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We consider a strictly stationary sequence of random vectors whose finite-dimensional distributions are
jointly regularly varying with some positive index. This class of processes includes, among others, ARMA
processes with regularly varying noise, GARCH processes with normally or Student-distributed noise and
stochastic volatility models with regularly varying multiplicative noise. We define an analog of the auto-
correlation function, the extremogram, which depends only on the extreme values in the sequence. We also
propose a natural estimator for the extremogram and study its asymptotic properties under o-mixing. We
show asymptotic normality, calculate the extremogram for various examples and consider spectral analysis
related to the extremogram.
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1. Measures of extremal dependence in a strictly
stationary sequence

The motivation for this research comes from the problem of choosing between two popular and
commonly used families of models, the generalized autoregressive conditional heteroscedastic
(GARCH) process and the heavy-tailed stochastic volatility (SV) process, for modeling a partic-
ular financial time series. Both GARCH and SV models possess the stylized features exhibited
by log-returns of financial assets. Specifically, these time series have heavy-tailed marginal dis-
tributions, are dependent but uncorrelated and display stochastic volatility. The latter property is
manifested via the often slow decay of the sample autocorrelation function (ACF) of the absolute
values and squares of the time series. Since both GARCH and SV models can be chosen to have
virtually identical behavior in the tails of the marginal distribution and in the ACF of the squares
of the process, it is difficult for a given time series of returns to decide between the two models
on the basis of routine time series diagnostic tools.

The problem of finding probabilistically reasonable and statistically estimable measures of
extremal dependence in a strictly stationary sequence is, to some extent, an open one. In classical
time series analysis, which mostly deals with second order structure of stationary sequences, the
ACF is a well-accepted object for describing meaningful information about serial dependence.
The ACF is sometimes overvalued as a tool for measuring dependence, especially if one is only
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interested in extremes. It does, of course, determine the distribution of a stationary Gaussian
sequence, but for non-Gaussian and nonlinear time series, the ACF often provides little insight
into the dependence structure of the process. This is particularly the case when one considers
heavy-tailed nonlinear time series such as the GARCH model. In this case, the estimation of
the ACF via the sample ACF is also rather imprecise and even misleading since the asymptotic
confidence bands are typically larger than the estimated autocorrelations; see, for example, the
results in Basrak et al. [1] for bilinear processes, Davis and Mikosch [11], Mikosch and Starica
[26] and Basrak et al. [2] for ARCH and GARCH processes and Resnick [32] for teletraffic
models.

1.1. The extremal index

The asymptotic behavior of the extremes leads to one clear difference between GARCH and
SV processes. It was shown in Davis and Mikosch [11], Basrak et al. [2], Davis and Mikosch
[12] (see also Breidt and Davis [6] for the light-tailed SV case) that GARCH processes exhibit
extremal clustering (that is, clustering of extremes), while SV processes lack this form of clus-
tering. Associated with most stationary time series is a parameter 6 € (0, 1], called the extremal
index (see Leadbetter et al. [24]), which is a measure of clustering in the extremes. For exam-
ple, the extremal index 6 is less than 1 for a GARCH process, which is indicative of extremal
clustering, while 8 = 1 for SV processes, indicating no clustering. The parameter 6 can also be
interpreted as the reciprocal of the expected cluster size in the limiting compound Poisson process
of the weakly converging point processes of exceedances of (X;); see, for example, Leadbetter
et al. [24] or Embrechts et al. [15], Section 8.1.

In this paper, we take a different tack and study the extremal dependence structure of general
strictly stationary vector-valued time series (X;). Certainly, the cluster distribution of the limiting
compound Poisson process contains more useful information about the clustering behavior of ex-
tremes than the extremal index. Although explicit formulae for the extremal index and the cluster
distribution exist for some specific time series models (including certain ARMA and GARCH
models and some Markov processes), these expressions are, in general, very complicated to com-
pute and even difficult to simulate. They are also rather difficult objects to estimate and do not
always yield satisfactory results, even for moderate sample sizes.

1.2. Regularly varying time series

In this paper, we focus on strictly stationary sequences whose finite-dimensional distributions
have power law tails in some generalized sense. In particular, we will assume that the finite-
dimensional distributions of the d-dimensional process (X;) have regularly varying distribu-
tions with a positive tail index «. This means that for any # > 1, the lagged vector Y, =
vec(X1, ..., X}) satisfies the relation

P(x'Ypeo) o
POV =n 10 b
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for some non-null Radon measure 1 on @gd = Khd \ {0}, R=RU {400}, with the property that

urC) =t"%up(C),t > 0, for any Borel set C C @gd. Here, - denotes vague convergence; see
Kallenberg [22], Daley and Vere-Jones [9] and Resnick [30,31,33] for this notion and Resnick
[30,31,33] and Hult and Lindskog [21] for the notion of multivariate regular variation. We call
such a sequence (X;) regularly varying with index o > 0.

Various time series models of interest are regularly varying. These include infinite variance
stable processes, ARMA processes with i.i.d. regularly varying noise, GARCH processes with
i.i.d. noise with infinite support (including normally and Student-distributed noise) and stochas-
tic volatility models with i.i.d. regularly varying noise. In Section 2, we will be more precise
about the regular variation of the aforementioned sequences. It follows from general multivariate
extreme value theory (e.g., Resnick [31]) that any strictly stationary time series whose finite-
dimensional distributions are in the maximum domain of attraction of a multivariate extreme
value distribution can be transformed to a regularly varying strictly stationary time series. This
can be simply achieved by a monotone transformation of the marginal distribution. Hence, the
results of this paper apply in a more general framework than that of regularly varying sequences.

For our purposes, it will be convenient to use a sequential definition of a regularly varying
sequence (X;) which is equivalent to the definition above. Consider a sequence a, 1 oo such
that P(|X]| > a,) ~ n~!. Then, (1.1) holds if and only if there exist constants c¢; > 0 such
that

nP(a, 'Yy €)= chpn() = vi (), (1.2)

where u, is defined in (1.1). Alternatively, for each & > 1, one can replace (a,) in (1.2) by a
sequence (a,gh)) such that P(|Yy| > a,gh)) ~n~1 and then ¢; = 1 in (1.2). However, for each

h>1,a, /a,(,h) — dj, as n — oo for some positive constants dj,.

1.3. The upper tail dependence coefficient

As a starting point for the definition of a measure of extremal dependence in a strictly stationary
sequence, we consider the (upper) tail dependence coefficient. It is defined for a two-dimensional

vector (X, Y) with X 4 Y as the limit (provided it exists)

AMX, Y)lei)H;OP(X > x|Y > x).

Of course, A € [0, 1], and . = 0 when X and Y are independent or asymptotically independent.
The larger the A, the larger the extremal dependence in the vector (X, Y). We refer, for exam-
ple, to the discussions in Ledford and Tawn [25] and Beirlant et al. [3] on the tail dependence
coefficient.

The tail dependence coefficient can also be applied to the pairs (Xq, Xj) of a one-dimensional
strictly stationary time series. The collection of values A(Xo, X;,) contains useful information
about the serial extremal dependence in the sequence (X;). If one considers a real-valued, reg-
ularly varying sequence (X;) with index « > 0, the definition of regular variation immediately
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ensures the existence of the quantities

P(x~'(Xo, ..., Xpn) € (1,00) x (0,00)" 1 x (1, 00))
P(x—1(Xo, ..., Xn) € (1,00) x (0, co))

A(Xo, Xn) =xli)ﬂgo

_ a1 ((1,.00) x (0,00)" ! x (1, 00))
wat1((1,00) x (0, 00)")

1.4. The extremogram

Now, let (X;) be a strictly stationary, regularly varying sequence of R?-valued random vectors.
Consider two Borel sets A, B in Kd such that C = A x Ed(hfl) x B is bounded away from zero

and vy 4+1(0C) = 0. According to (1.2), the following limit exists:

nP(a;'Xo € A,a;' X, € B) > vyt (A xRy "V x B) = yap(h).

Note that if both A and B are bounded away from zero, then

ncov(I I =n[P(a;'Xo € A,a,;'X; € B) — P(a;'X € A)P(a;'X € B)]

{a; ' XoeA) {a;lxheg})

~nP(a,'Xoe A,a,'X}, € B) ~ yap(h).

Also, note that the strictly stationary bivariate time series (/ a

‘ : : : 1 71X[63}) has limiting
covariance matrix function given by

2 XieA) Hap

vga(h) ypp(h)

which has all non-negative components. Since I'(%) is the limit of a sequence of covariance
matrix functions, it must also be a covariance matrix function and hence a non-negative definite
matrix-valued function; see Brockwell and Davis [8]. In particular, both (y44(h)) and (ypp(h))
are non-negative definite functions and (y4p(h)) is a cross-covariance function and need not be
symmetric in A and B.

Alternatively, for A and A x B bounded away from zero and with v; (A) > 0, one may consider

I = |:VAA(h) )/AB(h)] ’

Pa;'Xoe A,a;'X, €B h
P(a;'Xy € Bla;'Xo € A) = (@, Xo e ), ras®) _ ),
P(a,'X € A) vi(A)

Then, since

cov(l 1

0y XoeA) Diay ' x4y

~ paa(h),
Var(I{a;1XeA})

(paa(h)) is the correlation function of a stationary process. With the exception of A = B,
(pap(h)) and the correlation function (with v (A)v((B) > 0)

vag(h)

latxien) ™~ Zn B

Corr(l{a,,_lXoeA}’ heZ,
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are, in general, different functions. However, for fixed A, all of these quantities are proportional
to each other. In what follows, we refer to any one of these limiting quantities, considered as
a function of h, as the extremogram of the sequence (X;). Since A, B are arbitrary, there exist
infinitely many extremograms. The sequence of the tail dependence coefficients of a regularly
varying one-dimensional strictly stationary sequence (X;) is a special case of the extremogram.
Indeed,

AMXo, Xn) = p,00),(1,00) (1).

As mentioned above, it can be interpreted as a particular ACF.

Since y44 can be interpreted as an autocovariance function, one can translate various notions
from classical time series analysis to the extremogram. For example, one can introduce the analog
of the spectral distribution corresponding to y44. In particular, if y44 is summable, then there
exists a spectral density and one may speak of short range dependence in the time series context.
Alternatively, if y4 4 is not summable, then one can talk of long range dependence.

The bivariate extremal dependence measure y4p introduced above can be extended in such a
way that any finite number of events Ay, ..., Ay is involved. Provided the set C = A x --- X Ay,

is bounded away from zero in Egk and v, (0C) = 0, one can define the limiting dependence
measure

nP(a;'X1 € A, ...,a;'X), € Ap) = vp(Ag X -+ X Ap).

Such quantities can be of interest, for example, when considering the limits of conditional prob-
abilities of the form

P(a;'Xy € Aa, ..., a;, "Xy, € Apla; X € Ay), (1.3)

where A is bounded away from zero. Probabilities of this form and their limits appear as the
extremal index and the cluster probability distribution of strictly stationary sequences; see also
Fasen et al. [16] who consider a generalization of the tail dependence coefficient. In this paper, we
focus on the two-dimensional case, that is, the extremogram, but, in a sense, the extremogram
also covers this more general case. Indeed, if we define the strictly stationary process Y, =
vec(X1, ..., Xp), then (1.3) can be written in the form

P(alzth EKd X A2 X oo+ X Ah|Y1 e@d(h—l) %

Ay)
whose limit is an extremogram.

The paper is organized as follows. In Section 2, we consider some well-known time series
models, including the GARCH and SV models, and discuss conditions under which they con-
stitute a regularly varying sequence. The extremograms are also computed for these models.
In Section 3, we study estimators of the extremogram. Assuming that the sequence (X;) meets
certain dependence conditions such as a-mixing with a suitable rate, we show that these esti-
mators are asymptotically unbiased and satisfy a central limit theorem. In Section 4, we apply
the asymptotic results to GARCH and SV models. The Fourier transform of the extremogram
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can be viewed as the analog of the spectral density of a correlogram. The periodogram is simi-
larly defined as the Fourier transform of the estimated extremogram. In Section 5, we show that
the periodogram is asymptotically unbiased for the spectral density. A lag window estimate of
the spectral density is also formulated and shown to be asymptotically unbiased and consistent.
The proof of the main theorem in Section 3 is provided in Section 6.

2. Examples of extremograms

2.1. Preliminaries on regular variation

We will often make use of a multivariate version of a result of Breiman [7] which can be found
in Basrak et al. [2]. Assume that the d-dimensional vector X is regularly varying with index o
and limiting measure u, that is, Yy, and p, in (1.1) are replaced by X and u, respectively. Let A
be a random k x d matrix that is independent of X with E||A[|%*"¢ < co for some € > 0. Then,

P(x"'AX € 4 —d
m%Eu({xeRo. Ax € -}, X — 00, 2.1

v . =k
where — refers to vague convergence in R.

2.2. The stochastic volatility model

We consider a stochastic volatility model
Xy =017y,

where the volatility sequence (o;) constitutes a strictly stationary sequence of non-negative ran-
dom variables, independent of the i.i.d. sequence (Z;). We further assume that Z is regularly
varying with index « > 0, that is, the limits

P(Z > x) . P(Z<—x)
p=lim ——— and ¢= lim ————
x—o00 P(|Z| > x) x—o00 P(|Z| > x)
exist for some p,q > 0 with p+¢g =1 and P(|Z| > x) = x~*L(x) for some slowly varying
function L. If we also assume that E(c%7¢) < oo for some € > 0, then (X;) is regularly varying
with index «. This follows from Breiman’s result (2.1); see Davis and Mikosch [12]. Hence,
the finite-dimensional distributions of (X;) are regularly varying with index o and the limiting
measures vy, in (1.2) are concentrated at the axes, as in the case of an i.i.d. sequence. Equivalently,
the corresponding spectral measures are concentrated at the intersection of the unit sphere with
the axes. To be precise (see [12]),

h
Vi1 (dxo. ... dox) = ) ha(dxi) [ Teoldx)),

i=0 i#j
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where Ay (x, 00] = px™% and Ay[—00, —x] =¢gx~%, x > 0, and &, denotes Dirac measure at y.
In particular, if 4 > 1 and C = A x @h_l X B is bounded away from zero with vj;41(dC) =0,
then
Ao (A), if 0 € B, A is bounded away from zero,
yap(h) = 1 Aq(B), if 0 € A, B is bounded away from zero,
0, if A and B are both bounded away from zero.

This means that y4p(h) is zero unless either A or B contains zero. Moreover, pap(h) = 1 if
0 € B and p4p(h) = 0 otherwise. In particular, y4p(h) does not depend on 4 for 4 > 1. If both

. —h—1 .
A and B contain 0, then the set A x R = x B is not bounded away from zero.

2.3. GARCH process

The regular variation of a GARCH(p, q) process was shown in Basrak et al. [2] under general
conditions. Here, we focus on a GARCH(1, 1) process because the calculations can be made
explicit; this is not possible for a general GARCH process. A GARCH(1, 1) process is given by
the equations

X[:UZZ[, IGZ,

where (Z;) is an i.i.d. sequence with EZ =0 and var(Z) = 1, and

2 2 2 2 2

of =ag+a1X;_; + pBio,_ =ag+o;,_Ci_1, Ci=u1Z; + Br1. 2.2)
The parameters o, oy, f1 > O are chosen such that (X;) is strictly stationary and the unique
positive solution to the equation

EC*? =1 (2.3)

exists. Then, under regularity conditions such as the existence of a positive density of Z on R,
the sequences (o;) and (X;) are regularly varying with index «. This follows from theory devel-
oped by Kesten [23]. Equation (2.3) has a positive solution if Z is standard normal or Student
distributed. We refer to Mikosch and Starica [26], Theorem 2.6, for details in the GARCH(1, 1)
case.

We now calculate the extremogram y 4 p for the sets A = (a, 00), B = (b, 0o) for positive a, b.
For more general sets, the calculations become less tractable. We will make repeated use of the
following auxiliary result whose proof can be found in Mikosch and Stérica [26] and Basrak et
al. [2].

Lemma 2.1. Assume that the strictly stationary GARCH(1, 1) process (X;) satisfies the con-
ditions of Theorem 2.6 in Mikosch and Stdricd [26]. Then, (X;) is regularly varying with index
o > 0 given as the solution to (2.3) and the following relations hold for any h > 2:

©f.....00) = 03(Co, C1Co, ..., Ch1---Co) + Ry, (2.4)
(X3},.... X)) =0}(Z3},25Cy, ..., ZiCh1---C1) + Ry, (2.5)
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where, for any € > 0, nP(n’z/"‘|R,-| >€)—>0,i=1,2.

It follows from Lemma 2.1 and Breiman’s result (2.1) that
Px7'X3eA,x7'X2eB) PG 'ofZi/a>1,x""6}Co-- ChoiZ2/b > 1)
P(x~1X2eA) P(X?/a > x)

_ Emin(Z§/a, Co--- Ch1Z;/0))*
E(Z2/a)~/?

= pap(h).

It is, in general, not possible to obtain more explicit expressions for p4p. In the ARCH(1) case,
that is, when 8; = 0, we can use (2.3) to obtain

E(min(Cy, Co - - - Cpa/b))*/>
EC®/?

pan(h) = = E(min(1, Co -+~ Ch_1a/b))*">.

The right-hand side decays to zero at an exponential rate. This can also be seen from the following
calculations in the GARCH(1, 1) case. There exists some constant ¢ > 0 such that

pan(h) < cE(min(a1 23, Co--- Chor (1 ZD))*?

< cE(min(Co, Co - - Ch))a/2
= cE(min(l, C()-"Ch—l))a/z
=cP(Co-+Ch1 =2 1)+ E(Co- - Cpe)**Iicycyy <1)-

Choose k € (0, a/2). Since the function »r — EC” is convex and (2.3) holds, EC* < 1. Then, by
Markov’s inequality, P(Co---C_1 > 1) < (EC*)" and

E((Co- - Cho1)**Iicy-cy_y<1y) < E(Co -+ Cp1)* = (EC*)".

Hence, pap(h) < c(EC*)", which implies that p4 p (h) decays to zero exponentially fast. In [13],
we give some further examples of extremograms for a GARCH(1, 1) process.

2.4. Symmetric a-stable processes

Let (X;) be a strictly stationary symmetric «-stable (sas) sequence with integral representation

X, = / fidM,  teZ, (2.6)
E

where (f;) is a sequence of deterministic functions such that f; € L*(E, £, m) for some « €
(0,2), £ is a o-field on E and m is a measure on £. The measure m is the control measure of
the sas random measure M on E. For the definition of «-stable integrals of type (2.6), we refer
to Samorodnitsky and Taqqu [37]. Conditions for stationarity of the sequence (X;) were given
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by Rosifiski [34]. By the definition of an s«s integral and stationarity of (X,), for some constant
Cy > 0, the tail of the marginal distribution satisfies

P(X, >x)~Cax_“/ |fl|“dm:Cax_°‘/ | fol® dm.
E E

The next result follows from Samorodnitsky [36]; also see Theorem 3.5.6 in Samorodnitsky and
Taqqu [37] or Theorem 8.8.18 in Embrechts et al. [15]. We have, for A = (a, 00), B = (b, 00),
a,b>0,

Px~'X,>b,x 'Xg>a) P 'min(Xo/a, X;,/b) > 1)
P(x~1X >a) P(x~1X >a)

_ Jelmin(f", £ @/b))* + (min(fy ", £ (@/b))*1dm
fE | fol® dm

= pag(h).
If we choose E =R, m to be Lebesgue measure on R and
fi@) =e MU0 (),

then the corresponding process (X;);cz is the discrete version of an sas Ornstein—Uhlenbeck
process and

0 AOX —\ah o
e min(1, e a/b)*)dx
pAB(h): f—oo fo( - ( / ) :min(l’ef)»ah(a/b)a), h>0.
erar dx
—00

For @ =2 and a/b = 1, this autocorrelation function coincides with the autocorrelation function
of a Gaussian AR(1) process.
If we assume that

fikx) = f(t —x), xeR, teZ,

and f is constant on the intervals (n — 1,n] for all n € Z, then (X;) is a linear process with
1.i.d. sas noise. In this case,

]

pap(y="Y_ ((min(Lf I, [f(h+m)]"(a/b)))"

n=—oo

+ (min(Lf 17, Lf G +m)]~(a/b)))%) / 3 fme.

n=—0oo
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2.5. ARMA process

The extremogram for an ARMA process generated by heavy-tailed noise can be derived directly
from the previous example. Suppose that (X;) satisfies the ARMA(p, ¢g) recursions

Xy =1 Xp—1+ -+ +¢pXt7P +Zi+01Z—1+ - +9qzt—q,

where the autoregressive polynomial ¢ (z) =1 — ¢12 — -+ — ¢,z” has no zeros inside or on the
unit circle and (Z;) is an i.i.d. sequence of symmetric and regularly varying random variables.
Then, (X;) has the causal representation

o
X = Z W‘/’Zt—j,
Jj=0

where the coefficients v; are found from the relation ¢ (z) Z?‘;o Yzl =(1+01z+ - +0429)
(see Brockwell and Davis [8]). From the previous example with the same sets A and B, the
extremogram is given by

3 o (min(Y . Yt (/b)) + min(y ;¥ 7, (/b))
IR ’

In particular, if (X;) is an AR(1) process with ¢ € (0, 1), then ¥; = qb{ and

pap(h) =

pag(h) =min(1, ¢3" (a/b)*).

Regardless of the values of a and b, the extremogram eventually decays at a geometric rate. It
is worth noting that for the case a > b, the extremogram may be equal to one for several lags
before beginning its exponential descent. If we assume that a =b =1 and ¢ € (—1, 0), then we
get

paARh+1)=0 and paa(2h) = |p|*?".

This means that an AR(1) process with a negative coefficient has as an alternating extremogram
paa that is zero for all odd lags and decays geometrically for even lags. In this case, the ex-
tremogram coincides with the ACF of an AR(2) process with lag-1 coefficient equal to 0 and
lag-2 coefficient equal to |¢|*2. Based on the empirical estimate of the extremogram, AR-type
behavior with a negative parameter ¢ can be observed for foreign exchange rate high frequency
data. See Figure 1 for an illustration.

3. Consistency and a central limit theory for the empirical

extremogram

The aim of this section is to derive relevant asymptotics for the empirical extremogram. In Sec-
tions 3.1 and 3.2, we establish key large-sample properties for the empirical estimator of ©(C).
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Figure 1. The empirical extremogram with A = B = (1, 0c0) U (00, —1) (upper-left) and A = B = (1, o0)
(upper-right) of a sample of five-minute return data of the foreign exchange rate USD-DEM. The middle
consists of the extremogram of the residuals from a fitted AR(18) model and from the residuals of a GARCH
fitted to the residuals A = B = (1, 00). The bottom shows the extremogram of a simulated AR-GARCH
model. See Section 3.4 for more details.

Based on these results, the asymptotic normality for the empirical extremogram is established in
Section 3.3.
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Throughout this section, it is assumed that (X;) is a strictly stationary, regularly varying se-
quence with index @ > 0. The vector X = X assumes values in R¢ and has limiting measure .
This means that we replace Y with X and wj, with p in the definition of (1.1).

The empirical extremogram, defined in Section 3.3, can be viewed as a ratio of estimates of
1 (A) and w(B) for two suitably chosen sets A and B. We first consider estimates of 1 (C), where

C is a generic subset of Rg, bounded away from zero and with ;£ (dC) = 0. Then, in particular,

there exists €e>0 such that CcC{xe Ed: x| > €}. (3.1)

A natural estimator of u(C) is given by

n
-~ m
P (C) = le{x,/amea,

t=1

where (a,) is chosen such that P(|X| > a,) ~n~', m = m, — oo and m,/n = o(1). These

conditions on (m,) ensure consistency of ﬁm(C); see Theorem 3.1. The estimator ﬁm(C) is
closely related to the tail empirical process. We refer to the recent monographs de Haan and
Ferreira [19], Resnick [33] and the references cited therein.

We will work under the following mixing/dependence conditions on the sequence (X;):

(M) The sequence (X;) is «-mixing with rate function (o«;). Moreover, there exist m,,,
rp, — oo withm, /n — 0 and r,,/m,, — 0 such that

o0
1im my > =0 (3.2)
h=ry,
and, for all € > 0,
n
lim limsupm, »  P(IXn| > €am. |Xo| > €an) =0. (3.3)
k=00 p—soo Ik

Condition (3.3) is similar in spirit to condition (2.8) used in Davis and Hsing [10] for estab-
lishing convergence of a sequence of point processes to a limiting cluster point process. It is
much weaker than the anti-clustering condition D’(ea,) of Leadbetter, which is well known in
the extreme value literature; see Leadbetter et al. [24] or Embrechts et al. [15]. Condition (3.3)
is equivalent to

Tn
lim lim supZ P(Xy| > €an||Xo| > €ay) = 0. (3.4

k
—0 n—o00 ek

There are various time series models that are «-mixing with geometric rate and for which (3.2)
and (3.3) are easily verified. These include GARCH, stochastic volatility and ARMA models
under suitable conditions on the noise; see the discussion in Sections 4.1 and 4.2 for GARCH
and SV models.
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3.1. Asymptotic mean and variance
In this section, we calculate the asymptotic mean and variance of Fm (C) under condition (M).

Theorem 3.1. Assume that (X;) is a regularly varying, strictly stationary R?-valued sequence
—d h
with index o > 0 in the sense of (1.1). Moreover, let C and C X Ro(h b x C C Ré H)d

continuity sets with respect to ( and pp1 for h > 1, respectively, and let C be bounded away
from zero. If condition (M) holds, then

EPy(C) — p(C), (3.5)
var(P,,(C)) ~ —[ (©) +2Zrh(C)i| (3.6)
h=1

dO=D  ©). If W(C) = 0, then (3.6) is interpreted as var(P,, (C)) =

o(my,/n). In particular, we have ﬁm ©) —P> w(C).

where 1,(C) = pup4+1(C x RO

Proof. In what follows, it will be convenient to write
Pn(C)=mPX/ay € C)=mpy and ps=PXs/am € C,X;/ay, € C).
Regular variation of X and strict stationarity of (X;) imply that
EP,(C)= Pn(C)—> n(C)  asn— oo.

This proves (3.5).
Turning to (3.6), we first note that

2n—1

2
-~ m ny
var(Pp (C)) = (7”) nvar(Ixa,ec}) +2< " ) Z(ﬂ — h)cov(I{xy/anecy, I(X, jamec))

h=1
=L+1.
By regular variation of X,

L= %[me)(l — po)l ~ %mcy 3.7)

We have, for k > 1 fixed,

—Iz—m,,(2+ Z Z )(1—h/n>[p0h—pé]

h=1 h=k+1 h=ry+1
= I + I + 3.
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The regular variation of (X;) implies that I5; — Zf-‘zl 75, (C), so it suffices to show that

lim limsup(|l22| + |123]) = 0. 3.8)

k=00 p—soo

Since C is bounded away from zero, (3.1) holds. Then, since r,, = o(m,,),

I'n
Ip=m, Y pon+o(l)
h=k+1

<my Y P(Xul> €an, [Xo| > €an) +o(1).
h=k+1

We conclude from (3.3) that lim_, o limsup,,_, o, 22 = 0. Finally, since (X;) is a-mixing and
condition (3.2) holds,

o0
lim |Ls| < lim my, Z o =0,
n—oo n—oo
h=r,+1

which completes the proof of the theorem. ]

3.2. A central limit theorem for ﬁm (C) and the empirical extremogram
The following central limit theorem is the main result of this paper.

Theorem 3.2. Assume that the conditions of Theorem 3.1 hold with k, = n/m,, m, and r,
satisfying kpo,, — 0, and m, = 0(n1/3). Then, the central limit theorem

1/2
S, = (mi> [P (C) —my P(a,;'X € C)]

n

12 n
m Z _ d
- (—n> (I{Xt/amec} - P(amlx € C)) N(O’ GZ(C))

n
i=1

holds, where

o0
o*(C)=pu(C)+2) w(C). (3.9)
h=1
The condition m, = o(n'/3) can be replaced by the condition

4 Mp 3
nm, mpry,
— a; —>0 and — 0, 3.10
e . (3.10)

J=In

which is often much weaker.
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The proof of the theorem is given in Section 6. It is based on a standard big-block/small-
block argument. Proofs in a similar vein in an extreme value theory context can be found in the
literature; see, for example, Rootzén ef al. [35]. In Section 6, we also propose an estimator of the
asymptotic variance o>(C).

For many examples considered in financial time series and elsewhere, the ¢-mixing rate func-
tion «; decays at an exponential rate. In these cases, one can take m, ~ n'/2=% for some small
8 > 0and r, ~ n!/8. The choice r, ~ clogn for some ¢ > 0 also fulfills (3.10).

A slight adaptation of the proofs given in Theorems 3.1 and 3.2, in combination with the
central limit theorem in Utev [38], shows that these results hold if condition (M) is replaced by
the assumption that the process is ¢-mixing with a summable rate function (¢;).

A related paper on the pre-asymptotic behavior of the empirical extremogram in the case
A = (x,00) and B = (y,00) is Hill [20]; see, in particular, his Theorem 5.4. In contrast to
the present paper, he does “not require a model for the bivariate joint tail nor any assumptions
concerning the joint tail” (his Remark 15).

3.3. Extremogram estimation

In order to derive the limiting distribution of the extremogram estimator, we first consider the
large-sample behavior of the ratio estimator of

R(C. Dy =MD
n(C)
given by
Ru(c. D)= D)
Py (C)

where C and D are sets of the type described in Theorem 3.1 with £ (C) > 0. Under the condi-
tions of this theorem, I/?\m(C, D) is a consistent estimator of R(C, D). In what follows, we study
the central limit theorem for this ratio estimator.

Observe that

R, (C,D)—R(C, D)
_ Pu(D)u(C) — Py(C)p(D)
W(C) Pu(C)

1 1 ~ ~ -~ .
= [Z(OTP)SZ)[(M(C)(Pm(D) — EPy(D)) — (D) (P (C) — E Py (0)))

@3.11)

+ (W(C)E Py (D) — u(D)E P,y (C))].

The decomposition (3.11) indicates how we have to proceed. First, we must prove a central limit
theorem for the first term on the right-hand side. This problem is similar to Theorem 3.2 and
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requires proving a joint central limit theorem for (ﬁm ), ﬁm (D)). For the second term in (3.11),
we have, by (3.5),

1(C)E Pyy(D) — (D) E Py (C) .
= m,[(D)P(a,'X € C) — u(C)P(a,'X € D)] =o(1). '

However, for a central limit theorem for (n/m,)"/ 2(1/?\,,1(C, D) — R(C, D)), one needs to know
the rate of convergence of (3.12) to zero. This is, in general, a difficult problem which can some-
times be solved when one deals with a specific time series model; see, for example, Section 4.2
in the case of a stochastic volatility model. Alternatively, one could assume conditions on the
rate of convergence in the relations P, (D) — w(D) and P,,(C) — w(C). Such conditions are
common in extreme value theory.

We formulate the central limit theorem for the finite-dimensional distributions of the ratio
estimator in the following corollary.

Corollary 3.3. Assume the conditions of Theorems 3.1 and 3.2 hold for the sets' Dy,..., Dy, C
and the sequence (X;). Moreover, let £(C) > 0. Then,

12
(1> [Ry(C, Di) — Ry (C, D) liz1...1 ~> N(O, (1(C)) *F'SF),
where

P(a,'X e D))

Ru(C. D) = —"
P(a,, XeC)
and where X and F are defined in (3.15) and (3.18), respectively. If, in addition,

lim /nm,[u(D;)P(a,'X € C) — u(C)P(a,'X € D;)] =0, i=1,....,h, (3.13)
n—00

then

172
n ~ d _
(—) [Rn(C, Di) = R(C, Dp)li=1...n = N (0, (1(C)) *F'EF).
n
Proof. In order to ease notation, we set Dy, = C. We show the central limit theorem
- Ip, (X /am) — P(a,,'X € Dy)
S, = <ﬂ) 3 : 4 N, D), (3.14)
n t=1 ’ 1
Ip,. (X¢/am) — P(a,, X € Dp+1)

IThis means that the set C in Theorems 3.1 and 3.2 has to be replaced by the D;’s.
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where
o?(D))  rp.p, DDy 't TDy.Dy
Y= : : : : (3.15)
'Dy,Dpyr TD2,Dpyt TD3,Dpyy - o2(Dp+1)
and, for i # j,
0
ro.p; = w(DiN D) +2 " pnat (D x R x Dj). (3.16)
h=1

By the Cramér—Wold device, it suffices to show the central limit theorem for any linear combi-
nation

7'S, 4 N(,Z'Xz), z e R,

The same ideas as in the proof of Theorem 3.2 show that it suffices to prove the central limit
theorem for k&, i.i.d. copies of

my, h+1

Tu(2) = (my/m)"/* > " zi(Ip,(Xi /am) — P(ay,'X € Dy)).

=1 i=1
By the central limit theorem for triangular arrays, one needs to verify that for every € > 0,
knE (T @) 1T, ))>¢}) = O. (3.17)
This follows from Markov’s inequality and (6.4) when m, = o(nl/ 3y
kn ET2@) 7, 2))>¢) < cm2P(IT,(2)| > €) < emZk, ' = o(1).

If the conditions (3.10) are met, then the argument at the end of the proof given in Section 6 can
be used to establish (3.17). This proves the central limit theorem (3.14).
We observe that
Ru(Dpy1, Di) = Ry(Dpy1, D;)
_ I+op)
[ (Dp+1)]?

Hence,

((Pu(Di) = Pu(D)) t(Dp1) — (P (Dps1) — Pu(Dps1)) (D).

_ 1+op()
T (wDp )"

L N©, (w(Dpy1) *F'TF),

172
n ~
<—) [Riu(Dhy1, D1) — Ryy(Dpyr, D1)li=1,..n

npy
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where
w(Dpy1) 0 o - 0 —u(D1)
0 w(Dpy) 0 .- 0 —u (D7)
F— . . o , , : (3.18)
0 0 0 -+ u(Dnt1) —u(Dn)
This proves the result. U

Recall that, for subsets A and B of Eﬁ that are bounded away from zero and w(0A) =
w(@B) =0, u(A) > 0, the extremogram at lag /4 is defined by

P(a; lxoeA,a 1XheB)
pap(h) = llm
—00 P(a;'Xg € A)

A natural estimator of p4p is the empirical extremogram defined by

n—i
n . Zt 1 X,€A,a;'X,4i€B .
,OAB(I) {le t Jam Xiti }’ l:O,l,....
Zt 1 {am X;eA}

This estimate can be recast as a ratio estimator by introducing the vector process
Y, =veeXy, ..., Xi4n)

consisting of stacking 4 + 1 consecutive values of the time series (X;). Now, the sets C and
D ., Dy, specified in Corollary 3.3 are defined via the relations C = A x @gh, Dy=ANB x

1 —d(h—i L .
RO and D; = A x Rg(l ' % B x Rg(h " for i > 1. With this conversion, Corollary 3.3 can be

applied to the (Y;) sequence directly to show that pp (i), centered by the pre-asymptotic value
of the extremogram defined by

P(a,'Xo € A,a,,'X; € B)
P(ay'X € A)

0ABm(i) = (3.19)

is asymptotically normal. On the other hand, if the bias condition (3.13) is met, then one can
center the empirical extremogram by its true value and still retain the asymptotic normality. For
completeness, we record these results as the following corollary.

Corollary 3.4. Assume that the conditions of Corollary 3.3 are satisfied for the sequence (Y;).
Then,

1/2
(mi) [Pas(i) — paBm()limo.1....n ~ N0, (1(A) “F'SF). (3.20)

n

Moreover, if (3.13) is satisfied, then (3.20) holds with pap.m (i) replaced by pap(i).
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3.4. An empirical example

For illustrative purposes, we compute the extremogram for the high-frequency financial time se-
ries consisting of 35135 five minute returns of the foreign exchange rate USD-DEM. The data,
which was provided in processed form by Olsen and Associates (Ziirich) at their Second Confer-
ence on High Frequency Financial Data in 1995, was one of the first widely disseminated high
frequency data sets. Aside from the choice of A and B, the most problematic issue in computing
the extremogram is the selection of a suitable threshold a,,. The choice of threshold is always a
thorny issue in extreme value theory, from estimating the tail index of regular variation to fitting
a generalized Pareto distribution. We tried several different choices of threshold based on various
empirical quantiles of the absolute values of the data. Of course, there is the typical bias-variance
trade-off in this selection with a large m corresponding to a smaller bias, but larger variance, and
vice versa for a moderate value of m. In the upper-left panel of Figure 1, we plot the sample ex-
tremogram for lags 1-100 using A = B = (—oo, —1) U (1, oo) with several choices of threshold
ap starting with the 0.97 empirical quantile of the absolute values (solid line) and continuing
with the 0.98, 0.99, 0.995 and 0.999 quantiles (dotted and dashed lines). With the exception of
the 0.995 and 0.999 quantiles, the extremogram has roughly the same value for all lags. The ex-
tremogram based on the 0.995 quantile is also similar, at least for the first 38 lags, and drops off
to zero due to a lack of pairs of lagged observations that exceed this large quantile. In view of
this robustness of the plots for this range of thresholds, we will choose a,, to be the 0.98 quantile
in all of the remaining extremogram plots.

The extremogram of the returns with A = B = (1, 00) is displayed in the upper-right panel
of Figure 1. Note that the extremogram alternates between large values at even lags and smaller
values at odd lags. Like many high frequency data sets, the autocorrelation function for this
time series alternates between positive and negative values. To further investigate this alternating
behavior of the extremogram, which may be due, in part, to an artifact of the processing of
the data by Olsen, we fitted an AR model to the data. The best fitting AR model, based on
minimizing the AICC, is of order 18. We then refined this model by selecting the best subset
model which ended up having significant non-zero coefficients at lags 1, 2, 3,5, 6,7, 11, 13, 14,
16 and 18. The lag-1 coefficient, which was much larger than the other lags, was —0.6465. So,
this alternating character of the extremogram is consistent with the extremogram of an AR(1)
process with negative coefficient described in Section 2.5. In the middle-left panel, we plot the
extremogram of the residuals from the subset AR(18) model fit with A = B = (1,00). As a
baseline, we have also plotted the horizontal line that one would expect for the extremogram if
the data were in fact independent and the threshold was the 0.98 quantile of the absolute values.
Note that the values are now significantly smaller than those for the returns. Some extremal
dependence still remains in the residuals, at least for small lags. This behavior is an indication
of the presence of nonlinearity in the data. In fact, the ACFs of the absolute values and squares
of the residuals are highly significant. We were moderately successful in eliminating part of this
nonlinearity by fitting a GARCH(1, 1) model with #-noise to the residuals. The extremogram
of the GARCH residuals, which still exhibits some ACF in the absolute values but none in the
squares, is displayed in the middle-right panel of Figure 1. Based on this extremogram, there is
little remaining extremal dependence in the GARCH residuals. As a last check on this modeling
exercise, we simulated a realization of the time series based on the fitted model. In other words,
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USD-DEM 5 minute returns USD-DEM residuals of an AR(18) model
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Figure 2. The empirical extremogram (left) of a sample of five-minute return data of the foreign exchange
rate USD-DEM and the residuals (right) from a fitted AR(18) model with A = (1, 00), B = (—o00, —1); see
Section 3.4 for more information.

we generated a time series from the GARCH model and then passed it through the fitted AR
filter. The extremogram of this simulated series is displayed at the bottom of Figure 1. It displays
similar features to the original extremogram (top-right panel of Figure 1), but the dependence is
not quite as strong or persistent as for the original data.

In Figure 2, we chose A = (1, 00) and B = (—00, —1) for computing the extremograms for
the return data (left) and the residuals from the AR(18) fit (right). For the return data, the ex-
tremogram at the first lag has a large positive value and alternates at the odd and even lags. On
the other hand, for the residuals, there is a real difference in shape of the extremogram from that
displayed in Figure 1.

4. Application to GARCH and SV models

4.1. The GARCH process

Assume the conditions of Section 2.3 hold for a regularly varying, strictly stationary GARCH(1,
1) process with index « > 0. The GARCH process is f-mixing, hence «-mixing, with geomet-
ric rate under general conditions on the noise; see Boussama [5] and Mokkadem [27]. In the
GARCH(1, 1) case, these conditions hold provided the density of the noise variables Z; is posi-
tive in some neighborhood of the origin.

In what follows, we assume that (X;) is ¢-mixing with a geometric rate function «; < ca’ for
some a € (0, 1), ¢ > 0. First, recall that the ¥ chosen in Section 2.3 satisfies k € (0, «/2) and
EC* < 1, where C = (X]Z% + B1. Second, the normalizing constants a, are chosen such that
P(IX| > a,) ~n~'. In particular, a, ~ cn'/*. Now, select m, =n® (§ € (0, 1)) and r,, = n? for
y <min((1 —48)/3, 62k /a)). With these choices of m,,, r,, we verify conditions (M) and (3.10).
The mixing condition (3.2) is straightforward to check since (X;) is «¢-mixing with geometric
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rate. To check (3.3), it suffices to show (3.4). Using the recursion in (2.2), we have
'
of =C - Ciog+ag Yy _Cr-Cipr, t>0. 4.1
i=1
If we assume, for the sake of simplicity, that € = 1, then (4.1) and Markov’s inequality imply that

P(IXp| > am||Xol > am)

h
< P(ZiCp---Cro§ > a%/2||Xo| > am) + P(zgao > Ch-Cipr > a,%,/2>
i=1

P(Z2Cy---Cia} > al/2) . e i
< +e(ak/) T E|1Z|*) (EC)
P(1Xo| > an) & ;

=11 (h) + Ix(h).

With the prescribed choices of r,, and m,,, we have

n
Z L) < crna;2K — 0, n— oo.
h=k+1

By again applying Markov’s inequality and Karamata’s theorem (see Bingham et al. [4]),

" P(Cp---Ci1X2 > a2 /2)
2 hiv= ), P(X] y -
h=k+1 h=k+1 = m

E|X|FI n
“¢ I X1 I{ix)1>a,) Z (EC*)!
ak P(1X| > am) Parwll

< cE(CYH.

Appropriately combining the above facts shows that (3.3) is satisfied.

Finally, it is straightforward to check (3.10) from the choices of § and y. Hence, the conclu-
sions of Theorems 3.1 and 3.2 apply to the GARCH(1, 1) process. To date, we have not been
able to verify the bias condition (3.13) of Corollary 3.4. One needs a more precise estimate than
is currently known for the tail distribution of 0,2; see Goldie [18] for results in this direction.

4.2. The stochastic volatility process

The stochastic volatility process (X;) has regularly varying finite-dimensional distributions with
index « if the multiplicative noise (Z;) is regularly varying with index « and the volatility o, has
a moment of order « + €, € > 0. In fact, for the following argument, we will assume that o; has



998 R.A. Davis and T. Mikosch

a finite 4oth moment. In addition, we assume that the mixing condition (3.2) is satisfied for (o;).
If the sequence (o;) is a-mixing with rate function («y,), then (X;) has rate function (4ay,), and
hence (X;) also satisfies (3.2).

We next dispense with condition (3.3) with € = 1; the general case € > 0 is completely analo-
gous. Using the independence of (Z;) and (oy), an application of Markov’s inequality for p < «
yields

n
my Y P(a,'1Xol > 1, a,' [Xp| > 1)
h=k
n
<my Y P(max(00, 01,00, op1) min(| Zol, 1211, 1Zl, 1 Zn411) > am)
h=k
tn

=my Z E[P(max(oo, 01,0h, Op+1)Z > aml(ot))]4
h=k

4
<cmprp(EcP)*a,™".

Since r, = o(m,), the right-hand side vanishes if p is chosen close to «.

We now turn to the problem of verifying the bias condition (3.13) so that we can apply the
limit theory of Corollaries 3.3 and 3.4 to the empirical extremogram. To this end, we assume,
for convenience, that log o; is a stationary Gaussian sequence with mean zero and unit variance.
Choose m, =n" for some y € (1/3, 1) and suppose the mixing function decays sufficiently fast
so that (3.10) holds. For example, if «; decays geometrically, one could take r, = (1 — y)/4.
If we choose the sets A = (1,00) x (0,00)"~! and B = (1, 00) x (0, 00)""2 x (1, 00), then
un(A) > 0and up(B)=0. Set s, = n® for some 0 < § < 3y — 1)/(4a) and note that

P(a,,'Xo > 1,a,' X, > 1) < P(max(ao, 03) min(Zo, Z1) > an)

< P(max(ao, op) > sn) + P(min(Zo, Zy) > am/sn).
Since (m,n)'/? = n%31+Y) an application of Markov’s inequality yields that for any k > 0,
(mnn)l/zP(max(oo, op) > sn) < nO‘S(HV)ZE(Gk)s;k.
The right-hand side converges to zero for k sufficiently large. On the other hand, for any € > 0,
(mun)'2[P(Z > am[sp)]? < n0‘5(1+y)(ny/a/n5)72a+€.

The right-hand side converges to zero for small €. This shows that (3.13) is satisfied for a sto-
chastic volatility model and sets A, B as specified. Applying Corollary 3.4, we conclude that

(n/m) P1oap(1) — pap(1)]-> N(O,c2(B)u"2(A)),

where, of course, p4p(1) = 0 in this case and 2(B) = 0. Therefore, we get a degenerate limit
for this choice of A and B.
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As a second example, let A = (1,00) x (0,00) and B = {(x1,x2): L <x1 —x2 < U,
x1 > 0,x2 >0}, where L < 1 < U. With X, = (X;, X;+1), a straightforward calculation shows
that u(A) =1 and w(B) = L™% — U~“*. Since the measure p only concentrates on the two co-
ordinate axes, A N B intersects the x,-axis in the empty set and intersects the xj-axis in the
interval [1, U]. Hence, y4p(0) =1 — U~%. Since the limiting measure of (Xo, X1, X, Xn+1)
concentrates on the four coordinate axes,

nP(a;'Xo€ A, a;'X;, € B) = yap(h) =0

for & > 1. On the other hand, {(x1, x2, x3): (x1,x2) € B and (x2, x3) € B} has empty intersection
with the three coordinate axes and hence ypp(1) = 0. More generally, we have

yp©) =L U™ ygg)=yaa()=0  forh>0.

Using Corollary 3.3, we have

(n/m)*(Pas(0) = pas.m(0) > NO,1 - U™,

5. Some spectral analysis

The extremogram ycc = (7;,(C)) with 7;,(C) = t—;, and 79(C) = u(C) as defined in Theo-
rem 3.1 is an asymptotic covariance function. If it is summable, then the function

FO) =) m(C)e" =u(C)+2)  cos(th) T (C), 1 €0, 7],
heZ h=1

defines the corresponding spectral density which, in turn, determines ycc. The sample version
of the spectral density f is given by the periodogram

n 2 n—1
m ~ . .
L) ==Y Le™| =7,000+2) cosA)7u(h),  xel0,ml,
n
=1 h=1
where
po=PX;/an € C), Iy = IX, /a,ecy and I =1, —EIL, =1 — po,
and

n—h n—h

~ mpy ~r~ ~ mpy

Vn(h)=7 EIItItJrh, Vn(h)=7 EIIzItJrh, h >0,
1= =

are analogs of the sample autocovariance function of a stationary sequence. Since it is com-
mon to evaluate the quantities I,,c(}) at the Fourier frequencies A = A = 2nk/n € (0, ) and
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Z?: 1 e!™ = (), one can define I,c(A;) with the IN,’s replaced by the /;’s which do not contain
the unknown probability pg. However, for the calculations which involve mixing conditions, it
is crucial to use the given definition of I,,¢(A) with the centered quantities IN,

In what follows, we will mostly deal with the lag-window estimator (see Brockwell and Davis
[8]) or the truncated periodogram fAnc(A) defined by

FicQ) =70 +2) cosm)Pu(h),  re[0,ml,
h=1

where r,, — oo and r,, /m, — 0 as n — oo has the same interpretation as in the previous sections.
Truncated estimators of the form fAnC are commonly used in the spectral analysis of stationary
time series; see, for example, Brockwell and Davis [8] and Priestley [29]. A major reason for
this is that, unlike the periodogram of a stationary time series, the truncated periodogram ﬁc
is a consistent estimator of the spectral density. In our setting, we show below that ﬁc remains
a consistent estimator of f(A). Based on background calculations, it appears that I,,c (A) is not
consistent.

Theorem 5.1. Assume the mixing condition (M) for the regularly varying, strictly stationary
sequence (X;) with index « > 0 and that the products C* C Ko are continuity sets with re-

spect to the limiting measures i, k = 1,2, ..., occurring in the definition of regular variation.
Then,
lim EL,c(A) = lim foc(M) = f(0), A€ (0, ). (5.1)
n— oo n—oQ

In addition, ifm,,r,% = 0O(n), then we also have
. - 2
Jim E[(fac() = f(1))7]=0.  1€(0.m). (5.2)

This means that the estimator fAnC()») of the spectral density f (L) is asymptotically unbiased
and mean-square consistent.

The rate of convergence in (5.2) cannot be derived unless one assumes conditions similar to
(3.13).

Proof. In what follows, it will be convenient to use the notation

po=PX/ay € C), pst = PXy/am € C, X /ay € C), cees

Tst=1s1t, ceey ﬁrtzETst,

We will exploit the following auxiliary result. The proof is completely analogous to the proof of
Theorem 3.1 and is therefore omitted.
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Lemma 5.2. Under the conditions of Theorem 5.1,

EYu(h) ~ Yu(h) — t4(C),

var(y, (h)) ~ var(y, (h)) ~ % [Th(C) + ZZ Tom,z+h(C)}, h=>0,

t=1

where, for h > 0 and t > 0, tops 145 (C) = limy,—, oo MPont,1+h -

We start by considering the expectation of the periodogram. We have, for fixed k > 1,

n—1
Eluc () = mypo+2my ) _(1—n""h) cos(+h) Fon
h=1

n—1

= mupo +2my p (1 —n”"h)cos(kh)[pon — p]
h=1

k

= p(C) +2) " cos(Ah)4(C)
h=1

r'n n—1

+2mn< Yo+ > )(1 —n~"h) cos(hA)[pon — p&l+o(1).
h=k+1  h=r,+1

Using condition (M),

n

< lim li =0
< lim limsupm, Z pon =0,

n—0o0

n
lim limsupm, Z (1 —n~'h) cos(hr) [ pon — P(Z)]

k=00 p—soo

h=k+1 h=k+1
n—1 00
lim m, Z (1 —n~'h) cos(hA)[pon — p3l| <limsupm, Z ap =0.
n—oo n—oo
h=ry+1 h=r,+1

The relation lim,, _, oo E fA,,C (X)) = f(A) is derived in the same way.
We conclude from Lemma 5.2 that for any k > 1,

k
Var((?n(O) —n(0) + 2Zcos()\h)(;7,,(h) — th(C))) — 0.

h=1

Therefore, it suffices for (5.2) to show that

Tn
lim limsup Var(z cos(Ah) Y, (h)) =0.

k—00 p—oo It
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It suffices to bound the expression

rmo I rm rn n—hn—I
1= "covFu(h). 7al)] < Z DO leovUiisns Insti)l-
h=k I=k h=k I=k t=1 s=1
We have
m2 Fn n n
I< 27" | cov(Ton, Ir.r41)|
h=k I=k r=0
m2 rn rp 2rp—1 mz 'm Th OO
<2 V/var(Iop) var(ly) +2—2 Z ar_p
(L — " b=k 1=k r=2r,
mzr n  Tn
<47 +po+2 m o
=4— > lpon + por +2p5) n Z r
h=k I=k r=ry

n
My,
< Sﬂ[mn } + 8(my po)* po—
h

[m,, 5 )
n
:k r=my—ry

Condition (M) and the growth restrictions mnr,% = O(n) yield the desired result

lim limsup/ =0. 0

k=00 p—soo

6. Proof of Theorem 3.2

Proof. We use the same notation as in Section 5 and write

= (mn/m)"*(I{x, japecy — Po) = (ma /)21, t=1,...,n.

In order to prove the result, we will use the technique of small/large blocks which is well known
in the asymptotic theory for sums of dependent random variables. For simplicity, we will assume
that n/m, =k, is an integer. The non-integer case does not present any additional difficulties,
but requires additional bookkeeping. We introduce the index sets

Li={G—Dmp+1,....imy}, i=1,... kn.

By Im, we denote the mdex set which consists of all elements of 7,; but the first r, elements and

we also write J,; = I; \ Im Since r,/m;, — 0 and m, — oo, the sets Im are non-empty for
large n. For any index set B of the integers, we write
S.(B) = Z Y.

JjeB
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We first show that

kn
var (Z Su (J,,l)) — 0.

=1

We have

kn kn—1
var(z Sn(an)> <k var(Sy (Ju)) + 2k Y 1€0V(Sy (Ju1), Su (1))

=1 h=1
=P+ P>.

We observe that, by (3.3) and since r,,/m, — 0,

rn—1
Py~ |:rn[?0 +2) (ra— h)POhi| — (rapo)?

h=1

rp—1

<20 /mp)my Y pon +o(1) =o(1).
h=k+1

Moreover, for positive constants c,

kn—1 kn—1
Pa=Y 1> > v ID[ <Y Y0 Y ey
h=1 "tely s€ty nt1 h=1 teJy s€Jy n+1
o o0
<cry Z ap <cmy Z ap =o(l).
h=m,—r,+1 h=r,+1

This proves (6.1).

1003

6.1)

Condition (6.1) 1mphes that S, and Z, 1 Sn (Im) have the same limit distribution, provided
such a limit exists. Let S (Im) i=1,...,k,, be iid. copies of Sn(In 1). In what follows, we
use a classical idea due to Bernstein datlng back to the 1920s. Iterated use of the definition of
o-mixing and standard results for strong mixing sequences (see Doukhan [14]) yield, for any

teR,

ko B ke
El_[eitsn(lnl) _ El_[eitsn(lnl)

=1 =1
kn

ZEHe”Sn(Inr) ltSn(Inl) itg:n(le)) 1_[ eitgn('inx)

=1 s=1 s=Il+1

El_[eltsn(lnr)( ”Sn(lnl) _eltsn(lnl) 1_[ eltSn(Inv)
s=1 s=[+1

n
=
I=1

<k,4ay,.

(6.2)
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By assumption, the right-hand side converges to zero as n — oo. Hence, Z;‘ll Sy (Iy) and

Zfi] §n (Zzl) have the same limits in distribution (provided these limits exist). Let §,1(Im~),
i=1,...,k,, be an i.i.d sequence with the same distribution as S, (1,1). A similar relation as
(6.1) ensures that it suffices to prove that

kl‘l
~ d
D Sallni) = N(0,0%(C)). 6.3)
i=1
We first verify that
kll
var(Z S (1,,») = ky var(S, (In1)) = 0*(C). (6.4)
i=1

We have

Ky var(S,(In)) = var(i 1,)

i=1
my—1

= my, var(Ip) +2 Z (my — h) cov(ly, I).
h=1

By regular variation,

my Var(I{X,/ameC}) — u(C). (6.5)
Fix k > 1. Then,

rn my—1

k
<Z+ Z + Z )(mn—h)COV(Io,Ih)=R1+R2+R3. (6.6)

h=1 h=k+1 h=ry+1

By the same argument as for (6.5), Ry — Zzzl 7,(C) and similar arguments as those for I,
and I3 in the proof of Theorem 3.1 show that (6.4) holds.

We apply the central limit theorem for the triangular array of i.i.d. mean-zero random vari-
ables §,,(I,,,~), i=1,..., k,. By Gnedenko and Kolmogorov [17], Theorem 3, page 101, or The-
orem 4.1 in Petrov [28], and since (6.4) holds, one needs to verify the following condition for
any € > 0:

2
ny
- -
kn E[(Sa L0 15, 1,011 ] = E(Z 1[> L3, (1) = 0 6.7)
t=1

A trivial estimate of the right-hand side is given by

em2 P (1S, (In)| > €) < ce 2m%var(S,(In1)) = O(m3 /n) = o(1). (6.8)
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Next, we show that (6.7) holds under the conditions (3.10). We have, by the Cauchy—Schwarz
and Chebyshev inequalities and (6.4), with J,,, = Z;":” 1 I, for constants ¢ > 0,

(EI2L 5.0 me) < EJEP(1SaUa))| > €) < cEJvar(S, (1) = EJ5OGm, /n).  (6.9)

We focus on the fourth moment of the partial sum J,,, which can be written as

my
Elpy= Y Elu
s, tu,v=1
my my
=ZE14+c12E<I DH+ea) EGID+e Y Eluw+o()
s=1 sF#t s<t s<t<u<v

= A1+ c1Ar+ A3+ c3A4 +0(1).
Now,
EA; =muET} <muE|T| < 2mypo = O(1).
Since I~, has mean 0, we have

sl £ 5 Jeam

|s—t|<r, |s—t|>ry

<2myrapo+ Y. |E(LL) - ELET)]

|s—t|>ry

mp

<2mpr, po + 4m, Z aj =0(r).

J=rn
The third term can be dealt with as follows:
(2 + X e
|s—t|<r, |s—t|>r,

<2murapo+ Y. (E(IPT})— EIZET}|+ ETZET?)

K s K
|s—t|>ry

<2myr, po + 4m, Z aj+ 4mﬁp5 =0(rp).
J=rn
We decompose the index set of the fourth term into four disjoint sets:

Ki={(s,t,u,v): 1<s<t<u<v<m,v—u>ry};

Ko ={(s,t,u,v): 1 <s<t<u<v<mu,v—u<rpu—=t=>ry};
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Ky={(s,t,u,v): 1 <s<t<u<v=<muy,v—u=<rp,u—t=<ryt—s>ry};

Ko={(s,t,u,v): 1 <s<t<u<v<mu,v—u<rp,u—t<ryt—s=<r,}

We then obtain

400 = (S 4 L+ X+ X Bl

K K> K3 Ky

mpy my mMp
< mfl o+ cmﬁrn o+ O(r,f) + mnrs aj+ O(r,f)
J J

J=rn J=rn J=rn

mpy mp
< cmz Z o) +mnr3 Z aj +O(l’2)a

J=Tn J=rn

where the bounds for the sums in the penultimate line follow in the spirit of the arguments used
to derive the orders for A, and A3.

Combining the bounds above with the bound (6.9), the conditions in (3.10) ensure that (6.7) is
satisfied. This completes the proof. U

Relation (6.4) suggests the following estimator for o2 (C):

kn n 2
~ _ m
O—l’lz(cv) = kn ! Z|:Z I{Xt/amec} - k_n Z I{Xl/amec}} .
" =1

i=1Ltely;

It is a consistent estimator of o2(C), as the following calculations show. We have

kll
GHC) = Saln) —ky, 'Sy

i=l
Since k'S = op (1), it suffices to show that
kn »
GC) = Sa(ln) = o(O).
i=l
As for (6.2), we observe that for s > 0,

kn - kn o
EJ[e% 0 — ET eS| < dkya, — 0. (6.10)
=1 =1



The extremogram: A correlogram for extreme events 1007

On the other hand, we have proven that Zfi] gn(i;d) —d> N0, 52(C)). By Raikov’s theorem,
this is equivalent to

k)‘l

~ ~ P
§ S2(I) = o(C).
=1

Therefore, from (6.10),
kn »
> " Sp(Iu) > o (O). 6.11)
=1

Let (W;) be an i.i.d. standard normal sequence, independent of (X;). Then, (6.11) holds if and
only if

k’l
WS S2(0u) 5 wia (o).
=1

On the other hand,

b kn 2
~ d ~
WEY Sy = (Z Wi Sn (Inl)>

=1 =1
6.12)

o n 2
= (Z Wi Sn (L) — Z WiSn(Jm')) .

=1 =1

By virtue of (6.1) ,

kn y kn 172 R
D WiSu(Jui) =W (Z S,%(Jm) 0

=1 i=1

and from (6.12), we conclude

ke 2
d ~ P
(Z Wi Snunz)) = WG (C) > Wie?(C),
=1

which proves that 32(C) LN a2(C).
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