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Abstract

The literature on many weak instruments in a heteroskedastic environment under
data independence is largely developed. When data dependence, in particular cluster-
ing, is present, it poses difficulties in making correct and convenient inferences. We
show that clustering either deems the jackknife instrumental variables estimation in-
consistent, or makes its inferences hugely distorted. We suggest, instead of following
the ”save the Jackknife” approach, an alternative approach, which is computationally
attractive and allows general structures of intra-cluster correlations. We use the nat-
ural extension of jackknifing, the leave-cluster-out methodology, applied to the instru-
ment projection matrix, which allows one to dispose of the cross-cluster dependencies
in the influence function of the structural parameter estimator. We set out a formal
asymptotic framework to analyze the proposed cluster-jackknife instrumental variables
(CJIV) estimator, with an increasing number of clusters, possibly increasing hetero-
geneous cluster sizes, and possible presence of many weak instruments. We prove a
central limit theorem for the influence function embedded in the CJIV estimator, and
show consistency of the associated CJIV variance estimator. We study the importance
of instrument design on the properties of CJIV, run a simulation study revealing its
finite sample properties, and compare with other estimators in relevant empirical con-
texts.

Keywords: instrumental variables, many instruments, clustered dependence



1 Introduction

Two-stage least squares estimator is not suitable for many instruments settings (see e.g.
Bekker, 1994), while jackknife instrumental variables estimator (JIVE) is consistent and
asymptotically normal under many instruments and independent data (Angrist et al., 1999,
Chao et al., 2012). In clustered environments under reasonable assumptions JIVE is still
consistent; however, asymptotic inferences are distorted. Furthermore, in certain relevant
settings clustered dependence can even render JIVE inconsistent. In this paper we show
that for JIVE the asymptotic bias and distortions in inferences may be huge, especially
when clusters are big (and unboundedly increase) and the instrumental design has a certain
degree of cluster dependence. Further, we propose an alternative estimator based on leave-
cluster-out (LCO) methodology that is robust to many weak instruments under clustering
and show its asymptotic properties.

A number of approaches have been proposed in order to mitigate the negative conse-
quences of the instrumental variables multiplicity. Donald and Newey (2001) suggested a
corrected version of the two-stage least squares estimator, which is robust to many instru-
ments bias. Bekker (1994) showed that limited information maximum likelihood estimator
(LIML) is consistent under random sampling. C. Hansen et al. (2008) and van Hasselt (2010)
extended the asymptotic theory by showing asymptotic normality of LIML under arbitrary
distributions of errors. Fuller estimator (Fuller, 1977), which is a corrected version of LIML
estimator, is also often used under many instruments.

In this paper, we focus on another approach, which is to employ the leave-out jackknife
idea to deal with the negative impact of many instruments. Angrist et al. (1999) and
Blomquist and Dahlberg (1999) proposed versions of a jackknife IV estimator that are robust
to many instruments. Later Chao et al. (2012) provided a concrete asymptotic analysis
of JIVE under many instruments and random sampling. Our proposed cluster-jackknife
instrumental variables (CJIV) estimator generalizes the idea of JIVE and the analysis of
Chao et al. (2012) to contexts with clustering.

There are, to the best of our knowledge, only three papers that tried to tackle the
clustered dependence under many instruments, namely Hausman et al. (2011), Chao et al.
(2023) and Ligtenberg (2023). Hausman et al. (2011) suggest computationally intensive
penalization methods, the main goal being to achieve the existence of moments. Later, Car-
rasco (2012) noted that the existence of moments and consistency of their procedure are
not simultaneously possible. The other stab at the problem in Chao et al. (2023) proposes
filtering out the individual effects in a within-type transformation and applying the jack-
knife methodology on top of that. However, this proposal is tied to the classical one-way
error component model (ECM) structure of regression errors, and is not expected to work
for more general within-cluster dependencies. We suggest another approach to tackle the
problem, which is computationally attractive and is not tied to a rigid ECM structure. In-
stead, it allows a more general setup, where the structural and reduced form errors may be
conditionally heteroskedastic and heterocorrelated in an arbitrary unknown form. Finally,
Ligtenberg (2023) proposes an AR-type test that is suitable for many instruments and clus-
tering. Conversely, we propose not a testing procedure but the whole framework for both
estimation and inference that is robust to many weak instruments and clustering, and can be
used in other contexts (e.g. few instruments with cluster dependence). Similar to Ligtenberg



(2023), instead of jackknifing machinery, we use its natural extension — LCO methodology,
applied to the matrix of projection on the space of instruments. However, we push it further
by developing both inference and estimation in a broad class of problems. In the present
instrumental variables setup, LCO allows one to dispose of the very source of problems —
intra-cluster dependencies in the influence function of the structural parameter’s estimator.

Both our proposed CJIV and the associated CJIV variance estimators are computation-
ally simple and, importantly, allow general structures of intra-cluster correlations. We also
work towards the vectorization of the formula for the CJIV variance estimator to reduce
the computational burden. We set out a formal asymptotic framework with an increasing
number of clusters, possibly increasing average cluster size, and possible presence of many
weak instruments. Within this framework, we prove a central limit theorem for the influence
function embedded in the CJIV estimator, thus establishing its normality, and prove the
consistency of both CJIV and the associated CJIV variance estimators. Moreover, we argue
that CJIV might be useful in setups even with few instruments that are correlated within
clusters. In addition, we study the importance of instrument design on the properties of
CJIV, run an extensive simulation study revealing finite sample properties and advantages
of the proposed approach, apply CJIV methodology to setups from relevant empirical papers
(Angrist and Krueger, 1991 and Autor et al., 2013), and evaluate its computational intensity.

In addition, we propose and analyze a modification of CJIV estimator, WCJIV, in which
pairs of observations are weighted by sizes of corresponding clusters. This modification is
more robust to cluster size heterogeneity and large clusters.

The remainder of this paper is structured as follows. In Section 2, we set up the model,
discuss limitations of JIVE in terms of asymptotic bias and validity of inference, and propose
our CJIV estimator. In Section 3, we present formal asymptotic theory of CJIV. In Section
4, we describe the variance estimator and provide some simulation evidence of its validity.
In Section 5, we discuss possible generalizations of our LCO approach outside of many
instruments clustering setup. In Section 6, we apply CJIV to empirical studies and compare
its performance with 2SLS estimator and JIVE. Section 7 concludes.

2 Problems with JIVE, and the solution

2.1 Setup

We consider the following linear IV model:
y=XpB+e,
X =7+4u,

where X is an n x L vector of the endogenous variables, [ is the coefficient vector of interest.
U is an n x L matrix of reduced-form disturbances, and Y is an n x L matrix of reduced-form
values.

While T is not observed, we assume that we observe an n x K matrix of instruments 2
that approximate T well asymptotically. Given that instruments are many, and endogenous
regressors are few, it is not a restrictive assumption.

We can conduct most of the analysis conditionally on Z = (Z,Y) in the spirit of Chao
et al. (2012).



We introduce clustering by considering a known partition G of population into G mutu-
ally exclusive clusters with heterogeneous and asymptotically increasing sizes ng4, g € G (in
Section 5 we discuss possible generalization to multiway clustering), and allowing E[z;y;] # 0
for x € {e,u}, y € {e,u} if i and j are in the same cluster (i.e. i € g and j € g for some
g € G). Throughout the paper we assume w.l.o.g. that observations are ordered so that they
are grouped by cluster.

2.2 The tale of two examples

Let P =7 (Z’Z)f1 Z', with p;; denoting the (i, j)th element of P. Ay = (A;)icq for some
A.
Denote, by P the de-diagonalized P, that is, P with the main diagonal removed:

0 P12 0 Pin—1 Pin
P12 0 ot P2n—1 DP2n
P = : : . : :
Pin-1 P2n—-1 - 0 Pn—1,n
Pin P2n t Pn—1n 0 i

P is the key component of JIVE estimator. Also, denote by P the LCO version of P, that
is, P with diagonal blocks corresponding to clusters removed. For example, when n, = 2 for
all clusters,

0 0 P13 Pia - Pin-1 Din
0 0 P23 P24 - P2n-1 DP2n
P13 P23 0 0 ©r P3n—1 P3n
P=| P4 DP2a 0 0 “tr Dan—1 DPan
Pin-1 P2n—-1 P3n—1 Pan—1 - 0 0
Pin P2n P3n Pam - 0 0 |

We consider two running examples, in which different instrument designs induce different
properties of estimators. In both, the clusters are equally sized, so ny is constant across g.

Example DI: dummy supergroup instruments. Suppose the number of groups G is
proportional to S, number of supergroups (for example, industries and firms, respectively,
with equally-sized industries), so that one supergroup covers G/S clusters. Let n(s) be the
size of supergroup s, and let all supergroups and all clusters be equally-sized for the simplicity
of exposition. Then, Z = I ® (), leading to Z'Z = n(s)Ig, (Z'Z)~' = Is/n(s) and hence
P = (1/n(s))Is @ (tn(s)tp ). This matrix is block-diagonal, but blocks are n(s) x n(s), so
LCO yields non-null but block-sparse P, which contains G/S (G/S — 1) off-diagonal blocks
of (n(s) —ny) x (n(s) — ny) squares of 1/n(s). By construction, ¢ = S; instruments are
moderately many if S is big. When S = G/2 (only two groups belong to a supergroup),
P =1/(2ng4)Ig/2 ® (tan,th,, ), and P contains half of non-zero 2n, x 2n, blocks of P; when
G/S > 2 (i.e. supergroups contain more clusters), a larger proportion of blocks are retained
in P (see Supplementary appendix for details).



Example RI: random independent instruments. Here, the elements of Z except the
first one are i.i.d. standard normal, and the first one equals 1. Then, non-diagonal elements
of P, by symmetry, possess the same marginal distribution.

2.3 Three cases against JIVE

Akin to Davidson and MacKinnon (2006)’s title, we point at futility of relying on JIVE in
the clustered data setup. The JIVE estimator reads

1

. N1

Bive = <X/PX> X'PY = (E pinz‘Xg/) E Pij XiYj.
i#£j i#£j

Then,

Vvn (BJIVE — 5) = (Hyvp +o(1)7" % Zpinigja
i2]

where

1
Hive = plimﬁ ZP@‘X@X;
i#]
is assumed to be non-singular.

The JIVE, by dropping the terms related to correlations of endogenous regressors with
the structural error for the same unit, removes the adverse effects of endogeneity when many
instruments are present, but gives up on full utilization of information corresponding to that
unit. While this information is possible to utilize under strong restrictions like conditional
homoskedasticity, which is what bias-corrected 2SLS and LIML do, it appears impossible to
accomplish in a non-restricted environment. Thus, in return JIVE buys the robustness to
conditional heteroskedasticity under many instruments.

We consider expansions of the JIVE influence function into linear and quadratic compo-
nents

1 1 1

% sz'jXﬁj = % Z (1 —py) Yie; + % Zpijuigj = A/IVE L AJIVE
1#£] i i#]

The Supplementary Appendix presents this expansion in detail.

To simplify the further discussion, let the cluster sizes be equal, with n = n,G, and
all the errors are conditionally homoskedastic, within-cluster equicorrelated, i.e. E [u;e;] =
ouell{c,=c;y for constant o,.. We consider the two examples of instrument design that lead
to different orders and hence asymptotic properties of the JIVE.

Example DI. For the dummy supergroup instruments example, the properties for the
components in the expansions for the JIVE are!

SN
B =0, B[] =0 (T2).

'see S1 in Appendix S



2
var (AIJTILVE) =0 (ng), wvar (AQJTILVE) -0 (%) _

n

It follows that

Vn (BJIVE - 5) = (Hyve+0(1)710, (%) |

and

- S

Brve =B+ O,y (5> ;
so the JIVE is asymptotically biased in case a supergroup covers an asymptotically fixed
number of clusters so that S/G = O(1), be n, asymptotically increasing or fixed. This asymp-
totic bias originates from the biasedness of the quadratic part of the JIVE influence function
(AJIVE) under this particular instrument design, which arises from a lot of cross-cluster
correlations among the structural and reduced-form errors falling into the same cluster, and
corresponding weights p;; not vanishing asymptotically because of the instrument design.

Example RI. For the random independent instruments example, the properties for the
linear component in the expansion for the JIVE are the same:

E[A{IVF] =0, war (A{IVF) =0 (n,).
As for the quadratic component, the variance has the order?

var (A2J,ILVE) =0 (n)).

g

Furthermore, the linear component A{!V¥ and the quadratic component A3V are cor-
related.® Yet another feature of JIVE is that clustering induces a (higher-order) bias into

quadratic component:?

E[AIVF] = 0 (%) |

leading to an additional component of (higher-order) bias for the JIVE estimator of order
n~120 (ny/v/n) = O(1/G). Thus, in this example, the JIVE is consistent, under some

2see S2 in Appendix S
3Indeed,

1
JIVE JIVE\ _ — . M. .
covz (Aln 7A2n ) = E E E E [Ezukgd (1 pu) Tipre # 0.
ik £k

4see S3 in Appendix S



restriction on the rate of growth of n, in case it is asymptotically increasing, but its influ-
ence function is not clean and contaminated by various factors that complicate modification
and /or pivotization of the JIVE estimator.

In the two examples above, the orders of the bias term are different so much that they
resulted in JIVE inconsistency in one case and its consistency in the other. The JIVE
(in)consistency depends largely on the instrument design. Consider a more general condi-
tionally heteroskedastic environment, and denote o} = F [e;u;] for i and j within the same
cluster. Then, a necessary condition for consistency of JIVE is®

> pyol = oln),
i)

C;=C;
This does not hold in Example DI when a supergroup covers an asymptotically fixed number
of ch.lsters and o} does not depend on (i, j) , 80 that ). 45,05 Pij = O(n). However, this
condition does hold in Example RI. Heuristically, the instrument design in Example DI
results in all non-zero elements in P, although individually small, being of the same sign, so
en mass they weigh much higher than an analogous sum of elements of P in Example RI, as
these tend to be distributed around an asymptotically zero mean.5

Even when the JIVE is consistent, the use of the standard JIVE variance estimator not
accounting for clustering can lead to big biases and inferential distortions when the clusters
are asymptotically increasing, beyond those that could be expected when a wrong variance
estimator is used. The JIVE pivotization is unable to keep up with asymptotically increasing
cluster size.

To summarize, the three cases against JIVE are: (1) in some setups, JIVE is inconsistent;
(2) when JIVE is consistent, under-independence JIVE inference is invalid; (3) even when
JIVE is consistent, the linear and quadratic terms in the JIVE influence function are corre-
lated and the quadratic term has a non-zero (higher-order) bias, which greatly complicates
asymptotic derivations and pivotization. These properties of JIVE motivate one to deviate
from such a construct instead of attempting to “save” it, which is arguably impossible if one
does not impose strong restrictions on the within-cluster correlation structure.

2.4 Solution: CJIV

The CJIV estimator accommodates the LCO idea and excludes the terms that correspond
to observations within the same cluster:

-1

R N
Begiv = (X,PX) X'PY = | Y piXiX] > piiXiy;.

Z7] Z7J
Ci#C; Ci#Cj

Ssee S4 in Appendix S
6The sum of elements of P equals Z#ipij = Zijpij — >.;pii = n — {, so their average is
(n—2¢)/ (n® —n), which is asymptotically O (1/n).



Then,

A 1 1
Vn (BCJIV - 5) = (Heyry +o (1) 7n Z Pij Xi€j,
cle,

where

1
Hegrv = phmﬁ Z Pij Xi X
Cf;’goj
is assumed to be non-singular.

The CJIV estimator goes farther than the JIVE and drops the terms related to cor-
relations of endogenous regressors with the structural errors for the same cluster, gives up
on full utilization of information corresponding to that cluster. As a result, estimation and
inference is robust to arbitrary patterns of within-cluster conditional heteroskedasticity and
heterocorrelation. More generally, if the dependence structure is known to a researcher, one

can remove arbitrary elements of P, so that the resulting matrix gives zero weight to pairs
of observations that might be correlated (see Section 5).

Example DI. For the dummy supergroup instruments example, the JIVE removes n non-
zero diagonal elements from P, while the CJIV, out of S (n(s))> —n = n(n(s) — 1) off-
diagonal elements, removes G (n,)* —n = n (ny, — 1) more elements. The proportion of ele-
ments removed by the CJIV on top of elements removed by the JIVE is (n, — 1) / (n(s) — 1),
which is asymptotically proportional to S/G, and is increasing with S.

Example RI. For the random independent instruments example, the CJIV, out of n?—n =
n(n —1) off-diagonal elements, removes G (n/G)*> —n = n(n/G — 1) more elements, the
proportion of (n/G — 1)/ (n — 1), which is asymptotically inversely proportional to G.

The CJIV influence function contains two terms:

The orders of these two terms sharply differ from those for JIVE, hence resulting in different
asymptotic properties of the CJIV. In particular, LCO removes any bias in AS/TV:

1
B [ASITV] = NG Z pi; E [uie;] = 0,
nggci

because E [u;e;] = 0 whenever ¢ and j belong to different clusters. Also, LCO makes the two
components A{/TV and AS/TV uncorrelated:

cov (AG/TV, ASTTV) = % Z Pij L Z preE [ejukee] =0,
ke 0

4. ;
C;#Cs Ce#Cy



because E [¢;ue] = 0 whenever k and ¢ belong to different clusters, no mater which cluster
j belongs to. We consider the two examples of instrument design, across which, similarly to
JIVE, the variance of the quadratic component differs.

Example DI. For the dummy supergroup instruments example, the variance properties
for the components in the expansions for the CJIV are”

var (A7) = O (ng), wvar (AS"Y) =0 (%) =0 (n,).

It follows that
1

BCJIV =B+0, <ﬁ) )

so the CJIV is v/G-consistent, provided that G is asymptotically increasing. Recall that
JIVE is inconsistent because of the bias in AJIVF is of a rather high order.

Example RI. For the random independent instruments example, the variance properties
for the components in the expansions for the CJIV are®

var (A7/V) = O (ng),  wvar (AS)"Y) =0 (n2).

g

It follows that

BCJ]V =B+0, <%> .

2.5 Solution improved: weighted CJIV

We also consider a modification of our CJIV estimator, which is weighted by cluster sizes :

-1
Bwesrv = Z piniX]/‘/ |Cy] - ’Cj’ Z piniyj/ Cil - ‘Cj‘-
Ci:gcj C;;éjcj

Weighted CJIV by construction normalizes terms both in the numerator and the denomina-
tor, so that we analyze self-normalized cluster-level averages. It makes our approach more
robust to cluster size heterogeneity and to large clusters.

"Indeed,

var (AQCn‘HV) =

DD vy Y, D pu(E [uiuk]E[€j54]+E[“1'5’“}E[W€j]):O(Sgg)

i k ¢
=C,; Cy=C;

S|

J
C;#C;  Ck

(see S1 in Appendix S)
8see S2 in Appendix S



3 Asymptotic theory (preliminary)

We combine several asymptotic frameworks, including many instruments asymptotics (see
Bekker, 1994), many weak instrument asymptotics (see Chao and Swanson, 2005), and
many clusters asymptotics (see e.g. B. E. Hansen and Lee, 2019). We require the number
of clusters to grow with the sample size and we allow for heterogeneous unbounded cluster
sizes, individually weak instruments, and the number of instruments growing with sample
size.

Assumption 1. K = K,, — oo, Z includes among its columns a vector of ones, rank(Z) =
3
K, and for some, C' < 1 p; < C Viasn. Asn — 00, maXgeg T;—" — 0.

Assumption 1 formally sets up the many instruments framework and many clusters
framework. At the same time, the restrict the growth rate of maximum cluster size, which
is common in the literature.

Assumption 2. Leti € g. T; = S,z;/y/n where S,, = gndiag(,uln, s L), S, is L x L
and bounded, and the smallest eigenvalue of S'HS’; is bounded away from zero. Also, for each
J, either pj, = /nor pn//n — 0, r, = (mini<;j<¢ ,ujn)2 — 00, and VK nax /T — 0. Also,
there is C' > 0 such that || 37, z2//n|| < C and Apin (312, 2i20/n) > 1/C as.n.

Assumption 2 is similar to the one made by Chao et al. (2012). It links the structure
of the reduced form to the latent underlying instrument z; and to the “scaling” matrix
S,.. Also Assumption 2 restricts the concentration parameter, which is a measure of instru-
ment strength, to the number of instruments and maximum cluster size. The restriction
VK Nmax/Tn — 0 is stronger than assumed for consistency of JIVE (Chao et al., 2012) under
random sampling by a factor of nya.. Though it is still less restrictive than K/r, — 0
required for consistency of 2SLS under random sampling (Chao and Swanson, 2005).

Assumption 3. There is a constant, C', such that conditional on Z = (Y, Z), the observa-
tions (g, Ug)(g = 1, ..., G) are independent, with E[e;|Z] = E[U;| 2] = 0V i, sup,; E[e}| Z] <
C, and sup, E[||U;||?|Z] < C as.

Theorem 1. Suppose Assumptions 1-3 and T are satisfied. Then, 7, Y 25;1(30 v—p) 20,
and 82 8.

Conjecture. Weighted CJIV estimator is consistent under non-stronger assumptions.

Assumption 4. There is a mx such that Y_._ ||2; — 7 Z;||?/n — 0 for every g a.s.

1€g

Assumption 4 ensures that the reduced form is well approximated by a linear combination
of instruments.

Assumption 5. There is a constant, C' > 0, such that >_1" | ||z||*/n* = 0, sup, E[e}|Z] <
C, and sup, E[||U;||*| 2] < C as.

10



Theorem 2. Suppose that Assumptions 1-5 are satisfied and max,eg ”'5;‘;“‘ 0,02>C>0

a.s., and Kn2, /r, is bounded. Then V,, is nonsingular a.s.n, and

Vn_1/2S;z(BCJIV - 6) i> N(O, ]L)

Theorem 3. Suppose that Assumptions 1-5 are satisfied, 0? > C > 0 a.s., and Kn?__/r,
is bounded. Then Vyy,, is nonsingular a.s.n, and

VV;/,L&S;(BWC’JIV —p) LN N(0,11).

4 Variance estimation

The population variance of (non-normalized) CJIV influence function is by definition

2

E Z pijrie; | |2 =E Z Z Z Z Txyeie0DijPre| Z

1/7]
Ci£C; c; ;éc Ce;éCk

=E Z Z Z Z mxkejeepwpke—FZZ Z Z TiXE€i€rPij Pk

C; ¢c ck Cj Ce C; (of ¢{cz,ck}0e

It consists of two parts, the first one representing association between first-stage residuals
u and second-stage errors €, while the second one — between second-stage errors €. The
population variance above can be straightforwardly estimated by its sample analog

E = Z Z Z Z Z; ZEkejeng]pkg + Z Z Z Z X Ikejeépwpkfa

C; 7&0 Ck Cj Cz Ci lof gé{Cl,Ck}Cz
where ¢é; is a residual é; = y; — xigc J1v- Thus, the variance estimator of 50 JIvV 18
Vn = Hc_*}lvi]:fc_*}lv»
and ﬁC’J[V is as usual estimated by > i ; pijxix;
% J

For the efficiency of computation, we propose a vectorized variance estimator formula.
We use Z@E% Pty = X[’g]P[gh]X[h]. Then
j€

ﬁCJIV = X'PX — ZX[/g]P[gh]X[hb
g

which is more computationally efficient. Similarly, the influence function variance can be
represented by

Y= XyPamemelgPonXm+ > XiyPagi€ig1€ly Pan X
g,h

!
g#h ’%J{L’gh
g'¢{g,h}

11



Distribution of t-statistic, G = 32
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Figure 1: N = 512, G = 32, homogeneous cluster sizes

These vectorized formulae substitute multiple sums across all observations by sums across all
clusters, which usually have considerably fewer summands. As a result, we can substantially
reduce the computation time.

Next we show some suggestive evidence that our variance estimator is asymptotically
valid, and inferences that use it are correct.

4.1 Simulations

We set up a simulation study that shows that ... The design is heteroskedastic, with cluster
dependence, in the spirit of Example DI from Section 2. All variables are indexed by super-
group s, (nested in it) cluster g, and generic i. Endogenous variable is a scalar, instruments
are supergroup dummies ( “supergroup-specific intercept”), a continuous instrument with its
powers up to 4, and interactions of this continuous instrument with supergroup dummies
(“supergroup-specific slope”):

Ysgi = sgiﬁ + Esgi
+ Usgs -

4
ngi = Qs+ esngi + Zwszgi
k=1

For more details on DGP, see S5 in Appendix. Figure

Figure 1 shows the distribution of the t-statistic (which uses estimated variance). This
distribution already has a bell-shaped curve even for 32 clusters (ny.x = 16, N = 532). First,
Figure 1 suggests that variance estimator that we propose in Section 4 produces normally
distributed t-statistics as desired. Second, the quality of approximation seems to be pretty
good already with a modest number of clusters.

12



5 Discussion and extensions

The leave-cluster-out idea that we employ can be extended to deal with other known struc-
tures of dependence. Here we focus on clustered data with clusters being non-overlapping,
thus the population variance-covariance matrix of errors is nicely represented by a block-
diagonal matrix with blocks corresponding to clusters. More generally than in our setup, if
the data contains multiway clustering, a leave-out procedure similar to ours can be carried
out. While we essentially assign zero weight (in the estimator) to pairs of observations from
the same cluster because they might be correlated, in multiway clustering setups it might be
also reasonable to give zero weight to pairs of observations that are associated. Further, sim-
ilar leave-out ideas can be applied to known network structures with geometrically decaying
correlation. In this case, we can give zero weight to observations that are highly associated
with one another.

Though we focus on many instruments setup, the leave-cluster-out procedure might be
also useful in few instruments environments. Section 6.2 illustrates how CJIV works in the
setup of Autor et al. (2013) with one instrument only. Heuristically, the reason for leave-
cluster-out in such setups is that the fitted values from the first stage are weighted averages
of endogenous xs:

T; = Zpijxj = PiTi + Z PijTj + Z Pijxj,
=1 i) Ci#C;
=05
and, while the first term is always endogenous (and non-negligible with many instruments),
the second term might also be endogenous if there is cluster dependence and E[e;z;| # 0 for
some (i, j) in the same cluster. Together with the instrument design, this cluster dependence
of unobservables might even make fitted values endogenous and bias 2SLS estimator towards
the probability limit of OLS estimator. Therefore, CJIV is more robust to these cases of
strong cluster-dependence also with few instruments.

6 Applications

In this section we illustrate the performance of CJIV with two classical empirical examples
and compare it to 2SLS and JIVE. The first one is a study of returns to schooling by Angrist
and Krueger (1991) and employs many instruments. The second one is a study of Chinese
import penetration in the US by Autor et al. (2013) and employs only one instrument.

6.1 Returns to schooling

We apply CJIV to two setups from Angrist and Krueger (1991). In one of them we use
quarter of birth dummies as instruments for education (30 instruments in total). In another
one, we augment the set of instruments by state of birth dummies and their interactions with
quarter of birth (180 instruments in total). We treat states as clusters. Table 1 presents the
results. CJIV provides a larger effect than 2SLS, the effect is quite precise, and it is more
stable than JIVE, that differs dramatically in these two setups.
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Instruments set OLS 2SLS JIVE CJIV
30 instruments | 0.0632 0.0600 0.0860 0.1311

(0.0290) (0.0211)
180 instruments | 0.0624  0.0635 0.1329 0.1147
(0.0122) (0.0187)

Table 1: Angrist and Krueger (1991) re-estimation of j: s.e. in parentheses

6.2 Effects of import penetration

Autor et al. (2013) instrument for US local exposure to Chinese imports using Chinese import
exposure of other countries, so they have a single instrument in their specifications. We run
the annual change in manufacturing employment per working-age population on the annual
change in imports from China per working-age population and a bunch of controls (like in
Table 3, column 6 in Autor et al., 2013, but unweighted). Similarly to Section 6.1, we treat
states as clusters. Standard errors are clustered at the state level, like in the paper. The
results are given in Table 2. Similar to Section 6.1, CJIV indicates a stronger effect than
2SLS, and quite precisely. It suggests that CJIV is capable of providing point estimates that
are not worse than alternative estimators, regarding neither bias, nor precision, even in few
instruments setups.

2SLS  JIVE  CJIV
-0.3028  -0.3447 -0.3586
(0.1005) (0.0994)

Table 2: Autor et al. (2013) re-estimation of B; s.e. in parentheses

7 Conclusion

In this paper we propose two novel leave-cluster-out estimators and derive their asymptotic
properties under many weak instruments and many clusters. We find that CJIV estimator is
consistent and asymptotically normal and argue that the inferences based on it are valid. We
further discuss that similar leave-out ideas can be employed in other contexts with known
dependence structure. In progress is also the proof of variance estimator consistency and
inference validity.
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Appendix

Appendix S.

S1. Indeed,
sn
E [A{IVE] _\/_ngm [ue;] = (ﬁ),
as o n
Zzpm—_ <_—1>5:S(7’L9—1).
i JFi
Ci=C;

As for var (AJIVE) , it rests on the behaviour of the following sums (see SA):

EX L T = ()T T S = ()52 (F 1) = (- )

i g1 i€Cyq, jEC
o, k0 Cies ke, 92791 1€Ca1 JECy

ZZ Z sz'jpke = (%)QZZng(ng—l):<%>2Gn3(ng_1)2<5<1_%>n3‘

(A k £k g j#i
C;=C; Cr=Ci Cy=C; i,j€C,

S2.  Indeed, the order rests on the following two terms (see SA) both of which can be
bounded from above:

1/2 1/2
)OS I N DID DD D IS B DID DD DED By 1
Z(,';gchCCpC Zc¢chCCgC Zc¢chCCpC
1/2 1/2
< nZme DD > v
C#C iCkiC'z' 7 Cgﬁcj

1/2

1/2
= ng Z Zp?j) (ny Z Ng ZP%@) = (niﬁ) 2 (nzé) -0 (nn
) k ¢

and in a similar vein, though less tightly:

1/2 1/2
2.0 2 D mme = D0 DL D A |22 2 2w
i g k +£k i i k #£k i i k: #k
C;=C; Cr=Ci Cy=0C; C;=C; Cr=Ci Cy=0C; C;=C; C C C
1/2 1/2
S (w2 2| {222 2 | =0
i g 7 k J
C;=C; =C; Cyp= C
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S3.  First, because of the presence of a constant among the instruments,
DD =) ) pi—) pi=n—{=0(n).
i g i i

Hence, due to symmetry across off-diagonal elements,

D ) R

7=Ci

where G (ng — ng) is the number of off-diagonal elements in the double sum of interest, and

n? — n is the total number of off-diagonal elements in P. Therefore,

Pl =TS =02,

J#i
C;=C;

S4.  Presuming that >, x;pj;z; = O, (n) , the difference B—p will be o, (1) if > i DigTi€j =
O, (n) . Considering the order of the bias of this quantity, we evaluate the expectation

sz‘j!ﬂﬁj] = Z Pijoi;

i i#j
1=Ci
S5.  Simulation setup details:
- Cg + (gh

iid 11d
C ~ N(0,1), Coi ~ N(0,1).
Ugi = Vgi + Vg + &g, Egi = Vgi + V5 + &g,

11d iid
&~ N(0,¢5), vgi ~ N (0,65
v S N(0,1), v S N(0,1).
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Appendix A.

Proofs are in progress; so normalizations in certain places are subject to further work.

Lemma Al. If, conditional on Z = (T,2), (W},,Y)(g = 1,...,G) are independent
a.s., W; and Y; are scalars, and P is a symmetric, idempotent matrix of rank K, then
for w = E[(Wy,...,W,)|2] and y = E[Y1,...,Y,)'|Z], 0y, = max;+/Var(V;|Z), ow, =
max; \/ Var(w;|Z), and D, = 63, 03 2K + 7 Tlmax0ty, + 0 0nimax0y. , there exists C' > 0
such that

2

E[l > psWi¥;— > pywig; | | <CDy as.
Ci7écj Cifcj

Proof. Let V~Vi = W; — w; and }71 =Y, — y;- Note that

Z piWiY; — Z PijWilY; = Z pyWiY; + Z piWiij; + Z Py ;Y.

Ci#C; Ci#C; Ci#C; Ci#C; Ci#C;

By CS and 3_, pj; = pii
2

E Z piWiY; | |12 :Zpijpké (E [WWHZ} E [ﬁﬁdz} +E [W?MZ] E [?}WAZ])
z

Ci#£C;
< 25124/”5%” Z }pijpké‘ < 25124/n552/n Z Zp?j Z ZPZZ
T

Ci#C; Iy Crp#Cp Lie

< 267, Gy, Noa KK,
where Z = {(1,4,k,0)|C; = Cy, # C; = Cy}, and Z;; = {(k,0)|C; = Cy, # C; = Cy}.
2

2
E Z piWig; | 12| =E (Zpijm?/j> Z| +E sz'jwiﬂj Z
1]

Ci#C; Ci=C;

2

—2E

DY Wil Wil 2
7 Ce=Cy

Now let W = (W1,...,W,), Z(g) = (Zi);e, for x € {w,y}, P be a block-diagonal version of
P with G blocks corresponding to clusters, Xy, = E [XX’|Z} for X € {W, Y}, Ex, () =
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E [ (g)X(g)’|Z] for X € {W,Y}. Consider three terms above separately:

2
E (Z pijﬁ/ig]) |Z
1,5

El|l > psWa| |2
Ci=C;

E Z Z PiiWillipreWie| 2 ‘
1,J Crp=Cy
Hence,

2

_E [(yj’PW)Q |Z] — 7' PE [WWV} Py

< Q'Pﬂ’ ‘Em

= g,g m;iX ‘ ‘EWn(g) ‘ ‘

1€g

2
< §'jmax \/ng <max Var(Wi|Z))
g

=K (ZPng%) |Z =K <Zy<g)/ngW<g)) |Z

<Yt Pt [E [F@vaz] |

|

< NmaxOyy, ZZWQ)@(Q) < g,gnmax5t2/1/n7
g

2

P

99

< Y 09'59)||Sw

E [g’PWW’ﬁg\Z]

<V/TPR 7 PPy |Su, || < 75, fmax | 2l|[Sw,

—/ — —2
S y ynmaxUWn'

7 PE [WW’]Z] Py

E || D piWagy | 12| < CYinmaxt, -

Ci#C;

Similarly, interchanging roles of ¥; and W/,

2

E Z pijwz'i/j 1Z] < C'u_)/wnmax(?%/n.

Ci#C;
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Then by c,-inequality

2 2
B> pW¥;— > pywg; | | <C|E piWiY; | |12
Ci#C; Ci#C; Ci#

< C (07, 0Y, M K + § Tlinax iy, + 0 0inax ;)
Lemma A2. Suppose that, conditional on Z, the following conditions hold a.s.:
(i) P = P(Z) is a symmetric, idempotent matrix with rank(P) = K and p; < C < 1;
(i) {Cg}SL, is a partition of {1,...,n};

(ili) (Wya, Uy, e4)y are independent, and Dg = ZgG:l]E[WgGWg’G]Z] satisfies ||Dgl|| < C

a.8.1;

(iv) EWye|Z] = 0, E[U,|Z] = 0, E[g4|Z] = 0, and there exists a constant C' such that
E[||U:|I*|2] < C, E[lleil|*| 2] < C;

(v) Zg EllIWyall*12] == 0;

(vi) K — o0 as G — oc.

Then
1. for B
Yo = Z pijpre (E[U;UL| Z1E[e 60| 2] + E[Uier| Z]E[e,; Uy 2]) / K
CiC;
Cr=C
Cyo=C;

and any sequences ¢ and ¢y depending on Z of conformable vectors with ||ci¢|| < C,
lleag]| < C, and Z¢ = ¢ Dacic + haXaeae > 1/C a.s.n, it follows that

YG = 551/2 CllG Z WgG + CIQG Z Uipijéfj/\/E i> N(O, 1), a.S.]
g Ci#Cj

ie., Pr(Yo < y|Z) &2 ®(y) for all y.
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2. for

Sa= Y pipe BUUL ZE[gje0 2] + BUier| Z2E[e; Uy 2]) / (K|Cil - |C5)
Ci#Cj
Cr=C;
Co=C;
and any sequences c;¢ and ¢ depending on Z of conformable vectors with |[[cig|| < C,
llcac|| < C, and Eg = ¢ Dacia + chaXaeae > 1/C as.n, it follows that

Yo=2" e Y Wie+ g Y. Upiyes/\JKIC]-|Ci] | 5 N(©0,1),  a.s;
g

Ci#C,

ie., Pr(Yg <ylZ) &2 &(y) for all y.

Proof. Let bjo = clgEalm and by = cnggl/Q and note that these are bounded in GG
because = is bounded away from 0 by hypothesis. Let wye = bjWy6 and u; = by U;. Then,
YG = wig + ZQGZQ YgGs Yga = Wya + ggGu ggG = Zg’<g EiEQ Zjeg’ (uipijgj + ujpjigi)/\/?'

Also, Ef|lwic|*|Z2] < 3, El|lwgel[*|2] < CE[||[W,e|[*|2] — 0 as., so by a conditional
version of M, we deduce that for any v > 0, P(|lwig| > v|Z) — 0. Moreover, note that
sup,, E[|P(Jwic] > v|2)|?] < oco. It follows that, by the Corollary to Theorem 25.12 of
Billingsley (198(2);), P(|lwic| > v) = E[P(Jwrg| > v|Z)] = 0; i.e. wig & 0 unconditionally.
Hence, Yo = > .0, yga + 0p(1).

Let X, = ({W/, U], ci}tiey) for g =1,...,G. Define the o-fields F, ¢ = o(X}, ..., &) for
g =1,...,G. By construction, F,_; ¢ C Fj . Conditional on Z, {y,¢, Fyc.1 <9< G,G>
2} is a martingale difference array.

Now we need to verify that {y,q,Fyc,1 < g < G,G > 2} is square integrable,
conditional on Z, ie. E[y’g|Z] < oco. First note that Elwyafec|Z] = 0 as. Then
Ely;a|Z] = Elw;c|Z] + Ely;q]Z].

i 1
E[g,c|2] < B > (Ul Pygieig)” + 2luig) Pygieqg| - [uig) Pognei| + (g P gierg))’
g'<g
C
< ?nznax Z AmaX(P[gag']P[/gy’])

9'<yg

IN

C G
fnzﬂax Z tr(P[%g'}P[lg,g’})

g'=1
¢, 3
?nmax Dii
1€EQ

C 3
Enmaw

IN

Elwls|Z] < E[w)s|Z] = 0 as.

Hence, E[y2,]Z] < oco.
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Then

G 2 G G
s6(Z2) =E (Z ng) 2| = ZE [w5] + ZE [9561Z]
9=2 g=2 g=2
= Vo Dcbic — E[wig] + byeEabag + 0as. (1)

= 551/2 (C/IGDGCIG + CIQGSGC2G) 551/2 + 0q.5.(1)

= 25?200 + 0 (1) = 1+ 04 (1) 2551,

Thus, s%(Z) is is bounded and bounded away from 0 a.s.
Next, we check if Lindeberg’s condition holds. ZgG:ZE[|yg(;|4|Z] < ZgG:QE [w3G|Z} +
25:2 E [93c|Z]. The first term is

G G G
S E[wkl2] = Y E[6iaWiel'12] < €3 E[IW,ell!|2] — 0,

g=2 g=2 g=2
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The second term is

G G G
KE*Y B2l =E > > (4 Pypeg)'| +3E > U Pygieg)” (! P
9=2 9=2 g1<g 9=2 g1, 2<g
17’592
G G ,
+E ZZ € nglugl + 3E Z Z (€;nglugl) (5;
g=2 g1<g g=2 91,92<g
91792
G
K°E ZZ “ 991591 <E Z u “g 591591) A?nax (Pygi Porg)
9=2 g1<g 9=2 g1<g
2 2
N ZE (max{uZ ) E (max{gj}) ] Amax (Pyg
JEg1
9= 2g1<g

G
Nmax Ztr (Z 991 919) = Cnilnax Ztr (ng) S Cnfnaxﬁ
g=2

G
K°E Z Z (u nglggl) (u ngzggz 2 <E Z Z uug 591591) (5;2592)||ng1H2Hngz||2

g=2 91,92<g g=2 91,92<9g
91792 91792
G
Cnilaxz Z ||ng1||2 Z ||P992||2
9=2 q1<g 92<g
G 2
<oy (¥ ngglu%)
9=2 \g1<g

2

Then, a.s. Z?ZQE [Uac|Z] = 0, and 25:2 Ellygel*|Z] — 0
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To apply the martingale central limit theorem, it suffices to show that for any v > 0

‘

As noted above, Ejwy¢y,c|Z] = 0 a.s., thus we can write

G
D E [yl Xyor, 2] - s4(2)
g=2

> v[Z) — 0.

G G
D E [yl Xyo1, 2] = s6(2) = ) (B [wield, . Xpor, 2] — E [w)gl 2])
g=2 g=2
G G
+ ) Eweelecld, - Xyt 2]+ (B [Toel X, o X, 2] — E [72612]) -
g=2 g=2

In progress an argument why first two terms are 0 asymptotically.
It remains only to show that, for any v > 0,

d

G
(E [72a) X0, .. X1, 2] — E 5261 2])
=2

> UlZ) — 0 a.s.

g
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Now write
G

(E [g§G|X1, Xy, Z] —E [g§G|z})

G
=Y > piypke (Eluur| 2] Elejeq 2] + 2E[equg| 2] Eujeo| 2] + Eleser| 2] Elujug| 2])
g=2 ¢g'<g i,k€g
J ey’

Z Z Z pijpee (Eluiug| Zlejer + Elejug| Zlujep + Eluier| Zlejue + Eleier| Zujuy)

g=2 g’'<g i,k€g
Jleg’

+ 2 Z Z Z piipke (Eluiug| Zlejer + Eleju| Zlujer + Eluier| Zlejue + Elejex| Z]ujug)
g=3 h<g'<gi,kEg
jeg’
tch

- Z Z Z DijDke (Eluiug| Z1Eejee| Z] 4+ 2E[ejug| Z| Eujer| 2] + Eleser| 2] Elujug| Z])
g=2 g'<g i,keg
Jrteg’

= — 22 Z Z piipee (Eluug| Zlejer + Elejug| Zlujer + Eluser| Zlejue + Eleier| Z]ujuy)

9=3 h<g'<g1, keg

j€g’
leh
G
+ Y Y pipreElwiu| 2] (ejer — Elejer 2))
g=2 ¢’'<g i,k€g
jteg

G

+ Z Z Z pijpsz[eiuk’Z} (Ujee - E[Uj€€|z])
g=2 g'<g i,k€g
jleg’
G

+ Z Z Z pijpkeEuwier| 2] (ejue — Elejug] Z])

g=2 g’'<g 1,kE€g
jleg’

G
+ DT> pupkeEleier| 2] (wjue — Elujue|2))

9=2 g’<g i,k€g
Jleg’
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By applying Lemma A7, we show that each term converges to 0 in probability.

The preceding argument shows that as G — oo, P (Y < y|Z) — ®(y) a.s. Pz, for every
real number y, where ®(y) denotes denotes the c.d.f. of a standard normal distribution.
Moreover, it is clear that, for some v > 0, sup, E[|P(Ye < y|Z)|'™] < oo. Hence, by a
version of the dominated convergence theorem, as given by Theorem 25.12 of Billingsley
(1986), we deduce that P(Ys < y) = E[P(Ys < y|Z)] — E[®(y)] = P(y), which gives the
first conclusion.

The second conclusion follows similarly; instead of Lemma A7 we use Lemma AS8.

Lemma A5. If Assumptions 1-3 are satisfied, then

(i) STPHS ' = Z pijziz;/n + oy(1),
Ci#C;

(Z’L) Sgl Z pz-inaj = Op (\/m—f— YV K?’L?nax/Tn> .

Ci#C;

Proof. Let e; be kth unit vector and let V; = €5, X; = ¢,.z;/\/n + ¢S, 'U; and W; =
;S X; for some (k,¢). By Assumption 2, Apin(S,) > Cy/ry, then [|SY| < C/y /. Tt
follows that a.s.
E[Y;|Z] = €,zi/v/n, Var(Yi|Z) = €S, 'E[U;U]]S, Ve, < C||S;]? < C/r,
E[Wi|Z] = €)zi/v/n, Var(W;|Z) = €,S, "E[U;U}]S; Ve, < C||S, ]2 < C /.

n

Note that a.s.

a—Wn 6Ynnmax\/E S Cnmax\/E/rn — 07

/g’gnmax‘?I%Vn <C /H Zzizz’»/nH\/nmax/rn — 0,
\/U_J’u_mmaxﬁ%n <C /H Zzizz’»/nH\/nmax/rn — 0.

Because ¢,S; HS e, = ¢].S p o) piyXiX}S, tep = > ocizc; PiYiW; and pigiw; =
pijelzizje/n, applying Lemma Al and the conditional version of M, we deduce that for any
v>0and A, = {|e,S; ' HS; Ve, — > cizc, Piserzizie/n| = v}, P(A,|Z) “% 0. By the
dominated convergence theorem, P(A,) = E[P(A,|Z)] — 0.

The preceding argument establishes the first conclusion for the (k, £)th element. Doing
so for every element of S, ) S—1 completes the proof of the first conclusion.

For the second conclusion, let Y; = €},.5,' X; = €, z;/v\/n + €S, 'U; for some k as before
and W; = ¢;. Note that E[IW;|Z] = 0 and Var(W;|Z) < C. Then by Lemma A1,

2

E G;CSEI Z pinigj |Z S CKTL?naX/T’n + C’nmax.
Ci#C;

The conclusion then follows from the fact that E[A2]|Z] < C¢, implies A, = O,(y/cy)-
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Lemma A6. If Assumptions 1-4 are satisfied, then

STYHSY = H, + 0,(1).
Proof. Denote I|g to be ny x n, identity matrix. Using Lemma A5,

S,THSM =Y piyzizy/n+ 0,(1)

Ci?‘éCj
J— / P , P 1
= D #gPanzm/n = Y 2gPog2/n + 0p(1)
g;h g

ZZQ] (Zpghz[h]_z )/n+2zg] Bgg)z1g/n + 0p(1).

It suffices to show that Zg zfg] (Zh Pignzmn — z[g}) /n = 04s(1). Let ziy = 3, Pgmzp and
Zi = )_; pijzj- Note that

2t = Zl*/n = Y Mz — 2l

i€g

and
Z |29 — z[g]HQ/n = Z l|zi — Z|[* = 0 as.
g i

by Lemma A6 in Chao et al. (2012). It follows that

‘ ‘ > 2ty (Zg -
g

< Mzl x || (21 = 219) ||/m
\/Z Hz[g}HQ/n\/Z H (5[51} - Z[g]) Hz/n — 0 a.s.

IN
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Proof of Theorem 1. First note that that by Apin(S,5S) /rn) > )\mm(gngﬁl) > (O, we have
5166 = 0)/ v/

. . . -1
Therefore, S, (0 — 8)/\/Tn = 0 implies 2 §. Lemma A6 implies that (S;lHSgl’) =
O,(1). By Lemma A5,

Z \/)\mm(SnS;L/rn)

i=al[zcllp -]}

R . —1
8,0 = 0) = (STHSY) S DD X/ Ve = Opl1)oy(1) 2 0.

Ci#C;

All of the previous statements are conditional on Z, so for the random variable R, =
7‘51/25,’1(5 — ¢), we have shown that for any constant v > 0, a.s. Pr(||R,|| > v|Z) — 0.
Then by the dominated convergence theorem, Pr(||R,|| > v) = E[Pr(||R,|| > v|Z)] — 0.

Therefore, because v is arbitrary, it follows that R, = ry "/ 281 (6 —6) B 0.
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Assumption Al. |[|My|| <1
ASSllmptiOIl A2 /\min (Zg ng}(][g] — P[gjg})E |:5[g]€/[g}|2} (I[g] - P[gyg])z[g]> /n Z C > 0.

Proof of Theorem 2. Define
a

Yo=Y gy = Pog)eg/Vn+5," Y Uiejpy.

g=1 CﬁéCJ
By Assumptions 2-4,

Iel 2

Z (219 — Zg) 5[9]/\/_

G
12| = Z Hz[g] - Z[Q]HZE [H‘g[g]HﬂZ] /n
g=1

G
CZ HZ[Q} — E[g}Hzng/n — 0 a.s.

g=1

IN

Then by M,
a

Y Xiepig — Yo =Y (219 — Zg)eim/Vn 2 0.

Cq;#Cj g:l

Let I'¢ = Var(Ys|2), so

G
Fg = Z (i) — Pug)E [etg€ly] (i — Pog)) 210/

+S O (BUULZIE[eje| 2] + EUiek| Z1E[e; U 2))pijpueSy, -

g,h i,kEg
j,@eh

Sg' < C/y/ry by Assumption 2 , and Y, Zzlzgg |pijpre] < n?, K. By Assumption Al
j7

and Assumption 3, E [25:1 20 (T — Pigg)etaelyy (T — Pigal) 21 /n| < O Yoy || Xiey zi20/mll <
C. Then by boundedness of Kn2, /r,, |[T¢]] < C as.n.

By Assumption A2, Auin(Tg) > C > 0 a.s.n, and [|[TGY]| < C asn.

Let @ be a L x 1 nonzero vector. Let Wys = Zijeg Zi€iPij /1N, g = Félﬂa, and
e = VEKS;, 1FG1/2(1 Condition (i) of Lemma A2 is satisfied.

Condition (ii) of Lemma A2 is satisfied by Assumption A2.

Condition (iii) of Lemma A2 is satisfied by Assumptions 3 and 5.

Condition (iv) of Lemma A2 is satisfied by Assumptions 3 and 5:

> ElIWyell'12] < ZHZ[g]II 1 Pg.all* <ZE 2|Z> /n’
g

€9

< nmaXZHz[Q}H /n* =0 as.
g
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Condition (v) of Lemma A2 is satisfied by Assumption 1.
Further note that ||c1¢|| < C and ||eag|| < C a.s.n. Also by construction

E¢ = Var | ¢ig Z W6 + éhe Z Uiejpij/\/E|Z = Var <O/FZ;1/2/YG|Z> = da.
g Ci#C;

By Lemma A2, it follows that
(o/oz)_lﬂozTal/QYG 4 N(0,1) as.

By the Cramér-Wold device, Fgl/QYG LN N(0,1;) as.

It follows that T, /*Yg = 0,(1). ||T¢?]| < Casn.; V, = H ' TGH ™, A (H,, 'TeH;Y) >
C' > 0 as.n., then ||Vn_1/2|| < C as.an. Then FIG/2 = O,(1) and Vil = O,(1). Let
Bg = Vi 'PH;'TY?. Tt follows that Bel'n” = Vi ?H' = O,(1) and V,, %Yy =

Vn_l/zFleFalﬂYG — 0,(1). Combining it with Lemma A6 and the definition of 4,

VRS (0= 0) = Vi A(STHS ) TS Y pi X
Ci#Cj

= VoV2(H 4 0,(1)D°T6 2 (Ya + 0,(1))
— BaT'g*Ye + 0,(1).

Note that Bg is orthogonal and is a function of Z only. Then using Slutsky theorem,

VU280 (5 — 6) = Bal'g"*Ye + 0,(1) % N(0,I1).
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Lemma A7. Suppose that
(a) P = P(Z2) is a symmetric, idempotent matrix with rank(P) = K and p; < C < 1;
(b) (gg,uq)5, are independent conditional on Z; nd,,. /n — 0;

(c) there exists a constant C' such that a.s., sup, E[u}|Z] < C, sup,E[e}|Z] < C, and
sup; |¢;(Z)] < C. Then a.s.

Then, a.s.,

(i) E (% 9= QZQ/<gZi,56gl pijpredir (€560 — Elgjee| Z])
Jteg

(i) E (
(iii) E (

(1V> E <% g=2 Zg <g Zz keg pljpk€¢zk (u]uf ujuf’Z

NIH

NI~

g=2 Zg/<g Zif@, pijpk€¢ik (Ejue Ejug|Z
Jiteg

g=2 Zg/<g Zifeg DijPrePik (Ujgf Uﬁf’Z ) — 0,
Jteg’

_ 2
(v) E (% 2513 D oheg<g 2ikeg PijPredingiee | |2 =0,
j€g’

leh

(Vl) E V7 Z -3 Zh<g <g Zz ng pzypk£¢zku]5€ ’Z - Oa
L Eeh J

. G

(vii) E | | D g3 hegi<g Zi,‘kEg Pijpreirejue | |2 | — 0,
J€g

L teh _

(Vlll) E V74 Zg 3 Zh<g <g Zz kEQ pzypkﬁ(bzku]ué |Z — 0.
=
L @Gh
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Proof. We show part (i) first:
2

G
% Z Z Z Pijpredin (560 — Elejedl 2]) | |2

9=2 g'<g i,k€g
Jleg

&=

1
- ﬁ Z Z pi1j1pk151pi2j2pk2f2d)hkl¢i2k2 (E[6j15g16j28g2|2] - E[‘Sjlgh ’Z]E[€j26f2|z])
i1,k1€9

g <rn1n{g h}  i2,k2€h
J1.01,52.2€9"

2
S o K2 E E , E ‘plljlpklfll E E , ’p1232pk2€2‘ KQ E , E , E ’piljl‘ E |pk1€1’
g g>g' i1,k1eg h>g' iz,ka€h 9"\ 9>9" neg kigg
J1€g’ J2.b2€9’ j1€9’ tieg’
2\ 2 2
C < C
= K2 E § , |pilj1| = Kgnmax E : E E plljl
9" \9>g" \ neg g RIS
J1€g’ J€g’
- 772 Mmax Pjj ) Mmax p_]_] — Nmax — 0.
K K K
JEg j€g

Parts (ii), (iii), and (iv) follow similarly by interchanging the roles of € and wu.
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Now we show part (v):

e
E iz Z Zpijpk€¢ik5j5€ Pt

g=3 h<g'<g1, ng

jgg’
Leh

= ﬁ Z Z pi1j1pk1@1pi2j2pk252¢i1k1¢i2k2E [8j1€515j2652|z]

g;h i1,k1€9
92<g1<g,h iz,k2€h
J1,J2€01

l1,02€92

C
< K2 E E E |pi1j1pk1€1| E E |pi2j2pkzé2|
< g>a1 il_,kl €g h>g1 Z.2'7k2€h
g1-92 J1€EQ J2€01
l1€g2 la€ga
S K2 Mmax E : E : E pzljl E : § pklfl
92 9>91 h€g 9>91 k1€g
g1-92 J1€gl l1€g2
7’L5
max
SKQ maxE E Pjj <CK — 0.
JE€g

Parts (vi), (vii), and (viii) follow similarly by interchanging the roles of € and .
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Lemma AS8. Suppose that
(a) P = P(Z2) is a symmetric, idempotent matrix with rank(P) = K and p; < C < 1;

(b) (gg,uq)5, are independent conditional on Z; nd,,. /n — 0;

max

(c) there exists a constant C' such that a.s., sup, E[u}|Z] < C, sup,E[e}|Z] < C, and
sup; |¢;(Z)] < C. Then a.s.
Then, a.s.,

() E (? 3y ity Popatin (G560~ Bleged 21) (Ll 1)
Jteg’

(i) E (

(iii) E (

NIH

NI~

9=2 2g'<g Zz,jeg PijiPrePir (ujee — Eluer Z]) /(1g] - 19']) ) — 0,
Jteg’
g=2 Zg/<g Z?vjeg pijpredir (€5ue — Elejue| Z]) /(9] - [9']) )

Jteg’

(1V> E <% g= 229 <gZz keg pljpk€¢zk (u]uf [ujuf’Z ’g’ |g|

(V) E ( 9=3 2h<g <g Zz kEgngpk€¢zk5]5€/ |g| \/ |h |Z — O’

— 2 -
: G /
(vi) E || % Zgzg Zh<g/<g Zi{kelgpijpké¢ikuj5£/(‘g‘ lg'l - |r)) | (2] =0,
I ich |
— 2 -
. G /
(vii) E | | D g3 hegi<g ZizkEgpijpk€¢ik5jU€/(|g| lg'[-|h) | |2] =0,
G !
i ek ]
_ 2
G /
(vii)) E | [ &+ D g3 D heg'<g Zi{kelgpijpké(bikujué/(‘g‘ lg'[-1hl) | 12| —=0.
j€g
L teh

Proof. Almost identical to proof of Lemma A7.
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