V with (tail)-index
a > 0 such that

V(lm)IP(x_lX €A — u(A), z— +oo. (A.3.14)
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where A C R4\ {0} and 0 ¢ A for continuity sets A. Moreover, we can take V(x) := P(|X| > z)
yielding

p() = fy P(y© € )d(—y~), (A.3.15)

such that © s the spectral tail measure satisfying |©] =1 a.s.

Remark A.3.7. The equivalent definition of multivariate regular variation in (A.3.14) appeals to the
notion of vague convergence in [143], and Mo convergence in [89]. Both definitions coincide in (R%, |-
), but My convergence has the advantage that it extends to further metric spaces. This generalization
allows to study extremes in the space of continuous functions in [0, 1] with the supremum norm, or
cadlag function in [0, 1] with Skorokhod Jy-topology, already considered in [114].

The limit Borel measure appearing in the limit form of equation (A.3.14) details the extremal
properties of a regularly varying vector X. It is known as the exponent measure and satisfies the
homogeneity relation p(t-) = t~“u(-). Regular variation again characterizes the maximum domain
of attraction of multivariate heavy-tailed distributions. We review this result in the theorem below;

see Proposition 5.11 in Resnick [140].
Theorem A.3.8. An R%-valued random variable X is reqularly varying if and only if X has margins

in the Fréchet maximum domain of attraction and there exists a distribution G satisfying

P( max X; <apx+b,) — G(x), n— +oo, (A.3.16)

t=1,....,n

for a positive and real-valued sequences (ay), (by). respectively, such that G has non-degenerate

margins. In this case, G(-) = exp{—pu(-)}, where the measure y is the exponent measure in equation

(A.3.15).

From the discussion above, regular variation is well suited for studying extremes from heavy-
tailed distributions with the same tail index o > 9. The expression in (A.3.13) highlights the
important role of & and © for modeling rare events. In particular, any random variable © taking
values in the d-dimensional sphere yields to an extreme value distribution G as in (A.3.16). Para-
metric models were studied for bivariate and then multivariate cases in [70, 134, 158|, and then

[77, 81, 165, 35]. The following are classical examples.

Example A.3.9. (Logistic model)

G(x) := exp{ — (Zizl,---,d m;l/T)T}, T € [0,1].
Example A.3.10. (Asymmetric logistic model)

G(x) = exp{ - Zlg{l,m ,d}(ZieI(%)l/n)n}a
where 77 € [0,1],0;1 >0 and ), 0;1 =1 for all I C {1,--- ,d}.
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Consider now a random vector X in R? with marginals in any domain of attraction. We define

multivariate extreme value distributions as the limits G with non-degenarate margins satisfying

}P’(t max X; <a,x+b,) = G(x), n—+4oo, xecR (A.3.17)
=1,...,n

for (a,) € R, (b,) € RY. Notice this is a broader family than the limits from equation A.3.16.
Also, G has multivariate extreme value margins which are thus continuous. Then, as in the univari-

ate setting, for i.i.i. observations (X¢), the relation (A.3.17) holds if and only if
n{l — Fla,x+b,)} = —logG(x), n— +oo, x¢€R? (A.3.18)

for any x such that 0 < G(x) < 1. We refer the details to (|80], chapter 6). Then a natural way of
defining multivariate generalized Pareto distributions is by conditioning on at least one coordinate
being large. This limit of component-wise exceeded amounts was studied in {149, 12]. It generalizes
the exceedances approach from the Pickands-Bakema-De Haan theorem in A.2.9, as stated in the

next theorem.

Theorem A.3.11. Let X be a R%-valued random vector with distribution F. The condition (A.3.17)

holds if and only if there exists a d-dimensional random vector W such that
P(a (X —b,); € - | max;—i ... 4| X;| > bp) LN P(W)r€-), n— 400 (A.3.19)

where (a,) and (by) are chosen to ensure that 0 < G;(0) <1, j =1,...,d. and H belongs to the

family of multivariate generalized Pareto distributions. Moreover,

P(W)+ < %) = —iia 08 o). x 2 0.

We confer further details of the exceedances approach to [147, 148, 105], where properties of
this family of distribution and inference procedures are discussed.

The multivariate extreme value and the generalized Pareto distributions are popular since they
completely characterize the three maximum domains of attraction: Weibull, Gumbel, and Fréchet.
In comparison, regular variation focuses on modeling the heavy-tailed phenomena. However, for
lighter tails, or coordinates with different (tail)-index, it is common to transform margins first. For
example, the rank transform: X; — 1/(1 — F;(X};)) yields to a vector with unitary Fréchet margins
which allows to recover the regularly varying framework; see [12|. This practice is justified by the

proposition below.

Proposition A.3.12. Any multivariate extreme value distribution G defined from equation (A.3.17)

can be written as

G := G (p1(x1), - ,palzq))

where G* is a multivariate extreme value distribution with unitary Fréchet margins and ¢;(-) :=

(1/(1=G5)" ().
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For a proof see Proposition 5.10 in [140]. To conclude, in the multivariate setting, learning the
marginal features and the spatial structure suffices to describe the maximum domain of attraction.
The spatial aspect of extremes is carried by the spectral tail measure of the transformed vector to
unitary Fréchet. We recover from Proposition A.3.12 the important role played by the spectral tail

measure defined in (A.3.13). Further on, we consider uniquely heavy-tailed models.

Remark A.3.13. Another way of characterizing extreme value distributions is through the notion
of maz-stability. We recall a distribution G is max-stable if for all n € N, there exists constants in

R? a,, > 0,b, € R satisfying

P(t max Y:<x)=P(Y; <a,x+by,),

=1,...,n

where (Y¢) is an i.4.d. sequence distributed as G. The limit distributions from (A.3.16) are maz-
stable. In the univariate case, mazx-stable distribution coincide with extreme value distributions; see
[140]. In the multivariate case, extreme value distributions coincide with maz-stable distributions

with non-degenerate marginals. This result was reviewed in Proposition 5.9 in Resnick [140].

A.3.2 Statistical methods for multivariate extremes

Let (X¢)¢=1,....n be observations in R? identically distributed. Two challenges arise for learning
the extremal properties of X;. First, inferring its marginal aspects, and second, inferring its extremal
spatial features. The first task is typically assessed using the methods from the univariate chapter.
For the second one, we can assume X; is regularly varying with (tail)-index o > 0. Indeed, this
assumption holds if we have transformed our margins first, for example to unitary Fréchet with the
rank transformation. It is also a reasonable assumption if all coordinates reach high levels similarly,
at the same magnitude, and we can assume the heavy phenomenon has the same driver. Then we
can model tail margins to be equivalent up to a constant.

For our case study, high rainfall measures have the same magnitude and reach high levels at a
similar rate whenever the weather stations are close. This is well illustrated in Figure A.3. Also,
climate scientists agree that precipitations behave like a heavy-tailed phenomenon [102]. Indeed, we
can think the meteorological event impacting close locations has the same source but is manifested at
different time lags and locations as it travels its course. This justifies modeling daily rainfall amounts
from each region as a multivariate regularly varying random vector given by X; = (X1,1, X1,2, X1,3).
The main challenges of multivariate extremes then resumes to inferring features of the spectral tail
measure O, and the tail index « > 0. In terms of notation, we write the d-dimensional observation
at time t as Xy = (X¢1,..., Xt q).

As mentioned previously, the domain of the spectral tail measure © might not be the whole
sphere. Inspecting its domain can help reduce the dimension of the problem at an early stage. One
way to do so is partitioning the unit sphere S~ into its faces

S‘{i;}l —{xeSt g >0ifiel,z;=0,ifigl} (A.3.20)
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Figure A.3: Scatterplot of fall daily rainfall records from regions in France with Oceanic, Mediter-
ranean and Continental weather in (a), (b), (c), respectively. We fix the 95th-order statistic of the
norm sample at each region and then color points to distinguish records. Measures whose supremum

norm does not exceed this threshold value are in blue. Records exceeding the threshold at one, two,
and three coordinates are colored green, pink, and black, respectively.
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with I C {1,---,d}. As in the examples A.3.4 and A.3.5, this partitioning of the sphere aims to
describe the coordinates of a regularly varying vector X that are large simultaneously. Typically,
this restricts the problem to moderate dimensions. We want to recover the sparsity structure
intrinsic to the measure ©, which only puts mass in specific faces. We argue that this is crucial
for both parametric and non-parametric modeling. It helps reduce the burden of dimensionality for
non-parametric models and, for classical parametric models, it justifies assuming the spectral tail
measure is fully asymptotically dependent. It suffices to restrict the analysis to the joint distribution
over faces with positive probability. Both Example A.3.9 and Example A.3.10 model full asymptotic
dependence.

For a regularly varying random vector X, the projection X/|X| behaves asymptotically as © as
|X| reaches larger values; see (A.3.1). We use this heuristic to obtain an empirical approximation
from a sample of ©. For our precipitation data-set, the empirical sample of the spectral measure
for exceedances over the 95-th quantile are plotted in Figure A.4. We can see a good proportion of
points, in particular black points, lying close to 8%72,3 :={(1,1,1)}; and also a significant amount
of points lying around Siz U Si{?’ U 8573 = {(x,y,2) € $?: (z,y) = Lor (z,2) = Lor (y,z) = 1},
for the majority pink. The previous sets are the faces defined in (A.3.20). We conclude that in our

tri-variate analysis there is no evidence of extremal asymptotic independencies.

Measuring extremal spatial dependence

The takeaway message is that we can look at statistics of the spectral measure © to study
the behavior of spatial extremes. Non-parametric estimation based on the subsample consisting of
Xay/IXyls -+ Xy /X wyl, is discussed in [143], where (k,,) satisfies, for k = ky, k — +oo,n/k —
+o0o. Non-parametric estimation is discussed in [35, 162, 36, 111]. Further, summary statistics
of extremal spatial dependence include the Pickands dependence function, the index of extremal
dependence, the upper tail dependent coefficients are examples, which we can all write in terms of
©. We refer to |71] for further reference on measures of spatial dependence. We only detail on the

upper tail dependent coefficient.

Definition A.3.14. (Tail dependent coefficient) Let (X¢) be a regularly varying time series in
(R, |- |) with (tail)-index o > 0, and spectral measure ©; see (A.3.13). We define the upper tail
dependent coefficient by

E[(©,)% A (0,)¢
i = lim P(Xi>a|X;>a) = SOJEA6;)]

L i=1,...,d.
z—-+o00 E[(©,)%]

In the bivariate case, the case x1,2 = 0 is equivalent to full asymptotic independence of extremes

and x12 = 1 is asymptotic dependence of extremes.

Example A.3.15. For the logistic model with parameter T € [0,1], as in Example A.3.9, xij =
2—27.
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Figure A.4: Projection of fall daily rainfall exceedances of the 95th-order statistic to the supre-
mum sphere: X — X /|X|. Panels correspond to Oceanic, Mediterranean and Continental weather
in France in (a), (b), (c), respectively. Records exceeding the threshold at one, two, and three
coordinates are colored green, pink, and black, respectively, as in Figure A.3.
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‘Brest Lanveoc Quimper ‘ Bormes Le Luc Hyeres | Nancy Metz Roville

Brest - 0.73 0.29 0.01 0.01 0.01 0.11 0.09 0.10
Lanveoc | 0.39 - 0.12 0.02 0.02 0.01 0.05 0.02 0.07
Quimper | 0.40 0.33 - 0.02 0.01 0.01 0.12 0.13 0.07
Bormes | 0.04 0.12 0.08 - 0.33 0.38 0.00 0.00 0.00
Le Luc 0.03 0.11 0.03 0.29 - 0.55 0.06 0.06 0.04
Hyeres 0.02 0.03 0.02 0.21 0.36 - 0.04 0.00 0.03

Nancy 0.04 0.03 0.04 0.00 0.01 0.01 - 0.38 0.32

Metz 0.04 0.01 0.05 0.00 0.01 0.00 0.46 - 0.20
Roville 0.07 0.07 0.04 0.00 0.01 0.01 0.62 0.34 -

Table A.2: Table of estimates of the tail dependence coefficients x; ; for fall daily rainfall between
stations in France.

A.4 Limitations of classical approaches

Bivariate and multivariate extensions of extreme value theory in the i.i.d. case was undertaken
initially in the work of [70, 134, 158|, and then [81]. A context with both multivariate and time-
dependent extreme assessment is less common. Most solutions so far presented address either time
or space dependence. Also, they seldom consider a point of view outside the main heuristic of
maxima of blocks and exceedances techniques which are the most common between practitioner for
high quantile inference which refers to (Quest. 4).

To sum up, the extremal dependence in time has been analyzed previously mainly from the
extremal index point of view. Since the original work in [109, 110]|, the current leading branches of
the domain concern estimation of the extremal index, from a practical point of view, and formalizing
the notion of cluster of exceedances, from a theoretical point of view. We refer to the recent work
of |65, 155, 159, 150, 129, 16, 21, 25| as for inference of the extremal index. For the mathematical
theory of cluster of exceedances a list of recent publications includes [40, 10, 9, 138, 28]. In this
manner, the cluster of exceedances captures short periods with consecutive large values and is one
classical approach addressing (Quest 1.). In the same line, inference of the extremal index tackles
(Quest 3.) since it has interpretation as a summary statistic of the clustering of heavy records
phenomenon. Nevertheless, estimating the extremal index still demonstrates to be a difficult task.
To overcome these challenges we further discuss large deviations of heavy-tailed time series in
Chapter B. Concerning (Quest 2.), typically, to select extreme observations from the sample, we
estimate moderate thresholds using order statistics. However, for dependent observations, this

strategy brings new uncertainties into play, which are already difficult to track in the i.i.d. setting.
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Appendix B: Large deviations of heavy-tailed time series

B.1 Outline of Chapter B

In this chapter we drop the independence assumption in time and space. We consider stationary
time series (X;), taking values in (R?, |- |), with multivariate regularly varying finite-dimensional
cuts. We study the extremal behavior of (X;) focusing on sum-type functionals. In Section B.2 we
motivate the study of sums large fluctuations and present the classical theory in the i.i.d. setting
of central limit theory and large deviation principles for heavy-tailed observations. We fix notation
in Section B.3. In Section B.4 we provide assumptions for extending classical results to stationary
heavy-tailed time series, following [40]. Regularly varying time series are defined in Section B.5.
Then we review central limit theory for stationary regularly varying time series observations in
Section B.6. To state the main results we introduce the clusters of (exceedances) with values in
¢ implicitly introduced in [40]. In Section B.7 we discuss large deviation principles for stationary
regularly varying time series and motivate our definition of cluster processes in /7, for p < +oc.
Cluster inference is discussed in Section B.8. In Section B.9 we review two stationary regularly

varying time series models.

B.2 Motivation: fluctuations of sums

B.2.1 Central limit theory for i.i.d. observations

So far, Chapter A on classical extreme value theory studies maxima and exceedances approaches.
In this setting, regular variation proved to be a valuable and sufficient notion to survey these
operations. Regular variation is also key for studying sum-type functionals. For instance, it appears
naturally while looking at the sums fluctuations of i.i.d. observations. We recall the central limit
theorem for i.i.d. random variables (X;) with finite variance 02 < 400 and mean p < +oo. It states
that (31, X; — un)/Vo2n 4 ¢, and ¢ is standard normal distributed. This theorem extends to
i.i.d. random variable with non-finite second moment, and regular variation also appears naturally

as we show next. We start by stating Theorem 2.2.5 in [59].

Theorem B.2.1. (Central Limit Theorem) Let (X:) be an i.i.d. sequence of univariate random
variables. Assume there exists renormalizing constants a, > 0, b, € R, and a non-degenerate
distribution L such that

lim P30, Xy <zap+b,) = L(z), z€eR, (B.2.1)

n—-+o0o
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then L = L, belongs to the parametric family of stable distributions, determined by its log-characteristic

function, such that, if £, is distributed as L., then for u € R

—o%ul*(1 —iBsign(u) tan &) +ipu  if o # 1,

log E[e™%e] = (B.2.2)

—olul(1 —iBsign(u)2 log|u|) +ipu  if a =1,

where a € (0,2] is the stable tail parameter, o € [0,+00) is a scale parameter, § € [—1,1] is a

skweness parameter, and p € R is a location parameter.

Theorem B.2.1 can be seen as a version of the Fisher-Tippett-Gnedenko Theorem in A.2.7
tailored for sums. Characterizing the limit distribution of partial sums is a fundamental result of
probability theory, and is discussed in classical textbooks as [3, 13, 59, 66|, and references therein.
Moreover, as in the Fisher-Tippett-Gnedenko theorem, the limit (B.2.1) is in straight correspondence
with the regular variation property of the tails. To see this we state below Corollary 2.2.17 in [59]

below.

Proposition B.2.2. Let (X;) be an i.i.d. sequence of univariate random variables. The rela-
tion (B.2.1) holds for Ly, the a-stable distribution with o € (0, 2], if and only if

e a=2 and E[(X1)?] < oo,
e a € (0,2], E[(X1)?] = 400, and there exists non-negative constants p_,p., satisfying p— +

py =1, such that the following tail-balance condition holds

lim P(X) < —x) ~p_a “4(x), lim P(X; > x) ~pyra *4(z), (B.2.3)

T—>+00 T—>+00
where x — £(x) is a slowly varying function. We call o > 0 the (tail)-index of (Xy).

Actually, for regularly varying random variables, there exists a tight link between the maxima
and sum fluctuations given by the subexponential property. More precisely, we reformulate below

a direct corollary from Lemma 1.3.1. in [59].

Proposition B.2.3. Let (X;) be a sequence of univariate i.i.d. random variables. If Xy is reqularly
varying, then it verifies the subexponential property:
PGy Xi > x) PR Xe > @)

li = 1 = 1. B.2.4
xﬁlinoo P(maxi—1,. n X; > ) :Jc%lr+noo nP(X; > x) ( )

The family of stable distributions is characterized by (B.2.2) and also by the limiting property
in (B.2.1). It also coincides with the distribution family satisfying the sum-stable property:

ay (0, Xe —ba) £ €, (B.2.5)

for an i.i.d. univariate sequence (X;), a random variable £, and sequences a,, > 0, b, € R. Examples

of stable distributions are the Gaussian distribution with a = 2, the Cauchy distribution with a = 1,
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and = 0, and the Lévy distribution with & = 1/2 and 8 = 1. In this cases, analytical expressions
exist for their density functions; see Chapter 1 in [130]. However, in many cases analytical expres-
sions does not exist and only asymptotic expansions are available; see Chapter 3 in [130]. Modeling
with stable distributions is common in financial applications to represent stock returns with infinite
variance [4, 116]. Similarly they are considered in signal process [128] and network traffic [142]. A

literature review of these applications is also given in Chapter 2 [130].

B.2.2 Large deviations for i.i.d. observations

Central limit theory as in Theorem 5.2.1 summarizes the convergence of sums towards its median.
Weaker results are also at hand. For example, the strong (weak) law of large numbers provides rates
for almost sure (probability) convergence or divergence of mean corrected sums assuming moment
conditions. Stronger results also exists refining the central limit theorem. For example, large
deviation principles focus on the distribution of mean corrected sums on extremal sets. The main
idea is to quantify the convergence rate of its tails by studying the large jumps from the median.
Cramér’s theory is standard for a tail approximation of finite variance observations. It can be found
in a handful of probability textbooks [17, 66]; see also [59, 119] for a review.

For heavier tails, we recall the main large deviation principles derived in A.V. and S.V. Nagaev
[125, 124]; and Cline and Hsing [33] see also [121].

Theorem B.2.4. Consider (X;) to be univariate i.i.d. random variables satisfying the tail-balance
condition in (B.2.3) for p_,ps, and with (tail)-index oo > 0. Then,

P>, Xy — by > 1) P(Y0, X; — by < —x)

li — - = 0. B.2.6
n_l)rilooxsggll nP(|X] > ) p+’+| nP(|X| > z) er‘ ( )
such that nP(|X| > x,) — 0 and
Vvenlogn, if a € (2,+00), nE[X:1] ifa € (2,+00),
1
Tp = natr ifae (1,2, , bui=<nE[X)] ifac(l,2), (B.2.7)
1
natr if a € (0,1], 0 if a € (0,1]

where ¢ is a constant satisfying ¢ > o — 2, and we can take any Kk > 0.

Our motivation for introducing this classical theory here is twofold. First, it is an interesting
perspective to quantify risk, particularly risk due to the effect of aggregating observations. Ruin
type probabilities are an example of this [59]. We can use large deviation principles to assess the
threat of extreme events for regularly varying random variables with tail index a € (0,2), and the
central limit theorem appears as an alternative to the Fisher-Tippet-Gnedenko for modeling the
tails of a distribution. The main drawback from this approach, is the lack of analytical expressions
of all but few stable laws. Though, the recent improvement of numerical approximation and com-

puter’s power motivate us to look back at stable laws [4, 131]. Furthermore, the regular variation
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framework establishes a close link between sums and maxima while studying extremes due to the
subexponentiality property; see Proposition B.2.3, this suggests heavy-tails can also be modeled

through sum-type functionals.

B.3 Notation

In terms of notation, to include the temporal coordinates, we write vectors (X¢)i=q,... p = Xa,b]
for any a,b € Z, and a < b. For p € (0,+00], (x¢) € (RY)%, we define the p—modulus function
|1y + RHZ = [0,+00] by [[xe]lp = (Cez %¢[P)1/P, and we define the sequential space 7 as
sequences with finite p-modulus, with the convention that p = oo refers to the supremum norm.
For p € (0,400], the p-modulus induce a distance d, in ¢. If p € [1,+00] the p-modulus defines a
norm, and (¢?,d,) are separable Banach spaces. If p € (0,1), then (€7, d),) is still a separable metric
space.

Our focus will be on shift-invariant functionals on #P, which is the case of the p-modulus. We
define the quotient space 7 = (?/ ~ by (x;) ~ (y;) is and only if there exists k € Z such that
Ti_k = Y, t € Z. We define the metric space (Zp, czp) by

dy([xa], [ye]) = inf {dp(xipyy2) = (x2) € [l () € [y}, (B.3.8)

for [x],[y:] € /. In what follows it will convenient to write elements [x;] in /* as (x;). We
sometimes need to embed vectors X, ;) in the sequential space (RH%/ ~, we do this by assigning
zeros to undefined coordinates. Details on the shift-invariant spaces as in (B.3.8) are deferred to
[26, 9].

For matrices A € R%4 we define the operator norm as |A|y, := SUp|x|—1 |Ax|. Truncation of
(x¢) € (RH)Z at the level ¢, for € > 0, is written as (X;) = (Xt )<e)  and (x¢) = (X, [>e) -

B.4 Assumptions

In what follows, we consider stationary time series (X;) with heavy-tailed finite-cuts allowing for
spatio-temporal dependencies. To extend the central limit theory and the large deviation principles
to a stationary setting, we follow the ideas in [40]. We introduce next an anti-clustering condition to
inhibit long-range dependence of extremes, a vanishing-small-values condition to control the sums
of moderate values, and a mixing condition for statistical purposes.

Assume there exists sequences (x,,), (by), such that, nP(|Xo| > x,) — 0, P(|Xo| > xp,) — 1,
n/by, — 400, as n — +oo. In this chapter we consider the assumptions below, tailored for these

sequences.

e AC : Assume for all § > 0,

lim lim sup P([| X p)lloc > d 2 | [Xo| > d2,) = 0. (B.4.9)

k—+00 n—+oo
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e CS; : Assume for all § > 0, € > 0, for a € [1,2),

~ 7 € ~ 7 €
10 mn o nP(|Xo| > n) ' o

o A(xzp,) : Assume for non-negative continuous bounded function f : R — R, vanishing in a
neighborhood of the origin,

lim | Elexp{~ 7, f(ay X0)}] — Elexp{~302, £y X))/ | = o. (B.4.11)

n—-+o0o

Remark B.4.1. If the assumptions are required simultaneously, we assume the sequence (x,) ap-
pearing in it coincides. The sequence (x,,) in AC and CSy controls the extremes of the supremum
norm || X[ n)lloc and of sum-type functionals, respectively. In this sense, it has a probabilistic inter-

pretation. Instead, we introduce the sequence (by) in A(xp,) for statistical purposes.

The first condition has its roots in the work of Leadbetter [109] and Leadbetter et.al [110]. It
is linked to the maxima approach in Chapter A, and is typically used to justify the extremal index
heuristic from equation (A.2.7). The second and third conditions are vanishing-small-values and
mixing conditions, respectively, and a version of them was already introduced in [40]. These two are
tailored for studying sums of regularly varying innovations. We will use them in Chapter B to state
classical central limit theory and large deviation principles for heavy-tailed time series. We discuss

thoroughly these assumptions in Chapter 2 and verify them for classical models in Chapter 5.

B.5 Regularly varying time series

We recall next the definition of a stationary regularly varying time series following [10].

Definition B.5.1. Let (X;) be a stationary time series taking values in (R, |-|). The time series
is regularly varying with (tail)-index o« > 0 if for all h = 0,1,..., there exists a random variable

(O1)[=n,n) satisfying |Og| =1 a.s. and
P(|Xo| > tl‘,X[_h’h]/|X0| € | |Xo| > x) = t_o‘]P’(@[_h’h] €), x— +oo. (B.5.12)

The time series (©;) is a well defined object, following the Kolmogorov’s consistency theorem,
and we call it the spectral tail process of (X;). The spectral tail process does not inherit the initial
stationarity property. Instead, we deduce the time-change formula: for any s,t € Z,s < 0 <t and

for any measurable bounded function f : (R)!=5+1 - R,
E[f(Os—iy...,0:)1(|O_;] #0)] = E[|6;]” f(O5/|Oi],...,0:/]0:])], (B.5.13)

The spectral tail process was introduced in [10] as a tool for modeling multivariate regular

variation of finite vectors of the time series; see Theorem 2.1 in [10]. We state this result below
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using /P-norms, p > 0, over time observations. In fact, for p <1, || - ||, is not a norm but a modulus

as in [152], but by Proposition 3.1. in [152] this still entails regular variation.

Lemma B.5.2. Consider a regqularly varying time series (Xy) of (tail)-index o > 0. Then, for any
p >0, h >0, Xy is reqularly varying and satisfies

P([|[ Xo,nllp > t2, X011/ 1 Xop1lp € -)
: : ’ 2 elp, W) tP(QP(h) € 1), x— +o0 B.5.14
B(Xo] > ) (p, h) (Q¥(n) €-) ( )

where c(p, h) is a positive constant and Q(p)(h) is the spectral measure of Xjg ) for the {P-norm,
i.e., |QP (R, =1, a.s., and

1 o o
(p) N — k+[0,h] || k+[0,h] .
PQT(h) €)= 5 ;OE[HHGH[O,male(@kﬂo,h]np €)@ oo.  (B5IH)

Then, a stationary time series (Xy) satisfies Definition B.5.1 if and only if, for all h > 0, X0, S

multivariate reqularly varying.

Lemma B.5.2 is proven in Lemma 7.1 in [26]. From Lemma B.5.2 we deduce

h

ep.h) = S ENO i i0/110 40 lall2): (B.5.16)
k=0

Notice, if p = «, then ¢(a, h) = (h + 1), regardless of the extremal temporal dependence. Indeed,
the representation in (B.5.15) highlights the important role of the ¢“-norm.

In view of the time-change formula, the forward spectral tail process (@[07+OO}) completely de-
scribes the spectral tail process; see [10]. In particular, ¢(p, h) = ZZ:()E[H@[O,HHS —10n 151,
and further computations allow us to rewrite (B.5.15) in terms of the forward process. We keep in
mind the correspondance with joint multivariate regular variation, to keep track of the /P spectral
components: “O/|0]|,” determining the distribution of Q) (h) by the change of norms relation. In
Section B.7 we will be interested in taking h — 400 in (B.5.15), for studying the extremal behavior
of blocks Xjg ) as n — +o00.

Literature review

From a theoretical point of view, Definition B.5.1 admits further equivalent characterizations.
For example, Theorem 4.1. in [152] and Theorem 2.9. [48] both use a measure theory approach.
Moreover, the time-change formula (B.5.13) has proven to be a useful tool to characterize the limit
spectral tail measure. [96] shows a correspondence with measures verifying this property and the
max-stable processes. Motivated by Palm theory, the spectral tail measure defined by (Y ©;), for
a (a)-Pareto random variable independent of (©;), was also characterized in [139], highlighting the

importance of the time-change type properties.
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B.6 Central limit theory and clusters (of exceedances) in (>

To study the overall clustering behavior, we want to let h — +oo in (B.5.14) simultaneously
as © — +o0o. This can be done under AC. Condition AC allow us to define short periods with
extramal behavior, that we call clusters, with finite expected length. Under AC, we will show in
Chapter 2 the relation below holds

P(a, Ko €+ | 1 Xomllloo > 20) = PYQI) €4), n— +oc. (B.6.17)

where Y is independent of Q(®), PY >y) =y~ fory > 1, HQ("O)HOO =1 a.s., and convergence
holds in (£*°,dy,). Equation (B.6.17) gives a formal framework to define clusters. We call Q(>) the
spectral cluster (of exceedances). The cluster limit at the right-hand side of (B.6.17) was implicitly
introduced in [40].

Using (B.6.17), and borrowing the ideas in [40], we can model extremal observations as in-
dependent clusters (of exceedances), under adequate mixing assumptions. Two things are crucial
about this approach: the distribution of the cluster (of exceedances) itself obtained from the limit
in (B.6.17), and the probability of hitting a cluster, i.e., P(||Xgllcc > #,). This modeling ap-
proach was used in [40] to extend the central limit theorem of regularly varying observations to a
time-dependent setting. We recall the main result in [40], that we formulate with the notation from
Theorem 3.6. in [9].

Theorem B.6.1. Consider (X;) to be a regularly varying time series. Let (zy) be a sequence
satisfying P(|| X (o nllcc > 7n) — 0, and AC, A(zy,); see Section B.4. Then, the following point

processes convergence holds
d
Np =310 €a, 1 X - N=327, ZjeZ 6F1Q§;°) y M= +00, (B.6.18)

where (QZ(-OO)), i=1,2,..., is an i.i.d. sequence distributed as the spectral clusters (of exceedances);
see (B.6.17), and Y 2| er, is a Poisson point process on (0,00), with intensity measure Ox d(—y =),
independent of the i.i.d. sequence (QZ(OO)), i =1,2,.... The constant 0x| is the extremal index of
(I1X¢]) and satisfies

P(1X 0 lln0 > 26,) ~ O bn P(Xo| > 25,), 1 — +o0. (B.6.19)

Finally, arguing as in [40], we can use a continuous mapping argument to deduce from equa-
tion (B.6.18) a central limit theorem for the mean corrected partial sums of regularly varying time

series. We recall this result in the next theorem, proven in Theorem 3.1. in [40].

Theorem B.6.2. Consider (X;) to be a regularly varying time series. Assume the assumptions of
Theorem B.6.1 hold. Denoting (QEOO)), fori=1,2,... an i.i.d. sequence distributed as the spectral

cluster (of exceedances), then

o Ifac (0,1), >0 X¢/xp, 4, £ asn— 400, and { = o0 > ez FiQE;X’) is stable distributed.
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o [fa € [1,2), and CSy holds too, Y ;" | Xi/xy, —E[Xt/xbnl] 4 &, asn — +o0o, and £ is stable
distributed.

Actually, [40] uses a vanishing-small-values condition stronger than CS; instead to obtain the
result. We proof in Chapter 4 that under AC, CSy, and A(xy,, ), the result of Theorem B.6.2 holds

true.

B.6.1 Literature Review

Cluster (of exceedances) are further reviewed in [10, 9, 41|. Central limit theory for time-
dependent random variables was originally investigated in [40], from a point process point of view,
but also in [97, 98] using telescopic sums arguments. Renormalized partial sums of regularly varying
time series have been re-considered more recently in [91, 5, 123|. Functional Donsker-type limit
theorem for re-scaled random walks are shown in [8, 9|, using point process tools and a refinement
of Theorem B.6.1.

B.7 Large deviation principles and cluster processes in ¢*

We consider (X;) to be a regularly varying time series with (tail)-index o > 0. We review
Lemma 3.6. in [25] together with and Proposition 3.1. in [26] to state the Proposition below. The
result appeals to the theory in [96].

Proposition B.7.1. Consider a stationary regularly varying time series (X;) with (tail)-index

a > 0, and spectral tail process (0y). Then, the following statements are equivalent:
i) 1O]la < +00 a.s.
i) limyy 4o |O| =0, a.s.,

Moreover, i),ii) hold under AC and in this case

Play Xio) € | 1 Xppilloe > #n) % c(o0) "E[I2E1(Y6/0] € )], 1= +00  (B.7.20)

1911
«@

where Y is independent of (©), P(Y > y) = y=¢, for y > 1, and convergence holds in (ZOO,JOO),
Also, c(o0) = E[[|O[|S,/[[O1l5]-

Remark B.7.2. Moreover, under the assumptions of Thoerem B.6.1, the extremal index Ox| of
(I1X¢l) is well defined; see (A.2.7), and c(o0) = E[||O]%,/[1O5] = Ox|-

Our new approach consists in deriving new large deviation principles for blocks of consecutive
observations X ), embedded in (Ep’jp). In this setting, we think the tail of X[, as the blocks

distribution when its /P-norm its large. Then we consider a sequence (x,) such that

P
HX[O,n]Hp = (i |Xt/$n‘p)1/p — 0, n—+o0
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and model Xjo /7, on the event {||X(ollp > @n}. To study ¢P-norms, notice |X;|P is also
regularly varying of index «/p, therefore the large deviations of /P-norms can be studied through
large deviations of sums with heavy-tailed innovations. We built on the approach of large deviations
of sums from [123, 121], extending Theorem B.2.4 to a time-dependent setting. We will work under
assumptions similar to those considered in [121], but tailored for the sums of p-powers setting.

To sum up, we show in Chapter 2 that assuming AC, a small-vanishing-conditions similar to

CS; tailored for p—powers sums, and

e(p) = E[|el|3/IlO]13] < +o0, (B.7.21)
then,
_ w _ O«
P(27 Xion € | [Xppmlly > 2a) > e(p) E[[g 1Y O/ [0, € )], (B.7.22)
LPyQWP e.), n— +oo, (B.7.23)

where Y is independent of Q) P(Y > y) =y, for y > 1, |QP)||, = 1 a.s., and convergence takes

place in (7, d,). Moreover,
P(IXo,n1llp > n) ~ c(p) nP(|Xo| > zp,), n — +o0, (B.7.24)

The relation (B.7.22) allows us to define cluster processes Q) € (P, satisfying || QW) ||, = 1 as.
This will be the main large deviations result we derive in Chapter 2.

Moreover, p — ¢(p) is a non-decreasing function such that ¢(«) = 1 and ¢(o0) is the candidate
extremal index; see Remark B.7.2. These constants can also be obtained letting h — 400 in ¢(p, h)
defined in (B.5.16). We study the advantages of this approach for cluster inference in Chapters 2,
3, and for high quantiles inference in Chapter 4.

Finally, we argue that under AC, and motivated by the equivalence between i),ii), a good
candidate to capture the spectral cluster shape is ©/|©||, which we can recover letting p = « in
(B.7.22).

B.7.1 Literature review

Pursuing the approach in Theorem B.2.4, we can study the tail of mean corrected partial sums
from (X;), a regularly varying time series satisfying the tail balance condition (B.2.3). We study
regular variation, but the fundamental property is subexponenial distributions as defined in (B.2.4).
This broader setting was already treated in [124, 125, 33| for i.i.d. observations, and it is considered
in [118] for stationary subexponential observation. The case of regularly varying time series has
received more attention, and we restrict to it in our work. Mikosch and Wintenberger [123, 121]
give general and sufficient conditions on the dependence structure of (X;) to state a similar result
as in Theorem B.2.4. We refer to Theorem 3.1. in [121] for a generalization of Nagaev’s theorem in

the stationary regularly varying setting. They study suitable regions A,, C (z,,+0o0) such that if
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(X¢) is univariate regularly varying, then for some ¢ € [0, +00)

P> X
lim sup| (thl 1> )

— = 0. B.7.25
n—rtoo oo | 0P| X > ) c| ( )

The extremal regions A, here considered are analogous to the ones from Theorem B.2.4 for
many classical examples. For Markov chains, they prove a version of Theorem B.2.4 over regions
T, < x < ¢, instead of x > x,, since verification can be is easier to handle using their drift-
condition DC,. Their result is general and builds on telescopic sum ideas already appearing in
[97, 98]. Concrete examples have also been studied independently. For example, the case of linear
processes was studied in [120], and stationary solutions to the stochastic recurrence equation X; =
A Xy 1+ By, t € Z, for an i.i.d. sequence (Ay, B;) were studied in [90, 91, 106], for E[A%] < 1 and
B regularly varying of tail index o > 0. For large deviation’s under the Kesten’s conditions we refer
to [24].

B.8 Cluster inference

Inferring the behavior of the cluster processes through summary statistics is what we call cluster
inference. Consider (X;) to be a regularly varying time series taking values in (R,]| - ). Cluster
inference has been typically addressed using the clusters (of exceedances) framework. In this setting,

we start by dividing the sample into m,, = |n/b, ] disjoint blocks as

X[l,bn]v X[bn+1,2bn]7 <o 7X[n—bn+1,n}7 (B826>

then a large threshold is fixed and only blocks with at least one exceedance are kept leading to an
empirical sample of clusters (of exceedances). The goal is then to compute the average clustering
effect captured by these extremal block. This approach is formalized in [52] who assess the estimation
performance.

For example, interpretation of the extremal index through cluster features is the basis for in-
ference procedures from the early 1990s [160]. We can estimate the extremal index in this way
exploiting the relation (B.6.19). This idea motivated the so-called blocks estimators 88, 161|, based
on counts of exceedances per cluster, and also the runs estimator [161, 65|, based on interexceedances
lengths. Overall, the main goal of cluster inference is to capture the properties of extremal clusters.
The extremal index has been typically understood as a summary of the clustering of exceedances
effect.

We propose to use p-cluster processes with p < oo to infer the extremal behavior of the sample.
We propose to keep the disjoint blocks in (B.8.26) whose /P—norm exceeds a large threshold instead.
Recall, cluster processes are related through Equation (B.7.22) by a change of norms functional.
In practice this means that in the case of cluster statistics, the same quantity can be estimated
in different ways letting functionals g, act on extremal ¢P-blocks for different p. This observation

opens the road for improving cluster inference. We pursue this road on Chapter (2). For example,
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we mentioned the extremal index can be recovered from (B.6.19), but note it can also be recovered
using extremal £*-blocks since 6)x| = c(00) = E[|Q(®)]|%.] from equation B.7.21; see Remark B.7.2.
Investigation of cluster-based inference of the extremal index is discussed in detail in Chapter 3.
We can highlight two main advantages of addressing cluster inference via extremal /P-blocks
with p < 4o00. First, as p decreases, the p—norm increases, and consequently, the probability of
hitting a cluster increases when ¢(p) < ¢(o0) as can be seen from Equation (B.7.24). Second, in our

framework, if p = «,
P(HX[an]Ha > xbn) ~ by, ]P)(‘XO‘ > a:bn), n — +00. (B.8.27)

where the relation in (B.8.27) holds regardless of the time dependence dynamics. This invariance

principle is advantageous since cluster inference no longer depends on ¢(p).

B.8.1 literature review

From a theoretical point of view, it is already challenging to define clusters (of exceedances);
see |65, 153, 154, 10, 9], and references there in. Concerning inference, the first theoretical setting
for cluster-based statistics was established in [52]. The authors presented a global framework for
showing asymptotic normality of cluster-based disjoint blocks estimators, and reviewed the example
of the extremal index. Asymptotic normality of the sliding blocks estimators was then studied in
[51]. Further, [28] showed, for cluster inference, the asymptotic variance of both disjoint and sliding
blocks estimators coincide. We refer to [108] for a modern treatment of cluster inference. Already
in [39, 50], the authors discuss how to improve cluster inference using the index of regular variation
of the time series. However, all the literature previously mentioned deals uniquely with clusters (of

exceedances).

B.9 Time series models

We investigate two examples of stationary regularly varying time series.

B.9.1 Linear model

Let (Z;) be an iid. Révalued sequence, and independent of (®;), which is a time series of

matrices in R¥¢. We consider the linear model (X;), defined as the solution to the equation

Xy = > 0,2, tel (B.9.28)
teZ

and the following holds

i) (Z¢) is an i.i.d. sequence, regularly varying of index o > 0, centered if & > 1, and independent
of (q)j)

i1) E[(|9]}a-02)" "] < o, for some ¢ > 0,
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iii) E[||®;0F]2] > 0, where ©F is independent of (®;) and is distributed as the spectral measure
of Z; and |©%| =1 as..

Conditions 1), i), 7i1), guarantee, respectively, the heavy-tailedness,the existence of the stationary
linear model in (B.9.28), and of a non-null exponent measure by an application of the multivariate
Breiman’s lemma; see [6]. More precisely, recalling Theorem 15.1.2 in [108], we can state the

following result
Proposition B.9.1. Let (X;) be the stationary solution in (B.9.28) satisfying i), i), 4ii). Then, it

is regularly varying of index ov > 0 with spectral tail (©) given by

(0]
*r_ 0% tez,

O; =
2,07

where () is independent of @5, and J is a random-shift variable taking values in Z, depending on
(0F, (®))), such that P(J = j | (OF (%)) ) = |2;0F|*/E[|®;0F|2].

Classical examples defined by (B.9.28) are the mop-dependent processes, where |®;| = 0 for all
except finitely many indexes in (B.9.28). We can also study autoregressive moving-average ARMA
processes as solutions to (B.9.28) (cf. [18]).

Example B.9.2. Let (X;) be the AR(1) model, such that Xy = pXi—1+Zs, t € Z,|p| < 1 and (Z)

is an i.i.d. regularly varying sequence with (tail)-index oo > 0, then

(pt ®Z7 t 2 _J)
0, = (B.9.29)
0, t< —J.

and P(J = 7| ©F) = |¢7|*(1 — |p|*), for j € Z. Moreover, it has extremal index Ox| = (1 —[p]¥).

B.9.2 Affine stochastic recurrence equation under Kesten’s assumptions

Let ((At, Bt)) be an i.i.d. sequence of non-negative random d X d matrices with generic element
A, and random vectors with generic element B, taking values in R?. We consider (X;) to be the

causal solution to the equation:
X; = AXi_1+ By, teZ, (B930)

Kesten’s celebrated paper [103], shows sufficient conditions for the existence of a stationary solution

to (B.9.30), admitting the causal representation

X; = Z At7i+1 LA B, teZ, (B931)

>0

where the summand for ¢ = 0 is By, for ¢ = 1 is A;B;_1, and so on; see [6, 24] and references

therein. We quote below theorem 2.1. in [6] to explicit these conditions.
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Theorem B.9.3. (Ezistence of stationary solution) Assume E[log" |Alop] < 400, E[log® |BJ] <
+o00, and assume the Lyapunov exponent for the sequence (Ay) is negative. Then, the solution in

(B.9.31) converges a.s. and is the unique strictly stationary causal solution of (B.9.30).

Concerning heavy-tailedness, under the so-called Kesten’s conditions, (X;) can admit a sta-
tionary regularly varying solution even when innovations ((A¢, Bt)), are light-tailed as first noticed
in [103]. Extremes are due to the products of arbitrary length in (B.9.31); see [13] for a review,
[74] for the Goldie and Kesten’s conditions for univariate innovations, and [6, 7| for a multivariate
treatment of Equation (B.9.30). Under these Kesten’s conditions, the index of regular variation of

(X¢), denoted o > 0, is the unique solution to

lim n 'logE[|A, - A1]3] = 0. (B.9.32)

n—-+o0o

Equation (B.9.30) is key in econometric to model squared ARCH(p) and the volatility of
GARCH(p, q) processes. We review Theorem 2.4. with Corollary 2.7. in [6] to state exact con-

ditions for heavy-tailed solutions (X;) from light-tailed innovations.

Theorem B.9.4. (Heavy-tailedness) Consider ((A¢,By)) to be an i.i.d. sequence of matrices A in
R4 with non-negative entries, and random vectors B in R¢-valued with non-negative entries such
that B # 0 a.s. Assume also the conditions below hold

1. For some k >0, E[|A[)] < 1.
2. A has no zero rows a.s.

3. The set T in (B.9.33) generates a dense group on R.

I' = {lnla,---aj|pp:n>1a,---a; >0, ay,,...,a; are in the support of A’s law }.
(B.9.33)
4. There ezists k1 > 0, E[(minj—1,. 4 Zle Aij)rt] > d*/? and E[|A|’§Il, Int A, < +oc.

Then, there exists a unique solution o > 0 to (B.9.32), there exists a unique strictly stationary causal
solution (X¢) to (B.9.32). Moreover, if E[|B|*] < 400 and either d =1 ord > 1 and o > 0 s
not an even integer, then the finite-dimensional distributions of (X¢) are regularly varying of index

a > 0.

Moreover, under the assumptions of Theorem B.9.4, Xy admits a spectral measure O¢ and its

forward spectral tail measure is given by
0, = A;--- A0, tENZl.

where (A;) is a sequence of i.i.d. random matrices with generic element A; see [6, 10].
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Example B.9.5. Let log A; 4 N; — 0.5 where N; denotes a centered and reduced Gaussian random
variable. Then, the causal stationary solution (X), satisfying Xy = AXy_1,t € Z, is regularly
varying with index o = 1 and E[(A)'~%] < 1 for all § > 0.
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Abstract

Assessing the time dependence of multivariate extremes

for heavy rainfall modeling

Nowadays, it is common in environmental sciences to use extreme value theory to assess the
risk of natural hazards. In hydrology, rainfall amounts reach high-intensity levels frequently, which
suggests modeling heavy rainfall from a heavy-tailed distribution. In this setting, risk management
is crucial for preventing the outrageous economic and societal consequences of flooding or land-
sliding. Furthermore, climate dynamics can produce extreme weather lasting numerous days over
the same region. However, even in the stationary setting, practitioners often disregard the temporal
memories of multivariate extremes. This thesis is motivated by the case study of fall heavy rainfall
amounts from a station’s network in France. Its main goal is twofold. First, it proposes a theoretical
framework for modeling time dependencies of multivariate stationary regularly varying time series.
Second, it presents new statistical methodologies to thoughtfully aggregate extreme recordings in
space and time.

To achieve this plan, we consider consecutive observations, or blocks, and analyze their extreme
behavior as their /P-norm reaches high levels, for p > 0. This consideration leads to the theory
of p-clusters, which model extremal fP-blocks. In the case p = oo, we recover the classical cluster
(of exceedances). For p < oo, we built on large deviations principles for heavy-tailed observations.
Then, we study in depth two setups where p-cluster theory appears valuable. First, we design disjoint
blocks estimators to infer statistics of p-clusters, e.g., the extremal index. Actually, p-clusters are
linked through a change of norms functional. This relationship opens the road for improving cluster
inference since we can now estimate the same quantity with different choices of p. We show cluster
inference based on p < oo is advantageous compared to the classical p = oo strategy in terms of bias.
Second, we propose the stable sums method for high return levels inference. This method enhances
marginal inference by aggregating extremes in space and time using the {*-norm, where o > 0 is the
(tail) index of the series. In simulation, it appears to be robust for dealing with temporal memories
and it is justified by the a-cluster theory.

Keywords': Extreme value theory, reqularly varying time series, large deviations, environmental

time series
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