ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

General spatio-temporal factor models for high-dimensional random fields on a lattice

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:

Published Version:

Barigozzi, M., La Vecchia, D., Liu, H. (2025). General spatio-temporal factor models for high-dimensional
random fields on a lattice. ANNALS OF STATISTICS, 53(1), 268-294 [10.1214/24-a052466].

Availability:
This version is available at: https://hdl.handle.net/11585/1004978 since: 2025-02-14
Published:

DOI: http://doi.org/10.1214/24-a052466

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website.

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)

11 December 2025


http://doi.org/10.1214/24-aos2466
https://hdl.handle.net/11585/1004978

GENERAL SPATIO-TEMPORAL FACTOR MODELS FOR
HIGH-DIMENSIONAL RANDOM FIELDS ON A LATTICE

BY MATTEO BARIGOZZ1"?, DAVIDE LA VECCHIAZ? AND HANG Liu**
1Department of Economics, University of Bologna, ®matteo.barigozzi @unibo.it
2 Geneva School of Economics and Management, University of Geneva, bDavide‘LaVecchia@Lmige. ch

3 Faculty of Business in SciTech, School of Management, University of Science and Technology of China, ©hliu01 @ustc.edu.cn

Motivated by the need for analysing large spatio-temporal panel data,
we introduce a novel non-parametric methodology for n-dimensional ran-
dom fields observed across .S spatial locations and 7" time periods. We call
it General Spatio-Temporal Factor Model (GSTFM). First, we provide the
probabilistic and mathematical underpinning needed for the representation
of a random field as the sum of two components: the common component
(driven by a small number ¢ of latent factors) and the idiosyncratic compo-
nent (mildly cross-correlated). We show that the two components are iden-
tified as n — oo. Second, we propose an estimator of the common compo-
nent and derive its statistical guarantees (consistency and rate of convergence)
as min(n, S,T) — oo. Third, we propose an information criterion to deter-
mine the number of factors. Estimation makes use of Fourier analysis in the
frequency domain and thus it fully exploits the information on the spatio-
temporal covariance structure of the whole panel. Synthetic data examples
illustrate the applicability of GSTFM and its advantages over the extant gen-
eralized dynamic factor model that ignores the spatial correlations.

1. Introduction.

1.1. Big data on spatio-temporal processes. Many data analysis problems in economics,
finance, medicine, environmental sciences, and other scientific areas need to conduct infer-
ence on random phenomena observed over time and registered at different locations.

Supervised and unsupervised learning methods for random fields (henceforth, rf) are suit-
able tools for the statistical analysis of this type of data: they provide an understanding of the
key spatial and/or temporal dynamics of the studied phenomena. For instance, tf are routinely
applied in medicine for fMRI data analysis (see e.g. Lazar, 2008), in geostatistics for satellite
images analysis (see e.g. Cressie and Wikle, 2015), in natural sciences for modeling complex
phenomena (see e.g. Vanmarcke, 2010), in economics for the analysis of spatial panel data
(see e.g. Baltagi, 2008) just to mention few book-length introductions.

In this paper we consider datasets containing records on spatio-temporal rf over a lat-
tice. We let (s1 s2) € Z X Z = 72 denote the spatial position in and ¢ € Z represent the
time index—in principle, the dimension of the spatial lattice can be larger than two. For
instance, the points (s; s2) can be: in geostatistics, geographical regions represented as a
network with a given adjacency matrix; in image analysis, the position of pixels in an im-
age. At each (s s2) and time ¢, the object of interest is the n-dimensional rf: x,, = {x,c =
(1 Toc-Tne) |, = (51 52 t) | € Z3}, for n € N. Typical inference goals for these
types of data include e.g. constructing and analyzing generative models, quantifying spatio-
temporal dependency, prediction or image restoration.

MSC2020 subject classifications: 62H25, 62M15, 62M40, 62H20, 60G35.
Keywords and phrases: Factor models, high-dimensional random fields, spectral analysis, functional/phsyical
dependence.



2 1 INTRODUCTION

One key aspect related to the statistical analysis of this data is that n is of the order of
several hundreds and the number of locations and time points may have the same magnitude.
A common approach to analyze the resulting large spatio-temporal rf datasets is to resort
on standard time series methods, like e.g. spatio-temporal autoregressive models (see e.g.
Cressie and Wikle, 2015). Nevertheless, because of the high-dimensionality, standard para-
metric approaches are not feasible (e.g. in a vector autoregressive model with one time lag for
the time series available at each location s, the number of parameters is n?) and alternative
non-parametric techniques are needed.

To fight against the curse of dimensionality, one may look at the literature on high-
dimensional time series and think of relying on factor models, which can be considered as
an unsupervised learning technique. This class of models is based on a divide and conquer
approach, where a high-dimensional dataset is decomposed into a low-dimensional common
component plus an idiosyncratic component, which might be (serially and cross-sectionally)
correlated or not (see, e.g., Forni et al., 2000; Bai, 2003; Lam and Yao, 2012). Among the
existing approaches to factor analysis, the General Dynamic Factor Model (GDFM) of Forni
et al. (2000) defines the most general, non-parametric, factor model which is based on a de-
composition of the observations into the sum of two mutually orthogonal (at all leads and
all lags) components: the common component (driven by a small number ¢ of factors and
their lags) and the idiosyncratic component (both serially and mildly cross-correlated). This
decomposition looks attractive since it is able to capture not only contemporaneous correla-
tions but all leading and lagging co-movements in time among the n components of the time
series.

In the case of a spatio-temporal rf the set of correlations among its n components is much
richer. Indeed, an observation at time ¢ and spatial location (s s2) might depend on observa-
tions at time ¢’ in the same location, or on observations at the same time but at spatial location
(s} s,), but also on observations at time ¢’ and spatial location (s} s}). Thus, factor models
for spatio-temporal rf have to account for this richer correlation structure.

1.2. Our contributions: the paper in brief. We introduce the General Spatio-Temporal
Factor Model (GSTFM), a new a class of factor models which allows us to analyze high-
dimensional spatio-temporal datasets by capturing all relevant correlations, across both time
and space. Our results contribute to different streams of literature on rf theory and inference
on high-dimensional data.

(i) We derive the decomposition of a spatio-temporal rf into a common component, which
depends on g unobservable factors, and an idiosyncratic component, see Theorem 4.1. To
obtain this result, we need to tackle an important challenge rooted into probability theory:
because of the lack of ordering in Z?, the GDFM results already available in the literature
on high-dimensional time series cannot be applied in our setting. Indeed, the extant results
are available for discrete time (regularly spaced) time series indexed by ¢ € Z and rely on a
generalization of the Wold representation to the case of infinite-dimensional stationary pro-
cesses as derived by Forni and Lippi (2001) and Hallin and Lippi (2013). Similar concepts
are not readily available for a rf indexed in Z>. As a possible solution, we might specify a
notion of spatial past, selecting e.g. the half-plane or the quarter-plane formulation. How-
ever, this choice entails the drawback that different versions of the Wold decomposition (see
Mandrekar and Redett, 2017) are available, with no obvious indication on which one has to
be preferred in our context. To avoid this issue, we resort on the Fourier analysis in the fre-
quency domain. This methodological approach requires a careful extension to rf of the time
series notions of canonical isomorphism, dynamic averaging sequences, aggregation space,
dynamic eigenvalues and eigenvectors, spatio-temporal linear filters, idiosyncratic variables,
and many others. Our theoretical developments would not be justified without these prelimi-
nary results. Clearly, our results nest as a special case the GDFM results.
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(i1) The mentioned results are at the population level: to apply our methodology we need an
estimation procedure of the factor decomposition and, in particular, of the common compo-
nent. To this end, we derive a complete and operational estimation theory, which contributes
to the literature on the statistical analysis of rf. More in detail, we build on Deb, Pourahmadi
and Wu (2017) and, making use of a suitable notion of functional dependence measure for
spatio-temporal 1f, we derive a consistent estimator of a high-dimensional spectral density
matrix. We provide its statistical guarantees, proving consistency (with rate) of the proposed
estimator. These general results (which are of their own theoretical interest, see Appendix
D) substantially extend the applicability of spectral analysis to non-linear, non-Gaussian, or
non-strong mixing rf. Thanks to these novel results, we derive the rate of converge of our
estimator of the common component of spatio-temporal rf. The asymptotic regime that we
consider is very flexible: it simply requires that the number of locations and the time di-
verge, but does not need a specification of the type of asymptotics (in-fill or a long-span); see
Theorems 6.1 and 6.2 for the mathematical detail.

(iii) The above theoretical developments hinge on a central aspect: the selection of the
number of latent factors. We take care of that and state a simple and operational criterion,
providing its theoretical underpinning in Theorem 7.1.

(iv) We consider the computational aspects needed to implement our methodology by
studying synthetic data examples (see the supplementary material for additional numerical
exercices), in which the underlying data generating process involves different types of con-
volutions over the lattice, which in turn imply different levels of spatio-temporal aggregation.

1.3. Related work. Modern factor models essentially originate in four pioneering contri-
butions: Geweke (1977), Sargent and Sims (1977), and Chamberlain and Rothschild (1983).
The reference factor model for this work is the GDFM introduced by Forni et al. (2000)
and Forni and Lippi (2001), where the idiosyncratic components are allowed to be serially
and weakly cross-sectionally correlated. A criterion for the number of factors is proposed by
Hallin and Liska (2007). The GDFM was then generalized to the presence of a block struc-
ture in the data (where blocks can be seen as spatial locations) by Hallin and Liska (2011),
and further developed in a predictive context by Forni et al. (2005, 2015, 2017). Successful
applications in macroeconomic and financial time series problems are, e.g., in Altissimo et al.
(2010); Cristadoro et al. (2005); Hallin and Trucios (2021); Trucios et al. (2022).

A second strand of influential papers considers high-dimensional factor models for time
series but of the static type in the sense that the factors are assumed to be loaded only con-
temporaneously by the observed time series, see, e.g., Stock and Watson (2002); Bai (2003);
Fan, Liao and Mincheva (2013). Contrary to the common belief that a GDFM as an equiva-
lent static representation with more factors, Gersing, Rust and Deistler (2024) show that, in
fact, the GDFM nests the static approach and it is therefore a superior approach. Furthermore,
the GDFM decomposition is not a statistical model rather a representation result (Forni and
Lippi, 2001; Hallin and Lippi, 2013). Last, Lam and Yao (2012) propose a time series factor
model with static loadings and white noise idiosyncratic components, while the GDFM puts
no restrictions on their autocorrelations.

Spatial factor models and related techniques for the analysis of large spatial datasets are
also available in the statistical literature. For instance, Christensen and Amemiya (2002) in-
troduce a generalized shifted-factor model for purely spatial data; Wang and Wall (2003)
study correlations which are caused by a common spatially correlated underlying factors;
Park et al. (2009); Bodelet and La Vecchia (2022) propose a semi-parametric (robust) factor
model for spatio-temporal data.

Last, a spatio-temporal dataset as the one considered in this paper can in principle be
described as a tensor, with one mode corresponding to the time dimension, two to the spatial
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dimensions and one to the cross-sectional units. The most natural approach for statistical
inference would then be to model data as a 3-fold tensor evolving in time, i.e., a 3-fold time
series tensor, so that its moments are estimated by taking time averages. This is in-line with
existing tensor factor model approaches (see, e.g., Chen, Yang and Zhang, 2022; Chang et al.,
2023), which, however, are only of the static type and do not embed any notion of spatial lag.
In the next section we consider the case where we unfold such a tensor into a vector and we
show that such approach does not fully capture spatial dependencies.

1.4. Outline. The paper has the following structure. In Section 2 we provide a motivat-
ing example for the necessity of introducing a new class of dynamic spatio-temporal factor
models. In Section 3 we review the main concepts for the spectral analysis of tf and for aggre-
gation. In Sections 4-5 we derive the representation theorem for the GSTFM and we define
the spatio-temporal dynamic principal components. In Section 6 we present our estimator
and its asymptotic properties. In Section 7 we introduce a criterion to estimate the number of
factors. In Section 8, we provide a pseudo code (see Algorithm 1) to implement our method
and we show numerical results on simulated data. In Section 9 we conclude. In the supple-
mentary material: we prove all theoretical results (Appendices A, B, C, E, and F), we prove
new results for the estimation of the spectral density of a spatio-temporal rf (Appendix D), we
give an algorithm to estimate the number of factors (Appendix G), we apply our methodology
to fMRI data (Appendix H), and we provide further numerical results (Appendix I).

1.5. Notation. Given a complex matrix D, we denote by DT the complex conjugate of
the transposed of D, by D T its transposed, by D its complex conjugate, and for a real matrix
D we have D =D and Df =D, A similar notation holds for complex and real vectors.
Given a complex scalar z its complex conjugate is denoted as z'. Given two complex row
vectors w = (w1 -+~ wy,) and v = (vy -+ vyy,) we let (w,v) =wol =37 wiv;f and |w|| =
\/(w,w) is the Ly or Euclidean norm. Real or integer vectors are always column vectors
and given two such vectors w = (wy -+ wy,) | and v = (vy---v,,) " welet (w,v) =w v =
Yo wiv; and |lw| = /(w,w). For a complex scalar we have |z| = Vzzt. We use the
notation £ for the Lebesgue measure either on R% or on C? or on © = [—7,7) x [—7,T) X
[—7, 7). When no ambiguity can arise, we use the shorteuts >, =, 7> 1 2> p.cz

and [gd@= [T 6, [T 6, [T d6s.

2. Motivating example. To motivate our investigation, we illustrate via numerical ex-
amples, the inadequacy of the classical GDFM by Forni et al. (2000) in the spatio-temporal
setting. Assume we are given realizations of n random variables in S; x So spatial locations
(therefore, the total number of locations is S = 5155) and T time points. We organize the
data into an n-dimensional rf

il}n:{xgg, 621,...,71, §:(8182t)T, 81:1,...,31, 82:1,...,52, t:1,...,T}.

Under our GSTFM the ¢-th component of x,, is such that xyc = x¢c + &, for { =1,... n.
The term . is called common component and it is a linear combination of g latent rf, with
g < n, located at the same spatial location and time period as well as at neighbouring spatial
points and at various lags. The term & is called idiosyncratic component and is assumed to
be weakly cross-sectionally correlated. In Theorem 4.1 we show that under the considered
setting the presence of an eigen-gap in the eigenvalues of the spatio-temporal spectral den-
sity matrix (see Section 3.2 for a definition) is a key distinctive feature. In particular, the ¢
largest eigeinvalues of the spatio-temporal spectral density matrix diverge as n — oo while
the remaining n — ¢ stay bounded if and only if the common component Y. is driven by ¢
spatio-temporal factors. As n — oo, we can then disentangle the common and idiosyncratic



5

components and, consequently, we can identify the GSTFM. This is the main feature of gen-
eral factor models, sometimes called blessing of dimensionality, as opposed to the curse of
dimensionality typically affecting large-dimensional models.

To verify this phenomenon we simulate the common component of the GSTFM with
q = 2,3 common factors, loaded according to a quite general and commonly encountered
configuration (see Model (a) in (22) for details) of the spatio-temporal dependencies. For
ease of simulation, the idiosyncratic component is generated from the standard normal dis-
tribution. Then, for different subsets of dimension m = 1,...,n we estimate the m x m
spatio-temporal spectral density matrix of x,, and we compute its ten largest eigenvalues,
averaged across all frequencies. In Figure 1, we display these eigenvalues as a function of
the cross-sectional dimension m: we clearly see that the eigen-gap becomes more and more
pronounced as m increases, a manifestation of the blessing of dimensionality.

2500 [ ‘ ‘ ‘ ‘ ] 2500 |-

2000 ! 2000

1500 - 1500

eigenvalues
eigenvalues

=)
=1
3
=)
=1
3

500 ! 500

FIG 1. Spatio-temporal dynamic eigenvalues (averaged over all frequencies) for Model (a) in (22), with n = 100,
(S1,852,T) = (10,10,100), and q = 2 (left) or g = 3 (right). The x-axis represents the dimension of the rf
m=1,...,n.

If instead we decide to resort on the extant GDFM, then the natural thing to do is to stack
at each time point ¢ the data into an n.57Ss-dimensional time series (the order in which the
locations and variables are stacked is irrelevant for this discussion):

XN:{xit, i:l,...,N, N:(nSlsg), t:1,...,T}.

Notice that the rf «,, and the time series x,y contain the same data points but encoded in
different ways. Under the GDFM the i-th component of x,, is also such that z;; = x§"™ +
&P™, for i =1,..., N, where now x5™ is a linear combination of r latent time series,
with » < N, at the same time period as well as at various lags. Given that the stacking
procedure yields a very large dataset, the asymptotic results in Forni et al. (2000) should
apply: the eigenvalues of the estimated spectral density of x,, should display an eigen-gap,
between the r-th and (r + 1)-th eigenvalues, increasing as N — oo. In fact, if there is no
spatial correlation in the data, then we would expect to have r = ¢, as the only correlations
left would be cross-sectional and temporal and the GDFM is designed precisely to capture
them. But, if there are spatial correlations, then the proposed stacking approach is likely to
be flawed: ignoring spatial correlations might lead to detect more factors due to overlooked
spatial dependencies. Indeed, if there are ignored spatial correlations, the GDFM might not
even be correctly identified. To show this, we consider again the data simulated from the
GSTFM and that yield Figure 1. We estimate the spectral density of the stacked vector x,,, for
m=1,...,N and, in Figure 2, we display, as functions of m, the ten largest corresponding
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eigenvalues averaged over all frequencies. Since now N > n, we might expect an eigen-
gap even more evident than the one clearly visible in Figure 1. In contrast, in Figure 2 no
eigen-gap is detectable at all, even for very large cross-sectional dimensions: this means that
the true number r of factors cannot be recovered and the GDFM is not identifiable in this
setting (for further details on identification of factor models, see Corollary 4.2 and the related
discussion).
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FI1G 2. Temporal dynamic eigenvalues (averaged over all frequencies) for Model (a) in (22), with n = 30,
(S1,89,T) =(10,10,100), and q = 2 (left) or ¢ = 3 (right). The x-axis represents the dimension of the stacked
vectorm=1,...,(nS159).

The above arguments illustrate a two-fold statistical problem related to the development of
a novel theory of general factor models for spatio-temporal rf. On the one hand, there is the
need for a representation theory for large-dimensional rf, which allows us to capture the com-
mon spatio-temporal factors that explain the spatio-temporal co-movements of the process.
On the other hand, there is the central need for estimation methods which have statistical
guarantees and yield an estimate of the common spatio-temporal component converging to
true spatio-temporal common component. In the next sections, we illustrate how to solve this
statistical problem.

3. Fundamental notions.

3.1. Random fields. Our object of interest is the infinite-dimensional rf on a lattice =
{0 =(T1s0) To(s ) " To(s o) )T, s €72 t € Z}. We index space-time points as ¢ =
(st)" =(s1 s2t)" €Z>, with s1, 59, and t allowed to vary independently. We remark that
we may directly extend our approach to rf observed in Z?, with d > 3. Nevertheless, we
prefer to develop our methodology when d = 3, as this case covers most real spatio-temporal
data and it also allows us to keep the notation simple. So, for any ¢ € Z3, we define the
infinite-dimensional random vector ¢ = (1 Z2.¢ - Zps - )T and for any n € N, we also
define the n-dimensional column random vector &, = (21¢ - Tpnc)  , which is an element
of the n-dimensional rf =, = {Z,,s € Z3}. Clearly, x,, is a sub-process of x.

Throughout, we let P = (2, F, P) be a probability space and let Lo(P,C) be the linear
space of all complex-valued, square-integrable random variables defined on €2. Then, if x4 €
Lo(P,C), for any £ € N, the process {z.,s € Z3} is a complex valued scalar random field
with finite variance, and for any fixed n the process {Z,c,s € Z3} is a complex valued vector
rf with all its elements having finite variance, and the process x = {z, s € Z?} is an infinite-
dimensional complex valued rf with all its elements having finite variance. Notice that the
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space Lo (P, C) is a complex Hilbert space, thus it possesses the usual inner product given by
Cov(wic, zje') = E[(wic — E(wic))(zjer — E(wjer))T], where E(wi) = [ udP(u) represents
the expected value taken w.r.t. the probability P.

Last, we define X', = span(x,,) as the minimum closed linear subspace of Ls(P,C),
containing x,, i.e., the set of all Lo-convergent linear combinations of xy.’s. Therefore, a
generic element of X', is of the form Cue =D/ >, cn D n ez D pucz Uk Togtr With
o € Cand k = (k1 ko k3) | € Z3. Moreover, define X = span(a), which is such that X =
U 1 X, and contains also the limits, as n — oo, of all Lo-convergent sequences thereof.
Hence, both X';, and X are Hilbert spaces.

3.2. Spatio-temporal autocovariance and spectral density matrices. A spatio-temporal
shift between pairs of points ¢ = (s t)| € Z3 and ¢’ = (s’ #')T € Z3 is defined as a vector
h = (s —¢') €73 such that h = ((s1 — &) (s2 — s4) (t —1))T = (h1 ha h3)T. We need
to set an origin 0 = (0 0 0) ", whose location is arbitrary, but once chosen it remains fix. To
make our theory insensitive to origin shifts, we impose space-time stationarity, which implies
that the first two moments (mean and covariance) of a space-time rf are invariant respect to
space-time translation.

To formalize this property, for any n € N and any ¢,¢’ € Z3, we define the n x n au-
tocovariance matrix: Cov(x,, ¢, ®n o) = E[(n.¢c — E[®nc])(®n.e — E[zn.e])!]. Notice that
the covariance matrix Cov(x, ¢, Z, ) is non-negative definite; see, e.g., Stein (2012, p.15).
Then, we introduce the following assumption of stationarity.

ASSUMPTION 3.1.  Forany n € N the random field z,, = {Zpc = (71¢ -~ ) |, 5 € Z3}
is such that . € Ly(P, C) for any £ < n, and, for any ¢ € Z3: (i) E(z.) = 0 and Var(z,.) >
05 (ii) Cov(Zne, Tnetn) = E(@nex! ;) = T%(h) for any h € Z°.

A few comments on Assumption 3.1. First, the zero-mean assumption can be made without
any loss of generality. Second, since, all elements of the rf x,, are in Ly (P, C) then for any
fixed n the covariance matrix I'Y;(0) is finite and so all autocovariances I'Y (h), h # 0 are

finite too. Third, note that letting I': (h) = I'? (h1, ho, h3), then the following relations holds
L5 (=h1,—ha,—hg) = T1(h1, ha, hs),  Ty(=ha, o, hg) = T3l (hy, —ha, —hs),
T (h1,—hg, hs) =T% (=hy, ho,—hg), Ti(hi, ha, —hs) =T% (—hy,—hy, hs),

which are much weaker requirements than assuming space isotropy—for which we would
have Cov(2,c, Znern) = TZ(||(hy & ho) ||, h3), thus imposing that the second-order mo-
ments are invariant under all rigid axes motions (Stein, 2012, p.17). Then, we introduce (see
Mandrekar and Redett, 2017, p. 45)

DEFINITION 3.1 (Orthonormal white noise rf). For a given finite integer ¢, let w =
{we = (wic - wye) ", s € Z3} be a g-dimensional rf such that wye € La(P,C) and E(wy ) =
0,forany /=1,...,qand ¢ € Z3. Then we call w an orthonormal white noise rf if, for any
s,¢' €73, Cov (we,we) =1, if s = ¢ and it is O otherwise.

To conduct spectral analysis we add the following

ASSUMPTION 3.2. For any n € N, the spectral measure of x,, is absolutely continuous
(with respect to £ on @), so x,, admits an n X n spectral density matrix given by

() = 3 T (h)e ),
h

where i =+/—1and 8 = (6, 63 05) " € ©.
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For a rf the spectral density matrix depends on a vector of frequencies @ (Brillinger, 1970),
and under Assumptions 3.1 and 3.2, 37(0) is Hermitian and non-negative definite (Leo-
nenko, 1999, p.13) for all @ € ® and any n € N. The lag-h autocovariance matrix is then
given by T2 (h) = g&; [ /M9 532(9)d6, for any h € Z°.

Let ¥%(6) denote the infinite matrix having the matrix 37 (8) as its n x n top-left sub-
matrix and notice again that as n — oo we allow for the possibility of its eigenvalues to
diverge (see below), while all its entries are finite by assumption. Moreover, we notice that a
g-dimensional orthonormal white noise rf has spectral density I,. Then we have

DEFINITION 3.2 (Spatio-temporal dynamic eigenvalues). For any n € N and ¢ < n, let
AZ,: ©® — R be defined as the function associating with @ € © the /-th eigenvalue in de-
creasing order of X7 (). We call A7 ,(0) the spatio-temporal dynamic eigenvalues of X7 (8).

DEFINITION 3.3 (Spatio-temporal dynamic eigenvectors). For any n € N and ¢ <n let
pr,: © — C" be such that, for any 8 € ©, the row vector p! ,(0) satisfies (i) ||p,(0)| = 1;
(ii) pigg(e)pﬁ.(e) =0, for £ # j; (iii) p},(0)37 () = A\Z,(0)p?,(0). Then, the functions
{p%,,£=1,...,n} constitute a set of spatio-temporal dynamic eigenvectors associated with
the spatio-temporal eigenvalues A7, and the rf x;,.

Hereafter, we also assume strict positive definiteness of X (0)
ASSUMPTION 3.3, Forany n € Nand £ <n,and any 8 € ©, A7 ,(0) > 0.

REMARK 3.1. Following Forni and Lippi (2001, Lemma 3 and 4), one can easily prove
that: (i) the real functions A7, are Lebesgue-measurable and integrable in @, for any given
n € N and ¢ < n; (ii) A?,(0) is a non-decreasing function of n, for any 8 € ©. In particu-
lar, from (ii) it follows that, for all 8 € ©, lim,_,c A?,(0) = sup,,cy A%,(0), and it is well
defined for any ¢ < n.

3.3. Spatio-temporal linear filters. First, for any n € N and £ < n, let us consider the
three linear operators, L; : X, — X, j = 1,2,3, such that, for any ¢ € 73,

(D Ly Tog = Tp(s,—1 55 t) Lo Leg = Lh(sy s5—1 1) Ls Lo = Ty(sy sy t—1)>
so that when L; is applied to the vector @, it shift all its n components along the space or
time dimension. L; and L act on the (spatial) dimensions of the lattice (see Whittle (1954)),
while L3 is the usual time lag operator. We also set L. = L1 Lo L3 and L* = L'flL§2L§3. The
operators are commutative, e.g. L1 LoLgxyc = L3L1Lo xyc. In Lemma A.1 in Appendix A,
we show that L; are unitary operators that can be extended to X'.

Second, consider a generic n-dimensional row vector of functions f,, = (f1 --- f,) with
fe : ® — C being measurable for any ¢ < n and such that the following conditions hold:

D) | £al3: = 555 Jo Fa(B)Z5(8) £1(6)d6 < oo, and (i) || full? = || full}, < oo, respec-
tively. The space of such functions is a complex Hilbert space denoted as Ly (®,C, X" 1),
obtained from the intersection of two Hilbert spaces each endowed with inner products de-
rived from one of the two norms defined above.

Third, consider the map 7 : L (©®,C, X7 1,,) — X, such that, for any n € N and £ <n,

() J [(561 g 5én)€i<§7.>] =y, foranyge Zg’

where g, = 1 if k = ¢ and 6y, = 0 if k # £ and ¢S stands for the mapping 6 — €(s:0)
from © to C. Thus, we have

(3) Lanc=J [Lnei<(sl—1 sa—1 t_1)T7.>} —7 [Lne—z‘<(1 1 1)77.>ei<§,-)] ’
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where ¢, is an n-dimensional vector of ones. In Lemma A.2 in Appendix A we prove that
J is an isomorphism (that is, [ preserves the inner product and is one-to-one), also called
canonical isomorphism, and it can be extended to the Hilbert space of infinite-dimensional
functions f, with norms ||f||%. = lim, oo ||fn\|22gr < oo and || F]|? = limy, e || Fnl]? <
oo. Notice that J is an isomorphism between the measure spaces (©,B(®),L) and
(X, B(C™), L), where B(®) and B(C") are the Borel o-fields on ® and C", respectively.
The definition of 7 extends to our setting the classical isomorphism typically applied in time
series analysis (see e.g. Brockwell and Davis, 2006, Section 4.8).
Now, for any f, € L5 (0©,C, X7 1,,) consider the Fourier expansion

“) Fu(0) =" faxe ™0,

KEZ3

! / %0 f.(6)de.

5 fnnzi
() 87T3 )

where the convergence in (4) is in the sense of the Lo-norm, and {f,,, k € Z3} are the Fourier
coefficients.

Since also (f,.e %)) € L}(®,C, X2, 1,,), then we apply to it the canonical isomor-
phism J to map it into elements X,,. This defines the filtered processes associated to f,,

©) £ (L)@ne =T [ foe'].

Therefore, from (4), (5), and (6), and by linearity of the canonical isomorphism, we have

(7 in(L)xnc = annLRmnc = {Z |:817T3 /@ €i<n’0> fn(B)dO] LR} Tne,

which defines an n-dimensional linear spatio-temporal filter. Note that f (L)xns € X' is

the isomorphic map of (f,e!s)) € L3(®,C, X% 1,), that is multiplications become con-
volutions via the isomorphism 7 and viceversa via 7 ~!. Hereafter, the composition of two
linear filters, is denoted as

1 4
(8) gn(L) *in(L)mnc = {Zﬁ: |:87T3 /@ el<n’0>gn(0)fn(0)d0] LR} Tng-
3.4. Aggregation, common, and idiosyncratic components. Our approach is based on
spatio-temporal aggregation of rf. To introduce the key tools needed for our development,
we start by

DEFINITION 3.4 (Spatio-temporal aggregation of rf). For any n € N, consider an n-
dimensional row vector of functions a,, € L5(©,C, X,,,I,,). The sequence {a,,n € N} isa
spatio-temporal dynamic averaging sequence (STDAS) if

1 1/2
. T L + _
nh_}n;o llan| = nh_)r{)lo (8773 /@ an(O)an(H)d0> 0.
Moreover, we say that ¥ is an aggregate if for any ¢ € Z3 there exists a STDAS {a,,,n € N}
such that lim,,~ @,,(L)Z,c = ye in mean-square and yc € X. We denote the set of all
aggregates by G(x) and we refer to it as the aggregation space of X.

Intuitively, the aggregation via a STDAS corresponds to averaging an infinite-dimensional
rf both in the cross-section and in the space-time dimensions, simultaneously. Notice that,
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because of the definition of X', any aggregate, i.e., any element of G(x), has variance either
finite strictly positive or zero. By generalizing to rf the definitions given by Forni and Lippi
(2001) and Hallin and Lippi (2013), we have

DEFINITION 3.5 (Idiosyncratic and common components). We say that an infinite-
dimensional rf w with elements wy, € X for any ¢ € Z3 and ¢ € N (i) is idiosyncratic
if for any ¢ € Z3 and any STDAS {a,,n € N}, lim,, o @,,(L)wyc = 0 in mean-square;
(ii) is common if it is not idiosyncratic, i.e., if there exist ¢ € Z* and STDAS {a,,n € N},
limy, o0 @, (L)wpe = y¢ in mean-square such that y¢ € X and 0 < Var(y) < oo.

Hereafter, we also refer to the components w, of w as idiosyncratic or common if w is
idiosyncratic or common, respectively. Note that if w is idiosyncratic then G(w) = {0}, that
is it contains only the zero element. In contrast, if w is common, by aggregating it we get a rf
with finite and strictly positive variance, in other words, G(w) contains only non-degenerate
rf. This yields

DEFINITION 3.6 (Common factors). Given an n-dimensional rf «,, with elements z,¢ €
X for any ¢ € Z3 and ¢ < n, we say that a scalar rf w is a common factor if there exists
a STDAS {a,,n € N} such that w¢ = lim,,_,o @,,(L)Zne in mean-square, we € X, and
0 < Var(wg) < oo.

Clearly, by comparing Definition 3.6 with Definition 3.5(ii) we see that the common fac-
tors are elements of the aggregation space of the common components. Last, since G(x) in
Definition 3.4 is a closed subspace of X', we provide the following

DEFINITION 3.7 (Canonical decomposition). For any ¢ € N and any ¢ € Z?3, the orthog-
onal decomposition: z,c = proj(xsc|G(x)) + dyc is called the canonical decomposition of the
rf Lyg-

4. The General Spatio-Temporal Factor Model as a representation result. We show
that any n dimensional rf x,,, satisfying Assumptions 3.1-3.3, can be summarized by its pro-
jection, X, on a g-dimensional sub-space generated by g cross-sectional and spatio-temporal
aggregations of the components of x,,, where ¢ is a given finite positive integer indepen-
dent of n. The rf x,, is such that as n — oo it survives under cross-sectional and spatio-
temporal aggregation, i.e., it converges in mean-square to a nonzero finite-variance rf. The rf
&, = x, — X, instead vanishes under cross-sectional and space-time aggregation as n — co.
Hence, according to Definition 3.5, the elements ,, are common rf and the elements of &,
are idiosyncratic. Intuitively, the distinct asymptotic behavior of the two components under
aggregation means that if any pervasive signal is present in x,, an aggregation operation
should help recovering it as n — oo and the signal will appear in the elements of x,,.

Denote the linear sub-space generated by all components of an idiosyncratic rf (which are
scalars) as X' C X and the linear sub-space generated by all components of a common rf
as X" C X. Then, by Definition 3.5, we have (¢ denotes the direct sum of two sub-spaces)

(9) X — Xcom @ Xidio.

Therefore, any element of a stationary rf x,, satisfying Assumption 3.1 can be decomposed
as the sum of its linear projection onto the the common sub-space, X", plus its linear pro-
jection onto the orthogonal complement, X', This is the essence of our dynamic spatio-
temporal factor decomposition, see Hallin and Lippi (2013) in the GDFM case.

If we now assume the existence of a spectral density matrix as required by Assumption
3.2, and of a finite number of factors ¢ independent of n, we can further characterize the
decomposition implied by (9) by means of the following
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DEFINITION 4.1 (g-General Spatio-Temporal Factor Model). Let ¢ be a non-negative
integer. We say that the rf & = {zy.,¢ € N, ¢ € Z3} with x4c € Lo(P,C) is represented as a g-
General Spatio-Temporal Factor Model (¢-GSTEM) if Lo (P, C) contains: (a) an orthonormal
q-dimensional white noise rf u = {u¢ = (u1¢ -+ ug) ", s € Z3}; (b) an infinite-dimensional
if € = {&4, ¢ € N, g € Z3}; both fulfilling Assumptions 3.1 and 3.2 and such that:

(i) for any ¢ € N and any ¢ € Z3

(10) Tos = Xes + ‘fﬂca

q
(11) Xes =by(L)ue =Y > byjnttjc—r,

K j=1

thus defining an infinite-dimensional tf x = {xs,? € N,s € Z3};
(i) letting by;(0) = 3", brje 0, j=1,...,q,0 € ©, and by(8) = (b1 (0) - - - byy(0)),
it holds that [|be||? = g5 [ be(6)b}(8)dO < oo;
(iii) forany /€N, j=1,...,q,and 5,6’ € Z? such that ¢ # ¢’, it holds that E[¢;cujc/] = 0.
Furthermore, for any n € N consider the n-dimensional sub-processes X, = {Xnc =
(X1c " Xne)T,S €Z3} and &, = {€pe = (E1¢ - &ne) T, s € Z3}, with j-th largest dynamic
spatio-temporal eigenvalues \X ;(0) and )\fL ;(0), respectively, then
(iv) inf{M : £[0 : lim, 00 XS, (8) > M] =0} < o0;
(V) limy, 00 A¥g(0) = 00, L-a.e. in O.

Hereafter, we refer to the infinite-dimensional rf )y and £ as the common and idiosyncratic
components of the representation (10). Indeed, part (iv) implies that £ is idiosyncratic, since,
as proved in Proposition B.7 in Appendix B.2, a rf is idiosyncratic if and only if its dynamic
spatio-temporal eigenvalues are essentially bounded functions. Moreover, since by part (iii) £
and x have orthogonal elements, then x cannot be idiosyncratic, hence it is common. Since
the elements of x and £ belong to X" and X', respectively, the ¢-GSTFM representation
of Definition 4.1 and (9) yield equivalent decompositions.

There are essentially two ways to obtain a ¢-GSTFM. On the one hand, one may assume
that the rf spatio-temporal dynamics can be modeled as in (10)-(11), mimicking the approach
in Forni et al. (2000). On the other hand, one may find a set of very mild assumptions such
that a spatio-temporal rf can be represented as in (10)-(11), extending to the rf setting the
results of Forni and Lippi (2001). In what follows, we consider the latter approach, which is
more general and powerful than the former one: indeed, (10)-(11) is a representation which
holds under Assumptions 3.1-3.3, only, and it is not a model imposed by the statistician. The
main result of this section is the following

THEOREM 4.1. Under Assumptions 3.1-3.3, the rf x is represented as a q-GSTFM as
in Definition (4.1) if and only if (i) inf{M : L[6 : limy, 00 A}y 41(8) > M] = 0} < oo,
(ii) limy, .00 A7, (0) = 00, L-a.e. in ©.

It follows that the presence of an eigen-gap in the dynamic spatio-temporal eigenvalues
of the infinite-dimensional rf x is a necessary and sufficient condition for the ¢-GSTFM to
hold. To this end no assumption is needed other than Assumptions 3.1-3.3, which are very
mild. Notice also that the case ¢ = 0 is possible, in which case x is purely idiosyncratic.

An immediate consequence of Theorem 4.1 is the following

COROLLARY 4.2. If x is represented as a q-GSTFM as in Definition (4.1), then
span(x) = span(u) = G(x) and x¢c = proj(zec|G(x)). Moreover, the number of factors q,
the common component X, and the idiosyncratic component &, are uniquely identified.
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From Corollary 4.2 and Definitions 3.6 and 3.7, it follows that u is a vector of common
factors, and the factor decomposition implied by (9) is equivalent to the canonical decom-
position. Uniqueness of the latter implies uniqueness of the ¢-GSTFM. In other words the
q-GSTFM is identified. It has to be stressed though that, since the definition of common and
idiosyncratic components hold in the limit as n — co (see Definition 3.5), identification is
achieved only asymptotically. Indeed, as shown later, if n is fixed no consistency result can
be derived when we estimate the model.

The g-GSTFM in Definition 4.1 has two distinctive properties. First, differently from the
GDFM, the common component in (11) accounts for the spatio-temporal dependence. The
g-dimensional rf of factors w is loaded by each element of = dynamically in time (possibly
in a causal way, see Remark 6.3) and in space, since the filters depend on both dimensions.
This means that, being a rf, a common shock to & can impact different points in space hetero-
geneously at the same time and at different points in time and it can impact also the variables
observed in a given point in space at different times. Second, we do not impose any specific
structure on the second moment of the of vector of idiosyncratic components £ whose ele-
ments can be both cross-sectionally and spatio-temporally cross-auto-correlated, as long as
part (iv) is satisfied.

We conclude with a series of remarks about Definition 4.1 and Theorem 4.1.

REMARK 4.1. Because of Remark 3.1, the function lim,,_ o )@Eq is the g-largest dy-
namic spatio-temporal eigenvalue of the infinite-dimensional rf :x, and, similarly the function
limy, 00 )\fﬂ is the largest dynamic spatio-temporal eigenvalue of the infinite-dimensional rf
&. Now, by part (v) of Definition 4.1 the former is to be intended as an extended function
in the sense that its value is infinite but measurable (Royden and Fitzpatrick, 1988, p. 55),
while, by part (iv) the latter is instead an essentially bounded function (Rudin, 1987, p. 66). It
follows also that there exists a finite C' > 0 independent of € such that: lim,, /\21(0) <,
L-a.e.in ©.

Moreover, by the monotone convergence theorem, Remark 3.1, and part (iv) in Definition
4.1, we have

: 3 _ : 3
nlirgo o X,,1(0)d6 = /@nlgrolo X,1(0)de < C.

This, in turn implies that the idiosyncratic covariance matrix T'%,(0) = E(£,,c£6¢ ) has largest

eigenvalue Mfﬂ such that

=t e 07 (| S6000) 0 i 350100 <
The latter condition is the usual assumption made in the vector static factor model literature to
characterize an idiosyncratic component (see, e.g., Forni et al., 2009). Notice, however, that
(v) in Definition 4.1 in general does not imply that the common covariance matrix I'X(0) =
E(meLg) has eigenvalues diverging as n — oo, for the effect of common factors might
be just lagged and not contemporaneous, in which case only the products T'% (k)T (&) for
x # 0 will display diverging eigenvalues. This aspect has been studied by Lam and Yao
(2012) in the vector case.

REMARK 4.2. A sufficient condition for part (ii) in Definition 4.1 to hold is to ask for
square summability of the coefficients of the linear filter b,(L), i.e., to assume >, |bgj . |* <
C for some finite C' > 0 independent of j. Indeed, by definition

1 q
2 _ 2 o2
| bg|| _87r3/@ g E bej il degjiri??iq E& [bejel” < C.

=1 kK
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REMARK 4.3. Theorem 4.1 characterizes the class of rf which admit the g-GSTFM in
Definition 4.1. In general, neither the g-dimensional orthonormal white noise rf w nor the
filters b,(L) in (11) are identified. Indeed, if (10) and (11) hold, then infinitely many other
equivalent representations of ¢ are obtained by setting x,c = m,(L)z for a g-dimensional
if z such that z,c = D(L)ug, my(0) = by(0)DT(8), with D(8) which is ¢ x ¢ and such
that | D> = gL; [ D(6)D'(6)d6 < oo and DT(8)D(6) =1, for all € ©. It follows that
z is also a g-dimensional orthonormal white noise rf. In fact, if DT(8) were not orthogonal,
as assumed, but just invertible, we could still find equivalent representations of x,. where,
however, z would no more be a white noise rf, but it is a rf autocorrelated in both the spatial
and time dimension.

REMARK 4.4. The proof of Theorem 4.1 is rather technical and lengthy and is given in
Appendix B. The necessary condition part (“only if”) is is easy to prove (see Appendix B.3).
Indeed, by Weyl’s inequality (see Appendix B.1), it is straightforward to see that if (iv) and (v)
in Definition 4.1 hold then (i) and (ii) in Theorem 4.1 hold. The sufficient condition part (*if”’)
is more difficult to prove and it based on a series of intermediate results. In a nutshell, in the
proof we proceed by first constructing a g-dimensional orthonormal white noise vector rf, z,
say (see Proposition B.5). Then, we show span(z) = G(x) (see Proposition B.6). It follows
that the canonical projection xyc = proj(zec|G(x)) + s, is such that Jyc is idiosyncratic
(Propositions B.7 and B.8), hence proj(xs|G(x)), being orthogonal to dy, is common. The
proof is completed by means of the arguments in the following remark on the identifiability
of the white noise.

5. Recovering the common component - Population results. From Corollary 4.2, it
follows that, given an observed n-dimensional rf x,,, common factors are obtained as limits
as n — oo of aggregates of x,, and the common component is obtained by projecting x,, onto
such factors. Indeed, projecting onto the aggregation space of & or onto the aggregation space
of the common component is equivalent, since the aggregation space of the idiosyncratic
component contains only the zero element.

In this section we prove that among all possible ¢ dimensional aggregates which we can
project x,, on, the first g-dynamic spatio-temporal principal components, obtained from the
spectral density matrix 37 () (see Definition 5.1 below), are the optimal ones in the sense
that they are those with largest variance, hence satisfying a discrete version of the optimality
property of the Karhunen-Loe¢ve expansion (see, e.g, Hallin, Hormann and Lippi, 2018, for
the GDFM). In Theorem 5.1 we prove that by projecting x,, onto such aggregates we can
recover the common component X, in the limit n — co.

The canonical decomposition in Definition 3.7 is optimal in the sense that, by definition
of linear projection, it minimizes the variance of the residual idiosyncratic term. However, to
achieve such decomposition in practice we need to define a basis for the space of aggregates
G(x) to project an the elements of  onto. Therefore, given a ¢-GSTFM in Definition 4.1 all
we need to do is to find a g-dimensional rf of common factors, which, because of Definition
3.6 belong to G(x), have finite and strictly positive variance. Moreover, we shall require this
q-dimensional rf of factors to be an orthonormal white noise rf.

The definition of common factors holds asymptotically, but in practice we deal with a
given fixed n, then, for such given n and any j =1,..., ¢, we should look for those weights
{@nj, k € Z3}, such that a,;(L)Tns = > 1 Onjk®n c—rk, has maximum variance. In view
of the canonical isomorphism in (6), we shall then consider the equivalent maximization
problem in the frequency domain, i.e., for any 8 € ® we shall solve:

(12) max 0, (0)Z5(0)e (0) st. [lanl| =1, oy 0l =0, jk=1,...,q j#k
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Notice that the objective function is the variance of the discrete Fourier transform of
gnj(L)wm-. For any given 8 € O, the solution of (12) is clearly given by the eigenvector
p;,;(8) of the spectral density matrix 37 (6) corresponding to the j-th largest eigenvalue
Ay j(B), see Definition 3.3. For any j =1, ..., ¢, to this solution corresponds a scalar filtered
rf {B;”Lj(L)wng, 6 € Z3} which has spectral density A2 ;(0) and variance [g A7:(8)d6. So the
first, 7 = 1, dynamic spatio-temporal principal component has largest variance as expected.
Moreover, these rf are orthogonal contemporaneously and at any spatio-temporal shift, in-
deed, for j # j', we have E[(Bflj(L)mng)(Bij, (L), )] = 0 forall g,¢" € Z3. Notice that if
E(x,¢) = pn # 0 then the filtered process should be defined as szj (L)(xne — mn), hence,
they always have zero-mean.

However, the ¢ filtered processes defined by solving (12) cannot be directly used as a
basis for G(x) for two reasons. First, they are not white noise rf. Second, and most im-
portantly, as n — oo, their variance is not finite, indeed, under a ¢-GSTFM, we know that
lim,,— o0 )\ﬁj(e) =oo forall j =1,...,q. Therefore, we need to rescale and whiten those rf.
This is accomplished by means of the following (recall the notation in (8)).

DEFINITION 5.1 (Normalized dynamic spatio-temporal principal components). For any
n € N and ¢ < n, the filtered rf processes

1
873

wzzz[wn1/2*pz£<L>azn<:{Z[ [ o0 25z (0)a0) L}az

form a set of normalized dynamic spatio-temporal principal components associated with &,,c.
Notice that this definition makes sense since Assumption 3.3 implies that [A\%,(6)]~!
is finite for any n € N and ¢ < n. Now, for any n € N, define the rf " = {¢] =

(o -wgc)T , 6 € Z3}. Then, from Definition 5.1 we have:

(13) Y =[A,(L)] V2% P, (L)&ns,

where the linear spatio-temporal filters A,,(L) and P, (L) are, respectively, obtained from
the ¢ x ¢ diagonal matrix A, (@) having as entries the dynamic spatio-temporal eigenval-
ues A7:(0), for j=1,...,q, and the ¢ X n matrix P,(6) = (pL{ (0)---pi) (0)) hav-
ing as rows the ¢ corresponding dynamic spatio-temporal eigenvectors. Now, let ®,,(0) be
the n — ¢ X n — ¢ diagonal matrix having as entries the dynamic spatio-temporal eigen-
values )\ﬁj(e), for j=q+1,...,n, and let Q,(€) be the n — ¢ x n matrix having as
rows the n — ¢ corresponding dynamic spatio-temporal eigenvectors. Then, for all 8 € ©,
37 (0) = Pl(6)A,(0)P,(6) + QL(0)®,,(8)Q,(8). Therefore, since I, = P, (6) P, (6) +
QL(G)QH(B), from (13) we immediately see that 1™ has spectral density I,, hence it is a
g-dimensional orthonormal white noise rf as required. By letting n — oo, we obtain from "
the basis for G(x) we are looking for. This is formalized by means of the following

THEOREM 5.1.  Forany n € N and { <n, denote by «,,,(L) the {-th q-dimensional row
ofBL (L). Suppose that (i) and (ii) of Theorem 4.1 and Assumptions 3.1-3.3 hold. Then, for
all s € 73, 1imy, 00 7000 (L) % Ar/ (L) = 1im,, 00 70,0 (L) * P, (L)ane = Xee in mean-

square.

This result provides the basis for our estimation approach. It implies that if, for a given n €
N, we knew the spectral density matrix of x,, then, for any / < n and ¢ € 73, an estimator
of the common component would be:

(14) X =70, (L) % Py (D)ng = K2y (L)@, say.



15

This is a consistent estimator since as n — oo it converges in mean-square to the unobserv-
able common component ;. Notice that since we are dealing with projections the rescaling
by means of the eigenvalues introduced in Definition 5.1 is actually not needed in practice,
as we just need the eigenvectors.

REMARK 5.1.  For any n € N, let P,X(0) be the ¢ x n matrix having as rows the spatio-
temporal dynamic eigenvectors of the spectral density matrix of the common component
3% (). Let also PX(L) the associated linear spatio-temporal filter and for any ¢ < n, denote
by w*,(L) the {-th g-dimensional row of PX(L). Then, since rk(3%(8)) =g forall n € N
and L-a.e. in ®, we immediately see that, for any £ <n and ¢ € 73, we can always write:

(15) Xts —7" (L) x PX(L)Xns = (L)*PX(L)xnc :Kzg(L)xno say,

because Cov(Xne, &ne) = 0 for all ¢,¢’ € Z3. This, together with (14), implies that, as n —
0, the coefficients of K7 ,(L) converge in mean-square to the coefficients of KX ,(L).

REMARK 5.2. In general, the dynamic spatio-temporal eigenvectors are complex vec-
tors. However, for any n € N, we know that I, = P.” (8) P, (0) + Q, (8)Q,,(0), and that the
spectral density matrix is Hermitian, i.e., £%(8) = 327 () = 3% (—6) and A,,(0) is a real
matrix. Therefore, we can always impose p?,(—6) = p?,(0) for all £ < n. This implies that
Jo e 0 [\z,(8)]~1/2p?,(0)d8 is always a real number, and, thus, the normalized dynamic
spatio-temporal principal components are real rf, see also Hallin, Hormann and Lippi (2018).

6. Recovering the common component - Estimation.

6.1. Estimation in practice. The population results derived in Section 4 show that the
spatio-temporal common component X, can be recovered as n — oo from a sequence of pro-
jections, see Theorem 5.1. The filters needed to define this projection are given in Definition
5.1 and depend on the dynamic spatio-temporal eigenvalues and eigenvectors of the unknown
spectral density matrix.

Let us assume now to be given a finite n-dimensional realization «,, of the infinite-
dimensional rf & over S7 X S5 points on a 2-dimensional lattice and over 1" time periods.
In order to proceed we need to fix the origin of the lattice, because of stationarity this can
be chosen arbitrarily in any location of Z2. Here we adopt the convention that the point
(s1 s2) = (1 1) corresponds to the South-West corner of the given lattice. Then, index s;
grows by moving East while the index so grows by moving North. With this definition of the
spatial coordinates, our observations are collected into the n x S1.527-dimensional matrix:
e =205, 55 1), £=1,...,m, 51 =1,...,81, s2=1,..., 8, t=1,..., T}

If the spatio-temporal dynamic eigenvalues of x,, satisfy Theorem 4.1, then, according
to the ¢-GSTFM, forall /=1,...,n,s1=1,...,51,s20=1,...,5,and t=1,...,T we
can Write Ty(s, s, ) = Xe(sy 52 t) T St(sy s t)» Where xy is the common component and & is
idiosyncratic. For any given n, we denote as x,, and &, the n-dimensional rf of the common
and idiosyncratic components. Throughout this section we assume that the number of fac-
tors, ¢, driving the common component is known (see Section 7) and we now describe our
estimation strategy.

Let 6; = (s11 512 t1) " and 63 = (521 822 t2) |, then an estimator of X2 (8) is
(16)

51 52
1 ( )"

S2(9) =
S1,S2= 1 1 1)T

811 — S21 812 — S22 t1—12\ _itci—c, 0
K K. K i{s1—62,0)
S18:T 2 Tntis 1( Bg, > 2( Bs, ) 3( Br >e ’
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with K (+), Ka(+), and K3(-) being kernel functions and Bg, , Bg,, and By being bandwidths,
whose properties are discussed later.

In agreement with the population results of Theorem 5.1, the common component is es-
timated by projecting x,, onto the space spanned by linear filters generated by the ¢ lead-
ing spatio-temporal dynamic eigenvectors. For all 8 € ® let us denote by 13n(0) the ¢ x n
matrix having as rows the spatio-temporal dynamic eigenvectors of f]ﬁ(@) and, for any
¢=1,...,n,let w,(0) the ¢-th g-dimensional row of PT(O) and, in agreement with (14)
define i(\;fe(e) = 70(0) P, (), generating the linear filter Kng(L). Now, since KZK(L) isin
general infinite and two-sided, but x,,¢ is not available for ¢ < (111) and ¢ > (S; S2 T'), we
consider instead a truncated linear filter, whose definition depends on the space-time location

¢ =(s1 s2t)" in correspondence of which the filter is applied to x,,. Namely, we consider
(17)

TR S Z ([ Ratorece o) sy sy,

K1=FK,(81) Ka=F,(52) K3=kK,

where, for some integers Mg, < S1, Mg, < .S2, and M7 < T, we defined

k1 (s1) = max{s; — S1,—Msg, }, R1(s1) =min{s; — 1, Mg, },
(18) ﬁQ(Sg) = max{82 —Ss, —MSQ}, EQ(SQ) = min{SQ — 1,M52},
K3(t) =max{t — T, —Mr}, R3(t) =min{t — 1, Mp}.

For any given £ = 1,...,n and any ¢ = (s1 so t)' such that sy =,1...,51, so=,1...,59,
andt=1,...,T, the common component is then estimated as

(n) _ 7305

(19) Xoo = K (L) Xns.

REMARK 6.1. In practice all estimated quantities in the frequency domain, as 3% (8),
ﬁn(e), and K +:(0), should be computed only for a finite number of frequencies, defined
as Bh = ((917}11 92,}12 93yh3)T, with 917}“ = 7Th1/B51, 92,h2 = th/BSQ, and 03,h3 = 7Th3/BT,
for integers hy = —Bg,,...,Bs,, ha = —Bg,,...,Bg,, and h3 = —Br,..., Bp. For sim-
plicity, in this and the following sections we implicitly assume the identities f@ do =
D ha|<Bs, 2olha|<Bs, 2o|hs|<Ba 8m3 = (2Bg, +1)(2Bs, + 1)(2Br + 1), and supgeg =
MaX|hy|<Bs, MAX|h;|<Bs, MaX|hy|<Br-

REMARK 6.2. Our approach allows us to directly estimate the common components.
Differently, if one were interested in estimating the dynamic spatio-temporal principal com-
ponents as given by Definition 5.1, one would need an estimator of the spatio-temporal dy-
namic eigenvectors matrix P, (@) that is smooth with respect to 8. To this end one may
consider employing the v/2-estimation procedure, see Motta, Wu and Pourahmadi (2023).

6.2. Assumptions. For estimation we need to add few more assumptions. First, the
GSTFM has two-sided filters as defined in (11), however, it is desirable to have one-sided
filters in the time dimension. This can be obtained by imposing the following

ASSUMPTION 6.1. For any ¢ € Z° and £ € N: (i) x¢c = ¢/(L)vs = Y., pczdme—o
Z?Zl%,nvj,g,m where {v¢ = (vic - vg)',s € Z3} is an ii.d. g-dimensional zero-
mean orthonormal f; (i) & = B,(L)es = >, 0 D0 o D5y BujkEje—k» Where {e¢ =
(€16 €2¢ - -+ )T, S E Z3} is an 1.i.d. infinite-dimensional zero-mean orthonormal rf; (iii) For
any ¢’ €Z3,any j=1,...,q,and any i € N, Cov(vj¢,e;c) = 0.
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The existence of one-sided time representations in parts (i) and (ii) is a mild one. For the
idiosyncratic component, our requirement is for the Wold representation to exist also for an
infinite-dimensional process. For the common component, which is singular, the existence of
the assumed one-sided representation has been investigated by Forni et al. (2015) in the pure
time series case (see also Remark 6.3 below). Notice also that Hallin and Lippi (2013) derived
an analogous of our Theorem 4.1, where only one-sided filters are used. Such approach,
however, does not ensure the existence of a g-dimensional white noise rf driving the common
component, and its existence is instead assumed. For the common component the two-sided
representation in space is implied by the g-GSTREF in Definition 4.1, and for the idiosyncratic
component we make an analogous assumption but based on an infinite-dimensional white
noise rf.

By means of parts (i) and (ii) we also strengthen the conditions on the rf v and € which
are now independent along the spatio-temporal dimensions. Note that the independence as-
sumption could be relaxed. For example we could just assume v and &, to be martingale
differences in the time dimension so to allow for conditional heteroskedasticity in time (see,
e.g., Barigozzi, Cho and Owens, 2023).

Part (iii) implies orthgonality of common and idiosyncratic components at all leads and
lags consistently with the GSTFM in Definition 4.1.

REMARK 6.3. If for any fixed n € N the n-dimensional vector of common components
has a spectral density matrix Z%(O) which is a rational function of 63, then, from Rozanov
(1967, Ch.1, Section 10) it follows that, for all # < n and ¢ € Z3,

ae] (Lla L2yL3

~1
Xt = Z d— Z Z Z ag] (k1 K2 K3) LHILK/ZLHS Z dgj hs ]
j=1 ej( j=1 k1,k2€Z k3=0

for some finite positive integers p; and py, which, without loss of generahty we can as-
sume to be independent of ¢. Moreover, d;;(z) # 0 for all z € C such that |z| < 1, and
agj(z1,22,23) # 0 for all z3 € C such that |z3| < 1. By defining fy;(03) = [dy;(03)] 7 =
Zz.;:o fgj’ﬁse_“’%a@, it follows that

q e ¢} P1
K A% Kz
X6 =D D DD s ke my) s —my LY L5 L5 g,

7=1 K1,k E€Z k3=0m3=0

which, by setting ¢y (x, wy k) = ngazo Agj (k1 ks ma)iljms—ms» coincides with Assumption
6.1(i). Thus, for all n € N and all ¢ € Z, v, € Span(Xne_r, & = (K1 Ko K3) ', K1, ko €
Z,k3 > 0), i.e., v is fundamental for x,,. The generalization of this reasoning to the infinite-
dimensional process x is considered in Forni et al. (2015, Lemma 1 and 2) in the case of
pure time series, where it is shown that, under rationality of the spectral density, then funda-
mentalness of v is always true for any n > ¢ generically, i.e., for any value of the coefficients
cgj such that Assumption 6.1(i) holds with the exception of a zero-measure set (see also
Anderson and Deistler, 2008).

The coefficients of the representations in Assumption 6.1 are characterized by

ASSUMPTION 6.2. For all /€N, j=1,...,q, and k& = (k1 k2 k3)' € Z? x Np:
() |eeji < Aé]pidm X‘“'pé"%, for some finite pY, pJ, p5 € (0,1) independent of ¢, j, and
x, and some finite AX] > 0 independent of x and such that 23:1 Aé < AX, for some finite
AX > 0 independent of ¢; (ii) |Byj.| < AEJ/}?'M‘ Slra| 553 , for some finite pﬁ,pg,pg €(0,1)
independent of ¢, j, and k, and some finite Ae ;> 0 independent of x and such that
Z;; Agj < AS and Py AEj < AS, for some finite A¢ > 0 independent of £ and j.
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This assumption implies square-summability of the coefficients of the filters, which for
the common component is a sufficient condition for (ii) in Definition 4.1 to hold, see Remark
4.2. This assumption has three other important implications. First, part (ii) implies that the
largest spatio-temporal dynamic eigenvalue of &, satisfies (see Proposition E.1 in Appendix
E)

(20) sup lim )\gl(é?) <C,

for some finite C' > 0. Hence, according to (i) in Theorem 4.1, &, is effectively an idiosyn-
cratic component. Second, the generic (4, j)th element of the spatio-temporal spectral density
matrix has first derivatives with respect to the components of 8 which are uniformly bounded
over all ¢, j and @ (see Forni et al., 2017, Proposition 2, for the pure time series case).
Third, in part (i) we do not require summability of the coefficients along the rows, so that
the spatio-temporal dynamic eigenvalues of x,, can be diverging with n. Divergence of those
eigenvalues is made formal by means of the following assumption which strengthens (ii) in
Theorem 4.1:

ASSUMPTION 6.3. Forall j=1,...,¢q — 1 there exist continuous functions 6 — w;(0)
and 0 — w;(0) such that for all 8 € ® 0 < w;41(0) < lim, /\"%1(9) <wj;+1(0) <
w;(8) <limy, o0 22 < 5,(0) < o0.

The requirement of linearly diverging eigenvalues is standard in the factor model literature.
It implies that here we are dealing only with factors which are pervasive for the whole cross-
section, which in turn implies that the ordering of the cross-sectional units is irrelevant for
estimation. We also stress the fact that we do not require distinct eigenvalues. We just need the
model to be identified and this is always the case as long as we have an eigengap, diverging
with n, between the gth and the (¢ + 1)th dynamic spatio-temporal eigenvalues, as guaranteed
by Lemma E.5 in Appendix E.

We do not make any distributional assumption and we require only the following moment
conditions

ASSUMPTION 6.4. Forall j=1,...,qgand ¢ € N, max {E (Jup|?) ,E (Jejc|P)} < A, for
some p > 4 and A > 0 independent of j and /.

Two technical assumptions are also required. First, we characterize the kernel functions
and bandwidths needed to estimate the spectral density matrix and the truncation levels in
(18) by the following

ASSUMPTION 6.5. (i) For any [ = 1,2, 3, the kernel functions K; : [-1,1] — R™ are
symmetric and bounded, and such that (a) K;(0) = 1; (b) for some ¥; > 0, |K;(u) — 1| =
O(lul™) as u— 0; (¢) [ K7 (u)du < 005 (d) Yo, ez 5UPp, —py <1 K1 (hiu) — Ki(hou)| =
O(1) as u — 0. (ii) The bandwidths are such that ¢; S? < Bg, < c2S%, CTSST < Bg, <
3852, and T < Bp < ¢5*TY", for some ¢y, ¢, cl, c5,¢i* ¢y > 0and 0 < by < by < 1,
0< bt <by<1,0<b*<by < 1. (i) d15" < Mg, < doSP?, di S5 < Mg, < d3S%2,
and dI*TP7 < My < d3*TP2", for some dy,ds,d},d5,di*,d5* >0 and 0 < p; < pe < 1,
0<p] <p5<1,0<pi*<p3* <L

Part (i) and (i1) are standard. Part (ii1) controls the truncation of the linear filter defined in
(17) and (18).

Second, we assume that the effect of the linear spatio-temporal filters KX,(L), as defined
in (15), decreases geometrically.
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ASSUMPTION 6.6. Forany £ =1,...,n, let K3,(L) =3 (. v, wo)mezs B gr 1y o)
LT1L52L§3, then, HK;((’(M Ka K’B)H < C’0(1 +51)_‘m|(1 +52)_|52‘(1 +53)_‘K3| HKT)LCK,(Q 00) H7

for some finite Cy, €1, €2, €3 > 0 independent of .

6.3. Asymptotic results. To study the asymptotic properties of the estimated spectral den-
sity matrix, we generalize to the case of spatio-temporal rf the approaches by Wu and Zat-
faroni (2018) and Zhang and Wu (2021) for time series and by Deb, Pourahmadi and Wu
(2017) for purely spatial models, which in turn are all are based on the notion of functional
dependence originally proposed by Wu (2005) in a univariate time series context. The result-
ing estimation theory is available in Appendix D and represents a novel contribution to the
literature on the inference for spatio-temporal rf.

Letting o7;(6) be the (i, j)-th entry of the estimator $37(6), defined in (16), we prove the
following

THEOREM 6.1. Let Assumptions 3.1, 3.2, 6.1, 6.2, 6.4, and 6.5 hold. Define

,Bs,Bs,Br 1 1 1 }
’ 2917 pR20%y 7 pR2Y ’
SIS2T BS1 BSz BT :

as,.s, 7 =max { (log Bg, log Bg, log Br)

where 1,19, and V3 are defined in Assumption 6.5. Then, there exists a finite C' > 0 inde-
pendent of n, S1,Ss and T, such that

~ " 2
m . — o < .
19’,&;’}3{71 ggg E |0w ©) o5 (0)‘ <Cas, s, T

Our results are nonstandard in the literature on spatial statistics: we do not need to choose
between in-fill or long-span asymptotic regime and we simply require that both S; and S,
diverge, so S — oo. With this regard, we emphasize that our estimator of the spectral density
matrix entries as in (16) bears some similarities with the tapered estimator of the Fourier
transform of the covariance matrix of a spatial rf on a lattice proposed by Dahlhaus and
Kiinsch (1987). Differently from their method, in our approach we replace data tapers with
kernels. This yields a two-fold advantage: first, it allows to control for the estimation bias
of Ufj(e), taking care of the boundary effects; second, it offers the possibility of using the
mentioned flexible asymptotic regime. We refer to El Machkouri, Volny and Wu (2013) for a
related discussion; see also Deb, Pourahmadi and Wu (2017) for similar comments.

REMARK 6.4. The rate in Theorem 6.1 depends on the kernel smoothness ¥;, I =1,2,3
and the bandwidths Bg,, Bg,, and Br (see Assumption 6.5). Typically the same kernel is
used in all dimensions, so we can assume 9J; = 9, for all [ = 1,2, 3. In our applications we
used the Epanechnikov kernel for which ¢, = 2. We consider some special cases. First, con-
sider the case in which 57 < S5 < T', then, up to logarithmic terms, the optimal bandwidths
are such that Bg, < Si’ / . Bg, < S;’ / 7 and By =< T3/7_ This implies that the optimal rate of
consistency for our estimator of the spectral density matrix is .S 16 /M= SS /T =6/7,

Second, consider the case in which S7 =< S5, and, given that each bandwidth must
satisfy Assumption 6.5, we have two sub-cases. Either, we can set Bg, =< 511/ 5, Bg, <

5’21/ 3, and By =< T'", for some small n > 0, which would entail a consistency rate

min(S2/3Tm/2, §¥/3 T2-2) = min(S2/*T/2, 523 T2-21), which for large T is approx-
imately 53/3 = 22/3. Or we can set Bg, < Sll_", Bg, < 521_77, for some small 7 >
0, and By = T'/5, which would entail a consistency rate min(S/T%/5, 57 2" T%/5) =

min(SgTz/E’, 32272",T2/5), which for large S; and S is approximately 72/ as in a pure
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time series model (Barigozzi and Farne, 2022). In both cases, we could let 1 grow but at the
price of slower consistency rates along the other dimensions. The case of spatial bandwidths
depending also on 7" and/or time bandwidth depending also on S7,.S> is ruled out by our
Assumption 6.5.

We then prove consistency of the common component estimator )22?) defined in (19)

THEOREM 6.2. Let Assumptions 3.1, 3.2 and 6.1-6.6 hold. Recall the definition of
as,.s, 7 in Theorem 6.1. Then, there exists finite C,C*,C > 0 independent of n,S1, So, and
T, such that, for n large enough,

() foranys=(sy sot)" withs;=1,...,51, so=1,...,8, andt=1,...,T,

- bC S Cmax(n_1/27 a}s’{?S%T)MSl MSQMT7

~\n

pax B )Xﬁg) = Xts
where b = C*(141) 751 (1 4-£9) 793 (52) (1 4+23) 7%, with k¥ (s1) = min{|k, (s1) —
1,R1(s1) + 1}, k3(s2) = min{|ky(s2) — 1|,Ra(s2) + 1} and r5(t) = min{|rs(t) —
1],Rs(t) + 1}, and where Mg,, Mg,, and My are defined in Assumption 6.5, €1, 2, and
€3 are defined in Assumption 6.6, and k1 (s1),F1(51), ko(S2), R2(s2), k3(t), and F3(t) are
defined in (18).

(i) for any ¢ = (s1 so t)" with s1 = Mg, ,...,S1 — Mg, and s5 = Ms,,...,Sy — Ms, and
t= My,....T — My,

< C'max(n~1/2, agi?SQ,T)Msl Mg, M.

E ‘A(”) _
@E"gxn Xoe Xts
We derive L; bounds which are more general than those derived for the GDFM in the

purely time series case. If the number of lags Ms,, Mg,, and M7 used in (17) is not too
large and n, S, So and T all diverge to infinity, then, since Theorem 6.2 directly implies

convergence in probability, consistency of QEZ) readily follows. As it is clear from Theorem
5.1, we need a large n to disentangle the common and the idiosyncratic components, while
from Theorem 6.1 we see that we need large S1, Sa, and T' to consistently estimate the
spectral density matrix of the observed rf. We remark that part (i) characterizes the bias due
to boundary effects and it yields a rate of convergence when the spatial locations and the
time are close to the boundaries: to the best of our knowledge, this inference aspect has been
neglected in the literature on factors models.

REMARK 6.5. The consistency rate depends on the truncation level we choose when
applying the two-sided filter in (17). When considering the same setting as in Remark 6.4
where S7 =< S5 < T, the consistency rate for the estimate spectral density is 76/ 7 and as-
suming Mg, = Mg, = My = M, we need M = o(T?/7).

7. Determining the number of factors. An essential aspect for the implementation of
the GSTFM is the correct identification of the number of factors g. Theorem 4.1 provides
a rough guideline for this: intuitively, one should choose the value of ¢ such that the g-
th dynamic eigenvalue should be “sufficiently large” while the ¢ 4+ 1-th one should not be
“small”. To provide a more precise selection procedure, we define an information criterion
(IC) that enables us to estimate ¢ cclnsistently. To this end, we propose the use of a criterion
which is based on the eigenvalues, A7 ;(0), j =1,...,n, of ig(e)
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Letting p(n, S1,52,T") denote a penalty depending on both n and on S,.S2, and T, we
consider the information criterion

_ 1 < 1 ~
i) =tog |~ 3 / e (0)d | + kp(n, 51,5, T),
n 87 Joco "
j=k+1
and we define the estimator of the number of factors

. =0
21 g\ = IC
( ) q ar()gggcrlglg.}nax

(k)

for some a priori chosen maximum number of factors ¢,.x. We assume the following stan-
dard divergence rate of the penalty

ASSUMPTION 7.1.  Asn, Sy,S2,T — oo, p(n,S1,S2,T) — 0 and

i 1 S$15T o e o
BY BY: pYs S S T = o
min {n7 1og le IOg B52 lOg BT le BSzBT’ S PS8, Pr p(n, 1,92, ) 00

Finally, we establish consistency of (")

THEOREM 7.1. Let Assumptions 3.1, 3.2, 6.1-6.5, and 7.1 hold. Then, as n,S1, 59, T —
0, P(E]\(”) =q)— 1L

8. Monte Carlo experiments. Before delving into numerical studies, we summarize the
estimation procedure in the following

Algorithm 1: Algorithm for estimating the common component.

Il‘lpllt: data {l’gg, (= 1,...,7’L,§: (31 S92 t)T,Sl = 1,...,51,82 = 1,...,52,752
1,...,T}; estimated number of factors g™ (see Algorithm 1 in Appendix G);
kernel functions K (+), Ka(-), and K3(-);
bandwidths integers Bg, , Bg,, and Br;
truncation integers Mg, , Mg,, and M.

Output: {)?ZL), (=1,...,n,
S = (81 592 t)T,Sl :1,...,51,82:1,...752,15:1,...,T}.
1 Compute f)ﬁ(@h) as in (16), with Oy, as in Remark 6.1.
2 Compute the g™ eigenvectors Pni(0n),j=1,...,q, of i“fl (6n), with Oy, as in
Remark 6.1. e
3 Compute K7*,(0y) and K, (L) as in (17), with 6}, as in Remark 6.1.

() _ s

4 Compute 556? =K, (L)@ as in (19).

We illustrate how Algorithm 1 works and we provide evidence of our key theoretical re-
sults. In Section 2 we already showed the presence of the eigen-gap in finite-samples as pre-
dicted by our results in Section 4, further evidence is available in Appendix I; in Section 8.1,
we study the performance of the estimator of the common component proposed in Section 6,
and we provide a comparison of our GSTFM with the extant GDFM; in Section 8.2, we
explain how to select the number of factors following Section 7.

In the whole section we simulate data using xyc = X¢c + &, for £ =1,...,n, ¢ =
(s1 s t)" with sy =1,...,81,85=1,...,8y,and t = 1,...,T. The case of cross- and se-
rially correlated idiosyncratic components is studied in Appendix I. The idiosyncratic com-
ponent &y is i.i.d. from a standard normal distribution and the common component Y is
generated according to two different mechanisms.
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Model (a) is an infinite convolution over the lattice:

q
@) s = 30 Dl e L
Kk j=1

Model (b) is a finite convolution over the lattice:

11T g

(23) Xes= Y. Y ag0smiFmitesipey;
k=(—1—-10)T j=1

We generate ay; and u;¢, j =1,...,q, fromii.d. standard normal distributions and by; from
i.i.d. uniform distributions on [0.5,0.8]. The Monte Carlo (MC) experiments are repeated
N =100 times.

8.1. The common component. Section 6 contains the asymptotics of the proposed esti-
mation methods. A practically relevant question is related to the finite-sample behaviour of
the proposed estimators. To investigate this aspect, we set ¢ = 2 and we study numerically
how the mean square error (MSE)

n 51 SQ T

1 ~(n
b= 11T Z Z Z Z(ng) — Xt)?

(=1 s1=1s>=1t=1
and the standardised MSE

S S T (o
By = D01 D=1 Dt Zt:l(xx) — xes)”
= S S T
PIEDDRIED DHID PARP A

change with n and with the spatio-temporal dimensions S7,.52 and 7'

In the top panel of Table 1, we display the averaged (over all MC runs) F; and E» for
n = 20,40, 60,80 and (S1,S2,T) = (20,20, 20). The table clearly shows that the estimation
errors decrease as n increases: this illustrates the blessing of dimensionality for the estimation
of the common component. Interestingly, we remark that already with n = 20, E; and E»
have values that are very similar to the ones obtained for larger sample sizes (e.g. n = 60).

In the bottom panel of Table 1 we report the averaged (over all MC runs) values of F; and
Ey for n =40 and (S1,S2,T) = (10,10, 10)d, with d = 1,2, 3, 4. In line with the theoretical
results, the errors decrease as the spatio-temporal dimensions increase.

To elaborate on the motivating example of Section 2, we compare the performance of the
GSTFM and the GDFM in terms of estimation accuracy of the common components. We
set n =30, ¢ =2 and (S1,52,T) = (10,10, 20) or (S1,S2,T) = (20, 10,20). In Table 2, we
report the average (over all MC runs) values of F; and FEs, for the GSTFM and GDFM.
The advantage of our approach is evident: the GSTFM produces smaller estimation errors
of the common components than the GDFM. We emphasize that F; of the GDFM displays
a sharp rise as S; increases from 10 to 20. This aspect illustrates that there is no blessing
of dimensionality for the GDFM if the spatial dependencies are ignored: adding more time
series does not yield any accuracy improvement and the results of Forni et al. (2000) do not
apply. Indeed, when S; increases, stacking the new observations in a vector, as in Section
2, implies that we are dealing with a larger number of spatially dependent variables: the
GDFM ignores these spatial dependencies and, as a result, it becomes less reliable in the
estimation of the common component, entailing larger values of F1—incidentally, this point
is not detectable looking at E'5 because of its standardisation based on the variance of the true
common component.
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TABLE 1
E and Eg of the GSTFM, q = 2.

n
(S1,59,T) = (20,20,20) 20 40 60 80
Model (a) in (22)
Eq 0.389 0.346 0.339 0.331
Ey 0.066 0.060 0.059 0.058
Model (b) in (23)
Fq 0.251 0.193 0.175 0.164
FEo 0.047 0.036 0.031 0.030
(517 527 T)
n =40 (10,10,10)  (20,20,20) (30,30,30) (40,40,40)
Model (22)
Eq 0.372 0.289 0.302 0.301
Ey 0.077 0.051 0.050 0.046
Model (23)
Eq 0.196 0.115 0.146 0.118
Ey 0.036 0.021 0.027 0.021

TABLE 2
E1 and Eg of the GSTFM and GDFM, n = 30, So =10, T' = 20, and q = 2.

Model (a) in (22) | Model (b) in (23)
GSTEM | GDFM | GSTFM | GDFM
S, =10 E; | 0.606 1632 | 0566 | 2.773
Eo | 0325 | 0807 | 0.149 | 0.709
S, =20 FE; | 0817 | 4202 | 0470 | 4.160
Ey | 0150 | 0747 | 0085 | 0.731

TABLE 3
Under- and over-identification rates for qgn), with ¢q=20,1,2,3.

q

Model (a) in (22)  Under-identification 0 0
Over-identification 0 0.10 0.08 0.04

0 0

0 0

Model (b) in (23)  Under-identification
Over-identification

8.2. Selection of the number of factors . We investigate the finite sample performance
of the estimator of ¢ defined in Section 7. However, looking at (21), we remark that, if the
estimator (" is consistent, then the estimator a(cn) obtained via the penalty cp(n, Sy, S2,T),
c > 0, is consistent as well. Hence, in practice, one needs to choose also c to estimate ¢
consistently. The detailed procedure for the automatic selection of the number of factors is
summarized in Algorithm 1 in Appendix G. To evaluate the estimation accuracy of Algo-
rithm 1, we set n = 100, (S1,52,T) = (25,25,25), and ¢ = 0,1,2,3 and we run 200 MC
replications. Table 3 shows the under- and over-identification proportions for aén). The re-
sults illustrate good finite-sample performance of the selection procedure of ¢: for Model (b)
in (23), the algorithm identifies ¢ correctly for all replications and for all values of ¢; for
Model (a) in (22), the over-identification rate is not zero for ¢ = 1,2, 3 but it is nevertheless
very small.
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9. Conclusions and further developments. We develop the theory and provide the
complete inference toolkit (estimation of the common component and selection of the number
of factors) for the factor analysis of high-dimensional spatio-temporal rf defined on a lattice.
Our model accounts for all spatio-temporal common correlations among all components of
the rf. We give statistical guarantees of the proposed estimation methods. Our asymptotic
theory extends the one available in Forni et al. (2000), whose rates of convergence, which
are unavailable in the literature on factor models for time series, can be derived as a special
case of our rates in Section 6. Monte Carlo studies illustrate the applicability and the good
performance of our GSTFM under many different settings, commonly encountered in data
analysis.

We foresee some extensions of our results. For instance, one may define estimators of the
common component which involve one-sided filters in time, thus allowing for forecasting.
We conjecture that this is possible along the lines of Forni et al. (2005) or Forni et al. (2017).
Moreover, one may consider the case of irregularly spaced (in time and in space) data. Given
that in this case the frequencies are no longer in ® the main challenge is then to introduce a
new notion of spectral density and its estimator; see, e.g., Deb, Pourahmadi and Wu (2017)
where it is also shown that, in the case of irregularly spaced data on a lattice, the implied
asymptotic properties of the related estimator are likely to be affected in a non-trivial way.
These extensions are part of our ongoing research.
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