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Abstract
This paper develops a Mean Group Instrumental Variables (MGIV) estimator for spatial

dynamic panel data models with interactive effects, under large N and T asymptotics. Unlike
existing approaches that typically impose slope-parameter homogeneity, MGIV accommodates
cross-sectional heterogeneity in slope coefficients. The proposed estimator is linear, making it
computationally efficient and robust. Furthermore, it avoids the incidental parameters problem,
enabling asymptotically valid inferences without requiring bias correction. The Monte Carlo
experiments indicate strong finite-sample performance of the MGIV estimator across various
sample sizes and parameter configurations. The practical utility of the estimator is illustrated
through an application to regional economic growth in Europe. By explicitly incorporating
heterogeneity, our approach provides fresh insights into the determinants of regional growth,

underscoring the critical roles of spatial and temporal dependencies.
JEL classification: C3; C33; C55; O47.

Key Words: Dynamic panel data, spatial interactions, heterogeneous slopes, interactive

effects, latent common factors, instrumental variables, large N and T' asymptotics.

1 Introduction

Economic outcomes are shaped by complex dependencies that span both temporal dynamics and
spatial interactions. Temporal dependencies arise from phenomena such as habit formation, adjust-
ment costs, and economic slack, wherein past behavior influences current outcomes (e.g., Hamer-
mesh 1995, Jappelli and Pistaferri 2017). Spatial interactions, on the other hand, reflect the influ-
ence of peers, spatial networks, and spillover mechanisms (e.g., Case 1991, Manski 1993, Bramoullé
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et al. 2009), where the behavior of one unit is affected by those of others. These dependencies are
further complicated by the frequently pervasive impact of aggregate shocks, such as technological
advancements, global market fluctuations, and economy-wide regulatory changes (e.g., Sarafidis
and Wansbeek 2021). Together, these factors highlight the considerable challenges associated with
modeling economic behavior.

Earlier contributions in the econometric panel data literature addressed temporal dynamics,
spatial interactions and aggregate shocks largely in a fragmented manner. For instance, in the
context of large-T panels, a considerable body of work focused on dynamic models with additive
fixed effects, with limited consideration of spatial interactions or aggregate shocks (e.g., Hahn
and Kuersteiner 2002, Alvarez and Arellano 2003, and Hayakawa 2015). Over the past decade,
progress has been made with the development of dynamic panels incorporating interactive effects
to account for aggregate shocks. Examples include Chudik and Pesaran (2015), Moon and Weidner
(2017), Norkuteé et al. (2021), De Vos and Everaert (2021) and Juodis and Sarafidis (2022). Parallel
advancements have also been made in spatial dynamic panel data models with additive fixed effects,
as explored by Yu et al. (2008), Korniotis (2010), Lee and Yu (2014) among others. In these models,
spatial interdependence is captured through a pre-specified N x N adjacency matrix W, which
encodes the structure of the interactions among individual units.*

Advances in econometrics have since sought to bridge these three strands by developing spatial
dynamic panel data models that integrate temporal dependencies, spatial interactions, and interac-
tive error components, as in Shi and Lee (2017), Bai and Li (2021), Cui et. al. (2023), and Higgins
and Martellosio (2023).2 While these methodological advancements represent significant progress,
a common assumption underlying much of this literature is slope-parameter homogeneity. That is,
the magnitude of the relationships between dependent and independent variables is assumed to be
identical across all cross-sectional units. Unfortunately, such assumption can be unduly restrictive
in contexts characterized by substantial heterogeneity, which is a common feature of many economic
systems. For instance, when cross-sectional heterogeneity in coefficients is captured by a random-
coefficient model, it is well-established that dynamic pooled estimators fail to consistently estimate
the population average, even for large T'; see e.g., Robertson and Symons (1992) and Pesaran and
Smith (1995).

To address this limitation, this paper develops a Mean Group Instrumental Variables (MGIV)
estimator for spatial dynamic panel data models with interactive effects and heterogeneous slope
coefficients, under large NV and T asymptotics. Valid instruments are constructed by projecting out
common factors from exogenous covariates using Principal Components Analysis (PCA), following
the methodology of Bai (2003). Consequently, the individual-specific IV estimates are consistent.
Our MGIV estimator then combines these IV estimates and averages them to obtain consistent
estimates of population-level effects.

The present extension to incorporate heterogeneous slope coefficients represents a major step
forward in the spatial econometrics literature. As noted by LeSage and Chih (2016), “space-time
panel data samples covering longer time spans allow us to produce parameter estimates for all N
spatial units, an exciting point of departure for future work. Allowing for heterogeneous coefficients

for each spatial unit holds a natural appeal when contrasted with conventional static spatial panel

LComprehensive overviews of spatial panel data models with additive effects can be found in Elhorst (2014) and
Lee and Yu (2015).
2In Higgins and Martellosio (2023), it is assumed that W is observed only partially.



models.”

In line with the aforementioned spatial literature, our analysis focuses on the estimation of
heterogeneous slopes and spillover effects conditional on a pre-specified W, which is treated as
fixed and known. Consequently, the proposed method can be particularly appealing for panel
datasets involving geographical entities, such as countries or administrative regions, where measures
of spatial and economic proximity are readily available and may naturally inform the specification of
W. Furthermore, such datasets often include a substantial number of time-series observations per
unit, as well as a large number of cross-sectional units, aligning well with the large N, T asymptotics
considered in this paper.3

Our MGIV estimator is shown to be consistent and asymptotically normally distributed as
N, T — oo. Importantly, MGIV is asymptotically unbiased. This property addresses the inciden-
tal parameters problem, and thereby standard inference procedures remain valid without the need
for bias correction. Additionally, the estimator is linear and computationally efficient, making it
particularly well-suited for empirical applications involving large datasets. Recently, our MGIV
estimator was implemented in Stata by Kripfganz and Sarafidis (2025) via the spxtivdfreg com-
mand, providing researchers and practitioners with a readily available and user-friendly tool for
empirical analysis.

The MGIV estimator developed in this paper extends the approach of Norkuté et al. (2021)
to incorporate spatial interactions, addressing issues related to the identification of heterogeneous
spatial parameters and the development of asymptotic theory for large N, T settings with spatially
interdependent observations. Notably, our approach allows for more flexible expansion rates of NV
and T compared to Norkuté et al. (2021), permitting T to grow faster than N (but slower than
N?2), proportionally to NN, or slower than N. This broader flexibility in the relative growth of N
and T enhances the applicability of the estimator in diverse settings where data dimensions vary
significantly.

Recently, Chen et. al. (2022) proposed a related approach to our MGIV estimator, but their
focus is limited to static panels without temporal dynamics.* Additionally, in their framework
interactive effects are captured using cross-sectional averages a la Pesaran (2006), which relies on
the so-called rank condition (e.g., non-zero mean factor loadings). In contrast, our method remains
asymptotically valid even if the rank condition is violated.® Another related study is that of Aquaro
et al. (2021), which assumes a purely idiosyncratic error structure without accounting for additive
or interactive effects.

We illustrate the practical relevance of our method by estimating a regional spatial growth

model, focusing on the magnitude of regional growth spillovers in Europe. Our approach explicitly

3A complementary strand of the economics literature examines settings where W is latent and estimated from
the data using high-dimensional methods, as in De Paula (2017), Lam and Souza (2020), and De Paula et al.
(2024). This approach offers appealing generality by avoiding the need for a priori specification of W. However, to
date, this literature also uniformly assumes slope parameter homogeneity and typically excludes temporal dynamics
and aggregate shocks, both of which are explicitly addressed in the present paper. Extending our framework to
accommodate the estimation of an unknown W remains an avenue for future research.

4Extending the approach of Chen et. al. (2022) to dynamic models is non-trivial, as it requires the construction
of factor proxies from suitable cross-sectional averages of the dependent variable, the number of which grows with
T. As noted on page 56 of their paper, the finite-sample bias arising from the correlation between cross-sectional
averages and idiosyncratic errors is likely to be exacerbated in the presence of spatial lags. This issue becomes
especially pronounced when the spatial weighting matrix remains relatively dense as the sample size increases, which
often occurs when W is specified based on geographic proximity.

5 Although De Vos et al. (2024) proposed a method for evaluating the rank condition for CCE estimators, it is
currently applicable only to static panels and does not directly extend to settings with temporal dynamics.



accounts for heterogeneity across regions, reflecting differences in industrial structure, urbanization,
and geographic characteristics. For instance, growth drivers in industrial Bavaria (Germany) likely
differ from agricultural Thessaly (Greece), as do spillover effects between urban Greater London
and rural Lapland (Finland). The results provide evidence of conditional convergence in regional
growth dynamics. Spillovers play a dominant role, particularly for investment rates, where roughly
four-fifths of the total impact on GDP per capita growth is attributable to neighboring regions,
emphasizing the importance of inter-regional linkages. Human capital and R&D spillovers further
reinforce the role of knowledge diffusion and innovation in fostering growth across regions.

Throughout, for an mxm matrix A = (a;;)1<i,j<m, we denote its trace by tr(A) = > | a;;. For
an mxn matrix B = (b;;)1<i<m,1<j<n, denote its column sum norm by ||B||; = maxi<;<p 27;1 |bij]
its Frobenius norm by [|B|| = 1/tr(B'B), and its row sum norm by [|Blloc = maxi<i<m > 5y [bijl-
Also define Pg = B(B'B)"!B’ and Mg = I,, — P, where I, is the m x m identity matrix.
Denote by C' a generic positive constant which need not be the same at each appearance, and
8% = min{N,T}. We use N,T — oo to denote that N and T pass to infinity jointly, and plim to
denote the probability limit.

2 Model and Estimation Approach

We consider the following spatial dynamic panel data model with N cross-sectional units and T’

time periods:

N

Yit = Vi Z WiYje + pilie—1 + X By + wit;
=1

g = MNfy + @dlg, +ei, i=1,2,...,N, t=12... T

(2.1)

y;¢ denotes the outcome of interest for individual unit 7 at time ¢, while Zjvzl w;;Y;¢ is the so-
called “spatial-lag”, a weighted sum of neighbor outcomes, where w;; denotes the weight assigned
to neighbor j in relation to i. These weights capture the connectedness structure among individuals
and are specified within the NV x N adjacency matrix W = [wij].ﬁ The vector x;: = (Z14¢, .. ., mkit)'
of dimension k x 1, contains observed characteristics for individual ¢ at time ¢. Additionally, in
the composite error term f; and g, denote vectors of latent factors with dimensions r; x 1 and
ro X 1, respectively, influencing y;;. These factors are associated with factor loadings A; and ¢,,
which vary across individuals. The inclusion of latent factor components reflects the premise that
individual agents inhabit a common economic environment and, as such, are subject to aggregate,
economy-wide or “global” shocks that affect the entire population, albeit with different intensi-
ties. Examples of such shocks include technological disruptions, natural disasters, financial crises,
pandemics, geopolitical conflicts, global market fluctuations and regulatory changes (e.g., Bai 2009
and Sarafidis and Wansbeek 2012). Note that the number of parameters associated with factors
and factor loadings increases with 7" and N, respectively, as N, T — oo, leading to the presence of

incidental parameters. Lastly, ¢;; is a purely idiosyncratic error term.

6 As discussed earlier, this paper aligns with standard practice in the spatial literature by assuming that W is
fixed and known. Accordingly, the focus is placed on estimating the magnitude of heterogeneous spillover effects,
conditional on a predetermined network structure.



There are three primary sources of endogeneity in model (2.1). First, Z;vﬂ w;;y;¢ is endogenous
by construction. This term essentially represents the formal specification of an equilibrium outcome
of a spatial interaction process, wherein the value of the dependent variable for one individual unit
is simultaneously determined alongside that of its neighbours. This reciprocal interdependence
underscores the networked nature of these relationships, as highlighted by Elhorst (2021).

Second, the lagged dependent variable, y; ;1 is also endogenous due to the presence of incidental
parameters (e.g., Nickell 1981 and Phillips and Sul 2007).

Third, endogeneity also arises from the potential dependence of the covariates on the latent
factors. To account for this, and consistent with the frameworks of Pesaran (2006) and Norkute et

al. (2021) among many others, we assume
Xit = F;ft + Vit. (22)

That is, x;; is influenced by f;, with the associated loadings represented by I';, a k X r; matrix.
Importantly, for the sake of generality, we allow the latent factors governing y;; and x; to differ.
This distinction justifies the inclusion of the additional term ¢.g, in model (2.1). Moreover, the
loadings I'; are permitted to exhibit correlation with both A; and ¢,, further accommodating
potential interdependencies that may arise in the model. Finally, v;; denotes the idiosyncratic
error component for x;;.

The individual-specific structural parameters reflect distinct mechanisms: p; captures habit
formation and adjustment costs, facilitating an important distinction between short- and long-run
responses. (3, reflects the direct effects of an individual’s own characteristics, and ; encapsulates
the influence of neighbours’ outcomes, also known as spillover effects (e.g., Kelejian and Piras 2017
and Jing et al 2018).7

Stacking the equations in (2.1) over ¢ yields

N
Yi =i > wiy; +piyi-1+XiB; + FAi + G, + e,

j=1

X, =F[;+V;, i=1,...,N,

(2.3)

where y; = (i1, - %) Y5 = Wits-- - yi1)s Yi—1 = Wios - vir—1)'s Xi = (X, -+, xir)’s
F= (fh"‘ ,fT)/, G = (91»"' 7gT)/7 g = (611, e aEiT)/ and V; = (VilanwviT)l'
Define 6; = (¢4, pi, B;)', Ci = (Zévzl Wiy, Yi,—1,Xi), and u; = FA; + Go; + &;. Then, the

first equation in (2.3) can be reformulated as
yi = C;i0; + u,. (2.4)

We use the method of Instrumental Variables to estimate 6;. To this end, define the “defac-
toring” matrices that project out F and F_; = (fy,...,fr_1)" as Mg = Iy — F(F'F)"'F’ and
MF71 =1r— F_l(FLlF_l)_lFLl. Letting Xi,—l = (Xi07 . ,Xi7'1"_1)/7 further define

N
Z; = ZwijMFXj, MgMr_, X, -1, MpX; |, (2.5)

j=1

“The main results of this paper naturally extend to models incorporating “contextual effects” (e.g., Manski 1993),
also referred to as the spatial Durbin model (Elhorst 2014). This is further discussed in Remark 2.2.



whose elements are instruments for the elements of C;.% It’s straightforward to see that, due to the

de-factorisation, we have

N
Zi= | wi;MpV;, MpMgp_, Vi1, MpV; | and Zj; = Z)(G¢, +&;), (2.6)
j=1
where V; _1 = (v4o, ... ,vir—1)". Therefore, these instruments are exogenous.

Since F and F_; are not observed, they are estimated using PCA on X and X_;. Assuming
T~'F'F = I, and T-'F_F_; = I, , the estimates F and F_; are obtained as /T times the
eigenvectors corresponding to the r; largest eigenvalues of the T' x T matrices (NT)~! Zi\;l X; X!
and (NT)™! Zf\il Xi—1X5 1, respectively.” Note that, since the factors are extracted from ob-
served covariates, no estimation error arises in F that is associated with estimation of the slope
coefficients. Furthermore, the factor loadings I'; can be estimated as f‘i =T-1F X;.

Feasible instruments for @; are constructed as
N
Zi= | > wiyMX;, MpMg X 1, MpX, |, (2.7)
j=1

and the resulting IV estimator of 8; is given by

6= (AB;'A,) AB e, (2.8)
where

A, =T 'ZC;, B, =T 'ZZ;, ¢,,=T 'Zy,. (2.9)
Remark 2.1 Alternatively, a two-stage individual-specific IV estimator could be considered, which
projects out the entire factor space in wy using VT times the eigenvectors corresponding to the
1 + 7o largest eigenvalues of the T x T matriz (NT)™? Zf\]:l u;u;. However, due to the presence
of heterogeneous slopes, U; must be obtained from individual-specific time series IV regressions as
U, =y; — Ci@. Since 0Ai is \/T-consistent rather than v NT-consistent, the estimation of the full
factor matrices F and G may become highly inefficient. Consequently, this estimator is not pursued
further here. Note that the estimation of F for the IV estimator in Eq. (2.8) does not face this

issue, as it can be directly estimated using the raw data {Xz}fil

Remark 2.2 Under a similar set of assumptions as in Section 3.1 below, the model in Eq. (2.3)
can be straightforwardly extended to include either a spatial-time lag, Z;VZI w;;¥j,—1, or spatial lags
of the covariates, E;\Ll wi; X, using instruments such as Zf;l wi; MpMp_, X; _1. When both
a spatial-time lag and spatial lags of covariates are included, additional instruments are required.
These can be constructed, for example, as Zjvzl wi; MgMp_,X; 5 or Z;V:1 w?jMFMFAXj’_l,
where the latter leverages information from the neighbors of an individual’s neighbours. This setup

1s further explored in the empirical application in Section 5.

8Loosely speaking, the term Z;\;l w;; MpX; instruments Z;\le w;;y;, the term MpMp_, X; 1 instruments
Yi,—1, and MgX; instruments X;.

9For simplicity and without loss of generality, 1 is treated as known. However, in practice it can be consistently
estimated using established methods in the literature, such as the information criterion approach of Bai and Ng
(2002) or the eigenvalue methods of Ahn and Horenstein (2013).



3 Assumptions and Asymptotic Theory

In this section, we examine the limiting properties of the individual-specific IV estimator, éi, and
the MGIV estimator. To facilitate the asymptotic analysis, we first introduce a set of assumptions.
3.1 Assumptions

Assumption A (idiosyncratic error in y) The idiosyncratic error e;; is independently and iden-
tically distributed across both i and t, and satisfies E(g;) = 0, E(e%) = 02 > 0 and Eleu|*° < C
for some § > 0.

Assumption B (idiosyncratic error in x) The idiosyncratic error v satisfies that
1. vy is group-wise independent from ei, E(vi) = 0, and E||v;||5+° < C;

2. Denoting S5 = E (vigV),), then N~1T71 ZZ 1Z] 1 Zg 1Zf 1 1345.stll < C; further-
more, there exist ;; and &5 such that ||X;; || < 045 for all (s,t), ||Xsj,stl] < st for all (4,7),
and T2 30 S0 6 < C, Y0, 64 < C for all i;

4

3. For all (s, 1) IEHN 25N vVl — S| < O, and for all ),

E HT—l/Q thl (Vitvjt — Eij,tt)‘

<C;

2
4. For all j and s, IEHN V2= 1231 121 1Zt Vi, [Vthjs_E(VthJs)]H < C and

E HN 1/2T_1/2 Z Zt 1 [Vitvjs - E(Vltvjs)]

’ < C, and for all s,

2
E N71/2T71/222htv Vi — E(Vi,vit)]

i=1 t=1

<C, whereh; = (f],g;);

1 N N T T T T
5 N7'T— dic1 Zj:l 231:1 252:1 Et1:1 Zt2:1 ‘COV(VgslviswV;'thjtz)| <C.
Assumption C (factors) The factors satisfy that
1. f; and g; are group-wise independent from v;; and €;4;

2. E||fy]|* < C and E|jgi||* < C, and there exist non-random positive definite matrices X and
X such that plim T'F'F = Xy and plim T7'G'G = 2.

T—o0 T—o0

Assumption D (loadings) The factor loadings satisfy
1. T;, \; and ¢; are group-wise independent from i, Vi, fr and g ;

2. T; ~1id(0,Zr), A; ~11.d(0,X,), ¢; ~ 1.1.d(0,3y), where B is positive definite and 3y
and 3y are positive semi-definite; furthermore, E HI‘iH4 <C,E ||>\iH4 <C andE H(]ﬁl”4 <C.

Assumption E (weight matrix) The weight matriz, W = (w;;)nxn = (W1,...,Wn)’

that

, satisfies

1. All diagonal elements of W are zero;



2. Iy — W s invertible, where ¥ = diag(¢1,...,¥nN);

3. W has bounded row and column sum norms, i.e., |Wlle < C and |W|1 < C;
4. sup [¢i| <min{1/|W[w, 1/[W]}1}.
1<i<N

Assumption F (identification) For each i, define A; = T~'Z.C; and B; = T~'Z!Z;. It holds
that

1. The matrices A; and B; have full column ranks for all i and T’
2. E||A]*™ < C < 00 and E||B;||***° < C < oo for all i and T’

3. There exist two full-column-rank matrices, A;o and B, o, such that plim A, = A;o and
T— 00

pliII’l Bz = Bi70;

T—o0

4. Letting ®; = T_lE[Z'i(qui + si) (qui + si)/Zi] , then there exists a 3k X 3k positive definite

matriz ®; 0 such that lim ®; = P, .
T— 00

Assumption G (random coefficients) The heterogenous coefficients 0; are random and satisfy
that

1. 0; follow the random-coefficient model 8; = 0 + e;, where @ = (Y, p,B") and e; is a ran-
dom error that is independently and identically distributed with mean zero and variance Xg;
Jurthermore, e; is independent of T'j, Nj, @}, €ji, Viji, ft, and g for all i, j,t;

sup ol

. 2
2. Denoting p, = <m>, then 0 < py <1 a.s. and E Kl—lpw)} <C.

1<i<N

Assumption A is in line with existing spatial literature, see e.g. Lee and Yu (2014); Cui et.
al. (2023). Cross-sectional and time-series homoskedasticity is imposed to simplify the asymptotic
analysis of the variance-covariance estimator in panels where both N and T are large. In contrast,
Norkuteé et al. (2021) allow for cross-sectional/time-series heteroskedasticity by leveraging the results
in Hansen (2007). However, Hansen (2007) assumes independence across cross-sectional units, a
condition that is violated in the present setup. Although we do not formally derive theoretical results
under heteroskedasticity, the finite-sample performance of a robust variance-covariance estimator
is thoroughly investigated in Section 4.

Assumption B ensures that x;; is strictly exogenous with respect to e, as e.g., in Pesaran
(2006) and Bai (2009). Therefore, the defactored regressors are valid instruments. Moreover, this
assumption accommodates cross-sectional and time series heteroskedasticity, as well as autocor-
relation in v;;. Unlike g4, here it is crucial to explicitly allow for this broader structure since,
conditional on F, the dynamics in X; are driven by V;. Additionally, in contrast to Norkuté et al.
(2021), v;; is allowed to exhibit weak cross-sectional correlation, aligning with the assumption of
weak dependence in the process of y.

Assumptions C and D align with standard conditions in the PCA literature; see, for example
Bai (2003). Assumption C permits both interdependence between f; and g;, as well as within-

group correlations in each term. Similarly, Assumption D allows for non-zero correlations not



only between I';, ¢, and A;, but also within each of these components. These assumptions are
particularly relevant in settings where y;; and x;; may be jointly influenced by common shocks.

Assumption E is standard in the spatial literature, as outlined in Kelejian and Prucha (2001).
Specifically, Assumption E1 serves as a normalization condition, ensuring that no individual is
treated as its own neighbor. Assumptions E2-E3 ensure the absence of a dominant unit, i.e., a unit
that becomes asymptotically correlated with all others. Such scenarios are instead accommodated
by the inclusion of latent factors. Assumption E4 pertains to the space of the autoregressive and
spatial parameters, and are discussed in detail by Kelejian and Prucha (2010, Sec. 2.2). Importantly,
these assumptions are invariant to the ordering of the data, which can be arbitrary as long as
Assumption E is satisfied. Additionally, it is noteworthy that the spatial weighting matrix W is
not required to be row-normalized.

Assumption F ensures IV-based identification, as e.g. in Wooldridge (2002, Ch. 5). For instance,
Assumption F1 implies that the covariates and instruments are not perfectly collinear, and that
their correlation is sufficiently strong to avoid degeneracy.

Finally, Assumption G is commonly employed in the random coefficients literature (e.g., Pesaran
2006). Assumption G2 imposes upper bounds on the random coefficients, ensuring the stability of

the process.

3.2 Asymptotic theory

The following theorem demonstrates the asymptotic properties of the individual-specific IV estima-
tor 51

~

Theorem 3.1 If Assumptions A—E and F1-F2 hold, then the individual-specific IV estimator, 6;,
defined in (2.8) is consistent as N,T — oo. If, in addition, Assumptions F3-F4 hold and T/N? — 0
as N, T — oo, then 52 has the following asymptotic distribution

VT(0; — 6;) % N (0, ;0), as N,T — oo,
U)h@’l"@ Ei,O = (Ag,oBi_’olAi,O)_1A2,0B7:(}‘}i,OBZ‘_’3Ai,O (A;,OBZ(}Ai,O)_l'

Note that the large- N requirement is indispensable because the validity of the instruments used
by 5@ necessitates consistent estimation (up to rotation) of the T' x r; matrix F.

The relative expansion rate of NV and T employed in Theorem 3.1 is more general than that
in Norkuté et al. (2021), which imposes T/N — ¢, where 0 < ¢ < oco. Specifically, the relative
expansion rate adopted here allows for greater flexibility, permitting 7" to grow faster than N (but
slower than N?2), proportionally to N, or slower than N.1°

Assuming the cross-sectionally heterogeneous coefficients 8; follow the random-coefficient model,
as in Assumption G, it is known that the dynamic pooled estimator of the population average
6 = E(0;) will be inconsistent (see Robertson and Symons 1992, Pesaran and Smith 1995 and Chen
et. al. 2022). In the present case, the same holds true even in the absence of temporal dynamics
in model (2.1) because the spatial lag variable, Zf;l w;;Yjt, is endogenous by construction. For
this reason, we develop a Mean Group IV estimator of 8, which combines the individual-specific IV

estimates and averages them to obtain consistent estimates of population-level effects.

107t is straightforward to verify that any case where T = cN also satisfies T = o (N2> but the converse does not
necessarily hold.



Specifically, once 8; in (2.8) are obtained, the Mean Group IV (MGIV) estimator of 8 is obtained

as

N 1 M
Orc = N;ai' (3.1)
Theorem 3.2 below establishes the asymptotic properties of 0 MG-

Theorem 3.2 If Assumptions A-E, F1-2, and G hold, and N/T? — 0 as N,T — oo, then the
mean-group estimator, 5Mg, 1s consistent for the population mean 6. If, it further holds that

N/T6/5 — 0, then the mean-group estimator has the following asymptotic distribution
VN@Oyc —0) -5 N (0, Sg), as N, T — oo,
where g was defined in Assumption G.

Remark 3.1 As shown above, @MG s correctly centered around the true parameter @ without
necessitating any bias correction. Intuitively, this property arises because the estimation error of F
depends on V;, which is mean-independent of €;. Consequently, the defactored regressors employed
as instruments are asymptotically uncorrelated with the error term of the model. See Cui et. al.
(2022) for further discussion.

Remark 3.2 Thus far, we have assumed that X; is exogenous with respect to the purely idiosyn-
cratic error, ;. Such an assumption will be violated if e.g., X; is subject to reverse causality or mea-
surement error. The present method can accommodate such sources of endogeneity as well, provided

that valid external instruments are available.!' To formalise this, let X; = (Xgexog),Xgmdog)),

where Xgewog) and Xgendog) refer to those sets of regressors that are strictly exogenous and endoge-
nous, respectively, with respect to €;. These matrices have dimensions T x k(¢¥°9) and T x k(endog)
respectively. Furthermore, define X;r = (Xgemg), Xgmt)), a Txkt matriz with kt = k(ez09) y flext)
where Xgewt) represents a matriz of external exogenous covariates. Xgewt) can still be correlated with
the factor component, i.e., it may be subject to a similar data generating process as in Equation
(2.1), so long as it remains strictly exogenous with respect to ;. Define f;f as VT times the eigen-
vectors corresponding to the rf largest eigenvalues of the T x T matriz Zf\il Xj (XT)T /NT. The
associated defactoring matrices are defined analogously to those in earlier sections, with appropri-
ate adjustments. Under this framework, the matrixz of instruments retains the same structure as in

(2.5), with X; replaced by X;.

4 Monte Carlo Experiments

We investigate the finite sample behaviour of the proposed approach by means of Monte Carlo

experiments. We shall focus on the mean, bias, RMSE, empirical size and power of the t-test.

4.1 Design

We consider the following heterogeneous, spatial dynamic panel data model:
N k

Ty
Yit = 0 + pili—1 + Vi Z Wi Yj¢ + Z BeiTeit + Usg; Uy = Z Ysifst + €it, (4.1)
j=1 =1 s=1

M For a discussion of this issue in the context of CCE estimation, see Harding and Lamarche (2011).
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1=1,...,N,t=—-49,...,T, where
fst = 0psfsp—1+(1— 9?5)1/2@,1&, (4.2)
with (g ~4.i.d.N(0,1) for s =1,...,7,. We set pys =0.5 Vs, k=2 and r, = 3.

The spatial weighting matrix, W = [w;;] is an invertible rook matrix of circular form (Kapoor
Kelejian and Prucha 2007), such that its ith row, 1 < ¢ < N, has non-zero entries in positions ¢ — 1
and i + 1, whereas the non-zero entries in rows 1 and N are in positions (1,2), (1, N), and (N, 1),
(N, N — 1), respectively. This matrix is row normalized so that all of its nonzero elements are equal
to 1/2.

The idiosyncratic error, €44, is non-normal and heteroskedastic across both ¢ and ¢, such that
it = S0t (€5t —1)/V/2, €3¢ ~ i.i.d.X3, with 0% =nipy, m; ~ii.d.x3/2,and ¢y = t/T fort =0,1,....,T
and unity otherwise.

The stochastic process for the covariates is given by
Tz
Tost :M€i+z’yfsifst+vfit; 1= 1723"'aN; t= _497 _487"'7Ta (43)

for £ =1,2. We set r, = 2. E[‘_hlus, the first two factors in u;, fit, for, also drive the DGP for x4,
£ =1,2. However, f3; does not enter into the DGP of the covariates directly.'?

The idiosyncratic errors in the covariates are serially correlated, such that

Vpit = Qv eVeii—1 + (1 — Qi,g)lmwm; @it ~ i.i.d.N(0,52), (4.4)
for £=1,2. We set o, ¢ = 0, = 0.5 for all £.

All individual-specific effects and factor loadings are generated as correlated and mean-zero
random variables. In particular, the individual-specific effects are drawn as

a; ~ii.d.N(0,(1—0)%); s = opecvi + (1 — Qi,e)l/zwei, (4.5)
where wy; ~ i.i.d.N(0, (1 — 9)2)7 for £ =1,2. We set g, = 0.5 for £ =1,2.

The factor loadings in u;; are generated as ¢g; ~ 1.4.d.N(0,1) for s = 1,...,ry(= 3), and the
factor loadings in x1;; and x4;; are drawn as

Visi = Oy,1593i + (1 — 03,15)1/25131'; §1si ~ 1.0.d.N(0,1); (4.6)

Yosi = 0y,2sVsi + (1 — Q3’25)1/2€25i; §2si ~ 1.1.d.N(0,1); (4.7)
respectively, for s = 1,...,7, = 2. The process in Eq. (4.6) allows the factor loadings to f1; and fo
in z144 to be correlated with the factor loadings corresponding to the factor that does not enter into
the DGP of the covariates, i.e., f3;. On the other hand, Eq. (4.7) ensures that the factor loadings
to f1; and for in x9; are correlated with the factor loadings corresponding to the same factors in
Uit, fir and for. We consider 11 = 04,12 € {0, 0.5}, whilst 0, 21 = 04,20 = 0.5.

It is straightforward to see that the average variance of ;; depends only on ¢2. Let 7, denote the
proportion of the average variance of u;; that is due to €;;. That is, we define m, := §€2 / (ry + gf)
Thus, for example, m, = 3/4 means that the variance of the idiosyncratic error accounts for 75% of
the total variance in u. In this case most of the variation in the total error is due to the idiosyncratic
component and the factor structure has relatively minor significance.

Solving in terms of ¢? yields

= ﬁry. (4.8)
We set ¢2 such that «, € {1/4, 3/4}.13
The slope coeflicients are generated as p; = p + 1,4, Y1i = B1 + Ny, Bri = B1 + N, and

120bserve that, using notation of earlier sections, f3; = g¢ in Eq. (2.1).
13 These values of 7, are motivated by the results in Sargent and Smith (1977), in which they find that two common
factors explain 86% of the variation in unemployment rate and 26% of the variation in residential construction.
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Boi = P2+ np,i- We set p = 0.4, ¢ = 0.25, and 81 = 3 and B2 = 1, following Bai (2009). In
addition, we specify n,; ~ i.3.d. U [—c,, +cp), Ny ~ i.5.d. U [—cy, +cy] and
1/2 1/2
N5ei = [(2¢0)° /127 pap,i+ (1= p3) " npais

where £g, ; is the standardised squared idiosyncratic error in x;:, computed as

2 2
Ve — Y

N = 2]
[N_l >ist (”tgi - ”z?) }
with UT?Z- =71 Z;‘ll V7, g =N"! Z?;lv?i, for £ =1,2. We set ¢, = 0.2, ¢y, = 0.15, pg = 0.4 for
(=1,2.

We define the signal-to-noise ratio (SNR) conditional on the factor structure, the individual-

i =

specific effects and the spatial lag, as follows:

ﬁf+ﬁ§) 2, <2 2

var [(yir — €it) | £ (1—2 So T T2 T %

SNR = Yl — ) [ 1o — (4.9)
var (gi¢) 2

where L is the information set that contains the factor structure, the individual-specific effects and

the spatial lag'*, whereas var (&) is the overall average of E (51%) over i and t. Solving for ¢2 yields

2 2 2\ —1
2 _ 2 p A1 + B3
=¢- |SNR - . 4.10
N gg[ 1—/)2}(1—/)2) (410
We set SNR = 4, following Juodis and Sarafidis (2018) and Cui et. al. (2023).

We consider two sets of instruments, namely

N
Zi = | MpX,, MpMp X0, MpMp X, 5, Y wyMpX; |, (4.11)
j=1
and
N N
Z; = | MpX,, MpMgp X0, > wyMpX; > wiMpMg X . (4.12)
j=1 j=1

Both matrices are of dimension T' x 4K. The difference between the two matrices is that 211 uses
an extra (second) lag of Mg X, which helps identification of the autoregressive parameter, whereas
2? replaces the second lag of MsX; with the first lag of Z;\Ll wi MgX;.

The mean group estimator of 0 is defined as

N
a 1 a
e =+ ;Oi, (4.13)
where ; is given by
N sl a—12 =1, A1
0, = (Ai7TBi,TAi,T) Ai,TBi,Tgi,Ta (4-14)
where
Rur= L (2) 0ubur= L (20) 280 = L (2)' (15)
oT = \ % i DT = | i z‘agi,T*T i) Yi .

with ¢ € {1,2} and C; = (yi,—17xiaYWi)~
The variance-covariance matrix of the MG estimator is given by
N
-~ 1 A A A N /
S = (&»—0 )(ai—o ) 4.16
S NN =) Z MG MG ( )

i=1
As a benchmark estimator, we consider the pooled two-stage IV (2SIV) estimator developed

by Cui et. al. (2023), which is designed for spatial dynamic panel data models with homogeneous

14The reason for conditioning on these variables is that they influence both the composite error of y;;, as well as
the covariates.
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parameters. This estimator is defined as follows:

6=(A'B'A)'A'B g, (4.17)
where
R = 1 s 5 1 5
— / —~ . _ / 7. ¢ - __ U ~V
A=—r > ZMiCi B = ~NT > ZMGZ; ¢, = ~NT > Z Mgy,
i=1 i=1 i=1
and Mg =1— H(H'H)~'H’, with H defined as v/T times the eigenvectors corresponding to the Ty

largest eigenvalues of the T'x T matrix (NT)~! ZZ\; u;u,, where U; is the residual of the first-stage

homogeneous IV estimator.

In terms of the sample size, we consider three cases. Case I specifies N = 1007 and T' = 257 for
7 =1,2,4. This implies that while N and T increase by multiples of 2, the ratio N over T remains
equal to 4 in all circumstances. Case II specifies T' = 1007 with N = 257 for 7 = 1, 2,4. Therefore,
N/T = 0.25, as both N and T grow. Finally, Case III sets N =T = 507, 7 = 1,2, 4. These choices
allow us to consider different combinations of (N, T') in relatively small and large sample sizes. Note
that Case I implies that the rate at which N,T — oo violates the conditions outlined in Theorem
3.2 for MGIV. Studying the performance of the estimator under these circumstances is valuable,
as in many applications N can be significantly larger than 7. This is exemplified by our empirical
application discussed in the following section.

All results are obtained based on 2,000 replications, and all tests are conducted at the 5%
significance level. For the power of the “t-test”, we specify Hy : p = p® +0.1 (or Hg : ¢ = ¢° + 0.1,
and Hy : B, = ) + 0.1 for £ = 1,2) against two sided alternatives, where p°, %, 8%, 39 denote the

true parameter values.

4.2 Results

Tables 4.1-4.3 report results for p = 0.4, ¥» = 0.25 and 3 = 1 in terms of the Mean, RMSE, ARB
(Absolute Relative Bias), as well as empirical size (nominal level is 5%) and size-corrected power,
which is computed based on the 2.5% and 97.5% quantiles of the empirical distribution of the t-ratio
under the null hypothesis.'® ARB is defined as ARB = (@ — 0/ 0¢> 100, where 6, denotes the

/

lth entry of 8 = (z/J, 0, ﬂ/) . “IVMG” denotes the Mean Group IV estimator of 8 as defined in
(4.13) with the matrix of instruments given by 2%.16 In each of the tables, Panel A corresponds to
7y = 3/4 and Panel B to m, = 1/4.

In regards to Table 4.1, IVMG appears to have very little bias under all circumstances. Fur-
thermore, its ARB values decrease steadily with larger sample sizes. Empirical size is very close to
nominal one; even in cases where T' is rather small, there are only mild size distortions. Moreover,
size approaches 5% quickly as both N and T increase.

On the other hand, 2SIV appears to be severely biased. This is not surprising given that the
pooled IV estimator is inconsistent under slope parameter heterogeneity. In particular, ARB in-
creases with larger sample sizes and empirical size is heavily distorted throughout. These properties
hold true regardless of the value of 7.

The overidentifying restrictions test statistic (J test) associated with the optimal 2STV estimator
has satisfactory power to reject the null hypothesis of slope parameter homogeneity, especially in

relatively larger samples. It is worth noting that power increases dramatically when more instru-

15Results for 81 = 3 are qualitatively similar to those for B2 = 1 and therefore they are reported in the Appendix.
16 The results for the IVMG and 2SIV estimators based on Z? are reported in the Appendix.
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ments with respect to MzX; are used. For example, when Mi;Mi;_S.Xi’,g is added to the existing
set of instruments in Eq. (4.11), then for 7, = 3/4 and T' = 1007, N = 257, 7 = 1,2, 4, power
increases to 33.25%, 51.45% and 94.7%, respectively, compared to 12.0%, 23.5% and 75.1% reported
in Table 4.1 under Panel A.'7

The results in Tables 4.2—4.3 are qualitatively similar to those in Table 4.1, albeit the 2SIV
pooled estimator exhibits smaller ARB for ¢ and 3 compared to p. IVMG typically outperforms
2SIV in terms of ARB and has superior size properties.

In summary, MGIV performs well in all circumstances. In particular, the finite-sample bias
of the estimator is negligible in almost all cases examined, and inferences are credible even with
relatively small samples. Notably, the performance of the estimator appears to be robust to a wide
range of values for m,, which captures the proportion of variation in the total error is due to the
idiosyncratic error. Thus, considering also the computational simplicity of our methodology, our
IVMG estimator presents an attractive estimation approach in heterogeneous spatial dynamic panel

data models with interactive effects when both N and T are large.

7Detailed results for the case of this expanded set of instruments are available from the authors upon request.
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Table 4.1: Simulation results for p = 0.4.

Panel A (7, = 3/4)

IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB  Size  Power SizeJ |
1 04 0.027 0.09  0.058 0.937 0.414 0.032 3.425 0.15 0.931 0.12
2 0.401 0.018 0.13 0.058 1 0.416 0.024 4.025 0.188 1 0.235
3 0401 0.012 0.153 0.05 1 0.418 0.021 4.375 0.327 1 0.751

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size  Power Mean RMSE ARB Size Power Size J
1 0396 0.02 1.026  0.067 0.994 0.414 0.025 3.4 0.131 0.997  0.096
2 0402 0.011 0.47 0.069 1 0.417 0.02 4.175 0.33 1 0.232
3 0.402 0.007 0.377 0.058 1 0.418 0.019 4.425 0.74 1 0.78

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0401 0.022 0.331 0.063 0.993 0.416  0.028 3.875 0.149 0.989  0.107
2 0.401 0.013 0.293 0.054 1 0.417 0.022 4.225 0.261 1 0.231
3 0.401 0.009 0.14 0.053 1 0.418 0.02 4.375 0523 1 0.768

Panel B (7, = 1/4)
v 2SIV

Case I.: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0403 0.026 0.707 0.057 0.969 0.414 0.03 3.406 0.139 0.951 0.139
2 0.402 0.018 0.495 0.059 1 0.416 0.024 4.028 0.191 1 0.284
3 0.401 0.012 0.352 0.055 1 0.418 0.021 4381 0.321 1 0.868

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.404 0.02 0.790 0.089 0.998 0.414 0.024 3.582  0.139 0.999 0.107
2 0.402 0.013 0.684 0.073 1 0.417 0.02 4.161 0.341 1 0.284
3 0.401 0.008 0.198 0.067 1 0.418 0.019 4.431 0.747 1 0.882

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 0.406 0.022 1.496 0.084 0.998 0.415 0.027 3.807 0.143 0.994 0.1
2 0404 0.014 0.99 0.069 1 0.417 0.022 4.258 0.261 1 0.287
3 0.402 0.009 0.536 0.064 1 0.418 0.02 4.402 0528 1 0.864
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Table 4.2: Simulation results for i = 0.25.

Panel A (7, = 3/4)

IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB  Size  Power SizeJ |
1 0.252 0.028 0.784 0.071 0.935 0.248 0.027 0.68 0.097 0.937 0.12
2 0.25 0.016 0.092 0.057 1 0.248 0.016 0.64 0.069 1 0.235
3 0.25 0.01 0.106 0.053 1 0.248 0.01 0.72 0.067 1 0.751

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size  Power Mean RMSE ARB Size Power Size J
1 0.255 0.03 2.076 0.051 0.942 0.249 0.025 0.44 0.058 0.971  0.096
2 0.25 0.013 0.062 0.056 1 0.248 0.013 0.72 0.063 1 0.232
3 0.25 0.007 0.087 0.055 1 0.249 0.007 0.56 0.064 1 0.78

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.255 0.027 1.847 0.052 0.963 0.248 0.025 0.72 0.064 0.973 0.107
2 025 0.014 0.125 0.044 1 0.248 0.014 0.68 0.059 1 0.231
3 025 0.008 0.001 0.054 1 0.248 0.008 0.64 0.062 1 0.768

Panel B (7, = 1/4)
v 2SIV

Case I.: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.251 0.028 0.461 0.066 0.924 0.249 0.027 0.608 0.085 0.949 0.139
2 0.25 0.016 0.06 0.058 1 0.249 0.016 0.594 0.071 1 0.284
3 025 0.01 0.187 0.051 1 0.248 0.01 0.735 0.066 1 0.868

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.253 0.026 1.276 0.052 0.957 0.248 0.023 0.675 0.058 0.985 0.107
2 0.25 0.013 0.219 0.05 1 0.248 0.012 0.648 0.067 1 0.284
3 025 0.007 0.091 0.053 1 0.249  0.007 0.525 0.055 1 0.882

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 0.253 0.026 1.109 0.052 0.96 0.248 0.024 0.664 0.073 0.968 0.1
2 0.25 0.014 0.01 0.0564 1 0.248 0.013 0.716 0.063 1 0.287
3 025 0.008 0.077 0.047 1 0.248 0.008 0.637 0.06 1 0.864
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Table 4.3: Simulation results for 5, = 1.
Panel A (7, = 3/4)
IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB  Size  Power SizeJ |
1 0.999 0.063 0.152 0.058 0.358 1.007  0.063 0.7 0.094 0.397 0.12
2 0.999 0.031 0.096 0.049 0.878 1.005 0.032 0.5 0.068 0.904 0.235
3 1 0.017 0.002 0.059 1 1.006 0.019 0.6 0.077 1 0.751

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size  Power Mean RMSE ARB Size Power Size J
1 1.005 0.08 0.512 0.07  0.248 1.026 0.074 2.6 0.116 0.338  0.096
2 1 0.033 0.006 0.055 0.857 1.013 0.033 1.3 0.082 0.946 0.232
3 1 0.015 0.017 0.048 1 1.01 0.019 1 0.11 1 0.78

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 1 0.067 0.054 0.058 0.336 1.014 0.064 14 0.093 0.41 0.107
2 0.999 0.03 0.084 0.054 0.885 1.009 0.032 0.9 0.081 0.92 0.231
3 0999 0.015 0.076 0.045 1 1.007 0.017 0.7 0.061 1 0.768

Panel B (7, = 1/4)
v 2SIV

Case I.: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 0997 0.063 0.355 0.061 0.341 1.006 0.06 0.627 0.089 0.423 0.139
2 0.998 0.032 0.189 0.049 0.86 1.005 0.032 0.541 0.068 0.907 0.284
3 1 0.018 0.04 0.053 1 1.006 0.019 0.588 0.073 1 0.868

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0998 0.07 0.161 0.052 0.291 1.018 0.059 1.806 0.074 0.506 0.107
2 0.998 0.032 0.236  0.057 0.845 1.012 0.031 1.247 0.083 0.951 0.284
3 0.998 0.016 0.156 0.057 1 1.01 0.018 1.006 0.113 1 0.882

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 0.997 0.066 0.279 0.061 0.349 1.013 0.06 1.252  0.092 0.441 0.1
2 0.997 0.031 0.256 0.052 0.875 1.009 0.031 0.937 0.083 0.925 0.287
3 0.998 0.016 0.196 0.043 1 1.007 0.017 0.665 0.06 1 0.864

5 Illustration: Empirical Spatial Growth Model

This section demonstrates our methodology by estimating a heterogeneous spatial growth model

across EU regions over the period 2001-2018. The analysis focuses on uncovering the magnitude

and influence of regional growth spillovers, a topic of extensive investigation in the literature.

5.1 Context and Dataset

Estimating the magnitude of growth spillovers has been a focal point in regional economic studies.

Ertur and Coch (2007) laid the groundwork with a spatially augmented neoclassical growth model,

integrating productivity spillovers driven by capital investment. Their framework is supported by



extensive empirical evidence on the role of knowledge and technological diffusion (e.g., Audretsch
and Feldman 2004, Autant-Bernard and LeSage 2011).

Further studies have refined methods to measure spillovers at the sub-national level, often
focusing on urban regions. For example, Botazzi and Peri (2003) and Rodriguez-Rose and Crescenzi
(2008) analysed the spatial extent of innovation spillovers, while Funke and Niebuhr (2005) assessed
inter-regional economic interactions using spatial econometrics. Despite consensus on the existence
of spillovers, their estimated magnitudes remain contentious. For instance, studies such as Ramajo
et al. (2008), Benos et al. (2015), Ozyurt and Dees (2018) and Elhorst et al. (2024) report mixed
findings, often influenced by methodological factors, including the choice of the weighting matrix
and the temporal coverage of the dataset.'®

Building on this literature, this section revisits the empirical specification proposed by Ertur
and Coch (2007) and Elhorst et al. (2024), which include a spatial-time-lag, as well as spatial lags
of the covariates. A key point of departure from these studies lies in allowing for a heterogeneous
model that accommodates region-specific parameters. Accounting for slope parameter heterogeneity
is crucial because European regions are inherently different. For example, industrially advanced
regions such as Bavaria, may exhibit distinct economic dynamics compared to less industrialized or
predominantly agricultural regions like Thessaly in Greece. Similarly, highly urbanized areas like
Greater London may experience fundamentally different growth drivers and constraints compared
to sparsely populated regions like Lapland in Finland.

Another significant departure from Ertur and Coch (2007) and Elhorst et al. (2024) is the
inclusion of interactive fixed effects to capture unobserved common shocks and their heterogeneous
impacts across regions. This is particularly relevant as the dataset spans the period 2001-2018,
encompassing major economic events such as the 2008-2009 financial crisis, the Great Recession,
and the European debt crisis (2010-2015).!9 These events likely induced common shocks that
affected multiple regions simultaneously, albeit to varying degrees. Purging the effects of these

exogenous shocks is therefore essential for obtaining reliable estimates of growth parameters.

5.2 Model Specification and Estimation

The empirical growth model is specified as:
N

Aln yzt Zd)*rizwleln Yjt— -r) +9 ZTL yzt 1 +Zﬂﬁ iLeit +Z'szwzgx/]t+uita (5 1)
7=0 j=1 /=1 =1 j=1
where the dependent variable, Aln (y;;), represents the change in the natural logarithm of real

GDP per capita (adjusted for purchasing power parity) in region i at time ¢, with ¢ = 1,...,266
and t = 2001,...,2018.2¢

Thus, the growth rate of real GDP per capita in region ¢ at time ¢ is influenced by the initial level
of GDP per capita in region ¢, the contemporaneous growth rate of GDP per capita in neighboring

regions and its lag,?! and a set of k = 4 explanatory variables along with their spatial counterparts.

I8Differences in empirical methods also contribute to varying results; while growth regressions typically suggest
convergence, tests of distribution dynamics point toward divergence (see e.g., Di Vaio et al. 2014 for a high-level
discussion).

19The dataset is publicly available in Paul Elhorst’s website: https://spatial-panels.com/.

20The analysis focuses on EU NUTS-2 regions, which provide a harmonized dataset on GDP and other macroe-
conomic indicators, ensuring cross-regional comparability and offering a higher resolution than national aggregates.
While data at the NUTS-3 level exist, they are often incomplete or inconsistent, making NUTS-2 the most suitable
choice.

21The lagged own growth rate was found to be statistically insignificant throughout and was therefore excluded
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These covariates are defined as follows:
x15¢ = In (inv;), where inv denotes the investment rate (investment as a share of GDP). Investment
drives capital accumulation and serves as a proxy for the resources allocated to future production
capacity;
xoit = In (ny) = In (pir + g + q), where p;; represents the population growth rate for region 7 at time
t, while g and ¢ denote the rates of technological progress and capital depreciation, respectively.??
Population growth influences capital dilution and, indirectly, the region’s convergence speed toward
its steady state;
x3;¢ = In (educ;), where educ denotes the share of the working-age population with tertiary educa-
tion. This variable captures human capital, potentially a key driver of productivity and innovation
in both neoclassical and endogenous growth frameworks; and
Zgit = In (sciltech;t), where sci&tech represents the share of employment in science and technology.
This variable serves as a proxy for regional engagement in innovation-driven activities, reflecting
the intensity of knowledge-based economic development. The inclusion of z3;; and x4 aligns with
endogenous growth theory, which emphasizes the role of human capital and technological innovation
as engines of long-term growth. In contrast, Solow’s neoclassical framework considers these factors
as exogenous.
The error term is composite and given by:
ui = a; + Nify + @@ + €t (5.2)
Conditional convergence occurs when 6; < 0, implying that regions with lower (higher) initial
GDP per capita tend to experience faster (slower) growth, holding all else constant. In contrast,
conditional divergence arises when 6; > 0, indicating that initial disparities in GDP per capita
widen over time. A special case occurs when 6; = 0, which Yu et al. (2012) refer to as “spatial
cointegration”. This scenario suggests that while GDP per capita growth rates may fluctuate
across economies over the business cycle, regional economies ultimately remain on distinct growth
trajectories throughout the sample period.
The spatial weights matrix is specified as:
wy = =P (=¢dij) 7
> =1 exp (—=(dij)
where d;; represents the great-circle distance between regions ¢ and j .23 Finally, ¢ is the distance

(5.3)

decay parameter. Following Ertur and Koch (2007), ¢ is set to 0.02, which prioritises interactions
among proximate regions. Alternative specifications for W, such as inverse squared distances, are
explored in Section 5.4.

The set of instruments is given by

3

N N
Zj = | MpX;, MpMg X; o, MpMp X, 5, Mg > wi X, MpMp > wiX; |,
Jj=1 j=1

(5.4)

where X; = (x;1, - ,x;7) with x;; = (214, . - - 79641'7:)/- Thus, a total of 20 instruments is utilized.

from the model.

22In line with the standard assumptions of the neoclassical growth framework, the rates of technological progress
(g) and depreciation (q) are not indexed, as they are assumed to remain uniform across all regions and time periods.
Following Islam (1995), we set g + q = 0.05.

23This is measured in kilometers and constructed based on the latitude and longitude coordinates of the regions’
centroids
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5.3 Results

Table 5.1 below provides results for the model specified in Eq. (5.1), alongside several nested models
that impose progressively stronger restrictions. Each column corresponds to a distinct specification,
revealing the effects of these restrictions on the parameter estimates and their interpretations.

Column [6] represents the most general specification, allowing for spatial spillovers, interactive
fixed effects, and slope-parameter heterogeneity. On the other hand, Column [1] represents the most
restricted model. This specification imposes u;s = o + 74 + €4, Yo, = Y1, = Ye,s = 0 for all ¢ and £,
0; = 0 and f;,; = B, for all £ in Eq. (5.1).2* In essence, this formulation rules out spatial spillover
effects, enforces slope-parameter homogeneity, and assumes that the error structure adheres to a
two-way error components model. The columns in-between present intermediate cases. Column
[2] extends Column [1] by incorporating latent common factors in the error term, relaxing the
restriction of an additive two-way error components structure. Column [3] relaxes slope-parameter
homogeneity while maintaining no spatial spillovers or interactive effects. Column [4] introduces
spatial spillovers, while retaining the restrictions w;; = a; + 7 + €4, 0; = 0, ¥ ; = ¢, for all 7 and
Bei = Be for all £ in Eq. (5.1). Finally, Column [5] builds on Column [4] by allowing for interactive
fixed effects, although it still rules out slope-parameter heterogeneity.?

We start with the most restrictive specification first, Column [1]. The coefficient on in (y;—1) is
negative and highly significant, supporting the hypothesis of conditional convergence among regions.
This finding aligns with the Solow growth model, which predicts that regions with higher initial
GDP per capita grow more slowly as they approach their steady-state income levels. The coefficient
on In (inv;) is positive and significant, indicating that higher investment rates contribute positively
to regional growth. Conversely, the coefficient on In (n;) is negative and significant, consistent with
neoclassical growth theory’s prediction that higher population growth reduces per capita output by
diluting capital per worker. The coefficients on educational attainment and share of employment
in science and technology are both close to zero and statistically insignificant. The J test strongly
rejects the null hypothesis of valid instruments, indicating potential model misspecification.

Allowing for interactive effects in the error process, as in Column [2], or slope-parameter het-
erogeneity, as in Column [3], leads to a more negative coefficient on In (y;—1), which implies faster
conditional convergence. This suggests that accounting for unobserved global shocks or shared
regional trends and slope heterogeneity across regions is important.

Turning into the results incorporating spatial spillovers: The coefficients on WAIn (y;) and
WAIn (y;—1) in Columns [4] and [5] imply the presence of a spatial unit root. Taken literally,
this suggests that shocks to neighboring regions’ growth rates persist indefinitely and propagate
throughout the spatial network without decay, which is counterintuitive. At the same time, the
coefficient of In (y;—1) is close to zero, indicating the absence of conditional convergence under these
specifications. This outcome, combined with the rejection of the null hypothesis of valid instruments
using the J test, points to potential model mis-specification.

The most general specification presented in Column [6] yields a nuanced view of growth dynam-

ics. Both WAIn (y;) and WAIn (y;—1) remain positive and highly significant, with their combined

24The former restriction on the error term is equivalent to imposing one factor only in Eq. (5.2) with the
corresponding loadings being constant across i.

25The results in Columns [1]-[3] are obtained using the Stata command xtivdfreg, developed by Kripfganz and
Sarafidis (2021), while those in Columns [4]-[6] are based on the Stata wrapper command spxtivdfreg, developed
by Kripfganz and Sarafidis (2025).
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magnitude summing to 0.82, which is strictly less than one. This result indicates that growth
spillovers, while highly influential, dissipate over larger regional distances and do not propagate
indefinitely through the spatial network. The coeflicient on the investment rate of a region’s
neighbours is positive and statistically significant, highlighting substantial spillovers of regional
investment activity. Notably, a similar pattern emerges for the coefficient on tertiary educational
attainment, suggesting that higher educational levels in neighboring regions contribute positively

to a region’s economic growth through knowledge diffusion and human capital externalities.

Table 5.1: Results for empirical growth model.

1] 2] 3] [4] [5] (6]
In(yt—1) -0.137FF%  -0.267***  -0.216%**  -0.011 -0.010  -0.473%**
(0.032) (0.034) (0.017) (0.034) (0.042) (0.028)
In (invy) 0.035%** 0.013 0.016** 0.003 -0.004 0.027**
(0.006)  (0.008)  (0.007)  (0.004)  (0.005)  (0.013)
In (n4) -0.629***  .0.636*** -0.271 -0.617**¥*  L0.679***  -0.582%*
(0.153)  (0.122)  (0.249)  (0.125)  (0.123)  (0.281)
In (educy) -0.006 0.013 0.002 -0.004 0.002 0.007
(0.007) (0.017) (0.015) (0.006) (0.008) (0.026)
In (sci&techy) -0.006 -0.013  -0.034%** 0.008 -0.009 -0.003
(0.008)  (0.011)  (0.011)  (0.006)  (0.008)  (0.016)
w
Aln (y¢) 0.896***  0.997***  (.628***
(0.145)  (0.048)  (0.033)
Aln (y_1) 0.075 0.039  0.192%%*
(0.081) (0.050) (0.052)
In (invy) 0.001 0.003 0.071%**
(0.012)  (0.011)  (0.021)
In (n¢) 0.334* 0.568%** 0.643
(0.108)  (0.135)  (0.549)
In (educy) -0.000 0.007  0.150%%*
(0.011) (0.017) (0.035)
In (sci&techy) -0.017* 0.004 0.022
(0.009) (0.011) (0.050)
N, 266 266 266 266 266 266
X% 29.949 39.201 12.966 16.002
DJ 0.000 0.000 0.024 0.067
factl 0 1 0 0 1 1
fact2 0 2 0 1

Notes: Standard errors are in parentheses. * denotes significance at the 10% level, ** at the 5% level, and
% at the 1% level. [1] imposes u;r = oy + pe + €it, Yri = ve,i = 0 for all 4, 7 and ¢, 6; = 0 and Be,; = Se
for all £ in Eq. (5.1). [2] is as in [1] except it relaxes the restriction u;s = a; + pt + €5 in Eq. (5.1). [3] is as
in [1] except it relaxes the slope-parameter homogeneity restriction. [4] imposes i = «; + pt + €4¢, 03 = 6,
Y7 =17 for all 7, and Br,; = B¢ for all £ in Eq. (5.1). Column [5] is as in [4] except it further relaxes the
restriction u; = «; + €. Finally, [6] relaxes the slope-parameter homogeneity restriction and presents the
most general specification.

Figure 1 below depicts a map of European regions, shaded to reflect the magnitude and sign
of 0;, the coefficient of the initial level of GDP per capita. Regions shaded in dark blue indicate
estimates close to —1, while those in dark red represent estimates closer to 1. Regions shaded in
pale blue or pale red reflect estimates near 0, which are not statistically significant. As shown,

most wealthy regions in are dark blue, indicating that higher initial GDP per capita tends to result
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in slower growth, likely due to diminishing returns to capital. Conversely, dark blue regions in
southern Europe, which are relatively poorer, suggest faster growth driven by low starting GDP
levels and higher marginal returns to investment. In contrast, regions such as in central Spain and
Portugal, in Wales and in northern Romania, exhibit #; values close to zero, indicating minimal
evidence of conditional regional convergence. Note also that there is considerable heterogeneity in

the magnitude of §; among blue-shaded regions, reflecting varying speeds of convergence.

European Regions by magnitude and sign of lagged GPD coefficient

45 N

Figure 1: Convergence Patterns across Regional Europe

Table 5.2 below presents Mean Group direct, indirect (spillover), and total effects of in (inv;),
In (ny), In (educ) and In (scidtechy).
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Specifically, by stacking the N observations for each ¢ the model becomes:

k k
Ay = ToWAy ) + U 1WAy 1) + Oy—1) + ZBéXe(t) + ZFZWNXZ(t) +uyy, (5.5)
=1 =1
where Ay ) = (A, - -+, Ayny)' is of dimension N x 1, and similarly for the remaining variables,

while © = diag (01,...,0n), o = diag (Y01, ---,%0,N) €etc.
Solving the model for Ay ;) yields:

k k
AY(t) =[Iy — oW — ‘I’1WL]71 (@y(t_l) + Z Bexg) + Z I‘gWXZ(t)> + ug. (5.6)

=1 £=1
where L denotes the lag operator The matrix of partial derivatives of the expected value of Ay

with respect to the fth covariate is given by:

OEW)  OEW| 1y~ woW - 9, WL By + T/Wy). (5.7)
Oz Ozen

Building on the framework established by LeSage and Pace (2009) and Debarsy et al. (2012),

the Mean Group direct effect of a unit change in x,;) on Ay(y) is calculated as the average of the

diagonal elements of the matrix in Eq. (5.7). The Mean Group indirect effect, on the other hand,
is defined as the average of the off-diagonal column sums, capturing the spillover effects of changes
in one region’s covariate on other regions. The total effect is obtained as the sum of the direct and
indirect effects. To analyze heterogeneity, the direct effects for a specific region i correspond to the
(i,7)th diagonal entry of the matrix in Eq. (5.7), while the indirect effects for region ¢ are computed
as the sum of the off-diagonal elements in the ith row of the same matrix.

The direct effect of In (inv;) is small and statistically significant at the 10% level when employing
a one-tailed test, indicating that a region’s own investment rate has a modest but discernible
impact on its economic growth. On the other hand, the indirect effect, capturing the influence of
neighboring regions’ investment rates, is much larger and also highly significant. This finding is
consistent with the conclusions of Elhorst et al. (2024), who document that while the local impact
of the investment rate tends to be small, its spillover effects are substantial. Overall, a 1% increase
in the investment rate is associated with a 0.265% increase in the regional GDP per capita growth
rate, with a remarkable 83.4% of this total effect attributable to spillovers from neighboring regions.
This substantial contribution of spillovers highlights the pivotal role of cross-regional investment
linkages, such as shared infrastructure projects, inter-regional supply chains, and trade networks,
in driving economic growth.

For In (n;) the direct and spillover effects exhibit a striking contrast in both magnitude and
direction. Specifically, a 1% increase in a region’s population growth rate corresponds to a 0.531%
decrease in its GDP per capita growth rate, reflecting the neoclassical growth theory’s prediction
of capital dilution effects. Conversely, the same increase in neighboring regions’ population growth
rates leads to a 0.696% increase in the focal region’s growth rate, likely due to enhanced labor
market integration, demand spillovers, and knowledge diffusion across regional boundaries. The
net result of these opposing forces is a near-cancellation of effects, which highlights an intricate
balance of demographic dynamics, where the growth trajectory of a region is shaped not only by
its internal factors but also by its interactions within the broader spatial network.

Turning to In (educ;) and In (sci&tech;), the total effects for both variables are positive and
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statistically significant at the 10% level under a one-tailed test.?® Notably, these total effects are
predominantly driven by their spillover components. For instance, the indirect effect of in (educ;)
is substantial, suggesting that a region benefits significantly from tertiary educational attainment
of its neighbors. This outcome aligns with endogenous growth theories that emphasize the role of
human capital spillovers in fostering innovation and productivity gains across regions. Similarly,
the indirect effect of in (sci&tech;), though smaller in magnitude, indicates that regions appear to
derive considerable benefits from innovation and knowledge diffusion originating in adjacent areas,

reinforcing the argument for fostering cross-regional collaborations in research and development.

Table 5.2: Direct, indirect and total effects.
Impact  Std. Err. z P>|z| [95% Conf. Intervall

Direct

In (invy) 0.044 0.032 1.344 0.179 [-0.020, 0.107]
In (ny) -0.531 0.313 -1.693  0.090 [-1.144, 0.083]
In (educy) 0.036 0.314 0.114 0.909 [-0.580, 0.651]
In (sci&tech:)  0.001 0.035 0.016  0.987 [-0.068, 0.069]
Indirect

In (invy) 0.220 0.032 6.779  0.000 [0.156, 0.284]
In (nt) 0.696 0.313 2.223  0.026 [0.082, 1.309]
In (educy) 0.386 0.314 1.230 0.218 [-0.229, 1.002]
In (sci&techy)  0.050 0.035 1.432  0.152 [-0.018, 0.118]
Total

In (invy) 0.264 0.032 8.120  0.000 [0.200, 0.327]
In (ny) 0.165 0.313 0.527  0.598 [-0.448, 0.779]
In (educy) 0.422 0.314 1.344 0.179 [-0.193, 1.038]
In (sci&techy)  0.050 0.035 1.446  0.148 [-0.018, 0.118]

Figure 2 below displays a map of all European regions, colored to represent the proportion
of the total effect of the investment rate, In (inv;), on growth attributable to the direct effect.
Regions shaded in dark red indicate estimates near zero, suggesting that a substantial portion of
the total effect of investment arises from spillover effects from neighboring regions. In contrast,
regions shaded in dark blue correspond to estimates near unity, indicating that the majority of the
total effect of investment on growth is driven by the region’s own (direct) effect. As illustrated,
many regions across Furope experience substantial spillover effects relative to the total. Notable
exceptions include islands in the Mediterranean, such as Crete, Cyprus and Sicily, where the direct
effect of a region’s own investment is significantly more pronounced. Similar patterns are observed
in northern Scotland, Northern Ireland, Thuringia in Germany (often referred to as “the green heart
of Germany” due to its broad, dense forests), and a few capital regions, such as Lisbon in Portugal
and Rome in Italy.

Taken together, these findings underscore the critical importance of incorporating both direct
and spillover effects in growth models. Ignoring the spatial dimension of regional dynamics risks
underestimating the true impact of key growth determinants and overlooking the complex interde-
pendencies that shape economic growth. Moreover, the results highlight the necessity of accounting

for slope parameter heterogeneity, as regions often exhibit distinct economic structures and re-

26Note here that the direct effect of In (sci&techt) is (small and) positive even if the coefficient on In (sci&techy)
is (small and) negative. This phenomenon arises because a negative coefficient on a spatial lag of a covariate does
not necessarily imply that the corresponding spillover effect is also negative. This issue is explained in LeSage and
Pace (2009) (page 71).
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Investment Rate: Proportion of Direct over Total Effect for European Regions

45 N

Figure 2: Investment Rate Effects on Regional Growth in Europe

source endowments. Allowing for such heterogeneity ensures that growth models capture these
diverse regional dynamics meaningfully.

From a policy perspective, the results emphasize the necessity of fostering inter-regional coop-
eration and investment. Policies that enhance connectivity —whether through infrastructure, trade
facilitation, or collaborative innovation networks— are likely to yield substantial aggregate benefits.
Moreover, the prominence of spillover effects in education and technology underscores the value of
region-wide initiatives to elevate human capital and technological capabilities.

Finally, incorporating interactive fixed effects into growth models offers a robust framework
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for addressing nonlinear unobserved heterogeneity, latent common shocks, and their region-specific
impacts. This is particularly crucial in the context of global and economy-wide events, such as

economic crises or technological revolutions, which may affect regions differently.

5.4 Robustness

Table 5.3 presents results from a series of robustness checks designed to test the stability of the
estimated coefficients under varying assumptions and configurations.

Column [1] replicates the results from Column [6] of Table 5.1, serving as the benchmark spec-
ification. Columns [2] and [3] retain the same model structure but modify the distance decay
parameter ¢ in Eq. (5.3) to 0.015 and 0.01, respectively. Lowering ¢ results in a slower expo-
nential decay, assigning higher weights to more distant regions. Consequently, the influence of
remote regions is amplified, leading to a weaker spatial localization effect. This adjustment reflects
a scenario in which regional interactions are less constrained by geographical proximity and more

broadly distributed across the spatial network.
—2

ij
N —2
Zj:l dij

explored in Ertur and Koch (2007). This formulation imposes a quadratic decay in spatial interac-

In Column [4], the spatial weights matrix is specified as w;; = a specification also

tions, whereby closer regions exert significantly larger weights relative to those farther away. Finally,
Column [5] modifies the sample by excluding 10 island regions within the EU. These regions, due to
their physical separation, may exhibit weaker integration into the mainland spatial network. This
adjustment assesses whether the inclusion of such isolated regions disproportionately influences the
estimated spatial dynamics.

Some key observations are as follows: Firstly, despite the variations in the weighting matrix and
sample composition, the spatial spillover effects demonstrate remarkable consistency across spec-
ifications. In specific, the coefficients of WAIn (y;), WAIn (y:—1), Win (inv;) and Win (educy)
are similar in magnitude and significance across all configurations. This stability affirms the ro-
bustness of the estimates to different choices of the weighting matrix, and reinforces the conclusion
that spillovers from neighboring regions play a substantial and persistent role in shaping a region’s
economic growth trajectory.

In addition, the estimated rate of conditional convergence, captured by the coefficient of in (y;—1),
also remains consistent across specifications. This invariance suggests that the process of regional
income convergence is robust to changes in the spatial weighting structure and sample adjustments.

On the other hand, noticeable variations arise in the impact of a region’s own investment rate and
population growth: for in (inv:), the direct effect appears diminished in some specifications, while its
spatial counterpart increases in magnitude. This pattern highlights the dominant role of investment
spillovers relative to localized investment impacts, particularly when greater weight is assigned to
interactions with distant regions. The coefficient on In (n;) also exhibits greater variability across
specifications, reflecting the complex and context-dependent nature of demographic dynamics in
influencing regional growth.

The robustness checks confirm the reliability of key findings, particularly the significance of
spillover effects, while underscoring the need for carefully chosen spatial weighting matrices aligned
with the model’s theory and context. The consistent convergence rate further validates the frame-

work’s ability to capture regional growth dynamics.
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Table 5.3: Robustness results for empirical growth model.

i 2 3 4 5]
In (ye—1) -0.473¥*F 0 L0.481F*F 0,497 L0517 L0.4TTHHH
(0.028)  (0.028)  (0.030)  (0.029)  (0.029)
In (invy) 0.027** 0.023* 0.009 0.004 0.028**
(0.013)  (0.012)  (0.013)  (0.012)  (0.014)
In (nt) -0.582%* -0.379* -0.297 -0.145 -0.684**
(0.281)  (0.218)  (0.197)  (0.201)  (0.338)
In (educy) 0.007 -0.006 -0.016 -0.024 0.008
(0.026)  (0.024)  (0.028)  (0.025)  (0.027)
In (sci&techy) -0.003 -0.008 -0.027 -0.019 -0.005
(0.016)  (0.015)  (0.020)  (0.014)  (0.016)
w
Aln (y) 0.628%**  0.644**F*  0.661***  0.636***  0.629***
(0.033)  (0.035)  (0.040)  (0.038)  (0.033)
Aln (ys—1) 0.192%F*F  0.191%%F  (0.188***  (0.165%**  (0.203***
(0.052)  (0.053)  (0.061)  (0.063)  (0.054)
In (invy) 0.071%F%  0.083*%F*  (0.099%**  0.131***  (0.072%**
(0.021)  (0.021)  (0.030)  (0.034)  (0.021)
In (ny) 0.643 0.242  -0.369  -0.696 1.102
(0.549)  (0.668)  (0.549)  (0.521)  (0.744)
In (educy) 0.150%**  0.176%**  0.197%%F  0.248%**  (0.160***
(0.035)  (0.033)  (0.040)  (0.053)  (0.034)
In (sci&techy) 0.022 0.042 0.115%* 0.108 0.009
(0.050)  (0.041)  (0.050)  (0.081)  (0.050)
Ny 266 266 266 266 256
factl 1 1 1 1 1

Notes: Standard errors are in parentheses. * denotes significance at the 10% level, ** at the 5% level, and

*#% at the 1% level. Column [1] is the same specification as in Column [6] in Table 5.1, repeated here for

benchmark. Columns [2] and [3] correspond to the same model specification except that ¢ in Eq. (5.3) is
a2

set equal to 0.015 and 0.01, respectively. In Column [4] the weighting matrix is given by w;; = W.
j=1 1j

Finally, Column [5] is the same model as in [1] except that it excludes 10 regions in the sample that are

islands.
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6 Concluding Remarks

This paper develops a Mean Group Instrumental Variables (MGIV) estimator tailored for spatial
dynamic panel data models with interactive fixed effects. In contrast to existing methods that
assume slope-parameter homogeneity, the MGIV estimator explicitly accommodates heterogeneity
across cross-sectional units. Theoretical results establish its consistency and asymptotic normality
under large NV and T asymptotics. Furthermore, the estimator is asymptotically unbiased, enabling
valid inferences without requiring bias correction. Its linear structure also renders it computationally

efficient, making it suitable for large-scale applications.
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Appendix A: Proofs of the main theoretical results

Let E be an r; x r; diagonal matrix, which has the largest r; eigenvalues of the T' x T matrix
(NT)™! Zfil X,;X! on its main diagonal. Similarly, denote E_; as the diagonal matrix whose main
diagonal consists of the largest r; eigenvalues of (NT)~1 Zivzl Xi,—1X] _;. Then by the definitions
of F and F_;, we have FE = (NT) "' 0 X;X/F and F_,E_, = (NT)"' % | X; 1 X| _,F_,.
Following the argument in the proof of Lemma A.3 in Bai (2003), we can show that = and Z_; are

invertible asymptotically. Then we obtain the following results for the estimation of factors:

N N N
~ 1 ~ 1 - 1 .
F-FR=— § FI,VFE !+ — § V,I'FFE!'+ — § V,V:FE~! Al
NT & ‘ tNT P ¢ tNT P ‘ ’ (A1)

N N
o o 1 ! n =1 1 I 1
F-F M= ;1 F_LVi FE7) + ;1 V, T'F_F_ 57}

+—=> ViV, JFLE7], (A.2)

i=1
where R = (NT)~! Zfil [,TF'FE " and R = (NT)! va:l [,T'F’ ,F_;E"] are two rotation
matrices. Again following the proof of Lemma A.3 in Bai (2003), we can show that R and R are
asymptotically invertible.

We first present the following proposition, which plays an important role in the proof of Theorem

3.1. The proof of this proposition requires the lemmas given in Appendix B.

Proposition A.1 Under Assumptions A-FE, we have, for alli:
(a) T 'Zw; = T~'Zu; + 0,(632) = 0,(T~/?) + 0,(632),
(b) T 'Z/C; =T 'Z/C; 4+ 0,(651),
(¢) T7'ZiZ; =T 'Z\Z; + 0, (051,

as N, T — oo.

Proof of Proposition A.1. From Lemma B.3, we obtain

N N
1 ) 1 Z/j:l ’w”XSMi;lll 1 Zj:l win;MFui _2 1., 9
?Ziui =7 X 1Mz Mgu; | = 7| Xi Mg Mpu; | + Op(dn7) = ?Ziui + Op(On7)s
XiM=u; X/ Mpu;
7 F 1 7 FU;
for all . This proves the first result in (a). Next we show that
T1Zw; = 0,(T~/?). (A.3)
To this end, first note that (2.6) implies
N
1, 1 [ Xt wi ViMr (G, +€i) §in
7Ziui = JT V, _Mg_ Mg (Go,; +¢;) = | &2 |- (A.4)
VMg (G, + €;) €3
Under Assumptions A — D, it’s easy to verify that
E(fm) =0, E(fi,z) =0, E(fi,g) =0. (A~5)
On the other hand,
1 al 1 al
Var (51’,1) :fVar Z’IUUV;MFG(ZSZ + TV&I‘ ZwijV;‘MFsi
j=1 j=1
1 N N
+ TE Z Z wijlwiszgl MFG¢Z€;MFV]‘2

J1=1j2=1
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N N
1
e Z Z Wi, me;l MF€i¢2G,MFV]‘2
J1=1j2=1
=11+ Bei12+ 1,3+ B4

'ﬂ

For 3¢ ; 1.1, by Assumptions B - E, we have

Beinn = Z Z wij, wij, Vi MrGo;¢;G' MgV,

Jj1=1j2=1

— Z Z wij, wiz, Vi MpGE 4G/ MgV,

Jj1=1j2=1

N
Z Z |w131 ||w1]2|

Z :E V]lvévjzt

1

IN

H\Q H\Q

T
t=

: =
N T
> > wz‘j1||wz'j2|zz5st <C (A7)

Jj1=172=1 s=1t=1
In a similar manner, using Assumptions A — E we can prove
Peine < C. (A.8)
N, and has zero mean,

IN

In addition, noticing that &; is independent of F, G, ¢;, and V;,j =1,...,

we have
Yei13=0, Xei14=0. (A.9)

Combing (A.6)—(A.9), we obtain
Var (§;,) < C,

which, given (A.5), in turn implies

51‘,1 = Op(1). (A.10)
By similar arguments, we can show that
§i2=0p(1), & 5=0,(1). (A.11)
In view of (A.4), (A.10), and (A.11), we have
Lz —0,0), (A.12)

VT

(Zjvlwulvl #Xj, MpMg X; 1, MgX;). Hence,

which implies (A.3).
Next, we prove (c ) Recall that Z; =
N
Z Z wmme M+ XJQ Z win;Mi?\Mi?\71X1',_1 Z ’LUZ]X;Mi:Xz
J1 1j2=1 j=1 Jj=1
1,4 1
—7'7;, = — Z wi; X 1M§71M§Xj X;,flMﬁ,lMﬁMﬁ,IXi»*l X;)flMﬁilMﬁxi

j=1

Z

) i XiMgX; XIMpMg - X XiMzX;
J:
First consider the (1,1)-th block in the above matrix, i.e., = Zﬁzl Z;\;:l wij, wij, X5 MzX;,. Note

that
1 N N
T D> wiwi, X MpXy,
Ji=1j2=1
1 N N N N
== Z Z wij, wij, X5 MpXy, + = Z > wijwig, X, (Mg — Mp) X, (A.13)
J1 =1j2=1

<.
—
<.
»N
Il
—

1=
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By Lemma B.1(f) and Assumptions B - E, we have

ZZwmwm (Mg — Mp)X,,

11 1j2=1
<Zz|wm||wm| X, H =X | IM — M
Ji=1j2=1
Z Z i, iz X, | = 0,650, (A14)
f

J1=172=1
for all i. The last equality in (A.14) holds because

N N 1
D0 lwijy llwig, | ‘
J1=1j2=1 f T
N N
< YD wig, | |wig, | (H X > (H X, ) <C,
1=1ja=1 VT VT

by Assumptlon E and Elx:|* < C. Combmg (A 13) nd .14), we have

—1
T Z Z wijlwiJ'zX;deij = T Z Z wijlwijzxj1MFXj2 + OP((sNT)'
Jji=1j2=1 Jji=1j2=1

Analogously, we can prove that each of the remaining blocks in %2;21 equals its counterpart with
Mg and/or Mffl replaced by My and/or Mg_,, plus a remainder term that is of order Op(dg,lT).
This completes the proof of (c).
Following the proof of Lemma B.6, we can show that
1 1

2 2
o[l <60 ([ ) <o

Then using the same argument as in the proof of (c), we can show that (b) holds. This completes

the proof of Proposition A.1. O

Proof of Theorem 3.1. By (2.8) and Proposition 1, we have
6.-0,=(AB;'A)  AB'e,, 0,
~ (AB'A) AB I Z (v - Cio)
~ (AB'A)) AIB; (1 Zw,)
= (A/B;TA) T AB (T Zw,) + O, (T V263 % + 632, (A.15)

as N, T — oo. By Assumptions F1-2 and the last result in Proposition 1 (a), we can see that the
RHS of (A.15) tends to zero as N, T — oo. This completes the proof of the consistency of @l Then,
by (2.6) and Assumptions A, B.1, D and F.4, we can show that

E(T~'?Zjw;) =0, Var(T~'?Zw;) = &,

T-12Zu; -4 N(0, ®,0), as T — oc. (A.16)
Combining (A.15)-(A.16) with Assumption F3, we can easily prove Theorem 3.1 when T/N? — 0
as N, T — oo. O

Similarly, we present Proposition A.2 before proving Theorem 3.2. The proof of this proposition

requires the use of Lemma B.5, which is provided in Appendix B.
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Proposition A.2 Under Assumptions A-FE, we have:
N N
1 1
(@) 7 D0 XiMgu; = o > XIMpw; + 0, (033) = Op(N /21712 4 532,
i=1 i=1

N

N

1 1 _ _ _ _

(0) NT ZX;7—1Mf71Mfui =~NT ZX;—lMFerFui +O0p(057) = Op (NP2 512,
i_

i=1

N N N N
1 1 _ /2 _
(c) —NTE E win;MfuizN—TE § wi; X;Mpu; + Op(x7) = Op(NT2T7 12 4 52

i=1 j=1 i=1 j=1
as N, T — oo.

Proof of Proposition A.2. We only provide the proof of (a), as the proofs of (b) and (c) are
similar. By Lemma B.5 (a), we readily have the first result in (a). To prove the second result, we

need only to show that
N
1
—TZXQMFuZ- = O,(N~V27=1/%), (A.17)
—

First note that

N
ZX Mpu; = o ZV'MF Go; +¢;) and E —TZV;MF(G@JFEZ») =0.
Furthermore by Assumptlons B D, we have =
Var <NT ;VQMF (Gop; + z-:i)) H
1 Al ’
=77 |2 D E | ViME(Go; +¢.) (G, +;) MrV, |
i=1j=1
N2T2 Z VIMpGXE4G'MpV;) + 02E(VMpV;)] H
N_ T T
_N2T Z Z Z = NT
=1 s=1 t=1
The above results implies (A.17). This completes the proof of (a) O
Proof of Theorem 3.2. Note that
e 0) =530+ L3 (00
(OMG—H):* 0,—0;)+— 0,—06
N= N=
1o 1 &

y (A.15), we have
' (AIB'A)TAIBTY [ Ziui - Zju]
> [(AB'A)AIB]! - (A/B;1A) MAB | Ziu,

N
1 .
+—=> (A/B;'A)AB; N (Zhu; — Ziu,)
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1 N

— "BTTA)TIABT 2,
+ NT i:1(A7,Bz Al) Asz Zlul
=On71+ONT2+ONT 3+ ONT 4 (A.19)
On the other hand, Lemma B.5(d)—(i) and Lemma B.6 imply
sup [|B; — Byl =0, (N'/?657), (A.20)
1<i<N
sup [|A; — Ay =0, (), (A.21)
1<i<N

where iy = NY/253 % log N+ NYV45 1 log N+ [N3/AT =125 0 + NT =154 | [6 5 log N+1]. Then
using (A.20)—(A.21) and following the proof of Lemma 18 in Norkuté et al. (2021), we can show
that

sup [[(A/B; 1A, T ATB! — (ABAY) AR = 0y (ive) (A.22)
1<i<N
Furthermore, by Lemma B.5(a)—-(c) we have
N
1 = _
NT Z 1Ziwi — Ziwi|| = Op(5N2T)- (A.23)
i=1

Combining (A.22) and (A.23) we obtain

N
PN 1 N
[Onral < sup [[(AJB7TA)T'AIB T — (AB;'A) TTAB - — E 1Z;w; — Ziu]|
’ 1<i<N ! ‘ ’ ' NT =

=0, (857 tNT). (A.24)
Similarly, using Proposition A.1 (a) and (A.22), we obtain
OnT2l = Op(T_1/2 ‘ LNT). (A.25)
And by Assumption F1-2 and (A.23), we have
1OnT3ll = Op (957 )- (A.26)

Finally, Proposition A.2 implies
|OnTal = Op(N~V2T71/2). (A.27)
If N/T? — 0 as N,T — oo, it’s easy to show that
Sna - int = o(1), T2 np = o(1).
This together with (A.19) and (A.24)—(A.27) implies

N
1 ~
+30 (8- 6) = 0,(1). (A.28)
i=1
Meanwhile, by Assumption G and the Law of Large Numbers, we have

N
1
NZei L)O, as N — oo.
i=1
In view of (A.18) and (A.28), the above proves the consistency of the mean-group estimator when

N, T — .

To prove the asymptotic distribution for the mean-group estimator, note that under Assumption
G, we have
1

ﬂ

N ¢

N

S e -4 N (0, %),
i=1

as N — oo. In view of (A.18), it remains to show that

N
1 ~
VN — ZH (0;—6,) = 0,(1), as N, T — oo. (A.29)

To prove this, we first note that when N/T%/5 — 0, we have (N/T°)2 log N — 0 for any ¢; > 6/5
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and co > 0. Hence, from (A.24) and (A.25), we have
VN-Onr1 = Op(NY2.532% inT) = 0,(1), VN-Onra=Op(NY2.T7Y2. yr) = 0,(1). (A.30)
Furthermore, (A.26) and (A.27) imply
VN -On73 = O0p(NY2.532) = 0,(1), VN-Onra=0,(T7%) =0,(1). (A.31)
In view of (A.19), (A.30), and (A.31), we complete the proof of (A.29). O

Appendix B: Lemmas and their proofs

In this appendix, we present the lemmas used in the proofs of the main theoretical results.

Lemma B.1 Under Assumptions A — D, we have

1, ~ _

(@) ZIF~ FR|®> = O,(657);
1 ~ 1 ~ 1 ~

(b) 7(F-FR)'F = Op(Sn7)s 7(F-FR)F_, = Op(657); 7(F -FR)G = Op(6n7) 5
1 - ~ 1 ~ ~

(€) 7(F~ FR)'F = O0,(0y7), 7 (F = FR)F_1 =0, (0y7) ,

(d) E:Op(l)v R:Op(l)v 2! :Op(l)v R :Op(l)»

(e) RR' — <;FF) - =0, (657),

(f) Mg —Mr = 0,(657), Mg |

N
1 P ~ /o
(9) 7 S TViE —FR) = 0,(N 1) + O,(N1/2532).
{=1

Proof of Lemma B.1. For the proofs of (a) — (e), and (g), see Proof of Lemma 4 in the Supple-
mental Material of Norkuté et al. (2021). For (f), we decompose Mg — My as

A~ ~ / A~ —
Mg - Mg = —7"'F (F-FR) -7 (F-FR)R'F —7"'F [RR' - (T"'F'F) | F

which is bounded in norm by , X
|57 [ - e+ | ] |7 e - ()

By Assumption C, E||7~'/2F||? < C and hence, || T~'/2F|| = O,(1). Furthermore, by (a) and (d)
|T7Y2R) < | TV2FR)| 4 | T2 (B FR) || < |T7V2F) - [R| + |77/ (F ~ FR) || = O,(1).
Using the above results and the results in (a), (d), and (e), we can easily see that the above is of
order O, (7 ) This completes the proof of (). d

F - FR) (F - FR) H

Lemma B.2 Under Assumptions A — E, we have

(a) %e; (F-FR)| =0, (533) ,
(b) i |wij | ‘;VQ (f‘ - FR)H =0, (dn7) -

Proof of Lemma B.2. First consider (a). By (A.1), we have
Hle; F - fR*l)

N7 Z.anvZ JETR + ETIRTY

N A~
> & V/ITF'F
=1
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L]
NT?
By Lemma B.1 (d), |[E"'R™!|| = O,(1). Hence, we ignore it in the following analysis. Then first

N
> Ei:VeVéfH ETIR Y| = W+ U+ Uy, (B.1)
(=1

note that N
v, <CT V. ‘ (T—l/Qs;F) (N—lT—1 er;ﬁ) .
=1
By Assumptions A and C, we have E||T~/2¢/F||2 = T-' 3], 02E|f;||? < C, which implies

IT~12€F| = O, (1). (B.2)
By Assumptions B — D and Lemma B.1 (g), we have

N N N
1 1 1 .
Y IViF=—-3 T,V/FR + — > TI,V,(F - FR
NT £ tve NT & ¢ +NT£:1 Vil )

=0,(N~V2r=12 . N1 4 N7V252). (B.3)
With (B.2) and (B.3), it’s easy to see that
U, = Op(N"V2r=t o N~I7=1/2  N=12p=1/2572), (B.4)
On the other hand,
1 R 1 1
\Iji < 07 I €2V 1-\/ . HF/ . Hf\H _ O N71/2T71/2 , B5
el v P SRAC N vl N vl el o (B

where we have used the results | T~1/2F| = O, (1), ||T~Y2F| = O,(1), and ||[N-Y/2T-1/2 3N &V, T =
O, (1), the last of which can be proved analogously to (B.2). Lastly, consider ¥; 3. We can easily

prove E||T_1/ 2¢4]|?> < C. Then, by Assumptions A, B, C, and Cauchy-Schwardz inequality, we have
2

N T T N
E(\NT'T') B (VV)F| =E|T7'> ) (N—l ZE(V%SVH)> £
=1 s=1t=1 =1
T T T T N N
T2 0303 Y NI B (Vi ven) ’leE(v252vet2) E (lleis, £, llleis, i )
s1=1t1=1s2=1ta=1 /=1 (=1

T T T T (B.6)
ST?2 Z Z Z Z 5'31t15'82t2 (Eg?le‘??szE”ftl||4]E||ft2||4)1/4

s=1t=1
With Assumption B5, we can follow the arguments in the proof of Lemma A.2 (i) in Bai (2003) to

show that E|[N=Y27-1 "N &/ [V, V), —E(V,V})]F||> < C. The above analysis implies

| T~ 2¢;]| = 0,(1), (B.7)
N
‘ NT'T7IY "B (Vi V) F| = 0,(1), (B.8)
=1
N
NTPTEN "6l [VV) — B (V, V)] F|| = O,(1). (B.9)
=1
In addition, note that by Assumption B, we have
N 2 T N 2
NN TR(VVY)| =T Y D INTYDY CE (Vv
=1 s=1t=1 =1
T T N T T
SCNT'TY NN E(vigvi) | <CTHY ) 6u < C,
s=1t=11i=1 s=1t=1
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where we have used the result

1ZEV Vit) ' <N~ 1Z|Ev vie)| < N~ 12\/EHVZS||2IE||vt)H2<C

i=1
and
2 T T N 2
By S v —evav)| — T—sz[N-lﬂz(vzmt—E(vzsvﬁ»]
=1 s=1t=1 =1
T T N 2
:TﬁQZZ]E Nﬁl/QZ(vi;ngt E(vyver))| <C.
s=1t=1 =1
Thus,
1 & / 172 || ar=1/27—1 a / / 12 || a—1p—1/2 Al /
WZWVK <N NNV V=B (VA V)| + T NTITT2N TR (VVY)
=1 =1 =1
=0,(N~V2 4 T712) = 0, (63h). (B.10)

Using results in (B.7) — (B.10) and Lemma B.1 (a)&(d), we obtain

N N
U,y <||IT V%) ‘ NN V| [ (B - FR) |+ 7[NS EE (Vi V) R
=1

(=1
N
+ NTVRTHINTYRT N "l [V V) — B (VV)] F|| R = Op(657)- (B.11)
=1
Collecting (B.1), (B.4), (B.5), and (B.11), we can prove the result in (a).
Now consider (b). By (A.1), we have
N
> Jwyl |77V} (F-FR)
j=1
N N N
SN2 | DD VIELVF|| |27 + N7 22|w”\ > ViVIDFF| |7
Jj=1 =1 j=1 =1
N N N
FNTITTEY | DO VEVVIE|IETY|
j=1 =1
=: Hi,l + HZ"Q + Hz’,3~ (B12)

By Lemma B.1 (d), ||| = O,(1). So we ignore it in the following analysis. Then following the
arguments in the proof of (B.4), we can show that

I = Op(N“Y2T7 1) + O, (NI TY2) 4 O, (N V2T 7125 42). (B.13)
On the other hand, note that

1 N 1 1
’ ’ , =~
II; 2 Sﬁ Z |wij] - ZV]-V[I‘Z . H\/TF . H\/TF
NTZWW‘ ZV’V@I‘Z x Op(1), (B.14)
=1
and N N
1 !
N7 2wl [ Do ViV
Jj=1 =1
1 Y N N
Sﬁ Z |wis | ZE(V/ VT + NT Z |wij| - Z V’ V,— V;'VK)]I‘Z (B.15)
j=1 =1 j=1 =1
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By Assumptions B2, D and E3, we have

N N T
Z|w”| ZE V/V,)T NLZ wij| > [ZEthvm
7j=1 (=1 Lt=1
1 N N T
NfZ [wijl YD 55l Tell = Op(N 1), (B.16)
j=1 =1 t=1

and by Assumptions B4 and E3,

1 N
NT > Jwig -
=1

V’ V, - V;-Vg)]I‘Q

ol
i

N T
1
w7 > Jwig - > [Vievi = B(vjevi)|Th|| = Op(N71/2171/2), (B.17)
j=1 t=1
Combing (B.14) — (B.17), we obtain
o = Oy (N2 4 N7V2771/2) = 0, (632). (B.18)

Lastly, notice that by Assumptions B1 we have Hﬁvj H = 0p(1) for all j, and analogous to (B.8),
we can show that Hﬁ Zé\[:l V;»IE(VZVQ)FH = Op(1). Furthermore, by Assumption B4, we have

N 2 T 2
1 1
m ; [VgV} — E(V@Vle)] F = T E . \/ﬁ E E V@SV& V@SV&)] ft/
=1 s= =11t

<C.
Then using the above results as well as Assumption E3, (B 10), and Lemma B.1 (a) and (d), we

obtain
al 1 & 1 -
IT; 5 < — V.Vyl - ||—=(F — FR
0 <3 bl | NT% il |7 - e
! ij ! V'E(V,V})F R
TN A LY
j=1 (=1
1 1 a
SNyl =V e ST VeV, —E(VeVY)] F|| - IR
m;‘ J| H\/T J H\/NT;[ Ly ( £ 5)] H ”
=0, (02 + T+ N7V277Y2) = 0,(532). (B.19)
Combining (B.12) with (B.13), (B.18), and (B.19), we can see that (b) holds. This completes the
proof of Lemma B.2. O

Lemma B.3 Under Assumptions A — E, we have, for all 1,
N N
1 1 _
T Z win;Mi;ui = T Z win;MFui + OP<6N’%)7
j=1 j=1
1, 1, —2
(b) fxi,—lMﬁ,lMﬁui = fxi,—lMF_lMFui + Op(dn7):

1

1 I
(C) Tlei::uz = T

Proof of Lemma B.3. We only provide the proof for (a), as the proofs of (b) and (c) are similar.
Recall that X; = FI'; + V. Hence,

N
— Zw”X J\Y/ EN FU
N 1 N
Z wii X;Mpu; + > wi X, (Mg — M)
j=1 j=1
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N N N
1 1 1
j=1 Jj=1 J 1
First consider Zj\]:l wijl";-F’(Mi; — Mp)u;. By Assumptions D2 and E3, E|| Z o wi LT <
Z;V=1 |w;|E||IT;]| < C for all i. Hence, Z;V=1 w;;Tj = Op(1). Then,
N
1 1
j=1
Further notice that we have the following expansion
_ 1 L i . " ’
Mg — Mr = T(F FR)R'F TFR(F FR) T(F FR)(F — FR)

F'(Mg — Mp)u,. (B.21)

l / 1)
—F (RR'— (T7'F'F) ') F" (B.22)
As a result,

1 1, = 1 .
7F (Mg — Mp)u; = — F/(F - FR)R'F'u; - > FFR(F - FR)'u;

- %F’(}'A‘ — FR)(F - FR)'u, — %F F(RR - (T7'F'F) ) Fu,
= Lai+Lo+Ls+T1a (B.23)
Consider [; ;. Given u; = FA; + G, + €;, we have
1T~ 2wl < INT™2F | + T2 G|+ 177 26|
By Assumptions A, C, and D, we have [|T~Y2F| = O,(1) and ||T~/?u;| = O,(1) for all i. Then
using Lemma B.1 (b) and (d), we obtain

Lig = Op(0n7). (B.24)
Similarly, using Lemma B.1 (a), (b) and (e), we have
Lis=Op(Onr)s  Lia = Op(d57)- (B.25)

Next, consider I; 5. By the fact that u; = FA; + G¢, + €; as well as Lemma B.1 (b)&(d) and

Lemma B.2 (a), we have
||]I12H<HT (F — FR)' H HT—1/2FH IR| = (HT‘lf—FR)’ui)
=0y (Il HT (F - FR) ’FH+H¢> [ HT (F - FR) GH+||RH’ (FRT - F)ei] )
0, (552). (B.26)

Combining (B.23) — (B.26), we have %F’Mfui = O,(dy7), which, in view of (B.21), implies

N
T wiTJF (Mg — Mp)u; = Op(637).- (B.27)
Jj=1
Next, we prove that
N
T wi V(Mg — Mp)u; = Oy (057). (B.28)
j=1

By the expansion (B.22), we have
N

T3 wi; V(Mg — Mp)u;

j=1
N R N R
=-T72Y w;Vi(F - FR)R'F'u; - 77> w;;V/FR(F - FR)'u;
j*1 Jj=1

-T2 Z w;;V(F — FR)(F — FR)'u;, — T2 Z w;; ViF (RR’ —~ (T—lF’F)”) Flu;
Jj=1
=Ls+Le+1Li7+Lis. (B.29)
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By Lemma B.1 (d), Lemma B.2(b), (B.2), and Assumptions C and D, we have Zjvzl lwij||| sl ||T_1V;(ﬁ—

FR)| = 0,(dx7) and 370, |wyy|| T VH(F — FR)|||T~Y/2Fe;| = O,(357)-

N
~ 2
sl <IAD Y hw |- [ 77 V5@~ FR)| - 7728 R
j=1

N
1ol lwis] - |7V - FR)|
j=1

v e i

N
412 Z |wij| . HT—lvg(f‘ — FR)‘ . HT—1/2F/siH IRl
j=1
_o, (6;,%) (B.30)

For I; ¢, first note that by Assumptions B2, C, and E3, we have
2

1 N
1 S ESD 9B DTN 9 DL IN]
j=1 ]1 1j2=1 s=1t=1
T
Z >§O,

/\

HMH

<C Z Z |wijy [[wijs| (T

Ji=1j2=1
which implies

\sz”v'F 0,(1). (B.31)

j=1
Then using Lemma B.1 (b)&(d) and Lemma B.2(a), we have

N
1 1 1 ~
L <—|— w;; VEF| IR || =(F — FR)YF|| [|\;
o <77 vz 2 VoF | ||HT< ) H ||

N
+— };wuV;F RJ?|| (PR~ FYe,
1|1 & ) 1~ )
77 |7 e |7 -rrya] s
=0,(T7Y25.2). (B.32)
On the other hand, by Lemmas B.1(b) and B.2(a)&(b), we have
I; 7 <Z\w”| ‘ V/(F - FR) H H (F — FR) ’FH [ Aql]
+Z|w”| ’ V/(F - FR) H H (F — FR) ’GH bl

+Z|ww|

:Op(éNT). (B.33)
Finally, by Lemma B.1(e) and (B.31), we have

-1
RR’' — lF'F
T

’ V/(F — FR) H|R||H (FR™! — F)'e;

1
—F'F|| ||\

1|1 &
Lis <—=|—= ) wiV;F
VT \/T; 7
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1|1 & 1 i 1
L LS w,viE| [RR - (pp) FH HGH .
vl I | ! v L2
| X
— Y wi;ViF ‘RR’ ( ) Fsl
VT =
=0,(T~Y2632). (B.34)
In view of (B.29) — (B.30), and (B.32) — (B.34), we readily have (B.28). With (B.20), (B.27), and
(B.28), we can prove (a). O
Lemma B.4 Under AssumptzonsA E, we have
(@) sup HT LV/(F - FR) H = 0,(NY4632 + NY2T-1/2532),
1<i<N
(b)  sup HT*lvg (F_, —F_|) H = 0,(NV4§32 + NV/2T—1/2532) |
1<i<N
(¢) sup HT W/(F_, — F_;R) H = 0,(NVA§R2 + NV2=1/25:2)
1<i<N
(d) sup HT v _(F-FR H = O0,(NV462 + NV/27=1/2572)
1<i<N

Proof of Lemma B.4. Sece the proof of Lemma 24 in Norkuté et al. (2021) with some notational
modifications. g

Lemma B.5 Under Assumptions A — E, we have

N
1
(@) 7 2 [XiMgus - XMews| = 0,(0:3),
=1

N
1 _
o ng,,le_leF\ui ~ X, _ Mg Mpu;|| = 0,(552),
=1
1 N N N
(C) ﬁ Z win;-Mfui — Zwin;MFui = Op(ég,%) 5
i=1||j=1 =1
1 _
(@) 1<i1;EN T HXSM?XZ - X;' = OP(N1/25N72“) J
() sw & ng Mg MM X - X Mp_  MpMp_ X, _ H = 0,(NV2532)
AW
(1 sw 2K Mg MXo - X5 Me MiX | = 0,(V2632).
RS2V

(9) sup = ZZwawX MgX, — ZZwaMX MgX, | = 0,(NY252),

1<Z<NT j=1/¢=1 j=1/¢=1
(h) 12quT ZwUX’M My X 1 - wax MpMpyp_, X; || = O,(N'/2532),
7 =1
N
(i) sup = Zw”X’M X — > wi X[ MpX;|| = O,(N'V?6337).
1<1<N
Jj=1
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Proof of Lemma B.5. (a), (b), (d), (e) and (f) can be proved by following the proof of Lemma
25 in Norkuté et al. (2021) with some notational modifications. For the proof of (c), first note that

N N
]Vl Z ZwUXnguz — Zwin;MFui
i=1|[j=1 j=1
N
NLZ Z%F F'(Mg — Mp)u; +%Z Zw” (Mg — Mp)u;|| =:J1 + Jo. (B.35)
— i=1

By the expansmn in (B.22), we have

1 N N 1 i
<3 S-Sl | 2 [7(Mg - Me)]

i=1 j—l

<% Z Z lwi; || T5]] H 7 ( F - FR)R'F'u

1 1 ~
- LSS i | L EER(E - Ry

i=1 j=1

N N
1 1, = .
+ 7 2 2 lwilITy | | = F'(F — FR)(F — FR)'u

i=1 j=1

N N
1 1 _1 1
+ % ;; Jwig |71 || 5 F'F (RR''F'F)"!) Fy;
= Jiitdi2+Jis+J1a (B.36)
Following the proof of (B.24) and using Lemma B.1 (b)&(d), we obtain

N N
1 1
Ji1 < N;;WHHDH ‘ T
Similarly, using Lemma B.1 (a), (b) and (e), we can show that

Jl,s = Op(%%% J1,4 = Op((s;/jz“)- (B-38)
For Jy 2, by following the proof of (B.26), we can obtain

=0, (657 (B.37)

F’ui

~ 1
4 j— —
F'(F FR)H IRl ’ T

N N
Nt x >y LFF \ BRI LE - FRYw| 0,05, (B3)
Collecting (B.36) — (B.39), éve have
J1 =0, (057). (B.40)
Then, by following the proof of (B.28), we can show that
Jo = 0,(0n7). (B.41)
Combining (B.35) with (B.40) and (B.41), we readily have (c).
For (g), we use Assumption E3 and the result in (d) to obtain
12151\[ T ; ; w”wng M’\Xg Jz; ; w”wa MgX,
< sw 2; willwel - s 7 [ xsMex - XoMEX | = 0,V 2532,
Analogously, we can prove (h) and (i). This completes the proof of Lemma B.5. O

Lemma B.6 Denoting
int = N353 2 log N + N5 log N + [N3/AT=Y25 0 + NT =155 [0n log N + 1],
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then under Assumptions A E and G, we have

(a) sup HX M — X Mpy; H = Op(tnT),
1<igj<n T’

(b)  sup HX Mgy —1 — X' MFyJ’,lH = O,(tnT),
1<ij<n T

(¢) 1<§u2N T HX; Mg M - X _Mp_ Mpy]H = Op(enT),
<i,j<

(d) sup T “X{L,fle_leyi,fl - X; 1 Mr_ 1MFYZ,71H = Op(tnT)-
1<i<N

Proof of Lemma B.6. We first prove (a). Let x,;+ be the {-th element of x;¢, B¢ be its cor-
responding coefficient, 7,; (r1 x 1) be the ¢-th column of I'; and v ;¢ be the ¢-th element of v,
for 1 < ¢ < k. Define X = (z4:¢)7xn, B = diag(Ber, -+, Ben)'s T = (o1, -+, yen)'s and
VO = (vp.4)rxn. Then X = FT 4 v, Thus

Y=YW¥+Y_ip+ ZX“)W) +FA +G® +¢
£=1
where W = (wl])NXN = (Wla"' aWN)/7 v = dlag(wla awN)a p = dlag(pla 7PN)7 A =

(A1, -, An)and @ = (¢q, ..., ¢n) . Inaddition, we define Y_s = (y; 1—s)TxNs E—s = (€i4—s)Tx N,
Foo=(fisfr ), Gy = (81, 87—s)s XU) = (@ri4-s)rxn and V) = (vg; 1) rxn-
Then, we have
k
Y =Y_ip(Iy - W&+ > X0 (1y - W)
=1
+FAN(Iy - WO GO (Iy - W) ! 4 eIy - WT)!

and
oo k
Y = ZZX )OIy — W8) L p(Iy — W)~ —s—ZF_SA’ Iy — W®) L p(Iy - W)L
s=0¢=1 s=0
ZG,SQ’(IN—W’\IJ) Up(Iy — W)~ Zs SIny — W®) L p(Iy - W®)L)°,
s=0 s=0
Hence,

T™'X/Mgy; =T~ ZZX’M X8O Iy - WE) p(Iy — W) 1t
s=0 /=1

+ T XIMpF_ A/ (Iy = W) [p(Iy — W) ']y
s=0
oo

+T7) XIMpG @ (Iy — W) p(Iy — W®) ']
s=0

+T71Y X Mge_o(In — W) p(Iy — W),

s=0
where ¢; is the j-th column vector in the identity matrix Iy. As a result,

sup T7* HX;Mij - XQMijH

1<i,j<N
oo k
< sup T Z Z (Mg — Mp)X) 80 (Iy — W)L p(Ly — WE)~1]5,
1<i,j<N — =
+ sup T~ ng(Mf — Mgp)F_ A (Iy — W) p(Iy — WE)71]5;
1<i,j<N —o
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+ sup T X[{(Mg — Mp)G_.®'(Iy - W¥) ! [p(Iy - W'®)']";
1<i,j<N —o
+ sup T X[{(Mg — Mp)e_(Iy — W¥) " [p(Iy — W®)7!]%;
1<i,j<N —o
= Fl + ]F2 + Fg + ]F4. (B42)

First consider Fo. By (B.22), we have

(o]
Fo < sup 772N X[(F—FR)R'FF_A'(Iy - W) [p(Iy - WE) '],
1<ij<N e

+ sup 772N X/FR(F - FR)F_A'(Iy - W) [p(Iy - W'&) '],
1<, j<N pr

+ sup T2 X|(F—FR)(F - FR)F_A'(Ly - W'¥)![p(Iy - W&)~ '],
1<i,j<N pord

+ sup TN XIF (RR’ - (T‘lF’F)_1> F'F_, A (Iy — W®) " p(Ly — WE) 1],
1<ij<N =

=:Fo1 +Foo+Fo3+Fou. (B.43)
Since sup || < min{1/||[W||1,1/||W]|ls}, we have the expansion
1<i<N

Iy —W®) =TIy + WE + (WE)? 4 (W) ...
which implies ‘
[(In = W) <[ T la + (W[ + [[(W8)2 [+ [[(W )]y + -

2 3
<t s W+ (s W)+ (s [l W)
1<i<N 1<i<N 1<i<N
1
= 7 S C-
1= sup [¢il[[W'
1<i<N
Denoting
sup |[pi
= 1<i<N
b 1— sup [¢|[[W/]l ]
1<i<N
then for any s > 0, we have
— —17s s —1ys+1
[(Iy = W) p(Ly = W®) || < o] - [|(Xy = WE)7H[]
s led
<C ='= = Cps,.
1— sup [¢[|W'[|y
1<i<N

By Assumption G2, we have 0 < p,, < 1 a.s.. Further define the N x 1 vector, ags) = (Iy —

W)~ Hp(Iy — W®)7 1%, s>0,1<j <N, and denote its k-th element by afﬁsj), k=1,...,N.
Then,

sup > Jaj)| = || (Ly = W)~ [p(Ly — W) 7|, < Cp},. (B.44)
k=1
Using the above results and Lemma B.1(b)&(d) and Lemma B.4(a), we have

1o, = =1 _ s
Fy, < sup TXQ(F—FR)H IR 7FF_| sup A (Iy — W) [p(Iy — W) 1|
1<i<N —0 1<j<N
1 > 1 A
= sup |=X/(F-FR)|||R —F'F_,|| su Ara;’;
1<£NHT ( )H H ”; T 1$7EN ,; ki
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1 ~

< sup [|=X}(F — FF_g su [IA su a

< s |7 p |k||< > Z\ )
1 ~

< sup HTx;<F—FR>H-R||~ s Iel-0S | 2FE_ o

1<i<N 1<k<N

< sw [0 | 7' - PR LY RENRE) of 2 i v

1<i<N

1.~
+ sup H —V,(F —FR)
1<i<n || T

‘IIRII s [Aul-CS
1<k<N

=0, (NV45 2 + NY21=1/252) . O, (N'/4)
=0, (NY2§ 2 + N¥/AT-1/262), (B.45)

where we have used the results
oo

1 )
sup [Tl = Op(NY4), sup Al = O,V Y HTFF P = OplL):
1<i<N 1<i<N -
the last of which is derived from
oo oo 1
E S = E||=F'F ) < E N
(; pw> ;) HT E(p3,) Z H H 7 F || Bl

<CE (i p;> _ CE (1 1pw> <c (B.46)

s=0
Similarly, we can show that

Fau = Op(N'Y26372). (B.47)
For F3 5, note that

F22<  Sup H X'F H F FR)F_ | sup [[A'(Iy — W®) ' [p(Iy — WE)']°||
1<G<N
< sup H XFH IR - sup [ Akl - C F FR)F_, (B.48)
1<i<N

Note that

1
E su —V'F
<1<£N HT ’

2 N 1
<N E(|=VIF

T T

2 1 N T T
) < 0722 Z Z IE”ftlH2EHft2H2tr(Eii,t1t2)

5 N
Cﬁ Otqty S C?
ti=1to=1
Then,
1 1 1
sup ||=XiF sup || T3]l HF’FH + sup HV;FH = 0,(NV/* + NV27=1/2) (B.49)
1<i<n || T 1<i<N T 1<i<N

Furthermore, for any s, by Assumptions B — D, we have

1
—— Y TViF_, =0,(1),
VNT i=1

and by following the proof of (B. 19) we can show that

NT2 ZF V,VIF_ = 0,(05%)-

Then in the same spirit of (B.46), we can show that

Z ZI‘V’ ol P2 = 0,(1), 3

=0

Pi = Op(Ox7)-

1 N
F'V,VF_
;> _F'ViVIF_,
NT? &

s=0
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Using the above results as well as (A.1), Lemma B.1 (d), and (B.3), we have

Z (F—FR)'F_,

=0

) ) N

—_—1 / s =—1 -/ /
= F'V,T =71 - F'V,VIF_,
<[[E= NT 2; ZO Po + IE ZO NT? ; i P
——— ‘1fF’ i ZF VIF| o3

VNT T VNT

= O, (N~V2r=1/2 L N1 4 5NT) = Op(ayv%). (B.50)

From (B.48) — (B.50), we can see that

Fa5 = Op(NY2657 + N3/AT125.32).
Similarly, we have Fy 3 = O,(N'/25 51 + N3/4T-1/251). Combing these with (B.43), (B.45), and
(B.47), we have

Fy = O,(NY2532 + N3/4T71/25 2. (B.51)
Analogously, we can show that

F3 = O,(NY2532 + N3/47=1/252). (B.52)

Next, consider Fy. First note that by (B.22), we have

Fqy < sup
1<i,j<N

NN
= Y _X{(F-FR)R'Fe_,(Iy - W) ! [p(Iy - W¥)']";
s=0

1 & ~
+ sup oo > XFR(F - FR)e_,(Iy - W¥) ' [p(Iy - WE) ']

1<i j<N =

1 & ~ ~
+ swp i E X/(F—FR)(F —FR)e_,(In — W¥) p(Iy - WT) 5,
1<i,j<N o

L - / r_ —1g/ _ _ —11s
+ s TQZ:XiF(RR (T'F'F)~ )Fe_ (Iy — W)~ [p(Iy — W) 1],

=t F41+Fg2+Fg3+Faa. (B.53)
Consider the term Fy ;. It’s easy to show that E||7~1/2 Zthl fier+—s||* < C for any k and s. Then

by (B.44), we have
2
. I
E| sup |a — > fiepis )
(L2, 30| 3t
E (Ja)llaf?)|) - (‘

1<]<NS 0 k1
N oo oo N N
<SS S E(lagyllagz) -

[’} [e's) N N
J=151=052=0k;=1ko=1

x| (3 ) Q;'afs >l

N
<CZZ ZE (o3 p2) CN-EKl_pw)

7J=151=0s2=0
which in turn implies

E ft2€k27t2 S2

t21

T
E t1€k17t1 s1

T

)

\/* § ft2€k2,t2 S2

to=1

2 2

tlgkl,h s1

(B.54)

F e s(In — W) p(Iy — WE) %

1<_]<N
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0o N
1
= su fie ga
1<yen 5 | T ;; el
1 co N
<— su ficr i—s = O, (NV27=1/2), B.55
<o (E3 | 3 e ) (T (B
With the above result and (B.45), we have
1., ~
Fy1 < sup [|=X/(F—-FR) ‘ IRl F e_s(In — W) p(Iy — W) 15y,
1<i<n || T 1<j<N £
=0, (N*AT7Y252 + NT71532). (B.56)
Analogously, we can show that
Fuy = Op(N*4T V2532 + NT7152). (B.57)
Next we consider Fy 5. By (A.1), we have
JRR
sup || > (F—FR)e_(Iy - W®) ! [p(Iy - W¥)"']"s;
1<i<n || 1
sup ! iia VD Fe_(Iy — W) Hp(Iy — W) 1%
Tigysn | NT? i ) ’
1 co N R
E'FFI, Vie_s(In - WP Iy — W¥)']°
+1§S;‘1£N NTZ;); kVie—s(In )" Hp(In )y
1 co N
=—11 7 _ -1 _ —11s
+ s ||~ S Y ETF ViV (Iy - W) p(Iy — W) 1]y,
SI= s=0 k=1
1 N 0o
<EY s Y FVTY|| su - W9 Iy — W®)7 1%
<I=7 | 57 L EVA @;’N 3D ) (T — W)y,

oo N
ZZ KVie—s(In — W) p(Iy — W) ']

1~
+ =71 HTF' H sup
s=0 k=

co N
+[IE” 1HIIRII sup NT2 D) FE(ViVi)e oIy - WE) ! p(Iy - WE) ]

s=0 k=1

=R sup ¥ S S FIVVE ViV le . (Ly — W) [p(Ly — W),

s=0 k=1

oo N
—_—— - 1 — —17s
+IE7IF - FR| KsugNHN 23 Y B VAV e Iy - W) p(ly - W),
IS

s=0 k=1
1 oco N
+IET IR - PR s ‘ o O S IViVE — B(ViVile o (Ty — W) p(Iy — W) 1],
s=0 k=1
=: Ll +L2+L3+]L4—|—]L5+]LG (B58)
From (B.3) and (B.55), we obtain
Ly = O, (T~ + N7V2r=1/2 L p=1/25.2), (B.59)
Following the argument in the proof of (B.55), we can show that
oo N
sup |[—— TwVie Iy — W®) Hp(Iy — WE8) 50| = 0,(T~1/?),
S NT;; #Vie—s(Iy )" p(Iy )Py o )
which implies
Ly = 0,(1) - 0,(T~Y?) = 0,(T~/?). (B.60)
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On the other hand, following the argument in the proof of (B.6), we can show that
2

| NoToT
S Y S e ()| <O
k=1t1=1ts=1
and following the argument in the proof of (B.55), we have
co N
1
sup || == FE(VyV))e_s(Iy — WE) ' p(Iy — WT) 1%
S NTQ;I; (ViVi)e s(In ) lp(Iy )P
< sup TZZ Z Z Z £, €600t (Sizr,) | |aly)| = Op(NV2T 7).
1< N DSV Do
1= 2=
The above implies
Lz = 0,(1) - O,(NY2T~1) = O,(NY2T71). (B.61)

Analogously, we can show that
Ly =0,(T™"). (B.62)
Furthermore, by Assumptions A and B, we have, for any i, s, and t1,
2

<N\FZZE”2 str Ekkt2t1)> <C.

k=1ta=1
Then with similar arguments to (B.54), we obtain

co N 2
1 ! -1 —17s
E swp > E(ViVi)e_o(Iy - W®) ' [p(Iy — W)~y
I s=0 k=1
N o]

2
: a£;>|>

\/» Z Z Eito—stT(Bkk,tot;)

1 N oo oo N ( )
coky Sy (z 1) () <o
7j=151=0s2=0 i1=1 12=1
which implies
Ls = O,(1) - O,(TY25L) - O,(NY2T71) = O,(NY2T=125,L). (B.63)
Analogously, we can prove that
Le = O, (T~Y25415). (B.64)
Collecting (B.58)—(B.64), we obtain
1 o= =
sup || Y _(F = FR)'e_,(Iy - W) [p(Iy — W) ']s;|| = O,(N'/2T~1/261).  (B.65)
1<i<n |14

In view of (B.49) and (B.65), we have

1 o0
Fy2 < sup ’X’F ’ “||R||- sup ||= Z (F-FR)e_,(Iy — W¥) Hp(Iy — W) |5,
1<i<n || T 1<i<n || T
= O, (N3/AT=126 L 4 NT16.1). (B.66)
For Fy4 3, using Lemma B.1(b), Lemma B.4(a), and (B.65), we obtain
RPN 1
Fy3 < sup ‘ —X/(F —FR)|| sup Z F-FR)e_,(Ix — WO) p(Iy — WE) |5,
1<i<n || T 1<i<n | T =
=0, (N3AT=1V25 3 + NT1553). (B.67)
Combing (B.53), (B.56), (B.57), (B.66), and (B.67), we have
Fy = O, (N34T 125 1 4 NT161). (B.68)
Lastly, consider F;. Given the fact that X(ﬂ = F,SI‘(@/ + V(Q, 1 < ¢ <k, we have
k oo
1 /
L) sw |5 Xi(Mg - Me)F_. T80 (Iy - W) [p(Iy - W)~
r=1"3SYI= s=0
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k

+ E sup
1—1 1S6J<N

=:Fi1+Fro.
First consider F; 5. Note that by (B.22), we have, for any 1 < ¢ < k,

1 oo
sup || 7 Y XMy — Mp) V8O (Iy - W)~ p(Ly — W) ']y,
1<ij<n || T =
RPN
< sup | = S XUF - FRRF'VY) O Iy - W) p(Ly - WE) '],
1<ij<n (|17 =5

1 — ~ ¢ _ e
L [ Z X/FR(F — FR)'VY)" Iy - W&)[p(Iy — WE) 1],

1 — ~ ~
+ sup |5 YO XU(F - FR)(F — FR)'VY 89 (Iy - W) p(Iy - W) ')y,

1<i,j <N =

R _
+ sup |l S OXIF (RR’ — (T7'F'F) 1) FVY8OIy - W) p(Iy — W¥) 1],

1<i,j<N =

=:Fi91+Fi22+Fir23+Fi24.
From the proof of (B.45), we can see that

1 ~
sup || =XH(F — FR)|| = O,(NY45 2 + NY2T=1/2652).
1<i<n || T

On the other hand, using similar arguments to the proof of (B.55), we obtain

1 oo
sup || Y F'VE I (Iy - W) [p(Iy - W)~ 1]y,
1<i<n || T =5

1 oo N 1 T
= su = E fiv _s /3 Q.
1<j£N 1 1 (\th 1 R > ki

s=0 k=
1 co N 1 T )
< sup — — > fvige—s|lay’| sup |Buik
1§j§N\/T;O; \/T;t e |kj|1§ng| |

= 0,(N'V2T71/2). 0,(log N) = O,(NY2T~/210g N).
With (B.71), (B.72), and Lemma B.1(d), we have

Fi21 < sup
1<i<N

= O, (N*4T7125 2 log N + NT 657 log N).
Given (B.49), (B.72), and Lemma B.1(e), we can analogously show that
Fio4 = Op(N¥T725 2 1og N + NT 537 log N).
For Fy 5.2 and Ty 5 3, first note that by (A.1), we have

o0

1 —~
]x;w - FR)H R sup
T 1<j<N

1 ~
sup || = S (F —FR)'VY) 3O (Iy - W)} p(Iy — W)~ 1]
1<i<n || T4
oo N
1 —_—17 1 wixs(8) a(0) -1 -1

< 2 FV.IN"FV Iy — WU Iy — WU 5L

71;12\7 NTZ SEZOkEZI &I BV (In ) le(Iy )y
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RN e Zs:o,; Vv B0y )" p(Iy )7y
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FE H;j‘F ‘ s . 2 g TLE(VLVE) B0 Ty — W) [p(Ty — W)~ 1o
SR Pl I igr Vv~ BViVO)] 8Ly — W) (L — W) ],
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+ 1B HIIRII sup
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1
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s=0 k=1
=: My + My + M3 + M, + My + Mg + M. (B75)

First note that by Assumptions B, D, and G, (B.44) and similar arguments in (B.54), we have
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By Lemma B.1(d) and the fact that LF'F = LR’F'F 4 L(F — FR)'F = O,(1), we obtain
My = O,(N~21og N). (B.76)
2
Analogously, using the result, E HﬁF’ VkH < C, for any k, we have
My = O,(T~Y2N"210g N), (B.77)
and using Lemma B.4(a), we have
Mg =0, (NY462 + NY2T=1/2652) . 0,(N~/?1og N)
=0,(N~ V452 1og N + T~ 1/2532 log N). (B.78)
On the other hand, by (B.3) and (B.72), we have
My =0, (N~Y27=1/2 L N=1 4 N7V26532) - O, (NY2T1/21og N)
=0,(T  log N + N~YV271210g N + T71/2532 log N). (B.79)
For M3, first note that by Assumption B4, we have
D |

N oo N T
1 s
E sup (NT Z \aﬁj)\ Z Z Iy [thvl,i,t—s - E(thvl,i,t—s)]
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j=151=052=011 ki=1t1=1
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ko=1t2=1
N N
C o oo (s ) C
_~ .N. . 114(52) hed
Sy NONT- 2L 2L 0L 0 Blaiy e < 7o
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which implies

sup Z ViV —E(viv)] 891y - Wo) oLy - W)
1=j<N s=0 k=1
1 co N T )
= Sup |5 Tk [Veeviit—s — E(Vigvii—s)] Buag;
1%NMM§§§ J
| M= NoT
< sup |5lz Sup N*Z Zzzrk Vit Uliyt—s — E(VeeOri—s)] Ej)
IsisN i=1 ||s=0 k=1 t=
| N> N T
< su il sup — T [ Vitvr i i—s — E(Visvr 46—
_1§i§PN|ﬂl ‘195}\/1\7 Z:Z::O ;; k VitV t—s — E(Vieviis )]|
=0,(T~?1og N).
Hence,
M3 = O,(1) x O,(T"/?log N) = 0,(T~?1og N). (B.80)

Analogously, using Assumption B4 and Lemma B.1(a), we can show that
Ms = O,(T " log N), My = O,(TY?55%) - Op(T Hog N) = O,(T~Y/251 log N).  (B.81)
Collecting (B.75)—-(B.81), we obtain

oo

1 .
sup || > _(F —FR)VY) g0 Iy - WE) ! [p(Iy - W) ]
1<i<n || T

=0, (N2 +T71/2)1og N) = O, (35 log N).
Combining this result with (B.49) and (B.71), we obtain
Fi22 = Oy(NV4 5 log N + NY2T=1/25 1 log N) (B.82)
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and
Fi23 = Op(NYV4533log N + NY2T=1/25 3 log N), (B.83)
respectively. In view of (B.70), (B.73), (B.74), (B.82), and (B.83), we have
Fio = Oy (N5 log N + NY2T7 125 L log N + N¥AT7125 2 log N + NT 1537 log N).
(B.84)
Following the proof of (B.51) for Fy and the proof of (B.84) for Fy 5, we can show that

Fi1 = Op(NY252 log N + N3/4T71/265 2 1og N). (B.85)
Combining (B.69) with (B.84) and (B.85), we obtain
Fi = O, (NY253%1og N + N34T =125 2 1og N + N4 L log N + NT~ 1532 log N),  (B.86)
where we have used the result that 6y > T~/ and hence, N'/2532.log N > N'Y/2T-1/25 1 log N.
Collecting (B.42), (B.51), (B.52), (B.68), and (B.86), we have

sup T! Hx;Mfyj _ X;MijH
1<i,j<N

=0, (N2 % log N + N¥4T771/25 2 log N + N5 log N
+ NT 1652t log N + N34T =125y + NT ' log N),
which proves Lemma B.6(a). With similar arguments, we can prove B.6(b).
For Lemma B.6(c), first note that

1
s HXQ,_lefley]‘ — X} _1Mr_,Mpy;
Y2V
L lser Ll
< 2 X (M, Mo My [+ s g [ XM (Mg M)y, |

1
+ s =X (Mg | - M) (Mg - M)y,

1<,j<N

=: H; + Hy + Hs. (B.87)

Following similar arguments in the proof of Lemma B.6(a), we can show that
H; = Op(enr), Hy = Op(enr). (B.88)

Furthermore, by Lemma B.1(f), we can prove that

Hy = Op(SymtnT)- (B.89)
With (B.87)—(B.89), we readily have the result in Lemma B.6(c). Similarly, we can prove Lemma
B.6(d). This completes the proof of Lemma B.6. O

Appendix C: Additional Simulation Results

In this appendix, we present additional simulation results. Table C.1 below presents results for

B1 = 3 for the same design as in Section 4, with the matrix of instruments given by Eq. (4.11).
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Table C.1: Simulation results for gy = 3.

Panel A (7, = 3/4)

IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J ‘
1 2996 0.063 0.12  0.048 0.366 2.99 0.062 0.333 0.085 0.289 0.12
2 2998 0.032 0.065 0.044 0.862 2.991 0.033 0.3 0.068 0.782 0.235
3 2999 0.017 0.021 0.045 1 2.992  0.02 0.267 0.081 0.998 0.751

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 3.004 0.08 0.147 0.057 0.279 3.001 0.063 0.033 0.063 0.368  0.096
2 3 0.032 0.005 0.042 0.878 2.999 0.03 0.033 0.057 0.899 0.232
3 2998 0.016 0.072 0.047 1 2.996 0.016 0.133 0.054 1 0.78

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 2992 0.066 0.254 0.045 0.319 2.997 0.06 0.1 0.063 0.366  0.107
2 2998 0.031 0.082 0.046 0.877 2.994 0.032 0.2 0.063 0.836 0.231
3 2998 0.016 0.063 0.051 1 2.993 0.018 0.233 0.077 1 0.768

Panel B (7, = 1/4)
v 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 2991 0.061 0.294 0.044 0.353 2.989  0.059 0.367 0.086 0.311  0.139
2 2995 0.031 0.176 0.04  0.865 2.992 0.031 0.279 0.065 0.824 0.284
3 2997 0.017 0.086 0.04 1 2.992 0.019 0.275 0.075 0.999 0.868

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 3.002 0.07 0.056 0.05  0.328 3 0.057 0.012 0.064 0.436  0.107
2 2994 0.031 0.199 0.048 0.846 2.999 0.028 0.019 0.0563 0.931 0.284
3 2993 0.017 0.232 0.067 1 2.996 0.015 0.139 0.052 1 0.882

Case III: N =507, T = 501
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 2989 0.063 0.368 0.037 0.352 2.996 0.055 0.132 0.059 0.416 0.1
2 2992 0.031 0.251 0.05  0.846 2.994 0.03 0.215 0.061 0.858  0.287
3 2995 0.016 0.173 0.054 1 2.993 0.017 0.22 007 1 0.864

Tables C.2-C.5 below present results for the same design as in Section 4, except that the matrix

of instruments is given by Eq. (4.12). The results are qualitatively similar when it comes to the

performance of IVMG. The same holds true for 25TV except that the overidentifying restrictions test

statistic has very little power to detect violation of the null of slope parameter homogeneity. This

implies that in order to achieve satisfactory power for the J test, one needs to include a sufficient

number of lags of MzX,; as instruments.
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Table C.2: Simulation results for p = 0.4.

Panel A (7, = 3/4)

IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J ‘
1 0.401 0.027 0.219 0.061 0.94 0.409 0.03 2.222  0.129 0.926 0.093
2 0402 0.018 0.363 0.063 1 0.411 0.022 2.848 0.132 1 0.069
3 0.401 0.012 0.268 0.054 1 0.413 0.017 3.17 0.193 1 0.092

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0397 0.02 0.853 0.061 0.993 0.409 0.023 2.248 0.092 0.998  0.063
2 0.404 0.012 0.91 0.077 1 0.412 0.017 2953 0.197 1 0.061
3 0.403 0.007 0.725 0.076 1 0.413 0.015 3.209 0.46 1 0.074

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0403 0.022 0.804 0.058 0.994 0.411 0.026 2.756 0.111 0.991  0.059
2 0.403 0.014 0.68 0.058 1 0.412 0.018 3.04 0.158 1 0.055
3 0.402 0.009 0.385 0.062 1 0.413 0.016 3.197 0313 1 0.087

Panel B (7, = 1/4)
v 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 0404 0.026 0.987 0.063 0.967 0.409  0.029 2.213 0.113 0.962 0.093
2 0.403 0.018 0.722 0.063 1 0.412 0.021 2.866 0.141 1 0.076
3 0402 0.012 0.476 0.058 1 0.413 0.017 3.18 0.195 1 0.093

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0405 0.02 0.602 0.082 0.999 0.41 0.021 2.432 0.096 0.999 0.058
2 0.403 0.014 0.545 0.069 1 0.412 0.016 2.952 0.203 1 0.066
3 0.401 0.009 0.41 0.061 1 0.413 0.015 3.223 0484 1 0.095

Case III: N =507, T = 501
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0407 0.022 1.845 0.078 0.998 0.411 0.025 2.689 0.122 0.994 0.079
2 0.405 0.014 1.315 0.077 1 0.412 0.018 3.064 0.169 1 0.067
3 0.403 0.009 0.765 0.069 1 0.413 0.016 3.212 0325 1 0.096
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Table C.3: Simulation results for ¢ = 0.25.

Panel A (7, = 3/4)

IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J ‘
1 0.251 0.028 0.532  0.067 0.945 0.248 0.027 0.637 0.101 0.943 0.093
2 0.25 0.016 0.038 0.061 1 0.249 0.016 0.482 0.0714 1 0.069
3 0.25 0.01 0.141 0.052 1 0.249 0.01 0.595 0.064 1 0.092

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.255 0.03 2.118 0.054 0.939 0.249 0.024 0.467 0.063 0.974 0.063
2 0.25 0.013 0.012 0.057 1 0.248 0.012 0.708 0.062 1 0.061
3 0.25 0.007 0.023 0.053 1 0.249 0.007 0.433 0.056 1 0.074

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.255 0.027 1.891 0.055 0.959 0.248 0.024 0.673 0.072 0.975  0.059
2 0.25 0.013 0.068 0.052 1 0.249 0.013 0.613 0.068 1 0.055
3 0.25 0.008 0.031 0.045 1 0.249  0.008 0.509 0.058 1 0.087

Panel B (7, = 1/4)
v 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 025 0.028 0.122 0.066 0.91 0.249 0.026 0.59 0.088 0.952  0.093
2 0.25 0.016 0.083 0.056 1 0.249 0.016 0.473 0.069 1 0.076
3 0249 0.01 0.247 0.053 1 0.249 0.01 0.599 0.066 1 0.093

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.253 0.027 1.155 0.055 0.945 0.248 0.023 0.717 0.059 0.983 0.058
2 0.249 0.013 0.375 0.048 1 0.248 0.012 0.624 0.066 1 0.066
3 0.249 0.007 0.245 0.054 1 0.249  0.007 0.417 0.055 1 0.095

Case III: N =507, T = 501
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.253 0.027 1.025 0.062 0.95 0.248 0.024 0.622 0.075 0.97 0.079
2 0.25 0.014 0.114 0.052 1 0.248 0.014 0.635 0.067 1 0.067
3 025 0.008 0.17 0.043 1 0.249 0.008 0.505 0.063 1 0.096
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Table C.4: Simulation results for g, = 3.

Panel A (7, = 3/4)

IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J ‘
1 2994 0.063 0.207 0.048 0.332 2.998 0.062 0.0563 0.086 0.348  0.093
2 2996 0.032 0.12 0.049 0.836 3 0.033 0.006 0.057 0.856 0.069
3 2999 0.018 0.048 0.047 1 3.001 0.019 0.023 0.055 1 0.092

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 3.002 0.079 0.077 0.053 0.274 3.006 0.064 0.184 0.065 0.382  0.063
2 2997 0.033 0.095 0.047 0.839 3.006 0.031 0.206 0.058 0.921 0.061
3 2996 0.016 0.149 0.052 1 3.004 0.016 0.136 0.055 1 0.074

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 299 0.066 0.318 0.043 0.313 3.003 0.061 0.109 0.065 0.397  0.059
2 2995 0.032 0.171 0.048 0.845 3.002  0.032 0.072 0.062 0.886 0.055
3 2996 0.017 0.12 0.055 1 3.002 0.017 0.068 0.052 1 0.087

Panel B (7, = 1/4)
v 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 2989 0.062 0.38  0.042 0.333 2.997  0.059 0.105 0.074 0.382  0.093
2 2993 0.031 0.232  0.047 0.834 3 0.031 0.004 0.062 0.891 0.076
3 2997 0.017 0.115 0.041 1 3.001 0.018 0.019 0.052 1 0.093

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 2999 0.07 0.025 0.046 0.315 3.005 0.058 0.181 0.065 0.449  0.058
2 2991 0.033 0.286 0.06  0.789 3.007 0.029 0.223 0.051 0.959  0.066
3 2991 0.018 0.305 0.088 0.999 3.004 0.015 0.134 0.051 1 0.095

Case III: N =507, T = 501
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 2987 0.063 0.422 0.04 0.31 3.003 0.056 0.085 0.058 0.441  0.079
2 299 0.031 0.327 0.052 0.827 3.002 0.029 0.054 0.054 0.924 0.067
3 2993 0.017 0.226  0.06 1 3.002 0.016 0.065 0.046 1 0.096
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Table C.5: Simulation results for 5, = 1.

Panel A (7, = 3/4)

IVMG 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J ‘
1 0.998 0.063 0.254 0.057 0.366 1.01 0.063 0.986 0.097 0.413  0.093
2 0999 0.031 0.147 0.054 0.869 1.008 0.033 0.811 0.073 0.903 0.069
3 1 0.017 0.026 0.06 1 1.009 0.021 0.879 0.089 1 0.092

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 1.005 0.082 0.478 0.07  0.258 1.027 0.075 2.75 0.118 0.339  0.063
2 0999 0.033 0.096 0.059 0.834 1.015 0.034 1.542 0.094 0.948 0.061
3 0999 0.015 0.059 0.049 1 1.013 0.02 1.312 0.141 1 0.074

Case III: N =507, T = 507
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0.999 0.068 0.096 0.058 0.34 1.016  0.065 1.642 0.097 0.418 0.059
2 0999 0.03 0.152 0.052 0.889 1.012 0.033 1.213 0.083 0.92 0.055
3 0999 0.015 0.136 0.044 1 1.01 0.018 0.964 0.086 1 0.087

Panel B (7, = 1/4)
v 2SIV

Case I: N =257, T = 1007
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power  Size J
1 0995 0.063 0.462 0.062 0.341 1.009 0.061 0.895 0.091 0.439 0.093
2 0.998 0.032 0.25  0.052 0.851 1.008 0.033 0.821 0.073 0.911 0.076
3 0999 0.018 0.067 0.054 1 1.009 0.021 0.888 0.096 1 0.093

Case II: N = 1007, T = 2571
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0998 0.072 0.176 0.057 0.284 1.02 0.06 2.008 0.077 0.513  0.058
2 0.997 0.033 0.34 0.056 0.828 1.015 0.032 1.494 0.092 0.95 0.066
3 0.998 0.015 0.237 0.053 1 1.013 0.02 1.287 0.148 1 0.095

Case III: N =507, T = 501
7 Mean RMSE ARB Size Power Mean RMSE ARB Size Power Size J
1 0997 0.067 0.274 0.064 0.334 1.015 0.061 1.5 0.092 0.45 0.079
2 0.997 0.031 0.321 0.054 0.865 1.012 0.032 1.217 0.096 0.932 0.067
3 0.997 0.016 0.259 0.045 1 1.01 0.018 0.953 0.082 1 0.096
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