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Let X1, X3, ... be a centred sequence of weakly stationary random vari-
ables with spectral measure F' and partial sums S, = X1 + --- + X;,. We
show that var(S,) is regularly varying of index y at infinity, if and only
if G(x):= X F(dx) is regularly varying of index 2 — y at the origin
O<y<?2).

1. Introduction. Let X1, X», ... be a sequence of centered weakly stationary
random variables with finite second moments and spectral measure F', such that
ri :=cov(Xo, Xx) = [ fn e’ dF (1), where to simplify calculations we assume that
F is a symmetric measure about the origin, and let G (x) = [* . F(dx). Denote by
S, the sequence of partial sums S, = X1+ --- + X,,.

The main result of the paper is the following.

THEOREM 1.1.  Fory € (0,2), define C(y) =T (1 + y)sin(355)/[n (2 — y)].
Let L(x) be a positive function, slowly varying at infinity. Then:

1) G(x)~ C(y)Kon_VL(l/x) as x — 0 if and only if
(i) var(S,) ~ Kon¥ L(n) as n — 0.

In particular, var(S,)/n — Ko if and only if G(x)/x — Ko/7.

The rate of growth of the variance of the partial sums S, has received consid-
erable attention in the literature due to its key role in the limit theory of stationary
random sequences; see Bradley [4], Chapter 8, and Samorodnitsky [16], Chapter 5,
for comprehensive reviews.

Asymptotically linear behavior var(S,)) ~ Kon. To prove asymptotic normality,
a common restriction on the dependence structure is to assume that the growth of
var(S,,) is asymptotically linear (Merlevede, Peligrad and Utev [13]).

For this particular situation, there exist several results which guarantee the con-
vergence of var(S,)/n under sufficient conditions given in terms of mixing coef-
ficients, linear dependence coefficients or in terms of the covariances where it is
well known that if lim, Y7, EXo X exists, then lim, var(S,)/n also exists in
[0, 00), and the two limits are equal ([4], Chapter 5).
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In terms of the spectral measure F, Ibragimov’s [10] result states that when
F is absolutely continuous, a sufficient condition is the continuity of the spectral
density f at the origin, in which case var(S,)/n — 27 f (0)—this follows from the
following representation:

var(S,) 1 /n sin(nt/2)
n o nJox sin?(t/2)
and Fejér’s theorem on the Cesaro summability of the Fourier series of the spectral
density f.
The continuity of the spectral density f at the origin is by no means necessary,
and in fact Hardy and Littlewood [9], Theorem C, in 1924 proved that a necessary
and sufficient condition is the convergence of

1ft (s)ds = co € (0, 00)
t_;fs s — cg € (0, 00),

which has appeared before in a probabilistic context [5].

General case var(S,) ~ Kon” L(n). Necessary conditions usually require re-
strictive assumptions on the covariances such as regular variation in the Zygmund
sense. Several sufficient conditions are stated either in terms of the covariances or
of the spectral density, for example, f(x) ~ |x|"“L(1/|x|), for « € (0, 1), implies
that var(S,) ~ n'T¥L(n); see [16].

Even when y = 1, the asymptotically nonlinear behavior of the variance has
appeared often in the limit theorems for dependent variables, such as under general
mixing conditions (see, e.g., [10, 12, 13]) or specific models such as random walk
in random scenery; see [3, 11].

The case y > 1 frequently occurs in long-range dependent time-series when the
covariances are not summable or the spectral density has an appropriate singularity
at the origin which often results in non-Gaussian limiting behavior [8, 15-18]. The
case y < 1 occurs when the spectral density vanishes at the origin in which case
both non-Gaussian [15], and Gaussian limits [18], have appeared in the literature.

Technique. It is not clear whether the approach of Hardy and Littlewood [9]
(and Zygmund [19]), can handle the slowly varying function and the case y # 1.
We suggest an alternative technique, which is based on weak convergence and
Fourier analysis of tempered distributions, which allows us to work directly with
spectral measures, without assuming absolute continuity.

Subsequences. Subsequences var(S>2)/2" have often been applied through the
use of dyadic induction and stationarity, in the context of mixing conditions, mar-
tingale approximations, central limit theorems and invariance principles; see [13].
The question whether convergence along a subsequence is enough to guarantee
convergence of the full sequence has been around for some time now, and it was
presented to us as a conjecture by M. Peligrad. Although the answer is positive un-
der extra conditions such as p-mixing, the necessary and sufficient condition stated
in Theorem 1.1 allows us to construct a counterexample proving that convergence
along dyadic subsequences does not imply convergence over the full sequence.

() dt
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PROPOSITION 1.2. There exists a stationary process such that var(Syr)/2"
converges, but the full sequence var(Sy)/n does not.

The proofs of Theorem 1.1 and Proposition 1.2 are given in the next section
along with several auxiliary results which are of independent interest.

2. Proofs. We start by proving three auxiliary lemmas. By C we denote a
generic positive constant.
Auxiliary results. Our starting point is the following inequality.

LEMMA 2.1. Forany A > 0,

inzG(l/n) < var(S,) < G(r) + —nZG(A/n) + 7 / (y)
w2 4

PROOF. Define the positive Fejér kernel I,,(y) = sin®(ny/2)/sin’*(y/2). To
prove the lower bound, notice that I, (y) > 4n? /% for 0 < y < 1/n, and hence

T 1/n 4 4
Var(Sn)=/O 1,(y)G(dy) Z/O ;nzG(dy) > pnzG(l/H)-

To prove the upper bound, let A < n and apply the bounds I,(y) < n’m?/4 for
y < A/nand I,(y) <n?/y* for y > A/n and integration by parts, to derive

A/n T
var(S,) = fo L()G(dy) + / 1,(»)G(dy)

A/n 27.[2
s/o —G(dy)+/ G(dy)

2 T
<= n’G(A/n)+ G () + 712/
A

/n

G(y)
24
¥ O

The next result establishes that upper bounds of var(S,)/g(n), where g(n) =
nY L(n) for y € (0, 2), are equivalent to upper bounds for the spectral measure G.

LEMMA 2.2. Suppose {ni}k=0 is a positive nondecreasing integer sequence
such that n — 00, and supnyy1/ng = k < 00. Then the following are equivalent:

(1) 3C > 0 and such that var(S,,) < Cg(ni);
(2) 3C > 0 such that G(x) < Cx*>"V L(1/x);
(3) 3C > 0 such that var(S,) < Cg(n).

PROOF. (1)=(2). From Lemma 2.1 and our assumptions, we have that for

some positive constant C > 0, G(1/ny) < HZCnZ_ZL(nk)/4. Thus, by mono-
tonicity of G and properties of slowly varying functions [2], for 1/n;4+; < x <
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I/ng,
2
G(x)<G(1/ng) < %ﬁ‘yxz—m(l/x) 1/Ks;pfl i%g <C'x>7YL(Q1/x).

(2) = (3). We apply Lemma 2.1 with A =1 to get

2 T
var(Sp) < G() + =-n2G(1/n) +n2/ &z)dy
4 I/n Y
<c(1+em+ [Ty Lamay).
1/n

Using the change of variables x = 1/y and since y — 1 > —1,

nY L(n)

g n
[y amay= [ oL~
I/n 17

as n — 0o, by the Tauberian theorem ([2], Proposition 1.5.8). Therefore there is a
constant C such that var(S,) < Cg(n) which completes the proof since (3) = (1)
is obvious. [J

The situation is similar when one considers lower bounds for var(S,,) and G (x).

LEMMA 2.3. Suppose that there exist positive constants C1 and C» such that
Gx) < Clxz_VL(l/x) and var(S,) > Cpg(n). Then there exists a positive con-
stant C3 such that G (x) > C3x>~V L(1/x).

PROOF. We proceed by contradiction and assume that there is a sequence
0 < yx = 0 such that G(yk)/y,g_yL(l/yk) — 0, as k — oo. Then we can
construct a further sequence 1 < Ay — oo slowly enough so that Azy; — O,
G(Aky)/ye " L(1/ye) = 0, and L(1/Aeyi) /L(1/y) — 1.

Then for ny = [1/yx] + 1 — 0o, we have by Lemma 2.1, the Tauberian theorem
and the monotonicity of G, for generic positive constants C, C' > 0, as k — oo,

Var(Snk)<C( 1 n?G(Ax/nk) 1 S d)
8(nk) g(nk) ny L(ny) ny L(ng) Jag/ne e G dy
C’( 1 G(Akyk) L(l/ykAk)>
ﬁ
gnk) WYL /y)  A{L(1/yp)

which contradicts the assumptions of the lemma. [

REMARK 2.4. From Lemma 2.1 it follows that the converse of Lemma 2.3 is
also true.
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REMARK 2.5. For the boundary case y = 0, Theorem 1.1 does not hold in
general. For example, for G (x) = x2 the direct calculations show that var(S,) =
41In(n) 4+ O (1) which is not bounded. Actually, Robinson [14] proved that

b
supvar(S,) < oo iff / x 72 dG(x) < o0.
n 0

When cov(Xp, X;) — 0, the Leonov dichotomy holds; either var(S,) — oo or
sup,, var(S,) < oo; see Bradley [4], Chapter 8. However, the dichotomy is not true
in general even for ergodic sequences as it follows, for example, from the Aaronson
and Weiss [1] construction on Chacon’s ergodic transformations.

A nonergodic counterexample for Gaussian measures easily follows by taking
G({2n2_k H= 47% k> 2, and following the calculations similarly to Samorodnit-
sky; see [16], Chapter 5. More exactly, then

supvar(S,) < oo and supvar(S,) = oo.
k n

REMARK 2.6. For the boundary case y = 2, the following dichotomy easily
follows from Lemma 2.1.

COROLLARY 2.7.  Either liminf,_, o, var(S,)/n* > 0 or var(S,)/n*> — 0.

This fact also follows from the von Neumann Lj ergodic theorem which states
that E(S,%) /n? vanishes if and only if the spectral measure has no atom at the
origin; see [6].

Also from Lemma 2.1, the following corollary easily follows.

COROLLARY 2.8. Let y € (0, 2], and {ny}xez a nonnegative increasing inte-
ger sequence such that supy ni41/ng < 0o. Then the following are equivalent:

(1) var(S,,)/n; — 0;
(2) x>YG(x) > 0as0 <x — 0; and
(3) var(S,)/n¥ — 0.

Unlike the case y = 2, for y # 2, the equivalence does not hold in general with-
out the assumption sup; ni41/nx < oo as it follows from Theorem 1.1 by using a
slowly varying function L such that liminf,, _, o L(n) =0 and limsup,,_, ., L(n) =
0.

Proof of the main results. We are now ready to prove the main results. Let L be
a positive function slowly varying at infinity, 2 — y € (0, 2) and g(n) = n¥ L(n).
The sufficiency part in Theorem 1.1 will be stated as an independent lemma.

LEMMA 2.9. Let G(x) ~ xz_VL(l/x) as x — 0. Then, var(S,)/g(n) —
1/C(y).
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PROOF. Start with the representation

_ M sin®(y) 22 /2 sin®(y) 2

=:Iym+ Jn,M

for fixed M <n.
The inequalities n2 sin(y/n) > 4y% /72, G(x) < Cx%>~¥ L(1/x) and integration

by parts give
> ,L(n/2y)
Y _
fM n = dy].

Bounding the integral term by using the change of variables x = n/2y and the
Tauberian theorem, we then derive

[4(;:;) Lo Z <2M>VL(ﬁ>] = 0(1) + 0(3(n/2M)).

By regular variation g(n/2M)/g(n) — (2M)~" and therefore

G(r)
w2

nmw/2
hw = [ G @ay/n ><—[
4 Jm

JnM<T

var(Sp) . Ln,m
gn) — gn)

Notice that for y < M < n, sin®(y)/n?sin?(y/n) = sin®(y)/y* + O(M?/n?), and
thus

(1) +0(1/gm))+0(M77).

+O0(M?/n?).

Ium /M sin’(y) n* 7 G(2dy/n)
gn) Jo o y? L(n)

By regular variation of G, it follows that for y < M,

n>=YG(2y/n) ( y >2—V
% 9

L(n)(2M)2~7 M

wa ([0, y)) == i

which defines a probability measure on [0, M], and hence, by weak convergence,
since sin®(y)/y? is continuous and bounded, there exists a sequence Ey (n) — 0,
as n — oo for all M, such that

2
nM 2 ) —
=2 N[ T dy &)+ 0(M7)

% gin2
=227 (2 - )f llfi’)dersM(n)Jro(M )

=(1/C(Y)) +Eun)+ O(M™7);

see [7] for the integral. This together with (1) implies the lemma. [J
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PROOF OF THEOREM 1.1. Implication (2) = (1) immediately follows from
Lemma 2.9.

For (1) = (2), let t; — oo be a positive increasing integer sequence. Similar to
Lemma 2.9, we derive

var(S;;) _/M sin®(y) l?_yG(Zd)’/fj)
gty Joo y? L(t))

For y < M we have

+Oo(M?* /i) +0(M77).

2—-y
1; "GQ2M/tj) - CMZ_VL(tJ-/ZM)
L(tj) - L(tj)
Helly’s principle and a diagonal argument imply that there exists a monotone in-
creasing function /, defined on [0, 00), and a subsequence j’ such that

<CM?*7,

2—y
1 GQ2y/tj)
L(lj/)
as j' — oo for all continuity points y of /. Since h(y) < CM*~" for y < M, and

sinz(y) / y2 is continuous and bounded on [0, M], by weak convergence we have
that

) £, (y) = h(y)

M qin2 M qin2
/ sin 2(y) Fy (dy) _)/ sin 2(y)h(dy).
oy ! oy

Therefore, writing an identity for arbitrary M > 0 and then letting M — oo

Ko= lim
j'=oo g(tj)

var(S; ) M ¢in2 00 win’
‘ Z_/O s1ny2(y)h(dy)+0(M_y):/(‘) Smyz(y)h(dy).

Let [x] denote the integer part of x, and notice that from (2) and regular variation
of G, we also have
[rty PV GQy/lrtp)) -
F([rt;y])=— —>rVh(y/r)
(15 L(rtj )
as j' — oo for arbitrary r > 0 and all continuity points y/r of h. Since
var(S,,)/g(n) converges on the full sequence, it follows that

Ko =

var(Sy:.,1) o0 gip?
V) _ / S 2~y dy 1)
0

lim 3
j'=oo g(lrtj]) y

for any r > 0, implying that

3)

00 qin2
/ o (rx)h(dx) =rVKj.
0

x2
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For y > 0, let ¥ (y) :=limy— oo ny x~2h(dx), which is well defined since by in-
tegration by parts we have

0o . N h(x) — h(y) % h(x) — h(y)
2 _ —
/y X h(dx)_th [Z/y 3 dxi|_2/y 3 dx < o0

X

The idea is to identify i from its Fourier transform using the convolution-type
equation (3); along these lines we continue by calculating the sine-transform of
by interchanging the integrals, which is allowed since the positive function v is
bounded away from 0 and |y (y)| < Cy~7,

J U e =57 o

2 00 win2
_ 2/ sin (rx/2)h(d a2 /‘ sin (ax/2)h(dx)
0 x

r

fo sin(ry)y (y) dy

! . a.
9@ Ko= lim fo sin(ry)¥ () dy

asa — oo forall r > 0.
For y <0, we define ¥/ (y) = —(—y) so that for any r € R, we have

a
; ; — 92—y y—1
@) Jim [ sinGry)y () dy =2°7 sgn(0)lr|” ' Ko.

—a

To identify the function ¢ and therefore /, we apply Fourier analysis and treat i
as a distribution acting on the Schwartz space of test functions S = S(R) such that

sup, |x°‘q§,(lﬂ ) (x)| < oo for all nonnegative integers «, 8. More exactly, we define a
linear functional on S by

Vg = /0 OGO — $(—y))dy.

which is continuous since

W] < 4s1;p|<z>/(y)l(/01 YOy dy) +4sl;p|y¢<y>|(/1°o(w<y>/y) dy)

< Cy (supl¢’ ()] + sup|yp (»)]).
y y

The next step is to calculate the Fourier transform of the tempered distribution W
through the formula W[¢] = W[¢]. Then given ¢ € S we have

wigl= [" ([ @ - o)

—i /y v _sinonemar) .
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Observe that | sin(y?)| < |yt], |¥(y)| < C|ly|™Y,and 1 —y > —1 and so for fixed a,

/—aa/—ooW(y)||Sin(yt)H¢(’)|d’dyff_ilf_oolyll_”ltwt)ldtdy<oo.

Therefore by Fubini’s theorem,
n . . a Oo .
wigl=ilim [ wo) [ sinGne@didy
—a t=—00

=i lim [ (1) /  w()sinGn dydr.

We next bound the integrand in order to use dominated convergence. Let T =
[ta/r], and write

a . 1 [ta
],:/:Ow(y)sm(yt)dy:;/); OSIH(X)W/f(X/t)dX

1 T—1

(J+Dm a
= —Zf " sin(x)y (x/1) dx + %/I sin(x)y (x /1) dx.

t =0 jm

Since T is the largest multiple of 7 less than ta, for x € [t7, ta] sin(x) does not
change sign and therefore

1 [ta ta |
\;f sin(xw(x/r)dx]snv—l/ IS~ e
TT T

b4 |x|V

The other term can be written as an alternating sum

1] . rG+Dr
Q::;Z(—l)f/j |sin(x) ¥ (x /1) dx.
j=0 I

From the fact that i is decreasing, we can then show that

(G+hr G+hr .
CjZ:/ |81n(x){w(x/t)dxz/_ |sin(x) |y ((j + )7 /1) dx

jm J

(j+2)m

(j+2)
= |sin(x)|1ﬂ((j+1)n/t)dx2/‘. |sin(x)|1ﬁ(x/t)dx:(:j+1,
(j+Dm (GJ+hHrm

and thus the sum @ is conditionally convergent and in absolute value less than its
first term,

0] < H/Oﬂ sin(x)g//(x/t)dx‘ = ;/Oﬂ sin(x)y (x/t) dx

C = tY
< —/ sin(x)—dx = Ct¥ 1.
t Jo xV
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Overall the above calculations imply that for all @ > 0,

o [ sinonueay] =clo@l .

where C does not depend on a. Furthermore since y — 1 > —1, the function
|¢(2)|t~! has at most an integrable singularity at the origin and is integrable.
Therefore by dominated convergence and (4),

bg1=i [~ ow(Jim, [* wsnonay)a

- /oo ¢ (1) (12> Ko sgn(t) ||V 1) dr

Then inverting the Fourier transform of the distribution W (see [7], e.g.) we identify
the function ¥ (y), and by standard calculations i (x), for x, y > 0, y € (0, 2)

Y =KoD()y",  h(x)=(r/Q2—y)KoD(y)x*"7,
where D(y) =TI'(y)2%77 sin(y/2) /. We have shown that for every integer se-
quence 7; — 0, there exists a subsequence 7;; — oo such that for x,r > 0 and
y €(0,2)
[r1; PG (x/Irtj1])
glrej D
From this, by standard limiting arguments, we now deduce that

. G(x)
lim —————
x—0 xzfyL(l/)C)

— 7 h(x/2r) = (v /(2 — ) KoD(y)(x/2)*77 .

= (y/2—=)KoD(y)(1/2)*7 = C(y)Ko.
which proves the theorem. [

PROOF OF PROPOSITION 1.2. The proof is through a counterexample. Let
G(x) =27k for x € 2=*+D 27K] for k > 1. Then obviously lim,_.oG(x)/x
does not exist, as different subsequences give different limits. Therefore by Theo-
rem 1.1 the limit of the full sequence var(S;,)/n cannot exist.

On the other hand, by direct calculation on the subsequence 2",

2k 0
21
sin ( + E 2K sin? G (0, 00),

var(Sar) _ i sin2(2r7k71)2k+lfr Z

P
2 k=1 k=0

completing the proof of the proposition. [

Acknowledgments. We would like to thank Professor M. Peligrad and Pro-
fessor R. Bradley for useful discussions.
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