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Abstract. We derive the distribution of the eigenvalues of a large sam-
ple covariance matrix when the data is dependent in time. More precisely,
the dependence for each variable ¢ = 1, ..., p is modelled as a linear process
(Xit)t=1,...n = (Z;io ¢jZit—j)t=1,...,n, Where {Z;  } are assumed to
be independent random variables with finite fourth moments. If the sam-
ple size n and the number of variables p = p,, both converge to infinity
such that y = limy,—c n/pn > 0, then the empirical spectral distribution
of p~1xXT converges to a non-random distribution which only depends
on y and the spectral density of (X1,¢)¢cz. In particular, our results apply
to (fractionally integrated) ARMA processes, which will be illustrated by
some examples.
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1. INTRODUCTION AND MAIN RESULT

A typical object of interest in many fields is the sample covariance matrix
(n — 1)7!XXT of a data matrix X = (X; )i, i = 1,...,p, t = 1,...,n. The
matrix X can be seen as a sample of size n of p-dimensional data vectors. For
fixed p one can show, as n tends to infinity, that under certain assumptions the
eigenvalues of the sample covariance matrix converge to the eigenvalues of the
true underlying covariance matrix [2]. However, the assumption p < n may not be
justified if one has to deal with high-dimensional data sets, so that it is often more
suitable to assume that the dimension p is of the same order as the sample size n,
that is, p = p, — oo such that

(1.1) lim — =:y € (0, 0).

n—oo p
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For a symmetric matrix A with eigenvalues A1, ..., \,, we denote by
a_ 12
F&% = =306,
Pi—1

the spectral distribution of A, where §, denotes the Dirac measure located at x.
This means that pF4(B) is equal to the number of eigenvalues of A that lie in
the set B. From now on we will call p~* XX the sample covariance matrix. Due
to (1.1), this change of normalization can be reversed by a simple transformation
of the limiting spectral distribution. For notational convenience we suppress the
explicit dependence of the occurring matrices on n and p where this does not cause
ambiguity.

The distribution of Gaussian sample covariance matrices of fixed size was first
computed in [20]. Several years later, it was Marchenko and Pastur [14] who con-
sidered the case where the random variables { X, ;} are more general i.i.d. random
variables with finite second moments EX? = 1, and the number p of variables is
of the same order as the sample size n. They showed that the empirical spectral
distribution (ESD) Fr XX op p1XXT converges, as n — 00, to a non-random
distribution F', called limiting spectral distribution (LSD), given by

1

(1.2) F(d:r) =5 (4 —2)(x — 2 ) {_<age,1de,

and point mass F'({0}) = 1 — y if y < 1; in this formula, 24 = (1 + V/Y)?. Here
and in the following, convergence of the ESD means almost sure convergence as a
random element of the space of probability measures on R equipped with the weak
topology. In particular, the eigenvalues of the sample covariance matrix of a matrix
with independent entries do not converge to the eigenvalues of the true covariance
matrix, which is the identity matrix and, therefore, only has eigenvalue one. This
leads to the failure of statistics that rely on the eigenvalues of p~!XX” which
have been derived under the assumption of fixed p, and random matrix theory is a
tool to correct these statistics (see [4], [13]). In the case where the true covariance
matrix is not the identity matrix, the LSD can in general only be given in terms of
a non-linear equation for its Stieltjes transform, which is defined by

1 .
mp(z) = [~——dF forallze CT:={z =u+ive C:Sz=v>0}.
-z

Conversely, the distribution F' can be obtained from its Stieltjes transform m ¢, via
the Stieltjes—Perron inversion formula ([3], Theorem B.8), which states that

b
(1.3) F([a,b]) = 1 lim [ Smp(z 4+ ie)dx

T e—=0t 7,

for all continuity points a < b of F.Fora comprehensive account of random matrix
theory we refer the reader to [1], [3], [15], and the references therein.
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Eigenvalue distribution of large sample covariance matrices of linear processes 315

Our aim in this paper is to obtain a Marchenko—Pastur type result in the case
where there is dependence within the rows of X. More precisely, fori = 1,...,p,
the 7th row of X is given by a linear process of the form

(oo}
(Xit)i=1,0 = (22 ¢ Zit—j) ey 0 € ER
j=0

3eey

Here, (Z;+);: is an array of independent random variables that satisfies

(1.4) EZi; =0, EZ},=1 and o4:=supEZ}, < oo,
7,t

as well as the Lindeberg-type condition that, for each € > 0,
1
(1.5) — > Y E(Z iz -

Clearly, the condition (1.5) is satisfied if all {Z; +} are identically distributed.
The novelty of our result is that we allow for dependence within the rows, and
that the equation for m is given in terms of the spectral density

fw) =Y y(h)e ™, weo,2n],
hez

of the linear processes X; only, which is the Fourier transform of the autocovari-
ance function

’y(h) = Z CjCj+|h|s h € Z.
§=0

Potential applications arise whenever data is not independent in time such that the
Marchenko—Pastur law is not a good approximation. This includes, e.g., wireless
communications [19] and mathematical finance ([18], [17]). Note that a similar
question is also discussed by Bai and Zhou in [5]. However, they have a different
proof which relies on a moment condition to be verified. Furthermore, they assume
that the random variables {Z; ;} are identically distributed so that the processes
within the rows are independent copies of each other. More importantly, their re-
sults do not yield concrete formulas except in the AR(1) case, and are therefore not
directly applicable. In the context of free probability theory, the limiting spectral
distribution of large sample covariance matrices of Gaussian ARMA processes is
investigated in [7].

Before we present our main result, we explain the notation used in this article.
The symbols Z, N, R, and C denote the sets of integers, natural, real, and complex
numbers, respectively. For a matrix A, we write AT for its transpose and tr A for
its trace. Finally, the indicator of an expression £ is denoted by /¢y and defined to
be one if £ is true, and zero otherwise; for a set .S, we also write Ig(x) instead of

Itzesy-
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THEOREM 1.1. For eachi=1,...,p, let X;; = Z;io ¢jZit—j, t € L, be
a linear stochastic process with continuously differentiable spectral density f. As-
sume that

(i) the array (Z; )it satisfies conditions (1.4) and (1.5);

(i) there exist positive constants C and & such that |c;| < C(j + 1)1 for
all j = 0;

(iii) for almost all X € R, f(w) = X for at most finitely many w € [0, 27];

(iv) f'(w) # 0 for almost every w.
Then the empirical spectral distribution F P XX of p~'XXT converges, as n
tends to infinity, almost surely to a non-random probability distribution F with
bounded support. Moreover, there exist positive numbers A_, A+ such that the
Stieltjes transform z — mp(2) of Fis the unique mapping CT — CT satisfying

(1.6) ! ——z+ikf# 1
. m(2) 2m 51+ Amp(2) pep o=y @

The assumptions of the theorem are met, for instance, if (X;;); is an ARMA
or fractionally integrated ARMA process; see Section 3 for details.

Theorem 1.1, as it stands, does not contain the classical Marchenko—Pastur law
as a special case. For if the entries X ; of the matrix X are i.i.d., the corresponding
spectral density f is identically equal to the variance of X 1, and thus the condition
(iv) is not satisfied. We therefore also present a version of Theorem 1.1 that holds
if the rows of the matrix X have a piecewise constant spectral density.

THEOREM 1.2. Foreachi=1,...,p,let X;; = Z;io ¢jZit—j, t € L,bea
linear stochastic process with spectral density f of the form

k
(1.7) f:[0,27] = RY, we > ajla;(w), keN,
j=1

for some positive real numbers o ; and a measurable partition A1 U . ..U Ay, of the
interval [0, 27]. If the conditions (i) and (ii) of Theorem 1.1 hold, then the empirical
spectral distribution F' p I XXT of p ' XXT converges, as n — oo, almost surely
to a non-random probability distribution F with bounded support. Moreover, the
Stieltjes transform z — m(2) of Fisthe unique mapping CT — C™ that satisfies

1 y & Aoy

(9 me@ T ar BT amp(a)

where | A;| denotes the Lebesgue measure of the set A;. In particular, if the entries

of X are i.i.d. with unit variance, one recovers the limiting spectral distribution
(1.2) of the Marchenko—Pastur law.
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Eigenvalue distribution of large sample covariance matrices of linear processes 317

REMARK 1.1. In applications one often considers processes of the form X; ; =
W+ Z;io ¢jZi1—; with mean pn # 0. If we denote by x; € RP the tth column of
the matrix X, and define the empirical mean by © = p~! Z?:l Ty, then the sample
covariance matrix is given by the expression p~! Z:‘:l(azt —7)(xy — 7)7 instead
of p ' XXT. However, by [3], Theorem A.44, the subtraction of the empirical
mean does not change the LSD, and thus Theorems 1.1 and 1.2 remain valid if the
underlying linear process has a non-zero mean.

REMARK 1.2. The proof of Theorems 1.1 and 1.2 can easily be generalized to
cover non-causal linear processes, which are defined as X; ; = z;ifoo cjZit—j-
For this case one obtains the same result except that the autocovariance function

is now given by 27 ¢iCiyin|-

REMARK 1.3. Ifone considers a matrix X which has independent linear pro-
cesses in its columns instead of its rows, one obtains the same formulas as in
Theorems 1.1 and 1.2 except that y is replaced by y~'. This is due to the fact that
XTX and XX have the same non-trivial eigenvalues.

In Section 2 we proceed with the proofs of Theorems 1.1 and 1.2. Thereafter
we present some interesting examples in Section 3.

2. PROOFS

In this section we present our proofs of Theorems 1.1 and 1.2. Dealing with
infinite-order moving average processes directly is dfficult, and we therefore first
prove a variant of these theorems for the truncated processes X; ; = Z?:o CiZlit—j.

Wedeﬁnethepxnmatrix}z: ()~(i7t)it,i: 1,...,p,t=1,...,n.

THEOREM 2.1. Under the assumptions of Theorem 1.1 (Theorem 1.2), the
empirical spectral distribution of the sample covariance matrix of the truncated
process X converges, as n tends to infinity, to a deterministic distribution with
bounded support. Its Stieltjes transform is uniquely determined by formula (1.6)
(formula (1.8)).

Proof. The proof starts from the observation that one can write X = ZH,
where RP*?" 5 Z = (Z;1)it,i = 1,...,p,t =1 —mn,...,n,and

Cn Cp-1 ... C1 Cg 0O ... 0 T
Q1 H= 0 ¢ ... .2 ¢ ¢ c R2vxn.
0
o ... 0 ¢ cpe1 ... ... <o

In particular, XXT = ZHHTZT. In order to prove convergence of the empiri-
cal spectral distribution FP' XX and to obtain a characterization of the limiting
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distribution, it suffices, by [16], Theorem 1, to prove that the spectral distribution
FHE" of AT converges to a non-trivial limiting distribution. This will be done
in Lemma 2.1, where the LSD of HH” is shown to be FHHT _ %(50 + %FF;
the distribution F is computed in Lemma 2.2 if we impose the assumptions of
Theorem 1.1, and, respectively, in Lemma 2.3 if we impose the assumptions of
Theorem 1.2. Inserti~ng this expression for FHH" into equation (1.2) of [16] shows
that the ESD P~ XX” converges, as n — 0o, almost surely to a deterministic
distribution, which is determined by the requirement that its Stieltjes transform
z — m(z) satisfies

At At

1 N T A R
2.2 = — 2 SAR— § ol EC A A
T R O ey v L Sl

Using the explicit formulas of T computed in Lemmas 2.2 and 2.3, one obtains
(1.6) and (1.8). Uniqueness of a mapping m : C* — C* solving the equation
(2.2) was shown in [3], p. 88. We complete the proof by arguing that the LSD
of p~!XX” has bounded support. For this it is enough, by [3], Theorem 6.3,
to show that the spectral norm of HH” is bounded in n, which is also done in
Lemma?2.1. =

LEMMA 2.1. Let H = (cn—itjl{ocn—itj<n))ij be the matrix appearing in
formula (2.1), and assume that there exist positive constants C., such that |c;| <
C(j + 1)=179 (assumption (ii) of Theorem 1.1). Then the spectral norm of the
matrix HH™ is bounded in n. If, moreover, the spectral distribution of the Toeplitz
matrix I' = (’y(z -7 )) .. converges weakly to some limiting distribution F U then

ij
. . . T ~
the spectral distribution FE" converges weakly, as n — oo, to %50 + %F L

Proof. We first introduce the notation H: = HH?T € R27*2" 35 well as the
block decomposition

_ | Huu Hiz _ mnxn
H_[Hﬁ Hﬂ], H;; € R™*™.

We prove the second part of the lemma first. There are several ways to show that the
spectral distributions of two sequences of matrices converge to the same limit. In
our case it is convenient to use [3], Corollary A.41, which states that two sequences
A, and B, either of whose empirical spectral distribution converges, have the
same limiting spectral distribution if n=' tr(A, — B,)(A4, — B,)T converges to
zero as n tends to infinity. We shall employ this result twice: first to show that the
LSDs of H = HHT and H: = diag(0, Ha2) agree, and then to prove equality of
the LSDs of Hoz and I'. Let Agy = n~* tr(H — H)(H — H)7. A direct calculation
shows that Ay; = n=1[tr Hn’Hﬂ +2tr 'ngH{z], and we will consider each of the
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Eigenvalue distribution of large sample covariance matrices of linear processes 319

two terms in turn. From the definition of H it follows that the (4, j)th entry of H is
given by
n

y
HY = Z Cn—i-l—kcn—j-‘rkl{rnax (4,5)—n<k<min (¢,5) }-
k=1

The trace of the square of the upper left block of H therefore satisfies

n  min (i)

- 12 2
trHuHG = > {H7} = X [ X cairkCo ]
ij=1 ij=1 k=1
n
< Y eirrallejr—tlleii-illejpi-il
ivjkd=1
n+1
< 04 Z i—1—6j—1—5l—1—6k—1—6
0,5k, l=2

<[Cc1+ 0" < o,

where ((z) denotes the Riemann zeta function. As a consequence, the limit of
n~1tr H11H1, as n tends to infinity is zero. Similarly, we obtain for the trace of
the square of the off-diagonal block of H the bound

T n  2n o n  nti i 5
trHiH =2 > {HY} =3 > [ > cnithCnjts]
i=1j=n+1 i=1j=n+1 k=j—n
n n n—i+ln—i+l
<D X D D Citk-1Ck—jCitl-1Cl—j
i=1j=1 k=j I=j
n n n n
<D0 20 D0 D leivrrillerllesti—alles]
i=1j=1r=0s=0
n+1
< 04 Z i—l—ér—l—és—l—éj—l—d
%,9,r,8=1

<[C¢1+0)]" < oo,

which shows that the limit of n=1 tr H12H7, is zero. It follows that Az converges
to zero as n goes to infinity, and so the LSDs of H and H= diag(0, Ha2) coincide.
The latter distribution is clearly given by = %(50 + lFH22 and we show next
that the LSD of Hay agrees with the LSD of I' = (y(i — j)) . As before, it suf-

fices to show, by Corollary A.41 of [3], that Ap = n~! tr(H22 —I')(Hyp —D)T
converges to zero as n tends to infinity. By the definitions of 7 and I', nAr can be
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estimated as follows:

n n o 2
nAr= 3 [ Y iChoj — D Cko1Ckt|imj|-1]
i,j=1 k=max (¢,j) k=1
n n o 2
=X X a-ag- X c-ick)
1,j=1 k=max (i,5) k=max (4,5)
n o0
= Z Z Ck+i—1Ck+j—1Cl1+i—1Cl+j-1
ij=1k,l=1
n+1l oo 4
<Ct Y Y OO0 (O (1 4 6))]
0,j=2 k,l=2

Consequently, Ar converges to zero as n goes to infinity, and it follows that FH =
1 il
550 + §F .

In order to show that the spectral norm of H = HH? is bounded in n, we use
Gerschgorin’s circle theorem ([8], Theorem 2), which states that every eigenvalue
of ‘H lies in at least one of the balls B(H", R;) with centre H* and radius R;,
i =1,...,2n, where the radii R; are defined as R; = >, [H"/|. We first note

that the centres H* satisfy

min{i,n} n
H = 3 Zc [CC(2+20))7 <
k:max{l,i—n} k=0
To obtain a uniform bound for the radii R; we first assume that¢ = 1,...,n. Then
n min{i,j} 2n i
[Ri] < Z len—itnllen—jrrl + 22 X len—itkllen—jkl

j=1 k=1 Jj=n+lk=j-n

n 2n—i n—j
<Y enirnllegrnal+ X X lensllenl <2[C¢(1+6)P?
Gok=1 j=n+1—i k=0

Similarly, we find that, fori =n+1,...,2n,

n J 2n n
|Ri‘ S Z Z ’Cn z+k‘|cn ]+k‘ + Z Z ‘Cnfz'+kHCn7j+k|
j=lk=i—n Jj=n+1 k=max{i,j}—n

2n  n—max{i,j}

Z Z |Ck+g!|0k|+ > Z lerllex sy < 3[CC(L+6)]”

j=i—-n k=0 j=n+1
is bounded, which completes the proof. m

In the following two lemmas, we argue that the distribution FT exists and we
prove explicit formulas for it in the case when the assumptions of Theorem 1.1 or
Theorem 1.2 are satisfied.
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LEMMA 2.2. Let (cj); l?e a sequence of real numbers,y : h — Z]O‘io CiCiy|h|s
and f : w— ZheZ’y(h)e_Zhw. Under the assumptions of Theorem 1.1 the spec-
tral distribution F¥ of T' = (7(1 — j))ij converges weakly, as n — oo, to an ab-
solutely continuous distribution Y with bounded support and density

(23) g- ()‘—’)‘-i-) - R+> A — Z

Proof. We first note that under the assumption (ii) of Theorem 1.1 the auto-
covariance function -y is absolutely summable because

S )<Y S lesllejenl < C7 Y BT < [CC(1 4 6)) < oo
h=0 h=0 j=0 hyj=1

Szegd’s first convergence theorem (see [11] and [10], Corollary 4.1) then implies
that F'" exists and that the cumulative distribution function of the eigenvalues of
the Toeplitz matrix I" associated with the sequence h — (h) is given by

2

1 1
(2.4) G()\) = % f I{f(w)@\}dw = . Leb ({w c [0, 27T] : f(w) < )\})
0

prs
for all A such that the level sets {w € [0, 27] : f(w) = A} have Lebesgue measure
zero. By assumption (iii) of Theorem 1.1, formula (2.4) holds for almost all A.
In order to prove that the LSD F! is absolutely continuous with respect to the

Lebesgue measure, it suffices to show that the cumulative distribution function G
is differentiable almost everywhere. Clearly, for AX\ > 0,

GO+ AN — G\ = % Leb ({w € [0,27] : A < f(w) < A+ AA}).

Due to assumption (iv) of Theorem 1.1, the set of all A € R such that the set
{w:€[0,27] : f(w) = Aand f'(w) = 0} is non-empty is a Lebesgue null-set.
Hence it is enough to consider only A for which this set is empty. Let f~1(\) =
{w : f(w) = A} be the pre-image of A\, which is a finite set by assumption (iii). The
implicit function theorem then asserts that for every w € f~1()) there exists an
open interval I, around w such that f restricted to I, is invertible. It is no restric-
tion to assume that these 1, are disjoint. By choosing A\ sufficiently small it can
be ensured that the interval [\, A)] is contained in (), o S (1), and from the

continuity of f it follows that outside of Uw eF-1(V) 1, the values of f are bounded
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away from J, so that

1
1 1 , ,
—_ — —_— . <
5 Al/l\ril)0 ~ Leb (wefgl()\){w €L, A< f(W) <A+ AN}
1 : 1 / /
= — -— : < .
5 > Al;\rgo A Leb ({w' € I, : A < f(w') < A+ AN})

wef=1(N)

In order to further simplify this expression, we denote the local inverse functions
by f;1: f(I,) — [0,27]. Observing that the Lebesgue measure of an interval is
given by its length, and that the derivatives of f_ ! are given by the inverse of the
derivative of f, we get

1
1 . 1 _ _
:7 Z Ali205|fwl()‘+A)‘)_fwl(>‘)’
wef~t(N)
1 d 1 1
- 50| = 5 .
s wele(A) d\ 27 we];(A) |f(w)]

This shows that G is differentiable almost everywhere with derivative

1 1
g:iA— — .
o ) )]

It remains to argue that the support of FT is bounded. The absolute summability of
~(+) implies boundedness of its Fourier transform f. The claim then follows from
(2.4), which shows that the support of g is equal to the range of f. m

LEMMA 2.3. Let f: w +— 2?21 a;jla;(w) be the piecewise constant spec-
tral density of the linear process X; = 2;‘10 c¢jZi—j, and denote the correspond-
ing autocovariance function by vy : h +— Z?io CjCjy|n|- Under the assumptions of

Theorem 1.2 the spectral distribution F' of T' = (’y(z —J ))Z] converges weakly,
asn — oo, to the distribution ¥ = (27)~! Z?:l | 4]0,
Proof. Without loss of generality we may assume that 0 < a3 < ... < .

As in the proof of Lemma 2.2 we can see that FT exists and that Fr(—oo, A) is
given by

G\):= %Leb ({we 0,27 : flw) <A}) forall X € [0,27]\ Gl{aj}.

Jj=
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The special structure of f thus implies that G(\) = (27)~! Zfi 1 |A;], where ky
is the largest integer such that oy, < A. Since G' must be right-continuous, this
formula holds for all A in the interval [0, 27]. It is easy to see that the function G is

the cumulative distribution function of the discrete measure (27) ! Z?Zl |Aj|da,,
which completes the proof. =

Proof of Theorems 1.1 and 1.2. Itisonly left to show that the trun-
cation performed in Theorem 2.1 does not alter the LSD, i.e. that the difference of

FrXXT gng prm XXT converges to zero almost surely. By Corollary A.42 of
[3], this means that we have to show that

2.5) ;;ﬂXXT+XXﬁ;;m@x—XxX—XVj

=I =II

converges to zero. To this end we show that the factor I has a limit, and that the
factor II converges to zero, both almost surely. By the definition of X and X we

have
1 oo o

P n
QZZ Z Z CkCm i t—kLit—m-

p i=1t=1k=n+1m=n+1

We shall prove that the variances of II are summable. For this purpose we need the
following two estimates which are implied by the Cauchy—Schwarz inequality, the
assumption that o4 = sup; , EZ t is finite, and the assumed absolute summability
of the coefficients (c;);:

(2.62) Eii

o0
2
’CkcmZi,tkai,t—m| <pn( Y el)” < oo,
i—1t=1k, =

178

p n [e%¢]
@6b) E Y Y Y |ekemeu i ZiviZit-mZiv i Zir |
1,0/ =1=1t,t'=1k,k' ,;m,m’'=1

< mp)Poa( 3 lerl)t < o0

k=1

Therefore, we can, by Fubini’s theorem, interchange expectation and summation
to bound the variance of II as follows:

n

1 2 s
Var() < 5 30 3 S enemenen B ik Zigm Zi e D)
1,i'=1t,t'=1 k,k'=n+1
m,m’=n+1
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Considering separately the terms where 7 = ¢/ and i # i/, we can write

1 D n S
Va) <p 3 XN cuemewenE(ZsZionZo— Do)
P™ir=1t0'=1 kk'=n+1
z;éz m,m’=n+1

o

P n
Z Z Z Ckcmck’cm’E( it— kZZt mZzt’ lc’Zzt’ ’)-
i=1¢tt'=1 kk'=n+1

m,m/=n+1

For the expectation in the first sum not to be zero, k must equal m and &’ must
equal m/, in which case its value is unity. The expectation in the second term can
always be bounded by o4, so that we obtain

2 o) 2 o]
- 2 n 4
Var(i) < 2202 S @V 1o ( % Jel)™.
p k=n+1 D" k=nt1

Due to formula (1.1) and the assumed polynomial decay of ¢y there exists a con-
stant K such that the right-hand side is bounded by Kn ="~ which implies that

o0

ZVar (I1) Z 1 20

n=1 n=1

and, therefore, by the first Borel-Cantelli lemma, that IT converges to a constant
almost surely. In order to show that this constant is zero, it suffices to show that
the expectation of II converges to zero. Since EZ; ; = 0, and the {Z;;} are in-
dependent, we can see, using inequality (2.6a) and again Fubini’s theorem, that
E(I) =np™ 'Y 7 4 c2, which converges to zero because the {c;} are square-
summable.

We now consider the factor I of expression (2.5) and define Ax = XX —
XXT7. Then

1 1 ==
(2.7) I= 2 tr(Ax) +2 2 tr(XXT).

Since

and, similarly,
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we have

[(XXT)i — (XX

M=

(2.8) tr(Ax) =

s
Il
—

[e.o]

[oe)
oY cemZip—iZit—m
k=n+1m=n+1

Il
M=
M=

-
Il
—
-
I
—

=II—0a.s.
P n 00 n
+ 2 Z Z Z Z CkaZi,t—kZi,t—m-
i=1t=1k=n+1m=1
Inequality (2.6b) allows us to apply Fubini’s theorem to compute the variance of

the second term in the previous display as follows:

4 n o0

p n
- > > > > ke e B(Zi sk Zit-mZi p—to Zit 41— )
i,i'=1tt'=1k,k'=n+1m,m'=1

which is, by the same reasoning as we did for II, bounded by

p i 2 n 2
dog (Y ee)* (X leml) < EKn' 72
p k=n+1 m=1

for some positive constant K. Clearly, this is summable in n. Having, by formula
(2.6a), expected value zero, the second term of (2.8) and, therefore, also tr(Ax)
both converge to zero almost surely. Thus, we only have to look at the contribution
of I}, in the expression (2.7). From Theorem 2.1 we know that Fr XX converges
almost surely weakly to some non-random distribution F' with bounded support.
Hence, denoting by A1, ..., A, the eigenvalues of p_liiT, we get

1 lag 12 1%% -

I = — tr (XXT> ==Y A = [ AP L [ AdF < 00
b p Pi—1

almost surely. It follows that, in the expression (2.5), the factor I is bounded, and

the factor II converges to zero, and so the proof of Theorems 1.1 and 1.2 is com-

plete. m

3. ILLUSTRATIVE EXAMPLES

For several classes of widely employed linear processes, Theorem 1.1 can be
used to obtain an explicit description of the limiting spectral distribution. In this
section we consider the class of autoregressive moving average (ARMA) processes
as well as fractionally integrated ARMA models. The distributions we obtain in the
case of AR(1) and MA(1) processes can be interpreted as one-parameter deforma-
tions of the classical Marchenko—Pastur law.
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FIGURE 1. Limiting spectral densities A — p()\) of p~*XXT
for the MA(1) process Xy = Z; + 9¥Z;_1 for different values of ¥ and y = n/p
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FIGURE 2. Limiting spectral densities A ~— p()\) of p™*XXT
for the AR(1) process X¢ = ¢X:_1 + Z; for different values of p and y = n/p

3.1. Autoregressive moving average processes. Given polynomials a : z —
l4+aiz+...+apzPandb: z— 1+ brz+...+ byz? an ARMA(p,q) process
X with autoregressive polynomial a and moving average polynomial b is defined
as the stationary solution to the stochastic difference equation:

Xet+a1 X1+ .+ apXt_p =Z1+b0Zy 1+...+ bth_q, teZ.

If the zeros of a lie outside the closed unit disk, it is well known that X has
an infinite-order moving average representation X; = Z;io ¢jZ—j, where {c;}
are the coefficients in the power series expansion of b(z)/a(z) around zero. It is
also known (see [6]) that there exist positive constants p < 1 and K such that
|cj| < Kp/, so that the assumption (ii) of Theorem 1.1 is satisfied. While the auto-
covariance function of a general ARMA process does not in general have a simple
closed form, its Fourier transform is given by

2

be™) , wel0,27].

a(eiw)

(3.1 flw) =

Since f is rational, the assumptions (iii) and (iv) of Theorem 1.1 are satisfied as
well. In order to compute the LSD of I, it is necessary, by Lemma 2.2, to find the
roots of a trigonometric polynomial of possibly high degree, which can be done
numerically.
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We now consider the special case of the ARMA(1,1) process X; = pX;_1 +
Zy + 971, || < 1, for which one can obtain explicit results. By (3.1), the spec-
tral density of X is given by

1+ 92 +2¥cosw

flw) = 1+ @2 —2pcosw’

w € [0, 27].

Formula (2.3) implies that the LSD of the autocovariance matrix I" has a density g,
which is given by

1 1

A\) =—
g( ) 2 we[0,27]: f(w)=A ‘f/(("})‘
_ 1 ; )
w0+ AV F0)2 = A1 — )2 M1+ )2 — (1 —0) A=A A
where
=min (A7, AT =max (A7, AT i—w
A=min (A, Ay =max(A 40, N = o

By Theorem 1.1, the Stieltjes transform z — m, of the limiting spectral distribu-
tion of p~' XX is the unique mapping m : Ct — CT that satisfies the equation

1 M Ag(\)
32) — = — — 2 —d\
(3.2) my Z+y/\‘{1+AmZ
Vy
T =

3 (0 + )1+ )y .
(Wms — o)1 = 9)2 +m.(1+ 92 [(1+ )% +ms(1 - 0)?]

This is a quartic equation in m, = m(z) which can be solved explicitly. An ap-
plication of the Stieltjes inversion formula (1.3) then yields the limiting spectral
distribution of p~ XX

If one sets ¢ = 0, one obtains an MA(1) process; plots of the densities ob-
tained in this case for different values of ¢ and y are displayed in Fig. 1. Similarly,
the case ¥ = 0 corresponds to an AR(1) process; see Fig. 2 for a graphical repre-
sentation of the densities one obtains for different values of ¢ and y in this case.
For the special case ¢ = 1/2, 9 = 1, Fig. 3 compares the histogram of the eigen-
values of p~'X X7 with the limiting spectral distribution obtained from Theorem
1.1 for different values of .

The equation (3.2) for the Stieltjes transform of the limiting spectral distribu-
tion of the sample covariance matrix of an ARMA(1,1) process should be com-
pared to equation (2.10) in [5], where the analogous result is obtained for an au-
toregressive process of order one. Bai and Zhou [5] use the notation ¢ = limp/n
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FIGURE 3. Histograms of the eigenvalues and limiting spectral densities A — p(\) of p~* X X7
for the ARMA(1,1) process X; = %thl + Zi + Zi—1 for different values of y = n/p, p = 1000

and consider the spectral distribution of n ' XX” instead of p~ !X X' If one ob-
serves that this difference in the normalization amounts to a linear transformation
of the corresponding Stieltjes transform, one obtains their result as a special case
of equation (3.2).

3.2. Fractionally integrated ARMA processes. In many practical situations,
data exhibit long-range dependence, which can be modelled by long-memory pro-
cesses. Denote by B the backshift operator and define, for d > —1, the (fractional)
difference operator by

© Jk—1-d_, :
Vi=1-B)'=Y [ —— B, BX =X
j=0k=1

A process (X;); is called a fractionally integrated ARMA (p,d,q) process with d €
(—=1/2,1/2) and p, ¢ € N if (V¢X;); is an ARMA(p,q) process. These processes
have a polynomially decaying autocorrelation function and, therefore, exhibit long-
range dependence; cf. [6], Theorem 13.2.2, and [9], [12]. We assume that d < 0,
and that the zeros of the autoregressive polynomial a of (VX;); lie outside the
closed unit disk. Then X has an infinite-order moving average representation X; =
Z;io cjZ—;, where the (c;); have, in contrast to our previous examples, not
an exponential decay, but satisfy Ki(j + 1)1 < ¢; < K2(j + 1)?7 for some
K1, K9 > 0. Therefore, if d < 0, one can apply Theorem 1.1 to obtain the LSD of
the sample covariance matrix, using the property that the spectral density of (X;);
is given by

2

BE™) 17 emivp=2d 4y e 10, 2n].

a(eiw)

flw) =
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