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1. Introduction and summary

We consider stationary. additive. interval functions X(a). These are vector
valued stochastic processes having real intervals A = (a, f] as domain, having
finite dimensional distributions invariant under time translation and satisfying

(1.1) X(a,uA,) = X(ay) + X(a,),

for disjoint intervals a;. A,. Such processes are considered in some detail in
Bochner [5]. Setting

(1.2) X(t) = X(0, ],
— o < t < o, and in the reverse direction setting

we see that a consideration of stationary interval functions is equivalent with a
consideration of processes X(t), —o0 < t < 00, having stationary increments.
These last are discussed in Yaglom [24] for example. Important examples of
processes of the type under consideration are provided by the point processes.
Here the components of X(a) give the number of events of various sorts that
occur in the interval a. A variety of properties and applications of point pro-
cesses may be found in Cox and Lewis [11], Bartlett [4], and Srinivasan [21].

The paper is divided into various sections. In Section 2 we introduce a key
assumption for the processes; specifically we require that all the moments of
X(a) exist and have particular integral representations. We are then able to
define

(14) faluw,ak(ilt'“ alk)v

-0 < lj < 0,ay, " ,a = 1, -, r, the cumulant spectra of order k of the
r vector valued X(a). These turn out to be generalizations of the cumulant spectra
of order k of a continuous time series discussed in Brillinger and Rosenblatt
[9]- We then present a spectral representation for X(a). This representation was
introduced in Kolmogorov [17] for real valued processes with stationary incre-
ments. It takes the form

© |:exp {i%t} -1

ZA, ]dzx(l)a

(1.5) X0, {] = J

- o0
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with Zy(4), —0o0 < A < 00, a vector valued process. The process Zy(A) relates
to the cumulant spectrum (1.4) through the expression

(16)  cum {dZ, (Ay), -+ . dZ, (W)}

k
= 5(2 lj>fah...,ak(il, e AN dAy, e dAy
1

with (1) denoting the Dirac delta function.

In Section 3 of the paper we indicate how the theory developed applies to
integrated continuous time series, to point processes, and to processes that are
hybrids of these last two. In the case of point processes we relate the cumulant
spectra to important parameters that have been introduced by Bahba [1] and by
Kuznetsov and Stratonovich [18].

Section 4 of the paper discusses various asymptotic properties of the statistic

(1.7) dA) = foT exp { —iit} dX(¢)

based on an observed stretch of an X(a) process. It will be seen to behave in a
similar manner to the finite Fourier transform of a stretch of a continuous
stationary series. It follows that the estimates of the various cumulant spectra
of X(a) may be formed in the manner of Brillinger and Rosenblatt [9] and that
the properties developed in that paper, such as asymptotic normality, will con-
tinue to hold. A selection of results that therefore become available is provided.
In particular results relating to the linear time invariant regression of one
stationary interval function on another are given. Because point processes are
particular cases of the processes under consideration it follows that an asymptotic
theory for the spectral estimates of order two of point processes has now been
provided.

In Section 5 we apply the previously mentioned asymptotic results to develop
estimates of the parameters suggested by Bahba and by Kuznetsov and Stratono-
vich for point processes. In Section 6 we consider the problem of the estimation
of the second order spectra of a continuous time series when its values are avail-
able only for random times that are the occasions of events of an independent
point process.

Section 7 discusses briefly some practical implications and extensions of the
results of the paper. The proofs of the various lemmas and theorems of the paper
are given in Section 8.

I would like to thank P. A. W. Lewis for a variety of helpful comments on the
point process sections of the paper.

2. Random interval functions

Let A denote the collection of finite intervals of the form a = (a, f]. We
consider r vector valued stochastic processes X(a), A € A with the additivity
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property
(2.1) X(a) = X(ay) + X(a,).

for A, A;. Ay e Awith A = A;UA,. Ay A, = F. Such a process will be called
an r vector valued additive stochastic interval function. As one example we mention

2.2) X(a) = LY(t) dt.

where Y(), —o0 < t < oC, is a continuous r vector valued time series. As a
second example we consider X(a) = N(a) where N(a) is an » vector valued point
process with N, (aA) giving the number of events of the ath component of the
process that occur in the interval A. As a final example we mention

2.3) X(a) =f Y(t) dN(0).

A
where Y(f), —o0 < ¢ < o, is an r vector valued continuous time series and
N(a), A €A, is a point process. If 7,, - -, 7, denote the times of events of the
process N(a) in the interval A. then X(a) equals
(2.4) Y(t;) + - + Y(z,).

in this case.
In connection with the process X(a), A € A, we set down
AssumPTION 2.1. The process X(A), A € A, is an r vector valued stochastic

interval function possessing moments of all orders such that for a{. - .a,€A;
ay, ey =1 rik=12 ",
@5)  EXy@) Xy = [ o Mt )
1 k
for some function M, ... . (t;, -, ), —oc < t; < oc. of bounded variation in

finite intervals.

In the case that X(A) satisfies this assumption and ¢,(¢) is bounded and con-
tinuous for ¢ in some interval of A and 0 outside the interval, we may define
stochastic integrals of the form

(2.6) [ ¢att a0
as the limit in mean (of any order v > 0) of approximating Riemann sums
(2.7) Y bult) Xo(a)),
=
wheret;€ A;and A, U - - - U A, isa partition of the supportof ¢,(¢),a = 1, -~ . r.

(See Cramér and Leadbetter [12], p. 86 for the case v = 2.) These integrals have
the property
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28) E{f Ga(t2) X (tr) [ Burlty) ank<tk)}

= J‘ T f ¢¢‘ (tl) e ¢ak(tk) dMal,---,ak(tl’ T, tk),
fora,, -,aq, =1,

For o = (a, f] in A we denote the translated interval (o + ¢, § + {] bya + ¢
for —o0 < ¢ < oo. We will now say that an r vector valued additive stochastic
interval function is stationary if the joint distributions of all finite collections of
variates

(2.9) X(a; +8), -, X(A, + 1),

Ay, A EA —0 <t < w,andk =1,2,---, do not depend on ¢. In this
connection we have

Lemma 2.1, If X(A), A € A, is a stationary r vector valued additive interval
Sfunction satisfying Assumption 2.1, then fora,, - ,a, =1,---,r;k =1,2,---,

(2.10) E{X,(8;) - X (a)}

=J’ v | dM, (b = b by — b)) dby,
Ay Ak

Jfor some function M, ... . (uy, ", u_y), —C < u; < oC, of bounded variation
in finite intervals.
In the case k = 1, the lemma indicates that

(2.11) EX,(a) = Ca|,
for some constant (",,a = 1, - - -, r with |a| denoting the length of the interval a.
It follows from this lemma that one can write
(2.12) cum {X, (A1), "+, X, (a0}
= f T f dCy,, .. oty — bt oy — b)) dby,
Ay Ax
for a function €, ... , (u;, """, u,_,), of bounded variation in finite intervals.
In differential notation we may write this last as
(2.13) cum {dX, (u; + 1), - . dX, (-, + 1), dX, (1)}

=dC,, ... (uy, o wy_y)di

Taking note of Lemma 2.1 and (2.12) we set down the key assumption of our
work. It is

AssuMPTION 2.2.  The process X(A), A € A, is a stationary r vector valued addi-
tieinterval function satisfying Assumption 2.1 and such that Cy ... . ()., u_y)
of (2.12) satisfies

(2.14) f:.--f|uj| d|Chy ooty )| < 00,

forj =1 k: a,, s =1,-,r; k=23,



INTERVAL FUNCTIONS 487

This assumption has the nature of a mixing condition on the increments of
X(t), that is, increments that are well separated in time are only weakly dependent.
In view of condition (2.13) we can define the Fourier transforms

(215) fa;.”-,ak(llv..'"}'k)

© k—1
—em ™t [ [ex {— iy iju,}dO:n,..-,ak(ul, ),
1

-
for —oc < Ay, **, A4 < o0, where we understand 4; + --- + 4, = 0 in the
definition. For completeness we set
(2.16) fuld) = €,

where C} was defined in (2.11),a = 1, - -+, r. The transform f, ... , (41, ", 4)
is called a cumulant spectrum of order k of the process X(a), a € A. We will
sometimes find it convenient to adopt the unsymmetric notation

(217) f;l,-“,ak('{l’ T, A’k—l) = fal,"',ak(ilv T A’k)'

The second order cumulant spectra, f; ,(4), —o0 < 4 < oo, are of particular
importance. It is convenient to collect them together into the r X r spectral
density matrix

(2.18) £y, x(A) = [fap(A)].
We also collect the first order spectra together into the r vector
(2.19) fi = [fa]

There is an intimate connection between stationary interval functions and
stationary series. Suppose that, X(a), A € A, satisfies Assumption 2.2. and has
cumulant spectra

(2.20) JarooamAr s A

Suppose the real valued, ¢,(t), —o0 < t < 0, satisfies

(2.21) f|t||¢a(t)|dt < @,

fora = 1, - -+, r. Then the r vector valued times series, Y(¢), —oc < ¢t < oc, with
components

(2:22) Ya(t) = [ gatt = u) dX,(w),

a =1, -, r may be seen to be stationary and such that

(2.23) cum {Y, (t + ty), -, Yo (£ + b_y), Yo (8)}

- f o f d’a;(tl - ul) T ¢)ak—-1(t’¢‘1 - uk_l) ¢a"(uk)

dC:zl.-”,ak(ulv T uk—l) duk‘
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Taking a Fourier transform, we see that the cumulant spectra of Y(¢), in the
sense of Brillinger and Rosenblatt [9], are given by

(2.24) @, (A1) P (A far, - a(Ars o5 A,
where

(2.25) ®,(A) = f exp { —iAt} ¢,(t) dt,
fora=1,---,r.

A variety of authors (including Kolmogorov [17], Doob [14] p. 551, Ito
[16], Yaglom [24], [25] p. 86, Bochner [5] p. 159) have given spectral repre-
sentations for stationary interval functions (or processes with stationary incre-
ments). In this connection we mention

THEOREM 2.1. Let the process X(A), A € A, satisfy Assumption 2.2. Let
T _ _ .
(2.26) ZP0) = @n)~! J [l—iwt—}] ax(t),

-7 —t

for —o0 < A < 0. Then there exists, Zy(d), —0 < A < 00, such that Z$ (1)
tends to Zy(A) in mean order v, for any v > 0. Zy(A) satisfies

(2.27) cum {Z, (A1), "+, Zg (X4)}

3 ).k k
= f f Z fal ak al? ,ak)dal "'dak,
1

foray, - e, =1, r;k=12---.Also

(2.28) X(a) = r [ J exp {iAt} dt] dZy(A),
A

- o0
with probability one.
In differential notation particular cases of (2.27) include:

(2.29) EdZy(A) = S(A)fy dA;
(2.30) Cov {d Zy(2), de(ﬂ)} = 0(A — Wiy, x(A) dd dp;
(2.31) cum {dZ, (A), ", (/1,,)}
- 5(/11 Ao s Anq) Ay diy
Also if we set X(¢) = X(0, t], then (2.28) takes the form
(2.32) X(t) = j[g‘p—{%_—l] dZy(A),

for —0 <t < .
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The representation (2.28) is useful for displaying the effect of linear time in-
variant operations on the process, X(a), A € A. Suppose a(a), A€ A,isans X r
matrix valued interval function of bounded variation satisfying

(2.33) f|z|d|a(t)| < .
Set
(2.34) A(d) = fexp{—ilt} da(t),

for —o0 < A < oo. The s vector valued interval function
(2.35) Y(a) = a*x x(a)
= J‘a(A — u) dX(u),
A € A, may be seen to satisfy Assumption 2.2. Also the process Zy(4), — ¢ <
A < oo, of its spectral representation may be seen to satisty,
(2.36) dZy(2) = A() dZy ().

We may infer from this last that the spectral density matrices of X(a) and Y(a)
are related by

T

(2.37) fry(4) = A x (DA

This last relation has the identical form with that giving the effect of linear time
invariant operations on the spectral density matrices of time series.

We conclude this section by remarking that the function M, ... , (u;, -, uy_y)
of (2.10) may be determined as

(2.38) My o (uy, u )

=E{T'1JTX (6t + ug] - Xg_ (88 + w_y]dX (t)}
0 ag\" 1 akx - 1\Y? k—1 ay -

3. Some examples

ExaMpPLE 3.1. Suppose that Y(f), —o0 < ¢ < o, is an r vector valued
stationary time series possessing moments of all orders. If
(B.1) gy, U—q) =cum {Y, (8 + uy), o, Yo (84 w—y), Yot}
satisfies

(3.2) f"-f|uj”c:,h...,,,k(u1,-~-,uk_1)|du1---duk_l < .
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the cumulant spectra of the series, Y(t), — 00 < ¢t < 00, are given by

(B3)  faramA )
k-1
= (2m)~**! f . ’fexp{—i ; 11'“;} Cayyooova(B1s 77 5 Ug—q)

du1 cet duk_l,

understanding 4, + -+ + 4, = 0 (see Brillinger and Rosenblatt [9]). Also the
Cramér representation of Y(¢) is given by

(3.4) Y(t) = f exp {iAt} dZy(A),

where

(3.5) Z,(4) = Lim. (2m)"! fT [M] Y(t) dt.
T -T —at

Suppose we construct the interval process
(3.6) X(a) = f Y(¢) dt,
A
then we quickly see that this process satisfies Assumption 2.2 with

’ uy Ur-1 ’
BT Copmalin ) = [ [ )
dul "'duk_l.

The cumulant spectra of the interval process, X(aA), A € A, are therefore the same
as the cumulant spectra of the time series Y(f), —o0 < t < 0.

A comparison of expressions (3.5) and (2.26) indicates that Zy(A) of the
spectral representation of X(a) is equivalent with Zy (1) of the Crameér represent-
ation of Y(¢).

In a later section we will see that our proposed empirical analysis of the process,
X(a), A € A, reduces to the usual empirical analysis of the continuous series
Y(t), —o0 <t < 0.

ExampLE 3.2. Consider an r vector valued point process, N(a), A € A. Here
N,(A) represents the number of events of the ath sort that occur in the interval a.
If we let 1, denote a vector with 1 as its ath component and 0 elsewhere, then
we may set down

AssumpTION 3.1. The point process, N(A), A € A, possesses moments of all

orders and is such that if Ay, - -, A, are disjoint intervals with |a], -+ |a,] <
6 < oo,
(3.8) P{N(a;) =ny,- - ,N(a) =nj < KJ|A1|I'”| oAy

for some finite K; and for n,, - - -, n, having nonnegative integral coordinates.
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Alsoift;€ Ay, for such Ay, =+« , Ay, thereisa functionp,, ... 4 (81, ", &), bounded
in finite intervals, such that
(3.9) |A1i|mo |A1|_1 T IAkl_IP{N(AI) =1,, -, N(a) =1,}
j -
= pa1,~~~,ak(t1’ T tk)7
uniformly in ty, -, §.

The functions p,, ... . (1, ' - - . t) have been called product density functions,
see Srinivasan [21]. The function p,(f), —© < ¢ < 00, is called the density of
events of the ath sort at time £, a =1, -+, r.

We note that the process satisfies
(3.10) P{ Y N,(a) > 1} = 0(|a|?),

a=1

and is therefore orderly (events tend not to happen simultaneously). Also we
have

(3.11) P{N,(a) = 1} = p,(t)|a]| + o(|a]),
and
(3.12) P{N,a) = 0} =1 — p,(t)|a| + of|a]).

In the theorem below we let 6{x} denote the Kronecker delta é{x} = 1 if
x = 0 and é{x} = 0 otherwise. We let y,(7) denote the indicator function
1a(t) = 1if T € A, x4(t) = 0 otherwise. We have

TuroreM 3.1. Let the r vector valued point process N(A), a € A, satisfy
Assumption 3.1. Then

(3.13)
k r
E{N,(ay) - No (a9} = (Zl ) . CIT 8{es — a1 - [I1 6{er — a;}]
=lay,-,q= Jjevi JEV,
f ) J'[HIXAJ(H)] T [H XA;(Q)] Pay,--vva, (Ty, 0, Tp) dTy 0 0 dTy,
Jev Jjev,
with the sum extending over all partitions (vy, - -+, v,) of the set (1, -+, k).

We see that the moments of N(a), A € A, have the integral representation
required in Assumption 2.1. Particular cases of this theorem include

(3.14) EN,(8) = [ pa(o) dr,
615  BN.a0N(@)} = [ [ puacnm)dudn + [ g,

316) BN} = [ [ pastes, 1) deydry if a+b,



492 SIXTH BERKELEY SYMPOSIUM: BRILLINGER

and
k

(3.17) E{N,(a)} = Y &P fA Lpa,...‘,,(‘rl,"',‘f,) dt, - - - dz,,
=1

where & denotes a Stirling number of the second kind. Expression (3.17)
was set down by Ramakrishnan [20] and Kuznetsov and Stratonovich [18].

Kuznetsov and Stratonovich [18] remarked that it might prove more useful
to consider the cumulant functions

(318) G altsy e by)
k
- {21 (_l)l_l([ - l)lpaj:ievx(ti;je Vi) - 'p“j;je"f(tj;je Ve),

where the summation extends over all partitions (v, - - -, v,)of (1, - - - , k). These
functions have the property of tending to 0 as |¢; — ¢;| — o0 in the case that the
increments of N(t) are tending to become independent as they separate in time.
Particular cases of the functions include

(3.19) 9a(t) = pa(?),

(3.20) Qab(t1s £2) = Pap(t1, £2) — palty)pp(ts).

The inverse relation to (3.18) is

k
(321) pal,-“,ak(tl’ T tk) = /ZI qaj;jE\’](tj;j € vl) T Qaj;jev,(tj;je V()'

We have

THEOREM 3.2. Let the r vector valued point process N(A), A € A, satisfy
Assumption 3.1. Then

(3.22)
cum {N, (Ay), "+, N, (A)} =

r

> 1T o{ey —a}]--- [1—[ e, — a;}]

Mw

=1ag,  *,a,=1 jevy Jeve
f. . f[l‘[ 2a,00)] LT 2a,00] gy o0, <+ s ) dTy - dy
JEvy Jevy
where the summation extends over all partitions (v, - -+, v;) of the set (1, - - - , k).

The relation (3.22) has the same form as the relation (3.13). As particular
cases we mention

(3.23) EN,3) = [ au@dz = | pao)dr,

(324) COV {Na(Al)’ Nq(AZ)} = fA fA qa,a(Tl’ 12) dtl dTZ + qa(r) dt,

A]ﬁAz

(325)  Cov{Nu(ar) Mo(a)} = [ [ uslrs v dr, dns,
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and

(3.26) cum, {N,(a)} = y‘k)f f Qo a(Tys o, T dTy 0 - d1,

This last expression was given by Kuznetsov and Stratonovich [18]. We remark
that in differential notation, (3.22) has the form

(327) cum {dzval(tl)a e 9d‘7\7ak(tk)} = qal."'.ak(tlv T, tk) dtl e dtk’
if the ¢; are distinct. As a further implication of the theorem we have

CoroOLLARY 3.1.  Under the conditions of the theorem and if ¢,(t) is continuous
with finite support,a = 1, -, k, then

(3.28)  cum {f é1(t) dN, (1) f be(t) AN, (1) }

=X T T8 - ][ ol — o] [+ [T gucen]

=1 gy, a =1 jevi jeu,

Jjeva
’ [l_[ 4’;(7;)] (1a1,~~-.zf(T1e e T,)dey s dT,
JEVe
where the summation is over all partitions (vy. - .v,) of (1, -, k).

If the point process N(A), A € A, is stationary, then

(3.29) Pareova(t+ by b+ 8) = Pyl ),
and

(3.30) Qayoooalt F b, 7 0) = Gar o allr s b
for all real ¢, ¢;,-- -, t,. In this case we set

(3.31) Tay oo a7 s Uem1) = Gay, oo g (Uy, 7 U 0).

The parameter r, is called the mean intensity of the process N, (a), A € A:r, ,(u)
is called the covariance density of the process N, (a), a € A;and r, ,(u). fora # b,

is called the cross covariance density of the component N,(a) with the component
Ny(a).

We now set down
AssumprioN 3.2. N(A), A € A, is an r vector valued stationary point process
satisfying Assumption 3.1 and such that

(3.32) f--'f|u,.||¢~,,1,...J,,((ul,---.,u,(_,)|azu1 cduy, <

foray, - a=1,-,r; k=23 -
If the process N(a), A € A, satisfies this assumption, then we may define the
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Fourier transforms

(3.33)  Gayoeria(Ar o, A
k-1
- f o fexp{—i Z Ajuj} rﬂl."',ak(ub U a,uk—-l) duy - duy_y,
1

understanding 4, + --- + 4, = 0. For completeness we set

(3.34) 9a(A) = 7, = q,(t) = pa(2),

in the case k = 1. We now have
THEOREM 3.3. Let the point process N(a), A € A, satisfy Assumption 3.2. Then
the process satisfies Assumption 2.2. Its cumulant spectra are given by

(3.35) Sar oo alAes s A)

k r
—en™ Y (] e - o]
S an - Ta=1 jen
oI ey — 0l gaye L2 Ao 240
Jev, Jjevy Jjev,
with the summation extending over all partitions (vy, -+, v,) of (1, ", k).
As particular cases of the cumulant spectra we mention

(3.36) fo =1
(3.37) faalA) = (2m) " [g2,a(A) + ga]

= (2n)‘1[f exp { —idt} r, ,(¢) dt + ra:|,
in agreement with Bartlett [4], p. 183. Also

(3.38) Foud) = (2n)-1fexp {—iAt) 1, () dt if a+ b,
and
(3:39)  faaaldi, A2) = (21) 72 [gh0a(A1 A2) + gaalA1) + Goa(d2)
+ gaa(—41 — 42) + 9],
We have the following relation, inverse to (3.35),

(340)  gu....a(Ars s A

k r
=X L e —nrenf Il s - ag]
= a1, k= JEVL
[H o{a, — a;}]~fa,,-.-,a,(,2 Ao, Z Aj)’
Jjev, Jjevy Jev,
where the summation is again over all partitions (v, - - -, v,) of the integers

-, k).
In Section 2 we discussed a class linear time invariant operations on stationary
interval processes. It may be of interest to indicate a subclass of these operations
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which carry point processes over into point processes. Let 6;,j = 0, + 1, - - -
be a sequence of real numbers. Let

3

(3.41) a(a) = the number of g; € a,
then.
(3.42) Y(A) = axN(a)

= fa(A — u) dN(u)

will be a real valued point process in the case that N(a), A € A, is one. If 1;,
j=0,+11, -, denote the times of events of a realization of N¥(a), then events
of this Y(a) occur at the times t; + 0,7,k =0, £ 1, .

Daley [13] discusses the second order spectral theory of point processes, con-
siders operations on point processes, and presents a variety of examples.

ExamMpLE 3.3. Suppose that Y(f). —o0 < ¢ < 00, is an r vector valued
stationary time series satisfying the conditions of Example 3.1 and having
Cramér representation

(3.43) Y(t) = fexp (it} dZy(A).

Suppose N(a), A €A, is an independent stationary point process satisfying
Assumption 3.2 and having spectral representation

(3.44) Na) = Jl:j exp {iAt} dt] dZy(A).
A

In Section 6 of the paper we will consider the process

(3.45) X(a) = f Y(1) dN(t)
A
= Y(ry) + - + Y(1,),
if t,, -, 1, are the events of N(a) in the interval A. One can check that this

process satisfies Assumption 2.2. If its spectral representation is

(3.46) X(A) = f [ L exp {iAt}) dti] dZ, (%),

then we see directly that
(3.47) dZy(l) = f[dzy(ﬂ. — )] dZy().

for —o0 < A < 00. Expression (3.47) may be used to determine the cumulant
spectra of X(A) in terms of those of Y(t) and N(a).

We mention that Walker suggested the consideration of real valued processes
of the form (3.45) in the discussion of Bartlett [3].
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4. Stochastic properties of finite Fourier transforms

We now turn to an investigation of certain statistics useful in the estimation of
the cumulant spectra of a stationary interval function X(a). A € A. We will sup-
pose that the values of X(A) are available for A contained in the support of a
function A(¢/T), T = 1,2, ---. We set down,

AssumpTION 4.1. The function h(t), —oc < t < o0, is measurable in ¢,
bounded, zero for |t| > 1 and there exists a finite K such that

4.1) f|h(t +u) — h(t)| dt < K|u|

for all real u.
The inequality (4.1) will be satisfied if A(¢) is of bounded variation, for example.
For given 7', the function A(t/T) has been called a taper by Tukey [22]. It has
also been called a data window.

The principal statistics of our analysis of interval processes are the finite
Fourier transforms,

4.2) A0 (3) = fha(t/T) exp { —iAt} dX, (1)

a=1,-"-,r, —o0 < A < . Inthe case of Example 3.1, the statistic (4.2) takes
the form

(4.3) dM(A) = fha(t/T) exp { —idt} Y, () dt

that is, it is the Fourier transform of the tapered values that was considered in
Brillinger and Rosenblatt [9]. In the case of Example 3.2, if we let 7,(1), " - -, 7,(n,)
denote the times of events of the ath sort that occur in the support of h,(¢/T),
then the statistic (4.2) has the form

(4.4) Z ho(ta(5)/T) exp { —idt,(j)}.
This statistic, excluding the taper, was considered in Bartlett [3] for the case

r = 1 and suggested for the case of general » by Jenkins in the discussion of that
paper. In the case of Example 3.3, the statistic has the form

(4.5) '21 ha(7;/T) exp { —id1;} Y,(1;)

=
if 14, -+, 1, denote the times of events of the process N(a) in the support of
ha(t/T).

We next present a basic theorem indicating the asymptotic joint cumulants of
the Fourier transform (4.2). In the theorem we let

(4.6) f ha (1) yexp { —it} d.
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THEOREM 4.1. Let the process X(A), A € A, satisfy Assumption 2.2. Let h,(t),
a=1",r —0 <t < 0, satisfy Assumption 4.1. Then as T —

4.7)  cum {d{P(4,), -+, dD (A}

k
= THW..,,,R<TZ/1J.) @)Y YA Aasy) 4+ O(1)
1

foray, - e =1, r k=12 ---.The O(1) term is uniformly bounded
in A‘l’ ctt ,)uk.

We see that the joint cumulants are of reduced order unless Y 4; is near
zero. We see from (4.6) and (4.7) that the joint cumulants based on disjoint
stretches of data are of reduced order as well.

If R (t) =1 for 0 < ¢ <1 and A,(¢) = O otherwise, then this theorem has
identical nature with the key theorem used in Brillinger and Rosenblatt [9],
Brillinger [6], Brillinger [7] to develop properties of spectral estimates. The
results of these papers therefore become directly available. We indicate a selection
of results that now hold.

We begin by considering the asymptotic distribution of the finite Fourier
transform. Let NF (u, ) denote the complex » variate normal distribution with
mean g and covariance matrix X. We have

TaEorREM 4.2. Let X(A), A € A, be an r vector valued interval process satisfying
Assumption 2.2. Let s;(T) be an integer with A(T) = 2ns;(T)/T - A;as T — o©
forj=1,---,J. Suppose A;(T) + A(T) # O forj, k =1,---,J. Let

(4.8) (i) = fT exp { —idt} dX(¢)
0
for —0 < A < oc. Then d’(A;(T)). j =1, -+, J are asymplotically indepen-

dent NE(0, 2nTfx x(A)) variates, respectively. Also d{’(0) = X(0, T] is asymp-
totically N,(Tfx, 2nTfy x(0)) independently of the previous variates.

This theorem has the nature of a central limit theorem. Let WE(n, E) denote
the complex Wishart distribution of dimensions r x r, degrees of freedom n
and covariance matrix X. Define the matrix of periodograms

(4.9) I0x(2) = @n7)~ ' AP (4) 4P (A)"
We have the following corollary.
CoroLLARY 4.1. Under the conditions of Theorem 4.2, if Ay = -+ = 1; = A
and if
J
(4.10) filx () =771 3 L(A(T)),
=1

£7% (A) is asymptotically - WE(J, £y, x(A)) as T — o0.
This corollary makes precise the chi square approximation for the distribution
of second order spectral densities of point processes suggested by Bartlett [3].
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We next construct consistent asymptotically normal estimates of the cumulant
spectra of different orders of an interval process X(a), A € A. We begin by letting

W(uy, - -, u) be a weight function satisfying
AssumprioN 4.2.  The function W(uy, -+, u), —oC < u; < 00, is symmetric
MUy, U, is concentrated on the plane 5 u; = 0, and is such that

© k
(4.11) J "'J‘Wy(ul,"'.uk)(s(Z uj'>du1"‘duk = l
- 1

and
2 k-1
o ( g — ; uj>

k-1
(4.12) }W(ul,---,u,‘_l,—z )
k=1 12\ —k—g+1
e[

1

forsomeA,e >0,/ =1, - k.

Given the sequence of nonnegative numbers BP T =2,3 -, we set
(4‘13) WT(“ls e u) = (B(Tlf)*k‘i'l W(B(;c)'i TP ’B(Tk)-luk).
We suppose BY) < BP) < ---. Next we set W(uy. -, ) =11if Zfu; =0

but no proper subset of the u; has sum 0, and set it = 0 otherwise. Let
T

(4.14) a(4) =f exp { —idt} dX(t).
0

Finally set

(4.15) ID oAy, &) = 2m) k! H dD(4
As an estimate of f, ... , (4, -, 4,) we now take
(4.16) DA A

2\~ ! . 2ms 27s
=<T> SZI“'“SZ;‘WT</11_—7’_1’“.")”‘_ Tk>

2ms 2rs
Ws,, -, )T, 1‘...7;_"'
(81 ék) ai, » Qi T T

In connection with this estimate we have the theorem,

THEOREM 4.3. Let X(a), A € A, satisfy Assumption 2.2. Let W(uy, - -, u)
satisfy Assumption 4.2. Let f{T). ., (Ay, " . A) be given by (4.16). Let B — 0,
(BEY'T > o0 as T — o, then

(4.17) EffD . ey &)
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= f...fwr(,ll e R S T,
Sy + o + ) day - doy, + O(B(T""‘T)
= for e A) + O(BP) + O(BP™'T),

@18 i (BEFTT Cov (0 ahes - i) S i )

vdJay, e

=2z ; O{Ay — mp 1} A = tp i) faran (A1) fakai i (Pa)

k
J""fW(Ul-"'-,“k)Z‘S(Z“,)d“l ...duk’
1

where the summation is over all permutations P of the integers1, - - - | k. Collections
of spectral estimates are asymptotically jointly normally distributed as T — oo
with estimates of different orders asymptotically independent and estimates of the
same order having covariance structure given by (4.18).

We next turn to the development of an empirical analysis of the linear time
invariant model,

4.19) Y(A) = a*xX(A) + &(A)
= Ia(A — u) dX(u) + &),
with X(a), &(a), A € A, independent stationary interval processes and
(4.20) f|u|d|a<u>| < .
In differential notation we may write (4.19) as
4.21) dY(t) = f[da(t — w)] dX(u) + de(0).

Denote the cross spectral density matrix of the process

X(a)
(4.22) [Y(A)}
A €A, by
i x(A) fx.y(4)
(4.23) [f;.x(,l) f’y,y(l)]'

and that of g(a), A € A. by f; .(4). Set

(4.24) AA) = fexp { —iAt} da(s).
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Then (4.19) gives

(4.25) y.x(A) = A(Dfy x(4),

(4.26) fy,r (1) = Ay x(DAQD) + £,(2).

These last suggest that we may base estimates of A(4) and f;, ,(A) on an estimate
of the spectral density matrix (4.23). We could construct an estimate of this
last in the manner of (4.16); however, in order to display an alternate form of
spectral estimate of order two we proceed slightly differently.

In constructing this alternate estimate we let A(¢), — o0 < t < oc. be a tapering
function satisfying Assumption 4.1. We then set

(4.27) H,(3) = fh(t)" exp { —irl) dt.
for —oc < A < oc. We next set

dy’(4) = fh(t/T) exp { —ilt} dX(¢).

(4.28)
di" (1) = fk(t/T) exp { —iAt} dY(¢):

and we let W(x) be a weight function satisfying

AssumprioN 4.3. W(a), —oc < o < 0, is real valued, even, absolutely inte-
grable, has an absolutely integrable first derivative, and

(4.29) f‘” W(a)da = 1.
The variate (4.22) has mean

fx
(4.30) [f'y]""'

Estimates of fy, fy based on tapered values are provided by

£ — f h(Y/T) dX(1)/ f h(t/T) dt = dP(O)/[TH,(0)].
(4.31)
£ = fh(t/T) dY(t)/f h(t/T) dt = d{"(0)/[TH ,(0)].

respectively. The Fourier transform of the process (4.22) corrected for its sample
mean is then given by

(4.32) e (1) = f exp { —it}h(t/T) [dX(t) — £ dif]

= d(xT)(;t) - d(xT)(O)Hl(T/l)/Hl(O),
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e’ (1) = fexp {— A} h(t/T)[dX(t) — £ di]
= &P () — & (0)H,(TA)/H ,(0).
Let By be a sequence of nonnegative numbers tending to 0 as 7 — 0. Set
(4.33) W(T)(a) = B;l W(B; la).

As an estimate of the cross spectral density matrix (4.23) we now propose
0 () 1) (2) o D@7 [P @]

(434 [fﬂ ) £ = [weu - wenn)” (o) | | e () | ™

As estimates of A(A), f; .(4), we then take

(4.35) AD) = F XA,

(4.36) g D) = £ () — B (A) 7Y (A).

We can now state the following theorem.

THEOREM 4.4. Let the process X(a), A € A, satisfy Assumption 2.2. Suppose
£y x (A) is nonsingular. Let the process &(A), A € A, satisfy Assumption 2.2., have
mean 0 and be statistically independent of the process X(a), A € A. Let a(a) satisfy
(4.20). Let Y(a) be given by (4.19). Let W(a) satisfy Assumption 4.3 and h(t)
satisfy Assumption 4.1. Then if By — 0, BfT — o0 as T — o0,

(4.37) lim ave AM(1) = A(A),
T— o
(4.38) lim B,;T Cov {vec AT (1), vec A" (p)}
T—

= 20H,(0)H,(0)"20{A — u}f, .(A) ®. fx x(A)~* f W(a)? da

(4.39) lim ave g(4) = f; .(4),

T—w
(4.40) hm B,T Co¥ {gm ), gD (1)}
= 2nH ,(0)H,(0)"%(6{A — p}[£;, .(A)]j, m[E:, (= D]

50+ B (D) Lo (= D) [ W) de

(4.41) lim BT CoV {vec AV (1), g7} (n)} = 0,

T—

for j, k, m,n =1, ,s. Also the variates A (1), g1} (u) are asymptotically
jointly normal with the above covariance structure.
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(In this theorem ave, Cov have technical definitions allowing the use of Taylor
series expansions in determining asymptotic moments. See Brillinger and Tukey
[10].

In the case r = s = 1, we may define the cokerency of X(a) with Y(a) at
frequency A by

, frxM)?
4.42 R 2 = & )
(4.42) By x A = e ]

As an estimate of the coherency we consider the statistic

(4.43) |BY x (D]? =

We then have from the theorem
CoroLLARY 4.2.  Under the conditions of the theorem and if fx x (A).fy y (A) # 0.
| Ry (1)|? is asymptotically normal with ’

(4.44) lim ave |R{y(A)|? = | Ry x(A)]?

T—w

and

(445)  lim B;T Co¥ {| R (W),

R (w)]*}
= 4nH,(0)H,(0) 2 [6{4 — u}
+ 800 + W[ Ry x(WP1 = Ry x(DP]? [ W(a)? da

A comparison of the results of this theorem and its corollary, with the corre-
sponding results for the regression of one vector valued stationary time series
on another, shows that they are identical. This will also be the case for the
interval process extension of many of the asymptotic results of the analysis of
stationary time series.

5. Estimation of product densities

Let N(a), A € A, be a stationary point process satisfying Assumption 3.2. We
have defined various characteristics of such a process. These may be summarized
as follows:

(51) pal,'”,ak(tl’.”*tk)
= lim p{dN, (t;) = 1, -, dN, (t) = 1}/(dt, - - dt;)
dtj—'o
for t,, .t distinet;
(52) Qah“'.ak(tlv'..ﬂtk)

k
= Z (_l)[_l(/ - 1)!paj;jsv1(tj;jev1)“'paj;jevf(tj:jevl);
=1
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(53) pa;,“', (tl’ T, tk)
k
Z aj; 15v1 ;jevl)..'qaj:jev((tj;jev();

(5.4) Tayooa{8es " " s Wmy) = Qg oo g Uy, gy, 0);
(5.5) Gy, alAre o Aoy)

k=1
= f---fexp{—i z ljuj}'r,,l‘...,a,((ul,"',uk-1)d“1"'d“k—l?
1

and if g, ... o (44, -, A4~ ) is integrable

(5.6)
Tag, o ae (U7 Ug_y)
(2m) "“f J‘exp{ Z }g;h..._ak(ll,---,Ak_l)d,ll---d}tk_l.
Also
(57) ga1,~-~,ak(}'1’ T, )'k) = g;;,-“,ak(il. T )‘k—l)

understanding =% A; = 0. Continuing

(58) fal,'“,ak('ll»”' 7'1k)
=em™ "t Y Y [T ofew —a] - [I] 0{er — aj}]

=1 ay,-",ar,=1 jev, jev,
'gah““al[‘z j.-’. MR Z )uj]
JEV) JEVL
(59) gal,“-,ak(’lb T j'k)
k r
=2 X =07 = DUT 8{oey — a}]- - []1 6{er — a5}]
=1 a1, - ,2,=1 jevi Jjev,
@ L A X AT
Jjev1 Jjev,
The summations in (5.2), (5.3), (5.8), (5.9) are over all partitions (v, -, v,) of
the integers (1, - - - , k).
In the previous section we developed an estimate of f, ... , (4;, -, 4). Let

us now put this work to use in developing estimates of the various functions
listed above. As an estimate of g, ... , (4. - -, 4;). in the light of (5.9), we
may consider

(510) gszf) k(ll’ T, lk)

k r
=,Zl > 1(—1)“1(/— DILTT 84y — a;}]- -~ []1 8{e — a}]
=1lay, - ,a,= JEVL Jev,

@D [z Ao YA

Jjevi Jjev,
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where the f{1.. _ (uy,---.p). £ =1, k, are formed in the manner of
Theorem 4.3. From that theorem we see that
(511) Eg(T) ,ak('lla T, ik)

= gal,m,uk(lr'" A+ O(B(-}-‘)) + O(B(-P_1T_1);

and because estimates of order less than k have asymptotic variance of smaller

order than that of estimates of order k. the covariance of g{I... . (A;. . 4)
with gm b, (1, "+ 1) will be asymptotically equivalent to that of fi1... ,,
(Ays s A) vnthf,,l -oo.b, (M1, " -+ py)as given in Theorem 4.3. Also the estimates

will be asymptotleally normal and estimates of different orders will be asymp-
totically independent.

Suppose next that g}, ... , (4;. . 4) vanishes for |1;| > A. As an esti-
mate of r,, ... , (u;. -+, u,_{) we can then consider
(5.12) LT’ Uy )
k-1
(2m) "“J; s fexp{ Z Ajuj}gg) (il.'--.ik_l. -y lj>
AjlEA 1
dj'l ctt dik—l‘

From (5.11) this estimate will be asymptotically unbiased.
By analogy with Theorem 5.2 of Brillinger [6], we would expect, for example,
that

(5.13) lim 7 Cov{r{h,, (u;), 70, (42)}

T—-x

= [ exp (i = 0}l 0@, 0~ 2) d
A X , ,
" exp fintus + wa)) o (0 e~ d

A
+ 27 ff_Aexp {i(oguy + 02u3)} fa, by an b, (01, — 0y, 0p) dotydoty,

in the case k = 2 and a; # b;.
Next one can take
(5.14) QLT) Lty ) = ’g,)-~-,ak(t1 — bl — )

as an estimate of g,, ... ,(f;, ', #) and

k
(5.15) P alt ) =Y Qg;)jsvl(tﬁj EVy) qc(z?jev,(tjlje Ve)
¢=1

as an estimate of p,, ... . (¢, ", ).

In the case k = 1, we would estimate r, by N,(0, 7]/T. In Theorem 4.2 we
saw that this statistic was asymptotically normal with mean r, and variance
277" o,0(0)
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6. Estimation of second order spectra from sampled values

Let Y(t), —o0 < t < 00, be a real valued time series satisfying the conditions
of Example 3.1, having mean ¢y and autocovariance function cy y(u), —o0
< u < . Let N(a), A € A, be an independent real valued point process satis-
fying Assumption 3.2, having mean intensity ry and autocovariance density
ry n(®), —00 < u < 0. Suppose that events of a realization of the process N(a)

occur at the times 7,, - - - , 7, in the interval (0, 7']. Consider the problem of esti-
mating the autocovariance ¢y y(u), — 00 < u < 00, and power spectrum fy y(1),
— o0 < A < o0, of the series Y(¢) from the values

(6.1) Ty, ", Ty

and

(62) Y(Tl)’ T, Y(Tn)'

We can construct a stationary interval process X(a), A € A, in the manner of
Example 3.3 by setting

(6.3) X(a) =L Y(t) dN(t),
or, in differential notation, by setting
(6.4) dX(t) = Y(¢) dN(¢).
The first and second order measures of this process satisfy
(6.5) Cy dt = cyry dt,
and
(6.6) dC%, x(u) dt = (cy,y(W)ry, n(u) + cyy(u)ryd(u) + cf y(u)ry

+ (cy)?ry, n(w) + (cy)?ryd(w)) du dt.
The measure C’ x(u) is seen to have absolutely continuous part and an atom
of mass ¢y y(0)ry + (cy)*ry at u = 0. If we let ry y(u) denote the derivative of
the absolutely continuous part of C'y x(u) then, from (6.6),
(6.7) ra,x(4) = Sy y(Wry,n(©) + ¢y y Wy + () ry ()

for —o0 < u < oo. For convenience set

(6.8) h(w) = 7y x(w) = (ci)?ry, nu).
If
(6.9) r2 + ra () # 0,

then, from (6.7),

(6.10) cy,y(%)
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We see, from (6.8) and (6.10), that an estimate of ¢y y(#) may be constructed

from estimates of ry x(u), ¢y, ry y(%), ry. One can then proceed to form an esti-
mate of fy y(4).

Alternatively we could proceed directly to the frequency domain and note
that the power spectrum of the process X(A) is given by

6.11)  fy x(2) = 2m)~! l:f rx,x(u) exp { —idu} du + cf y(O)ry + (C’y)zm]

= [ frrtd = 0gh w@ do + fr (D7 + (€ n (D)
+ (2m) ey y (0)ry,

for —0 < 4 < . If we rewrite this in the form

612)  fryirk + [ i g n( = o) da

= frx(A) — () fan(A) — 21) 7 ¢y y(0)ry
= H()),

then we have an integral equation for fy (). This equation may be solved for
fr.y(4), under the condition (6.9), as follows: set

(6.13) P(A) = (21)" " f exp {—idu}ry w()/[r3 + ry n(w)] du,
then
(6.14) fry(d) = rg 2H(A) — 2mry? fP(A — a)H(a) da.

Once estimates of ry, ry, y(u), ¢y. ¢y y(0), fv. n(4). fx x(4). are available an esti-
mate of f_y(4) may be constructed from, (6.14). The estimates may be determined
as follows:

(6.15) : KD = n/T:
(6.16) ) = [Y(r) + - + Y(r,)]/n:
(6.17) m(YT,)y(O) = [Y(‘c,)z + -+ Y(T,,)Zj/n;
(6.18) AF4(0) = miTy(0) — 7"

and finally estimates f y(1), f{’x(4) may be constructed in the manner of (4.16)
or (4.34).

A problem related to the one just considered is that of obtaining as estimate
of the cross spectrum f} y,(4) of a series Y, (¢) with a series Y, (¢) from the values

(6.19) Ty s Ths
(620) Yl(""l)? T Yl(Tn)s
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and
(6.21) Yy(ty), -, Yalt,).
In this case the expression (6.11) is replaced by

(6.22) Fxu, x:(A) ffy, v, ( a)gy, n(a) do + f;n,yz(j-)rfl

+ (ex,)(cy,) [y, n(A) + (2m) " ey, v, (0)ry

A second related problem would be to construct an estimate of fy, y,(4) from
the values

(6.23) Oy, O,

(6.24) Ty, " s Ty

(6.25) Yi(o4), ", Y1(0n),

(6.26) Yi(rq), oo, Yalr,),

where a,, ' - - , 6,, are the times of events in (0, 7] of a point process N,(a) and
74, ", T, are the times of events in (0, 7'] of a related point process N,(a) with

the bivariate point process satisfying Assumption 3.2. In this case expression,
{6.11) is replaced by the simpler expression

(6.27) [y x,(A) = J‘f;'hYz(A' — )G, N, (%) do + fy, v, (A, TN,

+ c}’lchfI'Vl,Nz(A)-

7. Further considerations

We next discuss briefly some practical implications and extensions of the
previous results. We saw, in Section 2, that if X(a), A € A, was a stationary
interval process with cumulant spectra

(71) fXa] ‘> Xa, A’l? ’ A'k)v

then

(7.2) Ya(t) = [ $u(t — w) aX,(w),

a=1,---,r, —00 <t < 00, was a stationary time series with cumulant spectra

(13)  frapva (s 0 ) = @ (Ay) @ (A fx,, - xa (A1s 7775 A)-

This suggests that one might estimate the spectrum (7.1) by a statistic of the
form

(7.4) Y?l,-H,Y..ku'l’ R lk)/[q’al(j-l) e (Dak(ﬂ'k)],
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having formed
(7.5) YT‘,).‘--,}'n (At A

in the manner of Brillinger and Rosenblatt [9]. (In the case k = 2 this sug-
gestion was made by Priestly in the discussion of Bartlett [3].) This procedure
is seen to be analogous with the technique of prewhitening a time series prior
to estimating its spectrum. This analogy suggests that we should choose the
¢,(A) so that the spectrum (7.3) is near constant for 4; in some finite region.
The estimate (7.4) is seen to have the important advantage of allowing the use
of existing spectral programs and also of allowing a simultaneous prewhitening
of the data.

The proposed analysis may be related to the analysis of a continuous time
series in another way. The basic statistic of our analysis is

T
(7.6) f exp { —iAtYh(1/T) dX(1).
0
If we approximate (7.6) by a Stieltjes sum, then we obtain

T—-1
(7.7) Y. exp { —iAt}h(t/T)[X(¢t + 1) — X(#)].
t=0

An examination of expression (7.7) shows that it corresponds to carrying out an
empirical spectral analysis on the time series of first differences. This procedure
is common in the analysis of economic time series.

Computations involved in forming (7.6) may be prohibitive. Therefore there
is much to be said for a procedure involving splitting the data into N segments
of length §, forming an estimate

(78) 45?‘,)-".ak()'1"'.,-lk)n
for the nth segment, » = 1, ---, N, and taking
N
(79) Zv_l Z ft&f) ak(ll*'”ﬂ;“k)n

n=1

as a final estimate. Authors recommending such a procedure include: Bartlett
[2], Welch [23]. Lewis [19], and Huber et al [15]. The asymptotics of such
estimates are directly determinable from the results of Theorem 4.3 because,
following the remark after Theorem 4.1, Fourier transforms based on disjoint
stretches of data are asymptotically independent. A variety of further remarks
concerning practical aspects of the calculations in the case of a point process are
made in Lewis [19].

We remark that the calculations proposed in this paper reduce. in the case that
the interval process X(A), A € A, is an integral of a continuous time series, to
the usual calculations of the frequency analysis of time series.

Extensions of the definitions and theorems of this paper to a case in which ¢
is vector valued, t € R?, appear fairly immediate if one takes the approach of
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Brillinger [7]. A different sort of extension would result from a consideration of
processes whose differences of higher order than the first are stationary (see
Yaglom [24]).

8. Proofs

Proor or LEmma 2.1. If M, ... ,(t;, - ,.t) corresponds to the measure
determined by the coordinates ¢;, -, ¢, let N, ... . (uy, ", u_y, ) corre-
spond to the measure determined by the coordinates u; = t; — t;, ", u_; =
t,—1 — b & The initial measure is invariant under the transformation
t,o .t =t +t -, 4 +t The second measure is therefore invariant
under the transformation ¢, — ¢, + . We see therefore that

(8.1) Nopooooaetg, sy ) — Ny g (g, o0y, 0)

=Ny ooy, g, b+ ) = Ny (g g 8.
Suppressing @, - - -, a, Uy, * -, 4, this last may be written
(8.2) N(t, + t) = N(t) + N(t) — N(0).

Under the given conditions, all solutions of this functional equation have the
form

(8.3) N(t,) = M't, + N(0),
giving the indicated result.

Proo¥ oF THEOREM 2.1. Assume the results of Theorem 4.1 hold. It will be
proved later. Set

(8.4) i = [

L EXP {—ide} dX(2),

using the notation of Section 4 with A(t) = 1 for |t\ < 1 and A(t) = 0 otherwise.
One has therefore

i
(8.5) ZD(4) = (2n)_1f 4" () da.
0
One now uses expression (4.7) to see that
(8.6) E|ZD(A) — ZOW)|* -0
as S, T »> wfork =1,2,- - :a = 1,---,r. It follows that there exists Zy(A)

such that Z{ (1) - Z, (1) in mean of order v for any v > 0.
One next checks that

(8.7) cum {Z{(A), -+ ZED (A}

m A k
___,f f 5<Z“j)fa,,---,ak(a1~""ak)dal"’dak
[4] 0 1

as T — o0, again using expression (4.7). This gives (2.27).
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Finally one checks that

(8.8) E|X (a) — r U exp {idt} dt:l dZP(A)|F -0
oo A

as T — oo. This gives (2.28).
Proor oF THEOREM 3.1. We first state and prove a lemma.
Lemma 8.1. With the conditions and notation of Assumption 3.1,

8.9)  lim Jag| "t fad BN (80 Ny, a1)]

C[Nap B N (AT

_ Z [H&la _ }

Ay

|: 11 ofu; — otk}:|p,,_...‘,k(t1.-~'.tk)

j=Emc-1+1

uniformly in ¢y, - -, &, for integers 1 < m; < my < -0 < my_y < my.
Proor. Suppose first that

Ay, "y, = O,
(8.10) :
amk-1+1a e ’vam»( = .
Now
(B.11)  E{N,(ay)™ -+ Ny (a)™ ™}
Z nyte T PN, (A) = ngc L N () = my]
njz1
—_ P[Nal(Al) — 1’. .. Zvazk(Ak) — 1] + Z n']"l e n"("k_mk—lL(nl. cee nk)~
with the second summation extending over some n; 2 2 and with |L(n, S nk)\ <
Ks|ag|™ - - - |ag|™ from (3.8), and so
.. -1 ' mo, .. N = my -y
(8.12) |Al}|r£lo |A1| |Ak| E{N,,(ay) N () }
= Payulb s b)),

uniformly in ¢, - - - , ¢, from (3.9). Continuing if (8.10) is not satisfied for some
oy, ", 0, then one can see from (3.8) that the limit in (8.9) is 0 uniformly in
ty, "+, 4. This completes the proof of the lemma.

Turnmg to the proof of the theorem: let ¢;(¢) be continuous is some interval
of A and 0 elsewhere for j = 1, k. We have
(8.13) fd)j(t) dN,,(t) = lim ) ¢;(ie)N, (ie, ie + &].

e=0 i
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By bounded convergence,

(8.14) {f 1(1) AN, (1) f b(t) AN, (t) }

= hmz Z([) (4,8) ¢k wE)B{N, (16,116 + €] - N, (ix¢, ix& + €]}

e=0 7§,
k r
=lim ) Z [H 6{a; — ay}] - ]—[ o{a; — a,}]
e20¢=1ay,---,a =1 jevy jeve
Z z [l_[ ¢J 7’18)] [l_[ ¢j(i{8)]pal,---,a(i187 e ,i{g)gl,
i, Jevy Jevy
where the summation extends over partitions (vy, - -, v,) of (1, - -, k) if we

separate out terms in (8.14) with the same argument and use Lemma 8.1. We
now see that expression (8.14) equals

r

(8.15) i 2 LI 8fe; — a}] -~ - []] &{e; — a}]

=1 ay, ,a,=1  jevy Jeve
ff[l_[ ¢y(ty)] - [l—[ ¢1(t)]Pay, .- AT, T)dty e dry,
Jevy Jeve
Expression (3.13) now follows from (8.15) taking the ¢;(¢) to be indicator
functions.
Proor or THEOREM 3.2. One proves (3.28) from (8.15) and then obtains
(3.22) by taking the ¢ () to be indicator functions.
Proor oF TueorEM 3.3. This follows directly from (3.28).

ProoF oF THEOREM 4.1. Let A" (t) = k,(t/T). The cumulant at issue is
given by

(8.16) f fh‘” )+ KD (t)

~exp{ zZAJtJ} dCq,,.alty = b, " by — ) db

= [ f[f ED(uy + ) - B (e + DRD(D)

k-1
*exp {—2 z A.Jt} dt} exp {—i Z l]ul} dC;h...,ak(ul, ey, uk—l)'
1

1

The indicated result now follows as

(8.17)

j{hm y + 1) KD (s + HADD)

k—1
_ hgll')(t) ce hg’:)(t) exp { —idt} dtl =c ; Iui|’

for some finite C following Assumption 4.1.
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Proor oF THEOREM 4.2. This follows directly from Theorem 4.1 in the
manner of corresponding results in Brillinger [7] and Brillinger [8].

Proor oF THEOREM 4.3. This follows directly from Theorem 4.1 in the
manner of the principal theorems in Brillinger and Rosenblatt [9].

Proor orF Tueorem 4.4. This follows directly from Theorem 4.1 in the
manner of corresponding results in Brillinger [7] and Brillinger [8].
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