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Abstract

Taylor’s power law (or fluctuation scaling) states that on comparable populations, the
variance of each sample is approximately proportional to a power of the mean of the
population. The law has been shown to hold by empirical observations in a broad class
of disciplines including demography, biology, economics, physics, and mathematics. In
particular, it has been observed in problems involving population dynamics, market trad-
ing, thermodynamics, and number theory. In applications, many authors consider panel
data in order to obtain laws of large numbers. Essentially, we aim to consider ergodic
behaviors without independence. We restrict our study to stationary time series, and
develop different Taylor exponents in this setting. From a theoretical point of view, there
has been a growing interest in the study of the behavior of such a phenomenon. Most
of these works focused on the so-called static Taylor’s law related to independent sam-
ples. In this paper we introduce a dynamic Taylor’s law for dependent samples using
self-normalized expressions involving Bernstein blocks. A central limit theorem (CLT)
is proved under either weak dependence or strong mixing assumptions for the marginal
process. The limit behavior of the estimation involves a series of covariances, unlike the
classic framework where the limit behavior involves the marginal variance. We also pro-
vide an asymptotic result for a goodness-of-fit procedure suitable for checking whether
the corresponding dynamic Taylor’s law holds in empirical studies.
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1. Introduction

An important criterion used to describe the dynamics of populations is exhibited in [10],
among others, via the expression known as Taylor’s law (TL). This originated as an empirical
pattern in ecology in such a way that, on comparable populations, the variance of each sample
was approximately proportional to a power of the mean of that sample. Thousands of papers
have been dedicated to the study of TL. This limits our ability to provide a comprehensive
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A dynamic Taylor’s law 585

review. An important survey on the topic is [21]. A key motivation for our work can be found in
[23], which provides a central-limit-like convergence that explains TL, or [7], which introduces
a self-normalized empirical version of TL for some distributions with infinite mean.

The question posed here is about what happens if we observe only one trajectory of a
random phenomenon. We clearly need ergodicity conditions to consistently investigate the
expressions related to TL. Therein, we prove a novel theory for TL under dependence in the
case when only a trajectory of the process of interest (X;),cz is observed. It can, of course,
be accommodated in the context of independent copies of the process (X;);cz observed over
different samples. For example, this is the case when dealing with mortality time series over
ages or even regions [6], which means that the dependence in the sample has already been
considered. In order to obtain laws of large numbers and the possibility of fitting those expres-
sions, we restrict our paper to a specific frame. Essentially, we consider ergodic behaviors and
focus on stationary time series. In this case, we are in a position to define a general TL possibly
taking into account the dynamic behavior of the process of interest and not only its marginal
distribution.

To achieve this, we proceed in two steps. First, we strictly extend the TL to the ergodic
(dependent) setting, which we will call a static TL since it only relies on the marginal
distribution of the stationary process (X;);cz. Second, we introduce an alternative dynamic
TL. The main contribution of the paper is to introduce such a TL that not only involves
the marginal distribution of Xy but also relies on the second-order structure of the process
(X¢)tez, thus accounting for the dependence of the blocks. Recall, for example, that the sam-
ple average and variance are accurate measures of the mean and variation in the population,
which gives sense to TL along some trajectory. However, the timeliness of our approach
is supported by the findings of [25], where it is shown that changes in synchrony (which
may be caused by climate change) modify and can invalidate the TL. By incorporating the
entire history of the time series, our dynamic approach to TL mitigates the effect of these
changes.

The current work is developed in the context of weakly dependent variables that include, for
example, Bernoulli shifts of independent and identically distributed (i.i.d.) random variables,
such as X; =F (X,_l, Xi_o,... ;Et) [17], which depends on the complete past history of the
process and some innovations; the simplest example is the case of ergodic Markov chains
X; = F(X;—1;&;) but this new approach also extends to more complex situations, such as infinite
moving averages of i.i.d. inputs X; = Zfio a;X;j +&. Larger classes of examples, including
ARCH, GARCH-type models, integer-valued GLM models, and possibly other integer-valued
models, may be found in [12] and [13]; for more models see also [16], [18], and [22], for
example. Note that those classes of models and many others may easily fit the conditions in
the current results, giving context to our settings and results. Such models include dependence
over time and should be used in order to describe the dynamical evolution of a population [10].
It is, in fact, relevant to population dynamics and in particular to ecological applications; see
also [8], [29], and the references therein.

The static TL is a proper characteristic of marginal distributions. Since this novel approach
includes consideration of dynamical issues, it is a better application of a TL that depends on
the whole distribution of the analyzed process. In [10], the question of checking the validity
for TL for some random phenomenon is addressed in the setting of i.i.d. sequences. Formally,
for an integer k > 1 and a sequence of positive random variables, the relation VarY = c(EY)*
with ¢ € R and o > 0 was shown to hold in many empirical applications. This means that the
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consistency of empirical counterparts for those expressions is proved for the convergence in
mean in the expressions

\THI'\Y —~ — 1 k — 1 k =\ 2
e~ ——, with EY=Y = ;ZYI' and Vary = — (v;-7)".
(EY) P o

Here, the expressions of the variance VarY and EY make sense since those parameters pro-
vide a first approximation to the distributions of i.i.d. samples. Another analogous expression
emerges in actuarial and financial sciences related to the so-called measures of variation, e.g.
[1,2]. It is strongly related to the ratio

In [2], the convergence of such self-normalized sums is investigated in detail. For instance,
it is proved that the convergence in distribution of suitably normalized ratios holds for heavy-
or light-tailed distributions. In [1], the above approximation is proved to hold in ” via the limit
expression for each of the moments of the above ratio. In [9], the relevant case of heavy-tailed
models is investigated, including vector-valued self-normalized results as well as empirical
TL under heavy-tailed assumptions. Unlike these examples, our paper is principally concerned
with dependent random variables, which have received less attention in the literature. Indeed,
the theoretical literature has, thus far, dealt with the independent case, also referred to as the
classic TL. We restrict our work to random variables with moments of order greater than 4.
However, we deal with dependent random variables and thus handle the case of time series.

To the best of our knowledge, the current paper is the first attempt to include the dependence
structure in such TLs. To achieve this, we first consider stationary and ergodic processes (X;)iecz
to decompose the sequence of interest into Bernstein blocks. This allows us to divide the data
up into blocks in such a way as to adequately control the dependence between blocks. For
instance, the setting considered in [9] does not require the use of the Bernstein block variant of
TL we consider in this paper. Indeed, this technique will be crucial to investigating the asymp-
totic distribution of the considered quantities in order to derive statistical properties for the two
different TLs (static and dynamic). Formally, we show that the above expressions admit conver-
gent behaviors. This follows the same idea as for the ‘classic’ behavior of such laws. Indeed,
the variance involved in the above-mentioned expressions has a counterpart in the weakly
dependent cases. Specifically, as explained in [13], [15], [26], and [14] under an adapted weak
dependence assumption, the partial centered sums renormalized with a /n-factor converge to
a centered Gaussian distribution with variance o2, such that

o0
o®= Y Cov(Xo.X)). (1.1)
Jj=—00

Accordingly, the extension of the TL will inevitably incorporate the series of covariances, and
not just over marginal distributions. By doing so, we take the view that such an index has a
different meaning to the usual TL, which only depends on marginal distributions. However,
this topic exceeds the scope of the paper. Instead, we will develop the limiting behavior of the
statistics in question. The results developed throughout the paper take into account this new
dynamic exponent as well as the classical (static) Taylor’s exponent; both are considered for
general classes of dependent random processes.
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The paper is organized as follows. In Section 2 we introduce the empirical expressions
necessary to deal with both the dynamic and static TLs in a dependent setting. In Section 3 we
deal with limit theory under these laws. (To this end we describe a Bernstein block technique
used throughout the paper in order to control the dependence. Hence the limit distribution of
suitably normalized expressions for both static and dynamic indices is proved in Section 3.)
Finally, Section 4 is dedicated to a test of goodness-of-fit for the dynamic TL to hold. This
means that the two results together will ensure a test for both TLs to hold. The necessary
dependence tools and technical results are introduced in the appendices.

2. Self-normalized sums

Let (Yi)iez and (X;);cz be two sequences of non-negative and identically distributed random
variables. Since this paper is focused on dependent and dynamic samples, we will henceforth
let (Y;)iez denote the statistics under consideration and let the sequence (X;);cz denote the
classic TL. Before we introduce TL with the general exponent 8 > 0, we recall the statistics
associated with the usual TLs for 8 =2, and we then turn to the dependent case.

Formally, with k > 0, we define Sy as the ratio

_ ZJI'{=1 Y?/k _r Zj];l Y?
(T vm* (e v

Hence, with Y = (Zjl;l Y/) /k, we can write

k
Zj:l sz/k_k—l
vk

Sk= T+ 1, 2.1)

where we let T} denote the TL statistics defined as

YL (-7 k1)

?2

Ty =

2.2)
This is a plug-in estimate of T = o2 /m?, with m = EY;] and o> = VarY;. Note that we can write

k
Ty = —1 (S = 1), (2.3)

so that the result of the asymptotic behavior of 7y may be plugged into those for S;. The above
relation provides us with a link between results for the self-normalized statistics Sy and for
Taylor’s statistics Ty. More generally, for 8 > 0, as in [10], we consider TL with order 8 for

o2 = cmP, where the corresponding statistics can be written as

YL (-7 k= 1)
Vi '

Typ =
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In this case, set Wy, = Zjl;l (YJ — 7)2/(k — 1); then

k
Yo Yk

7.3

k—1 o
=—— Ty +¥ "

Sk’ﬁ =

k=1 L=V /=D 4
= +Y
k 7

k—1 2ﬂ
= — Ty +1
(k +>

In the dependent framework of a stationary time series, we use Bernstein blocks [5] to divide
the sample X1, .. ., X,, for n > 0, into blocks of a given size to control the dependence between
the blocks. To this end, we consider an integer p,, € {1, ..., n} and let k, = [n/p,]. We then let
Yl-(") denote the sequence of partial sums over observations in block B; ,, that is,

y® = Zx, Bin=[(—Dpa+ Lipa] (1N, 1=i<k (2.4)
" jeBin

Hence the statistics under consideration defined in (2.2) and (2.1) with k =k, can now be
: (n) (n)
denoted respectively as S 8 and Tﬁ

kn
< 1 o
Yy '=— Y.,

o Z/k"l( ) fh

B (Y(ﬂ))ﬂ ’
70 _ S (" = 7)1
B = (Y(n))ﬁ ’

Moreover, for the sake of homogeneity, we instead let S” denote the expression S(zn).

Remark 2.1. (Bernstein blocks.) First, the reader is referred to Appendix A.2 for a second-
order analysis of the behavior of partial sum processes in (2.4), and Appendix A.3 for a higher-
order analysis.

Second, we note that, with additional blocks with sizes less than p,, we can use the entire
data set, i.e. X1, ..., X,, by setting By, +1., = [k,p, + 1, n]. By doing so, we do not affect the
behavior of partial sums when &, — co. Indeed, if the condition a > 1 is fulfilled in (A.3) (see
Appendix A.2), we can show that

Var( > Xj)zO(p,,)<<n,
Y

.EBkn-H,n
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which entails that partial sums, up to n, behave the same way as sums over all blocks with size
Pn» @S SOON as o2 # 0. In fact, in this case we shall have

14
lim Var X; =02,
s ve(3-x147)
Therefore, for the sake of readability, we do not consider this correction term henceforth.

Remark 2.2. (Dynamic TL with exponent 8.) For 8 > 0, we extend the above expressions for
dynamic TL with order 8. Recall that in this case we are expecting a relationship of the form
o2 =cmP . In fact, T™ is associated with TL with exponent 8 =2, and the following simple

algebraic relation allows consideration of all the possible exponents 8. Notably,
kn (n))2
> () K kp — 1
(n) _ 1—1( J L (n) (n) -B
Sy = (?(H))ﬂ _< T TW+1)(YT)F, (2.5)

which allows us to consider the TLs for more general settings.

3. Limit theory in distribution

Note that in this dependent framework, ¥ = x" = (X1 + - -+ X,,)/n is simply the empir-

ical mean of the observed process (X;)iez. Under basic ergodic assumptions, we have

()

th =EX=m as.

Hence the asymptotic behavior of the expression T corresponding to Ty in (2.3) for this
dependent setting is

kn

1 1 — (N2

7o) _ SO X",
m2 k, p

which means that lim,, 7¢? / T = 1. Henceforth, we let

Fm — ﬁ kl i Y(n) 2
Using assumption (1.1), for lim,, p,, = 0o, standard conditions imply that
Gin=/Pa(Y"" —m) forall 1 <i<ky, 3.1)
has a N/ (0, o-2)-standard Gaussian asymptotic behavior for each i > 1. Moreover, we have

lim (G, ,)> =0 foralli> 1. (3.2)
n

Remark 3.1. We remark that the classic (or static) TL corresponds to p,, = 1. In this case the
corresponding blocks are no more asymptotically Gaussian, and thus the above asymptotic
Gaussian behavior does not hold. Thus a separate discussion will be needed.

The relation (3.2) entails that we need to explicitly center the expression for Glzn Thus,
with the notation (3.1) we define the centered sequence

Uin=G;,—EG}, foralll <i<k, (3.3)
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or, more specifically,

k k,
~ 1 X 1 “
(n) — _~ . - 2
T = nmz ; Ut,n + nmz ; ]EGi,n

2 2
EGi,n —0

pnm2

1 & 1
=— Y Uin+—>0"+
nm? ; YT pam?

We now use the bound (A.5) to derive EG%H — 02 =0(1/p,). To this end, by setting

1
= ———— Uin, 3.4
g mwk—; ; (3.4)

we deduce that

~ o? k
g = /E(pnT(”) — ﬁ) =G+ O<ﬁ),

Pn

or equivalently

n

n

since n = kyp;,.

Next, we will prove in Theorem 3.1 that G, admits a Gaussian asymptotic behavior
N(0, ) by using Lemma 3 of [4]. We will refer to Appendix A.4 to derive the nec-
essary dependence conditions. To this end, assume that for some r > 4, E|Xy|" < oo; then
Lemma A.1 (see also [12, equation (4.2.6)]) implies that |Cov(Up n, Uy,n)| < C(Q,f](q))% from
weak dependence conditions for g # 0. Moreover, conditions for moments of G; , with order
8 > 2 to be bounded are given in Lemma A.1. Now, in order to derive Lemma 3.1, we note that
Lemmas A.2 and A.3 provide the conditions to ensure the existence of some r > 4 such that
[IXoll» < oo. In fact, one needs conditions (A.8) or (A.9) to hold, as well as the following limit
behaviors:

o0 o0
lim p2 3 a7 (pa)=0 and Tim_ P2 67 (put) =0,

n— 00
=1 (=1

Under such conditions, we can state the following lemma.

Lemma 3.1. Assume that ||Xo||, < 0o for some r >4, and either a(q) =0(qg™%) or 8(q) =
O(q_e) holds fora >2-r/(r —4), or 0 >2-(r —2)/(r —4). Then we have

nllIgo Z |COV(U0J1’ UK,n)l =0.
L0
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Also, we have
1
2% = — limE(Uo.)*.
m n

Proof. Letting X; =X; —mfori> 1, we can write

1
¥ = —hm Var(Z U,,,)

= —4 lim E(Up,,)?
m n

1 . 2
= o llzn VarGO’ "

1 1 & e o~
=7 11’511 Pn Z COV(X,'X,'/, XJX,/)
ij,i',j=1
Pn L
=— > Cov(XoX;, XoX;). (3.5)

ij=1

Remark 3.2. (Cumulants.) Note that (3.5) is related to the cumulants «(Xp, Xy, Xy, Xi).
Recall that «(X,Y,Z,T) is the coefficient of #t>t3¢4 in the Taylor expansion of
logEexp(it-V),if t=(t1, r2, 13, t4) and V= (X, Y, Z, T). If the process is Gaussian, then the
cumulants of order greater than 2 all vanish. In any case, using [24] (see also [28] or [3]), we
can show that if all the moments are well-defined, then

Cov(XY,ZT)=«k(X,Y,Z, T)+ Cov(X, Z) Cov(Y, T) + Cov(X, T) Cov(X, Z),
since

k(X,Y,Z, T)=Cov(XY, ZT) — Cov(X, Y) Cov(Z, T)
—Cov(X, Z)Cov(Y, T) — Cov(X, T) Cov(X, Z).

Thus Remark 3.2 implies that

Cov(X; Xy, XXp) = k(Xi, Xy, X, Xp) + Cov(X;, X;) Cov(X; X))
+ Cov(X;, X) Cov(Xy, X;).

It thus follows that we may write m*¥? = lim, A,, with

Pn

1
A, = Z Cov(X;Xy, X;Xj) = 2B, + Cy,
pn ij,i',j=1
1 Pn
By=— Y Cov(X;. X;) Cov(XyXp),
Pi ij.ij=1
1 Pn
Co=— ) *(Xi X X Xp).
Pr ;jij=1
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Hence it is easy to prove that lim,, B,, = o and lim,, C,, = 0 when the cumulant sums condition
(3.6) holds. This assumption can be written as

oo [o. ol e}
D3N k(g bl < oo, with k(. j. k) =k (Xo. X, XjX)- (3.6)

i=1j=1 k=1

We have thus proved, using Lemma 3.1, that if (3.6) holds, then Proposition 3.1 allows us to
specify the limit variance ¥ in the central limit theorem (CLT). (]

Remark 3.3. (Sufficient conditions.) Condition (3.6) is widely discussed in [27] and
Theorem 4 on page 138 provides a sufficient condition for (3.6) to hold; see also [28]. This
condition is also used as condition M in [3], in which a precise study provides the reader with
sufficient strong mixing conditions which are under 6-weak dependence. More precisely, if
E|Xp|" < 0o, then condition (3.6) holds if one of the following additional conditions holds:

o 2 o —4
Y jTa()<oo and Y 67I(j) < oo.
j=1

j=1

We should note that these conditions are not necessary for (3.6) but they are implied by the
assumptions in Theorem 3.1.

Proposition 3.1. Assume that conditions in Lemma 3.1 and (3.6) hold; then
o
=2.— 3.7
s (3.7)

Now assume that lim,,_, o 1/ pfl =0, and simply let
) 1
Pn= [«kn’] with ¢ > 3 (3.8)

Then we will prove that
2
- — O — = ~ [n
v knT(n) = gn + vk W + k”(T(n) - T(n)) + O( F) (39)
n

For this, we remark that the first term comes from the ergodic theorem and the CLT for empir-
ical means. For the additional term, the centered Taylor’s statistics may be decomposed as
follows:

kn
) _ m) _ iz()—((n) _ m) (kln Z(Yi(n) . m) + (y(n) . m))

m .
i=1

The bound X" —m=0(1/y/n) holds from (A2). Similarly, we have
Var(Yi(") - m) = O(1/py), and if (A.3) holds for a > 2, then

k"
Var<2 " - m)) = O(kn/pn).
i=1

https://doi.org/10.1017/jpr.2021.40 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2021.40

A dynamic Taylor’s law 593

Indeed, we can see that

kn
Var(z Y}’”) = > (kn—1€]) Cov (¥, ¥{")
i=1

1<y
k o

o(-”) +2k, Y |Cov (¥, ¥{")]. (3.10)
Pn ~

Thus

kn k
Var(Z Yl.(")) =o<—"). (3.11)

i=1 Pr

However, this is not straightforward as it needs a thorough investigation of the second term on
the left-hand side of (3.10). In fact, for some g = g, < p,, which will be specified below, in
order to prove this we need to decompose Y, W _y_ + Y, such that

1 Pn—4qn 1 Pn
Yo=— Y X Yi=— Y X
pria

Pn i=pn—qn+1
Then, with k, = [7/(ps + )], We obtain
[Con(1§. (") = Cov(y_. ¥{") | +|Cov(r-.. (")

Indeed, if (A.3) holds for a > 1, then VarY, () = 0O(1/py), which leads to

Pn
|Cov(yy, Y{")| < 1 3 |Cov(x;, ¥®)| < 2/ Varxo - Vary(”.
p Pn

" j=pn—an+1

This is written as
Cov(¥y, ¥ =o<—q" )
\ OV( + 1y )| pn\/p—n

Hence the corresponding terms for the sum of the k, admit a contribution with order

qnlzn /Pn/Pn- For g, = O(, /Pn /l~c,,) (pn /n) this contribution admits the order O(1/p,).
Moreover, letting g, = [n"], the previous inequality holds for 0 < v <3¢ — 1, which is only
possible when ¢ > % in (3.8). Now, using the fact that g, < p;,, we have

Pn

2. 2 [Cov(x;.x

J=Pn—qn+1 u€By

(qn) 3 i

p” i>lpy

(;’;(z n>“’>

Cov(r_. v1")] <

“u
:N’_‘
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or, more simply,

|Cov(Y_, Y{")| = 'O (p; 1), (3.12)
since a > 1. Hence, from summation, the relations (3.11) with @ > 2 and (3.12) together imply
kn
> |Cov(r—. v")[=0(p;").
=1

Finally, this allows us to conclude that the relation (3.11) holds for some a > 2. Accordingly,
the relations (A.4) and (3.11) together imply

- - 1 k 1
T(n)_T(n)zo(_+ v )=o<_), (3.13)
n o ky/pun n

Now, if we go back to (3.9), we can show that if we assume that a > 2 in (A.3), then we can

write
2
ViaT® = 6" 4+ Vi T + i (T = T7) + o( /ki + \/I)
m n n

Thus G™ converges to (0, £2) with 2 defined from (3.7), provided that 1 < ¢ < 1in (3.8).

Theorem 3.1. With notations (3.3) and (3.4), assume that for some r > 4, | Xp||, < 0o, and
that (3.6) holds as well as lim,, (kﬁqn /n) = 0. If, moreover, one of the following conditions is

fulfilled,
a(g) =0(g™%), witho>2- - z L and limk,a(g,) =0,
0(q) =0(q™?), witho >2. ::i and lim 10 72 (gy) = 0,
then

o4
G, —- N (0, 2. —4)
n— 00 m
in distribution.

Proof. According to notations (3.3) and (3.4), for 1 <j <k, we set

1 J
Gin=—-5— Uin
o= e 2 Ui

A dependent version of the Lindeberg lemma (see Lemma 3 of [4]) requires the existence
of some y > 2 and that the three following conditions hold:

n—oom* n

k,
1 1 z
lim — lim —Var| > " Up, | = 2% exists, 3.14
im 1rnkn ar(izl l,n) exists ( )

kn

: itGjn AtUjn\| —
ngngo Z|Cov(e i, @iy =0, (3.15)
j=2
kn
; -v/2 LY =
lim k; X;]E|UM| =0. (3.16)
J=

We will thus consider each of these three relations in turn.
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Relation (3.14). The relation (3.14) is proved in Proposition 3.1 together with the expression

o
=2 —.
m
Relation (3.15). The term (3.15) is somewhat tricky. First, notice that
Cov (el¥in, eltUin) = Cov (elYin — eltGi-1a ¢itUin) 4 Cov(el!9i-1n, eitlin),

and since

IE ’ eitgj,n _ eitgj—l.n

1
< ——E|U; ,
veEun=0( )
we obtain
. . . 1
Cov/(elYin — gitYi-1n ¢itUin < IE U;. (—>
Summing up k, terms above provides an expression with order O(+/k,) that does not con-

verge to 0. This means that additional work has to be processed to derive (3.15). Consider the
decomposition Gj , = G n + (Gj—1.n — A) + Gj—1.» + A, with A = G> — EG* and

][7;1—1

J_ZXZ,

I=JPn—4n

such that the term G is negligible. Note that G~ =G;_1 , + A is g,-distant from §; ,,, and

Gin—(Gi-1.n+4) =G}, — G —E(G},, - G°).

Therefore we have

|G, — 67| <B{Gs — O+ 281G~ 6)Gya| +22/(G10 - 0)G| = /22 ),
n

In order to prove (3.15), we first need

4dn
knpn

lim &, =0,
n

which holds if lim, g,k,/p, = 0. This is achieved when p,, ~n" and g, ~ n”, provided that
u> % and 0 < v < 2u — 1. Finally, what is left is to bound the second term, namely

<|Cov(e¥", elVin)| + |C0V(ei’gf@2 (eiUimtn — i), eitUin)|

< |Cov(e"9", eVin)| + 2E|G}, — G* — E(GZ, — G*)|

oA5)

|C0V(ei’gf*1’", eilU-’?”)

< ]Cov(eitgf, ei’Uf’”)
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To this end, we distinguish the two following cases.

(i) In the strong mixing case,

|Cov(e9, eilin)

< a(gp).

Thus condition (3.15) occurs when both conditions lim, k,zlqn/p,L:O and
lim,, ke (gp,) = 0 are fulfilled.

(i) In the 6-weakly dependent case, the situation is more intricate since the heredity of
such conditions is less straightforward. Set Vi =f o go h(Xi)ies; ), with f(z) = ez,
g()=2" —EG] , and h(x, . .., xp,) = (1//Pu) 24", xi. Hence Lipf = |¢| and Lip h =
1/./Pn. We let U in Gjn be the recentered truncations at level M > 0 (to be precisely

settled later) of Uj, and G] ny respectively. Indeed, let X be a real-valued random
variable and M=>0. Set X = (X\/( M) AM and X = —X at a level M > 0; then
1X| < 2|X| 1 1(|X| > M). A centered version of this truncation is given by X=X —EX.

Then, with the help of Lemma A.1 we can write
|Cov(el9, eltin)| < |Cov(eitg7, eithv”)

ItI

+ |C0V(ei’g7, elUin — ei’Uf?")

<2py

jn = Ujin|

<2dzTn|r|M29<qn)+2|r|\/E|G,n+Gjn||G]n Gl

= 2
<2¢17n|t|M29(qn)+4|t|\/E G? E|Gjn — Gj .|

< 2/PaltIM?6(qn) + O(1)y/ PaEIXol"M?~6(qn)
= O(/Paf2 7 (gn)),  with M =077 (qy).
Thus condition (3.15) follows when lim,, kﬁqn /pn =0 and lim,, nk,,@if% (gn) =0.
Relation (3.16). Lemma A.1 allows us to deal with condition (3.16) since
E|Ujn|" =E|G}, —EG},|" <27E[Gju[” = 0(1)

follows from a convexity argument. Now (3.16) holds for y > 2 if a moment with order
6 =2y >4 fits Lemma A.l. This requires that decays in the strong mixing or 6-weak
dependence both satisfy o, 0 >2-(r—2)/(r —4), which follows from the assumptions
yielding (3.14). (]

Consider the function f(x, y) = x/y?, which is differentiable at the point (o', n). Now set

(see (3.1)) and
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which fit (62, m). The §-method is based upon the convergence in law of /k,((N, D) —
(02, m)), from (A.2). The vectors N and D, once renormalized, are asymptotically independent.
Thus we have

af

a
¥ o2 m=1/m?, Lio? my=poym
ox ay
and v/k,(D — m) — N(0, o%). Therefore we can obtain the following result.

Theorem 3.2. Assume that E|Xo|" < co for r > 4 and one of the following weak dependence
or a-mixing conditions holds:

ad 2 as 2 —2
Y oiTrag)<oo or Y jrE () < o
j=1 j=1

Then the following result holds in distribution:
2 2 4
(7w _ 2 e B o
kn<Tﬂ —ﬁ)—)N(O,Z), Wlﬂ’lZ—(Z‘l‘W)'m.

In order to check that the conditions in Theorem 3.2 are consistent, we state them for two
power decay cases.

Corollary 3.1. Let p, =[n"], and q,=[n"] for 0<v<u<1. Assume that u> % and
v < 3u — 2. The conclusions of Theorem 3.1 hold for some r > 4, || Xo||, < 0o, (3.6) holds as
well given one of the following conditions:

1—u

a(g)=0(q"%), witha>2-

9

r—4 v

r—2 2—u r+2
0(q)=0(q~?%), witho >2. v : .
@ (q ) " ~ r—4 ( % r—2)

Remark 3.4. (Static TL.) Notice that when p, = 1, we are left with the classic (or static) TL,
for which k, =n and Y, l.(”) =X;,and G; , = Yl.(”) — m=X; — m. In this case, the above reasoning
does not apply and some further modifications are needed in the proof for a CLT. Specifically,
(3.9) does not hold as it requires p, > 1. Thus, in order to handle this case, we need to analyze
the corresponding expressions thoroughly. Therefore we develop

| . n
Gn= Y (Xi—m? = VarXp), T =G, + %Varxo
i=1

m?/n “—

Thus, using Appendix A.3 with § =2 requires that

T(n) _ T(n) — %()—((n) _ m)2 _ O(l)
m n

As a consequence we obtain

- o2 1
ﬁT(")=Qn+ ﬁ\/ﬁﬁ-O( ;), Withdg.
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Recalling (3.13), we have that lim, \/nE|T" — T™| =0, giving the following limit behavior:

n
ﬁ(T(”) — ET(")) = # . % Z((X,- —m)? — 002) — N(O, Eg/m4),
i=1
with
o
5= Y Cov((Xo—m)*, (X;—m)*),
Jj=—00

when E|Xp|” < oo, for some r > 4. Moreover, according to [20] or Corollary 1 of [11] and to
the heredity result Proposition 2.1 of [12] (see also Appendix A.4), the CLT holds for squared
variables (X; —m)?. Hence, these make it possible to prove a central limit theorem when
pn=1. In order to make the assumptions in the forthcoming result simpler, note that these
conditions imply that Appendix A.3 holds for § = 2.

Here a vector-valued CLT still occurs and, contrary to Theorem 3.2, a cross-covariance term
C =lim, nCov(m*T™, X) appears and

n
nCov(nT™, %) = - 3 Cov(x?, X;) — Cov (%", X)
ij=1

converges to a skewness series

y=Y_ Cov(Xo,X}). (3.17)

=—00
We thus analogously state the central limit theorem for the case p, = 1.

Theorem 3.3. (Static TL.) Assume that E|Xo|" < oo for r > 4 and the following weak depen-
dence or a-mixing conditions hold:

i 2 i 2 —2
Zjﬂa(j)<oo or Zjﬂ 071 (j) < oo.
j=1 j=1

Then, using (3.17), we obtain the convergence

2 2
Jal T — 20) 5 wfo 0
B mb ) n—oo T m2B

in distribution, with

2/3]/0'2 ﬂ20'4
m2B+1 + m2B+D°

»2 = Z Cov((Xo — my?, (X; — m)2)+
j=—00

Remark 3.5. (Practical sufficient conditions.) If a(q) <cq™® or 6(g) <cq~? hold, respec-
tively, then the conditions of Theorem 3.3 hold, providing

r+2 r+2 r—1
or 0> . .
r—4 r—4 r—2
Remark 3.6. (Self-normalized expressions.) The relation (2.5) yields analogous results for the
self-normalized statistics stn) in both Theorems 3.2 and 3.3.

o >
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4. Test of goodness-of-fit

For goodness-of-fit testing purposes, one needs to estimate m empirically, for example by
the empirical mean . i = X,,. Many solutions are known to fit the limit variance o2, by a con-
venient estimate o2, as suggested in [19] and the references therein. By doing so, we have
m—m= O(l / ﬁ) while the rate of convergence for o2 is non-parametric, since a typical
estimate of o2 is the value at 0 of the spectral density of X at the origin. Now, multiplying the
conclusion of Theorem 3.2 by the constant mP / o2, we obtain

B 2

mP o B
in distribution. This will be crucial to developing a testing procedure. Indeed, assume that t is a
quantile of the normal distribution, such that IP’(|N (0, 2482/ ﬁ2)| > r) =1n. Now assume that
&2 and m are fast estimates of o and m. Then a confidence interval is constructed as follows:

lim sup P(T" ¢ [an(B), bu(B)]) <,

n—o0

where
~2

_3 1 b _821 1
wn=35 (1= 7). =5 (1+ )

This leads to a test suitable for checking whether 8 = By or 8 # Bo, by rejecting the hypothesis
in the case Tg;) ¢ [an(Bo), by(Bo)], with an asymptotic level 7.

Remark 4.1. (Test for the static TL.) From Theorem 3.3 we can derive analogous confidence
intervals for k;, = n, corresponding to the static TL. In fact, we have the following asymptotic
behavior:

\/l;(mﬁTé") — o) = N(0, £3),

in distribution. Hence a test of goodness-of-fit in this case may be considered. Similarly, this
will also need the estimation of E%.

Remark 4.2. (A heuristic for the case of contiguous alternatives.) This test may be proved
to be asymptotically powerful under contiguous series of alternatives. Namely, we may test
hypotheses 8 = o against |8 — Bo| > 8, for some 8, | 0 with lim,, v/k,8,/p, = 00. We simply
sketch its asymptotic power. To this end, assume that lim,, pf’l /n=0. Hence we should prove

that lim,, N/kn]T/(;‘) — Tg)‘ = 00, as in the following heuristic expressions:

k,
1 & 1 1
) (M2
T — 1 = — Y! —
B Bo ky jg]:( J ) <(Y(n))5 (Y(n))ﬂo)
ey (L L
BOE) (o5 = o)
_lnm.m_lgo
~————(B — Po). 4.1)
Pn
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Note that the function f(8) = m~# decays, providing that m > 1, which makes the above lower
bound possible when g > Bo + §,. Hence, with a large probability, there exists a constant ¢

such that
k
VAR R
n

is unbounded. This, as well as different counter-hypotheses, will be rigorously investigated in
further works.

Remark 4.3. The chain or equivalences (4.1) may also be useful for deriving the estimation of
Bo, as well as a central limit theorem for (p,/~/kn) (B — Bo)-

It is worth pointing out that analogous results hold for the simpler static TL following the
same lines.

5. Conclusions

The present paper introduces a new dynamic TL. We prove a central limit theorem, in
the dependent setting, for properly normalized relevant expressions related to both this new
dynamic Taylor’s law and the static (or classic) one. Our frame is, however, restricted to light-
tailed processes, and much more is needed to understand TLs under weaker assumptions,
such as heavy tails, long-range dependence, and more. Many future issues will be consid-
ered in forthcoming publications. The corresponding results also need very precise empirical
considerations in order to fully justify those new versions of the TL.

Remark 5.1. (Control of the moments.) The study of convergence in L? is deferred to a forth-
coming paper; let us simply say that in the dependent cases it seems hard to reach low moment
assumptions because of the systematic use of covariance inequalities. High moment assump-
tions allow us to obtain equivalents for the moments of T/(S") under dependence given heavy
calculations. In any case, this study is more suitable for development in a more probabilistic
review.

Remark 5.2. (Comparing Taylor’s laws.) Empirical studies will also be conducted to investi-
gate the respective domain of validity of those two different Taylor’s laws. We suspect that the
new dynamic TL may be more relevant to some specific cases such as those discussed in [8]
and [29]. Ecological considerations will be highlighted in such data studies.

Appendix A. Technical and useful tools

In this appendix we set up the dependence considerations useful in the core of the paper.

A.1. Notions of dependence

For the Euclidean space R? equipped with some norm | - || and for a function 4 : RY — R,
we let
h(x)—h
Lip (h) = sup ) = A
Xy ”x - Y||

Define the space A(R?) by the set of functions & : R — R such that Lip (k) < 1. Furthermore,
we denote ||i]|cc = sup,cpe |2(x)|. To be more specific, let (2, G, P) be a probability space.
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Following either [13] or [26], recall that for integers 1 <u, v <oo, the strong mixing
coefficient is defined by

oy, v(q) = sup|P(UNV) — P(O)P(V)|,
a(q) Zaoo,oo(Q)~

Here the supremum is taken over U e lf, and Ve V; with U =0(X;,...,X;,), and V=
o(Xj,,....X;) for integers ij <--- <i, <i,+¢=<ji <---<j,; the suprema first run over
all such integers and second over the o-fields U/, V.

On the other hand, the #-coefficients ([11] or [12]) are defined as the least non-negative
number 6(q) such as

|Cov(F (X - - Xi,) (X1 - X)) | < vLipg Ifllocf(@), (A1)

for integers iy, ..., iy, j1, . . . , jy Which satisfy i1 <-- - <i, <i,+r<j; <---<},, and func-
tions f, g respectively, defined on the sets (RY)" and (RY)" equipped with the norm

d
ICGets - Xl = lxtlloo + - -+ I¥ulloos X100 2 €RY,

where ||x||co = maXx; |x;|, for any x € R?. The function g is assumed to be Lipschitz.

The sequence (X;); is said to be strongly mixing or 6-weakly dependent if lim, a(q) =0 or
respectively if lim, 6(g) = 0. In case of any doubt concerning the process under consideration,
those coefficients will be denoted by ax(q) or 6x(q) respectively.

Remark A.1. From a simple inclusion ay(q) < ax(q) if Y; = h(X;), but the same heredity rela-
tion does not hold for the weak dependence coefficients 6; more tricky arguments are needed,
such as Proposition 2.1 of [12].

A.2. Second-order behavior

For a stationary dependent sequence with mean m, (X;);cz, we assume that partial sums are
asymptotically Gaussian, in such a way that the following convergence holds with o> defined

from (1.1):
r, — N(0, 02) in distribution,
p—00
1 L
with T,=.p-~ Z (X; — EX;). (A.2)
p-
i=1

Remark A.2. The above assumption holds, for example, when the conditions of [20] or [11]
hold. The assumptions considered here are strong mixing [13] or weak dependence condi-
tions [15]. Many alternative assumptions are often used, such as Wu’s physical measure of
dependence or mixingale assumptions.

As an assumption, let us also assume that there exist constants ¢ > 0 and a > 1 such that
|C0V(X0, Xj)| <c(jl+1)7% foralljeZ. (A.3)
Hence, if a > 2 in the assumption (A.3), we first derive that

Erg =0() ifa>2. (A4)
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We now need to bound ]EFI% — o2, A simple decomposition yields

1
o® —El} =) Cov(Xo.X;) + = Y _ [ilCov(Xo. X)).
Vl>p Ul=p

Then, for a suitable constant ¢ (a) only depending on a, we can write

0> —Er2| <2¢ 3 (i + ) +]§ > i+

J>p lil=p

1

< c(a)c<p1‘“ + —)
p

2
< {(a) ifa>2.
Finally, we have
2 2 1 .
o —IEFp:O - ifa>2. (A.5)
p

Remark A.3. When 1 <a <2, we observe the weaker bound o2 — EF[% = O(pl_“). More

generally, the above bound may be written as o2 — EFI% = O(p_{“(“_l)}) for each a > 1. For
the sake of simplicity we will assume that a > 2.

A.3. Moments of approximate Gaussian sums

Let / C Z be an interval with cardinality p, and let ()?i)l. <z be a stationary sequence of

centered random variables (in the current setting we simply write X; = X; — m). In this section
we consider the behavior of approximate Gaussian sums

1 ~
Gi=— X, A.6
1 ﬁz (A.6)

which is of independent interest. In Appendix A.2 we considered the second-order behavior
of normalized partial sums I'), = Gy p). The present section aims to determine setting higher-
order considerations providing asymptotic functional behavior for the process (G[t+1, t+p]) ez
as p — 0o. We will need such dependence assumptions ensuring that there exist a constant C
such that if the interval I C Z includes less than p values, then

EG} < C*. (A7)

For instance, Lemma 2 and Corollary 2 of [11] (with p = § in their notation) allow us to state
the following result.

Lemma A.1. ([11]) Let ()?i)l. <z be a stationary centered sequence. Define the normalized sum
in (A.6) over an interval I = [a, b] with 0 < b — a < p. Then there exists a constant C such that,
for each p and for each interval with cardinality less than or equal to p,

1Gills =C
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holds if a-mixing or 0-weak dependence hold, respectively, and

o0
1%, 3" ¢ 7 alg) < oo,

q=1

o0
%ol 3-a" 7 6@) < co.

q=1

Remark A.4. The case § =4 is of special interest, and conditions to ensure that (A.7) holds
under «-mixing or -weak dependence, respectively, become

o0

1%, 3" ¢ alg) < oo, (A.8)
g=1
o0

1%, 3" a7 6(g) < oo. (A.9)
g=1

If a(g)=0(g"%), 6(q)=0(q?), respectively, satisfy o >2-(r—2)/(r—4) or 6 >2-
(r —2)/(r — 4), then there also exists § > 4 such that the conclusions of Lemma A.1 still hold.

Let I, J be two such disjoint sets with cardinality at most equal to p; then we will need to
prove that

lim Cov(G7, G7) =0.
J2
First note that

Cov G,, GJ 2 Z Z Cov )N()N(J)?k)?g)
i,jel k,tel

This expression is bounded by using the following bounds.

(i) First note that |Cov(X;X;, XiX¢)| < 2EX{ follows from a systematic application of the
Cauchy—Schwarz inequality. Hence, if now d({i, j}, {k, £}) > g, we have the following.

e Under strong mixing, the covariance inequality in [26] ensures that
Sy Y = 4 =4
|Cov(XiX;, XiXe)| <6|Xo| e (9.

e Under 6-weak dependence, we use a truncation at a level M > 0 to be settled later on,
ie. X= (X \% (—M)) AM and X =X — X, and then |X] < 2|X|11{|,~(‘2M} and

7 7
|Cov(X,Xj, XiXe)| < |Cov(XiX), XiXe)| + D Au <2M*0(g) + ) Au.

u=1 u=1
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Terms A,, for u=1,...,7, are obtained via expansions X =X + X. Thus each term
A, is a covariance of products including at least one factor X. Therefore the Markov
inequality, with u = ]E|X0 |r and with the coefficient 112 =7 - 2, leads to
Sy S > |4
|Cov(XiX;, X Xy) | < 2M?60(q) + 112E[Xo| 11z, 1201
<2M?6(q) + 112M*"E|X,|"

_L

r— 56 r—2
< 4(560)72072(q)  with M = <_“>
0(q)

r=4
<ch2(q).
Hence we may now obtain precise bounds.

(i1) Now, if d(I, J) > g, then
Cov(GE. G3)| =1,

for a convenient constant ¢ > 0, and
= 4 4 .
€= 6HX0 ||r o 7 (g), under strong mixing,
r—4
€g=c0r2(q), under 6-dependence.

Lemma A.2. Let (}?[)l. oz, be a stationary centered sequence and define the normalized sum
(A.6) over intervals 1,J with cardinality less than or equal to p and distance at least equal to q.
Then, if the sequence is either strongly mixing or 6-dependent and ||)~(0 H Jor some r > 4, there
exists a constant ¢ > 0 such that

r—4 r=4
|COV(G%, G3)| < cp2 a7 (g and |C0v(G%, G3)| < cp2 0r-2(q),
respectively, under strong mixing and 0-dependent conditions.

(iii) Finally, if d(I, J) < q and g < p, then let I’ C I be such that the distance of I’ to J is more
than g (if I = [a, b] then either I’ = [a, b — q] or I' = [a + q, b]). We set G; = G + G’ with

1 ~
G=—> X
\/I_’ iel

Then, using the Cauchy—Schwarz inequality together with Lemmas A.l and A.2, we obtain,
with the notation (A.3), that

|Cov(G7, G7)| < |Cov(G?, G7)| +2|Cov(GG, G7)| + |Cov(G?, GF)|
<pPe, +4(EGY " (EGY)H(EGH ' + 4(EG) * (EGY)

§p26q + 4C4\/g + ac*dy
p p
<p’e, +8C* \/g . (A.10)

In this way, if conditions (A.8) or (A.9) hold, then lim,, p*a(p)=0or lim,, p*0(p) = 0 since

1/2

2r+1

> 2.
r—4
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This allows us to find g = g(p) < p such that the right-hand side of (A.10) tends to zero as
p— Q.

Now, more quantitatively, let us assume that €, < ¢’¢™*. Then a choice ¢ =p for some
0<e=5/(2« + 1) < 1 gives the following bound for a constant ¢y > O:

Cov(G2. G3)| < cop 31

These bounds all require that x > 2, which means that if a(g) =0(g™%), 0(q) = O(g™?),
we will need respectively o« > 2 -r/(r —4) or 0 > 2 - (r — 2)/(r — 4). Elementary calculations
prove that the conditions in Lemma A.1 require exactly the same assumptions and Remark A.4
even ensures that ||Gy||4 < C for any p and an interval 7 such that #/ < p.

Lemma A.3. Let ()~(,~)l. <z, be a stationary centered sequence with ||)?o||r < 00 for some r > 4.
We define the normalized sum in (A.6) over intervals I, J with cardinality less than or equal
to p.

(1) Assume that either condition (A.8) or (A.9) holds. Then

lim sup Cov(Gj, G7) =0,
P (1,0)eC(p)

where the supremum is considered over the collection of intervals (I, J), with I, J C Z,
#I<p #l <p,and INJ =0.

(i) Assume now that either strong mixing or 6-dependence holds, i.e. a(q) =O(q’°‘),
0(q) = O(q_e). Then, for « >2-r/(r—4) or 0 >2-(r—2)/(r —4), there exists a
constant y such that

a(r—4)—r
2a(r—4) +r’
|COV(G%, G3)| <yp % a= respectively.
O(r—4)—r
20r—4)+r’

Remark AS. If I=[a,b], J=[c,d], then 0<b—a<p, 0<d—c<p, and ¢>b in
Lemma A.3,or ¢ > b+ g in Lemma A.2.

A.4. Dependence properties of expressions of interest

In this appendix we will recall more heredity considerations as extensions to Bernstein
block variants of Proposition 2.1 of [12].

(1) If the process (X;);cz is strongly mixing, then heredity is simple and
U G
o, (@ Ve, (q) <allqg— Dpn +1).
(ii) If the process (Xj)icz is 0-weakly dependent, then heredity is more tricky. For this
we will use heredity results in Lemma 6 of [3] to show that the sequence (U, ,)ieN

is also Q,f/ (g@)-weakly dependent. To this end, we first consider the normalized partial
sums process G; . Let f: R* — R and 4 :R" — R be functions as in (A.1), then set

https://doi.org/10.1017/jpr.2021.40 Published online by Cambridge University Press


https://doi.org/10.1017/jpr.2021.40

606 V. DE LA PENA ET AL

S=Bj,Y---UBj, yand T =B}, ,U---UBj .. Finally, denote

Iy

1
Fr((x5)ses) :f<_ ( (xs — m)) >7
) \/ﬁ” SEBZ!’@JI 1<t<u
1
H,((Xp)ier) = h(— ( (x; — m)) )
) \/ﬁ" tEBXj[:,n 1<é<v

Thus #T < vpu, [|Fulloc = I|floo» and Lip H, < 1/,/p, now that the distance between the
sets of indices S and T is at least (g — 1)p,,. We thus calculate

|Cov(f(Giyns - - -+ Giyn)s M(Gjrons - - -, Gin))|
= ‘COV (Fn ((Xs)seS) s Hn ((Xt)seT) ’

< ! Lip H, | Fxl| 9(( ]) + 1)
V " — 1 —
= VPn \/1—7 Py [[Fnlloct(\G Pn

n
<vp,Liph Ifllcf((g — Dpn + 1)
<vLip & [|f 8% (9).

Thus we have
9,?(61)5\/17,19((61— Dpy +1). (A.11)
Next we use Lemma 6 of [3] to derive that

6 (q) < C(6%(q)) 1

for a constant C > 0, if E|Xy|" < oco. Finally, from (A.11), it follows that

r=2

0V (q)<Cpr "0

r=2
r—1

((6] - l)pn + 1)
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