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LIMIT THEOREMS FOR QUADRATIC FORMS AND RELATED
QUANTITIES OF DISCRETELY SAMPLED CONTINUOUS-TIME
MOVING AVERAGES

MIKKEL SLOT NIELSEN® AND JAN PEDERSEN

Abstract. The limiting behavior of Toeplitz type quadratic forms of stationary processes has received
much attention through decades, particularly due to its importance in statistical estimation of the
spectrum. In the present paper, we study such quantities in the case where the stationary process is
a discretely sampled continuous-time moving average driven by a Lévy process. We obtain sufficient
conditions, in terms of the kernel of the moving average and the coefficients of the quadratic form,
ensuring that the centered and adequately normalized version of the quadratic form converges weakly
to a Gaussian limit.
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1. INTRODUCTION

Let (Y3)iez be a stationary sequence of random variables with EYy = 0 and EY{ < oo, and suppose that
(Y})iez is characterized by a parameter § which we, for simplicity, assume to be an element of R. If one wants
to infer the true value 6y of § from a sample Y (n) = (Y1,...,Y,)T, a typical estimator is obtained as

6,, = argmin £, (),
0

where ¢, = £,,(-;Y(n)) is a suitable objective function. On an informal level, the usual strategy for showing
asymptotic normality of the estimator 6,, is to use a Taylor series expansion to write

) 60 g, o,

and then show that ¢7(6%)/n converges in probability to a non-zero constant and ¢ (6y)/\/n converges in
distribution to a centered Gaussian random variable. Here, £, and ¢! refer to the first and second order derivative
of £,, with respect to 6, respectively, and 6, is a point in the interval formed by 6,, and 0p. While the convergence of
£7(6%)/n usually can be shown by an ergodic theorem under the assumptions of consistency of 6,, and ergodicity
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of (Yi)tez, showing the desired convergence of ¢/ (6y)/+/n may be much more challenging. In particular, if the
quantity £,,(6y) corresponds to a rather complicated function of Y (n), one often needs to impose restrictive
assumptions on the dependence structure of (Y;):ecz, e.g., rapidly decaying mixing coefficients. In addition to
the concern that such type of mixing conditions do not hold in the presence of long memory, they may generally
be difficult to verify.

When /,, has an explicit form, one can sometimes exploit the particular structure to prove asymptotic
normality of £/,(0y)/+/n. To be concrete, let vy (+; ) denote the autocovariance function of (¥;)iez and 2, (0) =
[vw(j — k;6)].k=1,. n the covariance matrix of Y (n). A very popular choice of ¢, is the (scaled) negative
Gaussian log-likelihood,

0,(0) =logdet(X,,(0) + Y (n)TX,. ()Y (n). (1.1)

In order to avoid the cumbersome and, in the presence of long memory, unstable computations related to the
inversion of X,,(0), one sometimes instead uses Whittle’s approximation of (1.1), which is given by

gn,Whittlc(Q) = % /ﬂ— 10g(271’fy(y; 9)) dy + Y(n)TAn(Q)Y(TL>
- (1.2)

_n [T ) Iy (y)
- [ [tosCr st ay + =C 0]

where fy (+;0) is the spectral density of Y, Iy is the periodogram of Y and

1" 1
— i(j—k)y
Anl6) [(%)2 /_ﬂ ‘ fy(y:0) dy} Gk=1,m’

(For details about the relation between the Gaussian likelihood and Whittle’s approximation, and for some
justification for their use, see [4, 15, 22].) An important feature of both (1.1) and (1.2) is that, under suit-
able assumptions on 7y (-;0) and fy(-;0), the quantities £, (60)/v/n and €, \wyi10(00)/+/n are of the form

(Qn — EQn)/v/n, where

n

Qn= > b(t—s)Y;Y, (1.3)

t,s=1

and b : Z — R is an even function. Consequently, proving asymptotic normality of ¢ (6y)/y/n and
5, Whittie(f0)/v/n reduces to determining for which processes (Y:):ez and functions b, (Qn —EQ»)/v/n con-
verges in distribution to a centered Gaussian random variable. In the case where (Yi):cz is Gaussian and
b(t) = ffﬂ ety IA)(y) dy, the papers [1, 14] give conditions on b and the spectral density of (Y:)tez ensuring that
such weak convergence holds. Moreover, Fox and Taqqu [13] proved non-central limit theorems for (an ade-
quately normalized version of) (1.3) in case Y; = H(X;) where H is a Hermite polynomial and (X¢)iez is a
normalized Gaussian sequence with a slowly decaying autocovariance function. In particular, they showed that
the limit can be both Gaussian and non-Gaussian depending on the decay rate of the autocovariances. Later,
Giraitis and Surgailis [16] left the Gaussian framework and considered instead general linear processes of the
form

Y, = Zcpt,sss, tez, (1.4)
SEZL

where (g¢)¢ez is an ii.d. sequence with Eeg = 0 and Eej < oo, and )_,., 7 < co. They provided sufficient
conditions (in terms of b and the autocovariance function of (Y;)iez) ensuring that (@, — EQ,)/+/n tends to
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a Gaussian limit. Many interesting processes are given by (1.4), the short-memory ARMA processes and the
long-memory ARFIMA processes being the main examples, and their properties have been studied extensively.
The literature on these processes is overwhelming, and the following references form only a small sample:
[7, 11, 15, 18].

The continuous-time analogue of (1.4) is the moving average process (X¢)ier given by

Xt:/cp(tfs)dLs, teR, (1.5)
R

where (L;)scr is a two-sided Lévy process with EL; = 0 and EL} < oo, and where ¢ : R — R is a function in L2.
Among popular and well-studied continuous-time moving averages are the CARMA processes, particularly the
Ornstein—Uhlenbeck process, and solutions to linear stochastic delay differential equations (see [6, 9, 17, 19] for
more on these processes). Bai et al. [2] considered a continuous-time version of (1.3), where sums are replaced
by integrals and (Y;):cz by (X¢)ter defined in (1.5), and they obtained conditions on b and ¢ ensuring both a
Gaussian and non-Gaussian limit for (a suitably normalized version of) the quadratic form.

Our main contribution is Theorem 1.1, which gives sufficient conditions on ¢ and b ensuring that (Q,, —
EQ.)/+/n converges in distribution to a centered Gaussian random variable when Y; = XA, ¢ € Z, for some
fixed A > 0. In the formulation we denote by k4 the fourth cumulant of L; and by x the autocovariance
function of (X;)ier (see the formula in (3.3)).

Theorem 1.1. Let (X;)ier be given by (1.5) and define Q,, as in (1.3) with Yy = Xya for some A > 0. Suppose
that one of the following statements holds:

(i) There exist ., B € [1,2] with 2/a+1/8 > 5/2, such that >, , |b(t)|’ < oo and

(t — Z lo(t + SA)|”> e LY5([0,A]) for k=a,?2.
SEL
(ii) The function o belongs to L* and there exist o, f > 0 with o + B < 1/2, such that

sup |t[17/2|p(t)| < 0o and sup |t|' P |b(t)| < oo.
teR tez

Then, as n — 00, (Qn —EQy,)//n tends to a Gaussian random variable with mean zero and variance

n? = k4 /OA<Z o(t+ sA) Z b(u)p(t + (s + u)A))2 dt

+ 22(2 b(u)yx ((s + u)A))Q.

While the statement in (i) is more general than the statement in (ii) of Theorem 1.1, the latter provides an
easy-to-check condition in terms of the decay of ¢ and b at infinity. This decay condition is mild enough to
apply to many interesting choices of (X¢);er, including some situations where long memory is present (see, e.g.,
Ex. 3.11). Theorem 1.1 relies on an approximation of @,, by a quantity of the type

Sn = ZthAXtQA’ (16)
t=1

where (X})ier and (X7)ier are moving averages of the form (1.5), and a limit theorem for (S, — ES,,)/v/n.
This idea is borrowed from [16]. Although we can use the same overall idea, (X;a)tcz is generally not of the
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form (1.4) and, due to the interplay between the continuous-time specification (1.5) and the discrete-time (low-
frequency) sampling scheme, the spectral density and related quantities become less tractable. The conditions
of Theorem 1.1 are similar to the rather general results of [2], which concerned the continuous-time version
of (1.3). A reason that we obtain conditions of the same type as [2] is that our proofs, too, rely on (various
modifications of) Young’s inequality for convolutions. Since the setup of that paper requires a continuum of
observations of (X;):cr, those results cannot be applied in our case.

In addition to its purpose as a tool in the proof of Theorem 1.1, a limit theorem for (S, — ES,,)/y/n is of
independent interest, e.g., since it is of the same form as the (scaled) sample autocovariance of (1.5) and of
0, (00)/+/n when £, is a suitable least squares objective function (see Exs. 3.3 and 3.4 for details). For this
reason, we present our limit theorem for (S, — ES,,)/v/n here:

Theorem 1.2. Let (X})ier and (X?)ier be as in (1.5) with corresponding kernels 1,2 € L? and define S,
by (1.6). Suppose that one of the following statements holds:

(i) There exist aq, s € [1,2] with 1/ay +1/as > 3/2, such that

(t = (et + sB)|™ + it + SA)Q)) e L*([0,A]), i=1,2.

SEZ
(ii) The functions @1 and @2 belong to L* and there exist oy, g € (1/2,1) with ay + as > 3/2, such that

sup [t]% @i ()] < 00, i=1,2.
teR
Then, as n — oo, (S, —ESy)/v/n tends to a Gaussian random variable with mean zero and variance

0 54/0A(Zs01(t+sA)<p2(t+sA))2dt+]E[Lﬂ2Z(/Rgal(t)gal(tJrsA)dt

SEZL SEL

./Rw(tm(wsm dt—|—/Rwl(t)wg(t—&—sA)dt/Rm(t)@l(t—i—sA)dt).

As was the case in Theorem 1.1, statement (i) is more general than statement (ii) of Theorem 1.2, but
the latter may be convenient as it gives conditions on the decay rate of ¢; and 5 at infinity. In relation to
Theorem 1.2, it should be mentioned that limit theorems for the sample autocovariances of moving average
processes (1.5) have been studied in [5, 10, 25].

The paper is organized as follows: Section 2 recalls the most relevant concepts in relation to Lévy processes
and the corresponding integration theory. Section 3 presents Theorems 3.1 and 3.5, which are our most general
central limit theorems for S, and @,, and from which we will deduce Theorems 1.1 and 1.2 as special cases.
Moreover, Section 3 provides examples demonstrating that the imposed conditions on ¢ (or ¢1 and ¢2) are
satisfied for CARMA processes, solutions to stochastic delay equations and certain fractional (Lévy) noise
processes. Finally, Section 4 contains proofs of all the statements of the paper together with a few supporting
results.

2. PRELIMINARIES

In this section, we introduce some notation that will be used repeatedly and we recall a few concepts related
to Lévy processes and integration of deterministic functions with respect to them. For a detailed exposition of
Lévy processes and the corresponding integration theory, see [23, 24].
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For a given measurable function f : R — R and p > 1 we write f € L if | f|P is integrable with respect to the
Lebesgue measure and f € L if f is bounded almost everywhere. For a given function a : Z — R (or sequence
(a(t))iez) we write a € 7 if |lal|ep := (X ,ez |a(t)|p)1/p < o0 and a € £ if ||al|ge = sup;cy |a(t)| < oo.

A stochastic process (L;)¢>0, Lo = 0, is called a one-sided Lévy process if it is cadlag and has stationary
and independent increments. The distribution of (L;);>¢ is characterized by L as a consequence of the relation
logEexp{iyL;} = tlogE exp{iyLi}. By the Lévy—Khintchine representation it holds that

. 1 .
log eVl = jy~y — §p2y2 +/ (e —1 —iyxl|y <) v(dz), yER,
R

for some v € R, p?> > 0 and Lévy measure v, and hence (the distribution of) (L¢);>0 may be summarized
as a triplet (v, p?,v). The same holds for a (two-sided) Lévy process (L;)icr which is constructed as L; =
L%]ltzo — L%ft)fllKo, where (L%)tzo and (Lf)tzo are one-sided Lévy processes which are independent copies.

Let (Lt)ter be a Lévy process with E|L;| < oo and EL; = 0. Then, for a given measurable function f : R — R,
the integral [, f(t) dL; is well-defined (as a limit in probability of integrals of simple functions) and belongs to
LP(P), p > 1, if

/ / [f(t)x|P A (f(t)ar)2 v(de)dt < co. (2.1)
RJR

In particular, (2.1) is satisfied if f € L2 N LP and flfr\>1 |z|P v(dz) < oo, the latter condition being equivalent to

E|L1|P < co. Finally, when (2.1) holds for p = 2 we will often make use of the isometry property of the integral
map:

E{(/Rf(t)st)z} :]EL%/Rf(t)th.

3. FURTHER RESULTS AND EXAMPLES

As in the introduction, it will be assumed throughout that (L;):cr is a two-sided Lévy process with EL; =0
and EL{ < co. Set 02 = EL? and k4 = EL{ — 30*. Moreover, for functions ¢, ¢1, 02 : R — R in L? define

X; = / o(t—s)dLs and X = / pi(t —s)dLg (3.1)
R R

for t € R and i = 1,2. We will be interested in the quantities

Sn =Y X{AX7y and Qu= ) b(t—s)XiaXea (3.2)
t=1

t,s=1

for a given A > 0 and an even function b : Z — R. Our main results, Theorems 3.1 and 3.5, provide a central
limit theorem for the quantities in (3.2) and are more general than Theorems 1.1 and 1.2 which were presented
in Section 1. Before the formulations we define the autocovariance function of (X;)ier,

yx(h) = E[XoXp] = 02 /R o)t +h)dt, heR, (3.3)
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as well as the autocovariance (crosscovariance) functions of (X})secr and (X?)ier,
vi;(h) = E[X{X]] = 02/ pi(t)p;(t+h)dt, heR. (3.4)
R

Theorem 3.1. Suppose that the following conditions hold:

(i) fglpi(t) % (t+-A)|dt € £* fori=1,2 and oy, s € [1,00] with 1/a; + 1/as = 1.
(i) Jplo1(@)pa(t +-A)|dt € £2.
(iii) (t = llpr(t +-A)pa(t + D)) € L2([0,A]).

Then, as n — 00, (S, —ES,)/+/n tends to a Gaussian random variable with mean zero and variance

A 2
L / (mesm@(wsm) dt+ D 1 (58)722(s8)
0 SEZ SEZ (3.5)

+ ) ma(s8)y21(sA).
SEZL

Remark 3.2. An inspection of the proof of Theorem 3.1 will reveal that assumption (iii) is not needed in case
(Lt)ter is a Brownian motion. In this situation, k4 = 0 and the variance formula (3.5) reduces to

1= i(s8)7a(s8) + > 71a(58)721(54).
SEZ SEL

The following analysis in this section relies on Theorem 3.1, and thus the imposed assumptions may be relaxed
accordingly if we are in the Gaussian setting.

Loosely speaking, assumptions (i)—(ii) of Theorem 3.1 concern summability of continuous-time convolutions.
Hence, by relying on a modification of Young’s convolution inequality, Theorem 1.2 can be shown to be a special
case of Theorem 3.1 (see Lem. 4.3 and the following proof of Thm. 1.2 in Sect. 4). Examples 3.3 and 3.4 are
possible applications of Theorem 3.1.

Example 3.3. Let n,m € N with m < n — 1, define the sample autocovariance of (X;);cg based on
XA, Xon, ..., XA up to lag m as

n—j
’?n(]) :nilthAX(t-i-j)A, .7 = ]-a"'vmv (36)
t=1

and set 4, = (Jn(1),...,9(m))T. Moreover, let ¢(t) = (p(t + A),..., ot +mA))T and v, = (yx((s +
DA),...,vx((s +m)A))T using the notation as in (3.1) and (3.3). Then for a given a = (aq,...,a,)T € R™,
it holds that

a’%, —alyg =n~" Z( [XOXO}) +0p(n7), (3.7)

t=1

where (X})er and (X?)icr are given by (3.1) with 1 = ¢ and a(t) = aT@(t). Here, O,(n~1) in (3.7) means
that the equality holds up to a term &, which is stochastically bounded by n~! (that is, (ne,)nen is tight).
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Then if

/R|gp(t)<p(t +-A)[dt € ? and (t+ |lo(t+-A)|7) € L*([0,A]), (3.8)

assumptions (i)—(iii) of Theorem 3.1 hold and we deduce that a®\/n(%, — o) converges in distribution to a
centered Gaussian random variable with variance o’ Ya, where

A
= M/o EMEGT A+ (s +7-07T, K1) =Y @t + sA)@(t + sA).
SEL SEL

By the Cramér-Wold theorem we conclude that v/n(%, — 7o) converges in distribution to a centered Gaussian
vector with covariance matrix . This type of central limit theorem for the sample autocovariances of continuous-
time moving averages was established in [10] under the same assumptions on ¢ as imposed above.

Example 3.4. Motivated by the discussion in the introduction, this example will illustrate how Theorem 3.1 can
be applied to show asymptotic normality of the (adequately normalized) derivative of a least squares objective
function. Fix k € N, let v : R — R* be a differentiable function with derivative v’ and consider

n

)= Y (Xa—v(0)TX(®)%, 0€eR, (3.9)
t=k+1

where X (t) = (X¢—nya, - .- ,X(t,k)A)T. In this case

0,(0) = -2 Xn: (Xea —v(0)"X (1) (0)" X (1),
t=k+1

and hence it is of the same form as S, in (3.2) with ¢1(t) = (— 1,v(0)7)@(t) and pa(t) = (0,20 (0)7) (1),
where ¢(t) = (o(t), o(t — A), ..., ot —kA))T. Suppose that v(fy) coincides with the vector of coefficients of the
L?(P)-projection of X (k+1)a onto the linear span of Xya, ..., Xa for some 6y € R. In this case EZ;, (6y) = 0, and
if (3.8) holds it thus follows from Theorem 3.1 that £),(6y)/+/n converges in distribution to a centered Gaussian
random variable.

Theorem 3.5 is our most general result concerning the limiting behavior of (Q,, — EQ,)/+/n as n — oo. For
notational convenience we will, for given a : Z — R and f : R — R, set

(ax f)(t) =Y _a(s)f(t —sA) (3.10)

SEZ

for any ¢t € R, such that > ., [a(s)f(t — sA)| < occ. If @ and f are non-negative, the definition in (3.10) is used
for all ¢ € R. Moreover, we write |a|(t) = |a(t)| and |f|(t) = |f(t)].

Theorem 3.5. Suppose that the following statements hold:

(i) There exist a, f € [1,00] with 1/ac+1/8 = 1, such that [, [p(t)e(t + -A)|dt € £ and [,(|b] * |¢])(t) (|b]
lo|)(t +-A)dt € £5.
(i) Jg lo@)] (6] x [@])(t +-A) dt € £.
(iii) (t = llo(t+-A) (1b] * o))+ D)) € L2([0,A]).
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Then, asn — 00, (Qn —EQy)//n converges in distribution to a Gaussian random variable with mean zero and
variance

A 2
= [ (3Dl ) (b )+ 58) 4 20 (b ) (D) (3.11)

SEZ

Remark 3.6. The idea in the proof of Theorem 3.5 is to approximate Q,, by S,, with ¢1 = ¢ and @2 = b* . The
conditions imposed in Theorem 3.5 correspond to assuming that ¢ and |b| * || satisfy (i)—(iii) of Theorem 3.1.
In particular, these conditions ensure that S,, is well-defined and that Theorem 3.1 applies to this choice of
and 9. The only lacking part in order to deduce Theorem 3.5 from Theorem 3.1 is to show that .S,, is in fact a
proper approximation of @, in the sense that Var(@,, — S,)/n — 0 as n — oo, but this is verified in Section 4
where the proofs of the stated results can be found.

Remark 3.7. Note that for any s € Z with b(s) # 0, it holds that
()] < [b(s)[* (Ib] * [} (¢ + sA) (3.12)

for all ¢ € R. This fact ensures that assumptions (i)—(ii) of Theorem 3.5 hold if there exists 8 € [1,2] such that

/R(Ibl*le)(t)(lbl*lw\)(H-A) dt € 7. (3.13)

(Here, we exclude the trivial case b = 0.) Indeed, if (3.13) is satisfied we can choose o« > f such that 1/a+1/8 =1
and then assumptions (i)—(ii) are met due to the inequality (3.12) and the fact that £8 C ¢ N ¢2.

Remark 3.8. We will now briefly comment on the conditions of Theorems 1.1 and 1.2, particularly on sufficient
conditions for applying Theorems 3.1 and 3.5. We will restrict our attention to assumptions of the type

(t = ot + D)) € L*([0, A)), (3.14)

where 1 : R — R is a measurable function and « > 1. First of all, note that the weaker condition (t = ||t +
A)||5.) € LY([0,A]) is satisfied if and only if ¢ € L”, and condition (3.14) implies ¢ € L**. In particular, a
necessary condition for (3.14) to hold is that 1) € L"N L?*. On the other hand, one may decompose ||1(t+-A)||5.
as

M 00
[t +-A)F = D [t +sA)"+ D ([t + D) + [t — sA)[7) (3.15)
s=—M s=M+1

for any M € N. The first term on right-hand side of (3.15) belongs to L?([0,A]) (viewed as a function of ¢)
if ¢» € L?%. If in addition 1 € L*, the second term on the right-hand tends to zero as M — oo for (Lebesgue
almost) all ¢ € [0, A]. If this could be assumed to hold uniformly across all ¢, that is, if the second term belongs
to L>°([0, A]) for a sufficiently large M, then (3.14) would be satisfied. Therefore, loosely speaking, the difference
between L* N L?* and the space of functions satisfying (3.14) consists of functions ¢ where the second term in
(3.15) tends to zero pointwise, but not uniformly, in ¢ as M — oo. Ultimately, this is a condition on the behavior
of the tail of the function between grid points. For instance, if there exists a sequence (¥s)sez in €% such that
Supseo,a] [¥(t £ sA)[ < 9, for all sufficiently large s, then (3.14) holds. An assumption such as (3.14) seems
to be necessary and is the cost of considering a continuous-time process only on a discrete-time grid. In [10],
where they prove a central limit theorem for the sample autocovariance of a continuous-time moving average in
a low-frequency setting, a similar condition is imposed.
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In the following examples, we will put some attention on concrete specifications of moving average processes,
where the behavior of the corresponding kernel is known, and hence Theorems 1.1 and 1.2 may be applicable.

Example 3.9. Fix p € N and let P(z) = 2P + a12P~ ' + -+ +ap and Q(2) = by + b1z + --- + bP~12P71 2 € C,
be two real polynomials where all the zeroes of P are contained in {z € C : Re(z) < 0}. Moreover, let ¢ € Ny
with ¢ < p and suppose that b; = 1 and b, = 0 for ¢ < k¥ < p — 1. Finally, define

0 1 0 0 bo 0

0 0 1 0 by 0

A= : : : . , b= : and e, = |:
0 0 0 e 1 bp—2 0

_ap _ap—l _ap—2 e —a bp,1 1

Then the corresponding (causal) CARMA(p, q) process (X¢)ier is given by
t
X, = / pleAt=ve dL,, teR. (3.16)

— 00

(See [21], Rem. 3.2.) The definition in (3.16) is based on a state-space representation of the more intuitive formal
differential equation

P(D)X, = Q(D)DL,, teR, (3.17)

where D denotes differentiation with respect to time. Equation (3.17) should be compared to the corresponding
representation of an ARMA process in terms of the backward-shift operator. Since it can be shown that the
eigenvalues of A correspond to the roots of P, the kernel ¢ : ¢ — ]l[oyoo)(t)bTeAtep is exponentially decaying at
infinity. Combining this with the (absolute) continuity of ¢ on [0, 00) ensures that the kernel belongs to L as
well. In particular, this shows that Theorem 1.1(i) holds as long as b € £2. For more on CARMA processes, we
refer to [6, 8, 9].

Example 3.10. Let n be a finite signed measure on [0, 00) and suppose that
z+ / e n(du) #0
[0,00)

for every z € C with Re(z) < 0. Then it follows from ([3], Thm. 3.4) that the unique stationary solution (X;):cr
to the corresponding stochastic delay differential equation

dXt = Xt—s ’I’}(dS) dt + st7 t e ]R,
(0,00)

takes the form X; = fioo ©(t — s)dLg, where ¢ : R — R is characterized as the unique L? function satisfying
p(t) =0 for t <0 and

gp(t)1+/0/[0 )(p(sfu)n(du)ds
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for ¢ > 0. Consequently, it follows form the integration by parts formula that
sup 7]p(1)] Sp/ P p(t)] dt + 21"\77|([0,<>0))/ tPlp(t)| dt
t> 0 0

Lo / 2 |n](d) / o(t)]
[0,00) 0

for a given p > 1. Here, || is the variation measure of 7). If one assumes that |n| has moments up to order p + 1,
that is,

(3.18)

/ 41 n] (dt) < oo,
[0,00)

it follows by ([3], Lem. 3.2) that the measure |p(¢)|dt is finite and has moments up to order p. Consequently,
under this assumption we have that sup,~qt”|o(t)| < oo by (3.18) and Theorem 1.1(ii) holds as long as

sup;ey [t|/2+0)b(t)| < oo for some § > 0.

Example 3.11. Suppose that (X;):cr is given by (3.1) with

1

@(t):m[ti—(t—l)i], teR,

and d € (0,1/4). (Here I'(1 4+ d) = [;° u’e™"du is the Gamma function at 1+ d.) In other words, we assume
that (X;)ser is a fractional Lévy noise with parameter d. Recall that vx (h) ~ ch?¢~1 as h — oo for a suitable
constant ¢ > 0 (see, e.g., [20], Thm. 6.3), and hence we are in a setup where

Z [7x(sA)| =00, but ZVX(SA)Q < 00.

SEZ SEZL

Moreover, it is shown in ([10], Thm. A.1) that (X;a):ez is not strongly mixing. However, Theorems 1.1 and 1.2
may still be applied in this setup, since ¢ is vanishing on (—o0,0), continuous on R, and ¢(t) ~ dt?~1/T'(1 + d)
as t — o0.

4. PROOFS

The first observation will be used in the proof of Theorem 3.1.

Lemma 4.1. Let g1, g2, 93,94 : R = R be functions in L?> N L*. Then it holds that
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Proof. Set Y; = [, gi(u) dL,. Then, using ([15], Prop. 4.2.2), we obtain that

E[Y]E}%Yz}] = Cum(Yl, Y27 Y3, YZ;) + E[Ylyvz]E[Y;),Yzl]

+EV1Y3]E[Y2Yy] + E[Y1 Y4 ]E[Y2Y3), 2

where
4

i(urY1+-+uaYy)
8U1 ce 8U4

Cum(Y1,Y5,Y3,Y,) = log Ee

Uy =-=uy =0

Set ¥ (u) = log Ee?*l1., Tt follows from the Lévy-Khintchine representation that we can find a constant C' > 0
such that [V (u)| < Clu| and [{™ (u)] < C for m = 2,3, 4. (Here ™ is the mth derivative of t;.) Using
this together with the representation

log Eet(wiYitFua¥s) — / Yr(uigi(t) + -+ uaga(t)) dt,
R

see [23], we can interchange differentiation and integration to obtain

Cum(Y7, Ys, Y3, Ys)

= [0 ®) + -+ wiga() [T (1) o

= K4 /Rf[gj(t) dt

ur=-=us=0

By combining this observation with the fact that E[Y;Y}] = 02 [; g;(u)gx(u) du (using the isometry property),
the result is an immediate consequence of (4.2). O

Remark 4.2. In case gg = g1 = g2 = g3, Lemma 4.1 collapses to ([10], Lem. 3.2), and if (L;):cr is a Brownian
motion we have that k4 = 0 and the result is a special case of Isserlis’ theorem.

We are now ready to prove Theorem 3.1.

Proof of Theorem 3.1. The proof goes by approximating (X} X2 )tez by a k-dependent sequence (cf. [7],
Def. 6.4.3), to which we can apply a classical central limit theorem. Fix m > 0, and set ¢I* = [(—m) V ¢; A
m| L[y, m) and

. t+m
Xf’m:/WT(t*S)dLs:/ @;"(t—s)dLs, teR,
R t

—m
for i = 1, 2. Furthermore, set

n
m o __ 1m y2,m
St =3"X X", neN

n
t=1

Note that since " € L> N L* and ¢*(t) = 0 when [t| > m, (X} 3" XA™)iez is a k(m)-dependent sequence
of square integrable random variables, where k(m) = inf{n € N : n > 2m/A}. Hence, we can apply ([7],
Thm. 6.4.2) to deduce that

S —EST 4
— Y, n— oo,
Vn



814 M.S. NIELSEN AND J. PEDERSEN

where Y;,, is a Gaussian random variable with mean zero and variance

k(m)
7772n = Z Yx1.mx2,m (SA) (43)
s=—k(m)

Here, vx1.m x2.m denotes the autocovariance function of (X;’me’m)teR. Next, we need to argue that n2, — n?
with n? given by (3.5). Since ¢ € L? N L* we can use Lemma 4.1 to compute vy 1.m xz2.m (sA) for each s € Z:

'YXl,mXQ,m (SA)

= [ PO O+ D)+ s8) A0t [ O sb) w

-/gogn(t)gpgn(t—FSA) dt—|—a4/<p71”(t)<p72n(t—|—8A) dt-/gpgn(t)gain(t—FSA) dt.
R R R

Note that o2 [, @i (t)@]"(t + sA) dt — v;;(sA), since " — ¢; in L?. By using assumption (iii) and that
Fite ) coler(t +5A)pa(t 4+ sA)| is a periodic function with period A we establish as well that

Z/R o1 () p2 ()1 (t + sA)pa(t + sA)| dt

*ct (4.5)

(s+1)A A
-T / o1 (B)pa(t) | F (1) dt = / F()? dt < oo.

In particular, Lebesgue’s theorem on dominated convergence implies

/R SR (B (E + sA)QR (t + sA) dE / o1 (D) p2(t)r (¢ + sA)palt + sA) dt.

Combining these observations with (4.4) shows that yx1.m x2.m (sA) — 5 for each s € Z, where

Vs = K4 /R 1()p2(t)p1(t + sA)pa(t + sA) dt + y11(sA)7y22(sA) + Y12(58)721(sA).

It follows as well from (4.4) that

[Yx1m x2m (SA)]
< il /R o1 (D)pa()pr (t + sA)pa(t + sA)| dt + o /R lo1 ()1 (t + sA)| dt (4.6)

- / loa(t)a(t + sA)|dt + o / o1 (E)palt + sA)[dt - / [oa(t)pr(t + sA) dt.
R R R

Thus, if we can argue that the three terms on the right-hand side of (4.6) are summable over s € Z, we conclude
from (4.3) that 12, — > ., 7s = n* by dominated convergence. In (4.5) it was shown that the first term is
summable. For the second term we apply Hdélder’s inequality to obtain

| [1ie0ar+-aiar [ e+ -a)a], <f[1H [ leoate+-aa,, .
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which is finite by assumption (i). The last term is handled in the same way using the Cauchy—Schwarz inequality
and assumption (ii):

| [ler®eate+-n)at [ leatrnte+-a)a],

2
SH/|<P1(t)<P2(t+'A)|dtH < o0.
R 02

Consequently, Y,, converges in distribution to a Gaussian random variable with mean zero and variance n2. In
light of this, the result is implied by ([7], Prop. 6.3.10) if the following condition holds:

Ve>0: lim limsupP({n_l/Q(Sn —ES,) —n"Y23(S™ — ES;M)| >¢€) =o0. (4.7

m— oo n—oo

In order to show (4.7) we find for fixed m, using ([7], Thm. 7.1.1),

limsupE[(n_l/Q(Sn —ES,) —n~Y2(Sm — ES:zn))Q]

n— oo

- 2
s | (07 3 (K12 - XX - BLXNG - X0 |
n—oo s—1

= Z YX1Xx2_X1mXx2m (SA)

SEZL
where yx1 x2_ x1.m x2,m is the autocovariance function for (X! X? — th’me’m)teR. First, we will establish that
Xé’ng’m — X} X2 in L?(P). To this end, recall that if a measurable function f : R> — R is square integrable
(with respect to the Lebesgue measure on R?) and ¢ — f(¢,t) belongs to L' N L?, then the two-dimensional with-

diagonal (Stratonovich type) integral I°(f) of f with respect to (L¢)scr is well-defined and by the Hu-Meyer
formula,

E[15(f)2] < C[ 5 f(s,t)Qd(s,t)—l—/Rf(t,t)QdH—(/Rf(t,t) dt)z} (4.8)

for a suitable constant C' > 0. A fundamental property of the Stratonovich integral is that it satisfies the relation
) = [s®aL: [ node.,
R R

when f(s,t) = g ® h(s,t) := g(s)h(t) for given measurable functions g,h : R — R such that g, h,gh € L2
(See [2, 12] for details.) Since ;¢ € L? according to (4.5), we can write I° (01 ® @a(—) — @' @ T (—)) =
XAX2 — X" X2™ and hence (4.8) shows that
E[(X3 X3 — Xo " X5™)’]

<0 [ (a0 - @) dsn + [ (@O0 -doge’e g

2

([ et [ eroeroa) ]

R R

for a suitable constant C' > 0. It is clear that the three terms on the right-hand side of (4.9) tend to zero as m
tends to infinity by dominated convergence, and thus we have that X" X?"™ — X} X2 in L?(P). In particular,
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this shows that yx1x2_x1.mx2m(sA) = 0 as m — oo for each s € Z. By using the same type of bound as in
(4.6), we establish the existence of a function h : Z — [0,00) in ¢! with |yx1x2_x1.mx2.m(sA)| < h(s) for all
s € Z and, consequently,

lim limsupIE[(nfl/Q(Sn —ES,) —n~Y2(S™ ]ESm)) ]

m—00 noo

= W%E)Iloo %’yixl‘foxl,szm(SA) = 0
S

according to Lebesgue’s theorem. In light of (4.7), we have finished the proof. O

Relying on the ideas of Young’s convolution inequality, we obtain the following lemma;:

Lemma 4.3. Let a, 5,7 € [1,00] satisfy 1/a+1/8 —1 = 1/v. Suppose that
(= [[ft+-A)|,.) € L**([0,A]) and (t— |g(t+-A),) € L*([0,A]).

Then it holds that [; |f(t)g(t+-A)|dt € £7.

Proof. First observe that, for any measurable function h : R — R and p € [1,00], h € L? if and only if ¢ — ||h(t—|—
A)Hep belongs to LP([0, A]). In particular, this ensures that f € L~ and g € L?. If y = oo then 1/a +1/8 = 1,
and the result follows immediately from Holder’s inequality. Hence, we will restrict the attention to v < oo,
in which case we necessarily also have that «, 8 < co. First, consider the case where «, 8 # ~, or equivalently
a,B,7>1,and set ' = a/(a—1) and 8’ = 8/(8 —1). Note that these definitions ensure that o/(1 — 8/v) = 8
B'(1—a/y)=aand 1/a’ +1/8" + 1/~ = 1. Hence, using the Hélder inequality and the facts that f € L* and
gelF,

[1sgte+soja< ([ rorise+saipa)™( [1ropo-ema)”
(/R lg(t + s)[ =5 at) e

= ([ 1ot + 58 )

1/~

for a suitable constant M < oco. By raising both sides to the yth power, summing over s € Z and applying the
Cauchy—Schwarz inequality we obtain that

H/R\f(t)g(tJr.A)\dtH; §M/R|f(t)|0‘”g(t_|_.A)”é3ﬁ d&t
SM(AAIf(t+-A)II§3dt)1/2(/ lg(t+-A)|77 dt) V2

which is finite, and thus we have finished the proof in case «, 5 # ~v. If, e.g., v = a # 3 then « > 1. Again, set
o' = a/(a — 1) and note that 1/a’ + 1/y =1, so the Holder inequality ensures that

(4.10)

/|f gt + sA)|dt < /|f ||gt+sA|Bdt /|g (1))° dt) e
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and hence the inequalities in (4.10) hold in this case as well for a suitable constant M > 0. Finally if « = 8 =
v =1, we compute that

H/|f ol +-2)]def / (4 D) et [lg(t+-A) s dt

< ([Twrerana)”([Clse+ 2z a) <o,

which finishes the proof. O

Proof of Theorem 1.2. To show that statement (i) implies the stated weak convergence of (S, — ES,)/v/n,
it suffices to check that assumptions (i)—(iii) of Theorem 3.1 are satisfied. Initially note that, in view of the
observation in the beginning of the proof of Lemma 4.3, the imposed assumptions imply that

pie L’ and (te [l@i(t+-A)]em) € L*([0, A))
for all § € [ay,2]. Since
6{51 _~_7_1 o; < B <2},
we can thus assume that a1, ag € [1,2] are given such that 1/aq +1/as —1 = 1/2. Next, define ~; by the relation
1/7v: =2/a; —1if a; < 2 and 7; = o0 if o; = 2. In this case, 1/y1 + 1/v2 = 1. By applying Lemma 4.3 with f =
g =i, @ = =a; and v = y;, we deduce that (i) of Theorem 3.1 holds. Assumption (ii) of Theorem 3.1 holds

as well by Lemma 4.3 with f = ¢1, g = 2, @ = a1, 8 = a and v = 2. Finally, we have that assumption (iii)
of Theorem 3.1 is satisfied, since

A
/H<P1(t+~A)<,02(t+~A)||fldt
0

A 1/2 A 1/2
<([ T+t ([ leate )t dr) < oc,
0 0

where we have applied the Cauchy—Schwarz inequality both for sums and integrals.
The last part of the proof (concerning statement (ii) of the theorem) amounts to showing that if 1,2 € L*
and aq,as € (1/2,1) are given such that a; + as > 3/2 and

C; =

then ¢ — [l;(t + -A)||5 belongs to L%([0, A]) for x € {8;,2} where 8; € (1/a;,2], i = 1,2, are given such that
1/B1 4+ 1/B2 > 3/2. To show this, consider k € {8;,2} and write

i (t + -A)lE =t + A" + @i ()" + |t — A"

+ D lpilt +sA) T+ it — sA)|"

s=2 s=2

(4.12)
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for t € [0, A]. Since p; € L*, the first three terms on the right-hand side of (4.12) belong to L?([0, A]). The last
two terms belong to L>([0, A]), since

sup Z lpi(t £ sA)|® < FATR Zs*m‘ < 00
te[0,A] o—1

by (4.11), and hence (t — [¢;(t +-A)[5.) € L*([0, A]). O

Proof of Theorem 3.5. Initially, we note that

me/ Z b(s)p((t — $)A = u)dLy = Sy — £ — O, (4.13)

s=t—n

where
S, _me/bwm—u) dL,,

ZXtA/Zb ((t—s)A —u)dL, and
t—n—1

ZXtA/ Z b(s)e((t — s)A —u)dL,.

S§=—0C0

As pointed out in Remark 3.6, the imposed assumptions ensure that Theorem 3.1 is applicable with 1 = ¢
and ¢o = |b| * || (in particular, when @9 = b* ¢), and thus (S, — ES,,)/v/n < N(0,7?) where n? is given by
(3.5). By using that b is even we compute

QZA/X sA) / (bx @) (t)(b* @) (t + sA)dt

SEZ

=5 b(u x((s +u)A)yx ((s +v)A) = [[(bx7x)(-A)]I7

SEZ w,vEL

and

42/ )(b* @) (t+ sA)dt - /(b*g@)(t)gp(t—l—sA)dt

SEZ R

=D > bwb(v)rx((s = w)A)yx (s +0)A) = [|(bxyx) (D)7,

SEZL u,vEL

and it follows that 72 coincides with (3.11). In light of the decomposition (4.13) and Slutsky’s theorem, we have
shown the result if we can argue that Var(e,)/n — 0 and Var(é,)/n — 0 as n — oo We will only show that
Var(e,)/n — 0, since arguments verifying that Var(d,)/n — 0 are similar. Define a(t) = [; ¢(s)@(tA + s)ds
and note that we have the identities

n 0
:022 Z a(t —s)b(t—s) and

t=1 s=
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Ee2 = Z Z Z b(w)b(v)E[XiA Xsa X (1—uyaX(s—v)al

t,s=1u=t v=s

Z b(t — u)b(s — vV)E[Xia Xsa Xua Xoall 1<t s<n} Lfuv<o}-

t,s,u,vEZL

Moreover, with

c(t, s,u) = / P(tA + v)p(sA + v)p(uA + v)p(v) dv,
R
it follows by Lemma 4.1 that
E[XiaXaXuaXoa] = Rac(t —v,8 —v,u —v) + J4a(t —s)a(u —v)
+ ota(t —u)a(s — v) + ota(t — v)a(s — u)

for any t,s,u,v € Z. Thus, we establish the identity

n~'Var(e,) = rgn ! Z b(t —u)b(s —v)e(t —v, 8 —v,u — v)L1<p s<ny L {uv<o
t,s,u,VEZL

+otn7t Z a(t — s)a(u —v)b(t — u)b(s — v)1 1<t s<n} L {uw<0} (4.14)

t,s,u,VEL

+oint Z a(t —v)a(s —u)b(t — u)b(s — v) 1<t s<n} L {uv<o}-

t,s,u, vEL

It suffices to argue that each of the three terms on the right-hand side of (4.14) tends to zero as n tends to
infinity. Regarding the first term, by a change of variables from (¢, s,u,v) to (t — v, s — u,u — v,v), we have

nt Z bt —u)b(s —v)e(t —v,8 —v,u — V)L 1<4 s<n) Lfuv<o}

t,s,u, vEL ) (415)
= Z b(t - U)b(S + U)C(t, s+u, u)n_ Z ]l{1§t+v,s+u+11§n}]l{u+v,1)§0}'
t,s,u€Z VEZL

Since for fixed t, s, u € Z,

Z ]1{1§t+’u,s+u+v§n}ﬂ{u+v,v§0} < Hlln{|t|, n}v
VEZ

it will follow that the expression in (4.15) tends to zero as n tends to infinity by Lebesgue’s theorem on dominated
convergence if

> b(B)b(s)e(t + u, s,u)| < 0. (4.16)

t,s,u€”Z

To show (4.16) we use that the function t + ||o(t + -A)(|b| * |¢|)(t + -A)|lx belongs to L3([0,A]) (by
assumption (iii)) and is periodic with period A:

Z [b(t)b(s)c(t + u, s, u)|

t,s,u€Z
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< / ()] (6] % lo]) (v) [o(v + ul)[ (1b] * []) (v + ud) dv
UEZL R
A

- / oo+ -A) (bl * [ (w + -A)|3 dv < oo.

Hence, (4.15) tends to zero. We will handle the second term on the right-hand side of (4.14) in a similar way.
In particular, by a change of variables from (¢, s,u,v) to (t,t — s,8 — u,t — v),

n_l Z a(t - S)a’(u - ’U)b(t - u)b(s - U)]l{lgt,sgn}]l{u,vgo}

t,s,u,VEZ X (417)
= Y a(s)aw—u—s)b(s+ub(v—s)n" > Tcri—scny Ljt—sui-v<o}-
S,U,VEZL teZ

For fixed s,u,v € Z,

Z ]l{1§t7t—s§n}]l{t—s—u,t—v§0} < IniIl{|’U|, Tl},
teZ

and since

Z la(s)a(v —u — s)b(s + u)b(v — s)|

S, U, VEZL

< llalle~

> Ja(w—u =)o+ uwb(o =) | (4.18)

U, VEL

<| / pwp(u+-a) du| | / (101 lel) () (bl ¢ [+ -A) | | < o0

by assumption (i), it follows again by dominated convergence that (4.17) tends to zero as n tends to infinity.
Finally, for the third term on the right-hand side of (4.14), we make a change of variables from (t,s,u,v) to
(t —u,s —t,u — v,v) and establish the inequality

nil Z a(t - 'U)CL(S - u)b(t - u)b(s - U)]l{lﬁt,sgn}]l{u,vgo}
t,s,u,vEZL
< Z a(t 4 w)a(t + s)b(t)b(t + s + u)n "' min{|t + u|,n}.
t,s,u€Z

(4.19)

The right-hand side of (4.19) tends to zero as n tends to infinity by dominated convergence using (4.18) and
that a is even. Consequently, (4.14) shows that Var(e,)/n — 0 as n — oo, which ends the proof. O

Proof of Theorem 1.1. To show (i), define v € [1,2] by the relation 1/y = 1/a 4+ 1/8 — 1 and note that 1/a +
1/v > 3/2. According to Remark 3.6 it suffices to check that the assumptions of Theorem 3.1 are satisfied for
the functions ¢ and |b| x |¢|, which in turn follows from the same arguments as in the proof of Theorem 1.2 if

(t = llo(t + D)5 + llp(t+ D)) € L*([0,A])  and (4.20)
(t = 0Bl * [Nt + Al + 1ol e}t + D)) € L*([0, A]).- (4.21)
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Condition (4.20) holds by assumption (since o < 2), so we only need to prove (4.21). If 8 =1 so that b is
summable, it follows from Jensen’s inequality that

(1B Jel) ()" < HIbllz > lb(s)] ot + sA)I"

SEZ

and thus [[(|b] x [@])( + -A) |7 < [|blI7: |t + -A)|[fi for any x> 1. Since o = v when 3 = 1, this shows that
(4.20) implies (4.21). Next if 8 > 1, set 8/ = /(8 — 1). As in the proof of Lemma 4.3 (replacing integrals by
sums), we can use the Holder inequality to obtain the estimate

(bl o) (®) < 377 (3 ot +sa)) " (S bl et + saye)

SEZ SEZ

for some constant M > 0. By raising both sides to the yth power and exploiting the periodicity of ¢ — || (¢ +
-A)|| 0=, it follows that

10+ e+ < 21 (3 fete+ sm)) " ST s Yl + (s -+ w)a))”

= = u€Z (4.22)
= M|[b|lys It + -A)][7

for a sufficiently large constant M > 0. Since v < 2, (4.22) and the assumption (¢t — [t + -A)[|%) €
L/ ([0, A) show that (¢ — [|([bl x| @) (£ +-A)]3;) € L*([0, A]). To show ¢ = [|([b] x |])(t +-A) |7 € L2([0, A]),
we note that the assumption 2/a+1/5 > 5/2 ensures that we may choose 8* € [, 2] such that 1/a+1/5* = 3/2.
Using the same type of arguments as above, now with «, 8* and v* = 2 instead of «, 8 and -y, we obtain the
inequality

b1 % o) (& 4+ -A) 72 < MBI o ( +-A) 7o

Due to the fact that (¢ —||¢(t+-A)[|%) € LY*([0, A]), this shows that (¢ [|(|b] % |¢|)(t+-A)[|%) € L*([0, A])
and, thus, ends the proof under statement (i).

In view of the above, to show the last part of the theorem (concerning statement (ii)), it suffices to argue
that if p € L4,

c1 :=supt]'"*|p(t)] < oo and ¢y = sup | P[b(t)] < oo
teR teZ

for some a, 8 > 0 with a+ § < 1/2, then there exist p,q € [1,2] such that 2/p+1/q > 5/2, b € £4 and (t —
lp(t + -A)lex) € L*([0,A]) for & € {p,2}. To do so observe that
pe(zs

1. 2 1
g-m<l’§2’m<qg2}’

and hence we may (and do) fix p,q € [1,2] such that 2/p+1/q > 5/2, p(a/2 —1) < =1 and ¢(B8 — 1) < —1.
With this choice it holds that b € £9, since

[Bl17, < [6(0)]7 +2¢§ Y 5771 < oo,

s=1
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We can use the same type of arguments as in the last part of the proof of Theorem 1.2 to conclude that
(t = |lot+-A)|5) € L¥%([0,A]) for x € {p,2}. Indeed, in view of the decomposition (4.12) (with ¢ playing
the role of ;) and the fact that ¢ € L*, it suffices to argue that SUDse(0,A] 2o [Pt + 8A)[® < 0o0. However,
this is clearly the case as k(a/2 — 1) < p(a/2 — 1) < —1 and, thus,

sup Z lp(t + sA)|* < c’fA”(“/Q_l) Z s™@/271) < 0.
tE[O,A] s=2 s=1

This ends the proof of the result. O
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