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ABSTRACT OF THE DISSERTATION

Essays on estimation and inference in high-dimensional models with
applications to finance and economics

by

Yinchu Zhu
Doctor of Philosophy in Management
University of California, San Diego, 2017

Professor Allan Timmermann, Chair

Economic modeling in a data-rich environment is often challenging. To allow
for enough flexibility and to model heterogeneity, models might have parameters
with dimensionality growing with (or even much larger than) the sample size of
the data. Learning these high-dimensional parameters requires new methodologies
and theories. We consider three important high-dimensional models and propose
novel methods for estimation and inference. Empirical applications in economics
and finance are also studied.

In Chapter 1, we consider high-dimensional panel data models (large cross
sections and long time horizons) with interactive fixed effects and allow the covari-

ate/slope coefficients to vary over time without any restrictions. The parameter
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of interest is the vector that contains all the covariate effects across time. This
vector has dimensionality tending to infinity, potentially much faster than the
cross-sectional sample size. We develop methods for the estimation and inference
of this high-dimensional vector, i.e., the entire trajectory of time variation in
covariate effects. We show that both the consistency of our estimator and the
asymptotic accuracy of the proposed inference procedure hold uniformly in time.
Our methodology can be applied to several important issues in econometrics, such
as constructing confidence bands for the entire path of covariate coefficients across
time, testing the time-invariance of slope coefficients and estimation and inference
of patterns of time variations, including structural breaks and regime switching.
An important feature of our method is that it provides inference procedures for the
time variation in pre-specified components of slope coefficients while allowing for
arbitrary time variation in other components. Computationally, our procedures do
not require any numerical optimization and are very simple to implement. Monte
Carlo simulations demonstrate favorable properties of our methods in finite samples.
We illustrate our methods through empirical applications in finance and economics.

In Chapter 2, we consider large factor models with unobserved factors. We
formalize the notion of common factors between different groups of variables and
propose to use it as a general approach to study the structure of factors, i.e., which
factors drive which variables. The spanning hypothesis, which states that factors
driving one group are spanned by those driving another group, can be studied
as a special case under our framework. We develop a statistical procedure for
testing the number of common factors. Our inference procedure is built upon
recent results on high-dimensional bootstrap and is shown to be valid under the
asymptotic framework of large n and large T. In Monte Carlo simulations, our
procedure performs well in finite samples. As an empirical application, we construct
confidence sets for the number of common factors between the macroeconomy and
the financial markets.

Chapter 3 is joint work with Jelena Bradic. We propose a methodology
for testing linear hypothesis in high-dimensional linear models. The proposed test

does not impose any restriction on the size of the model, i.e. model sparsity or

Xiv



the loading vector representing the hypothesis. Providing asymptotically valid
methods for testing general linear functions of the regression parameters in high-
dimensions is extremely challenging — especially without making restrictive or
unverifiable assumptions on the number of non-zero elements. We propose to
test the moment conditions related to the newly designed restructured regression,
where the inputs are transformed and augmented features. These new features
incorporate the structure of the null hypothesis directly. The test statistics are
constructed in such a way that lack of sparsity in the original model parameter
does not present a problem for the theoretical justification of our procedures. We
establish asymptotically exact control on Type I error without imposing any sparsity
assumptions on model parameter or the vector representing the linear hypothesis.
Our method is also shown to achieve certain optimality in detecting deviations
from the null hypothesis. We demonstrate the favorable finite-sample performance

of the proposed methods, via a number of numerical and a real data example.
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Chapter 1

High-dimensional panel data with
time heterogeneity: estimation and

inference

1.1 Introduction

How heterogeneity is modeled plays a key role in many empirical studies in
economics and finance. Although linear panel data models have been extensively
employed to account for cross-sectional and temporal heterogeneity, such hetero-
geneity is usually restricted to the error terms by various specifications of fixed
effects and random effects. In contrast, slope coefficients are typically assumed to
be homogeneous in cross sections and over time.

Allowing for heterogeneity in both error terms and slope coefficients can
be very important in applied research. For example, consider the literature on
predictability of stock returns. Most work applies linear regressions of stock returns
against predictors such as the lagged dividend yield.! Suppose that we have a
panel dataset containing observations of returns and dividend yields for a large
number of stocks over a long time horizon. Heterogeneity in the error terms

may arise as different stocks have different sensitivities to common shocks (e.g.,

1See Campbell and Shiller (1988b), Keim and Stambaugh (1986), Campbell and Thompson
(2008), Goyal and Welch (2003, 2008) and Rapach, Strauss, and Zhou (2010).



macroeconomic activity and market-wide shocks) and firm-specific components (e.g.,
firm fixed effects). Meanwhile, it is also reasonable to expect time heterogeneity
in the relationship between expected stock returns and the dividend yield since
the instability of this relationship is well documented in the finance literature.?
Researchers are often interested in whether return predictability from the dividend
yield is stable across time, how such predictability evolves and whether the state of
the macro economy affects such predictability. For example, an important question
is how macroeconomic and/or financial turmoil, such as the Great Recession, affects
the predictability of stock returns. Does the Great Recession only amount to shocks
in the error terms or does it fundamentally change the relationship between stock
returns and dividend yields?

The main contribution of this paper is to address these types of questions
using a linear panel data model with general time-heterogeneous covariate effects.

Suppose that for ¢ = 1,...,nand t = 1,...,T, we observe dependent variables

yir € R and covariates /regressors z;; € R” from the following model
Yi = Thy + g A Ui, (1.1.1)

where f; € R” is the vector containing unobserved covariate effects at time ¢, o is
unobserved fixed effects of individual ¢ at time ¢ and w;, is an idiosyncratic error
with Eu;; = 0 and Ez; u;; = 0. We consider the interactive fixed effects for «;,
and impose a factor structure on the regressors (similar to Pesaran (2006)); see
Section 1.2 for details. We allow for dynamic structures since components of x;
can be correlated with w;, for s # ¢.

The most important feature of our model (1.1.1) is that the covariate effects
{B:}L, are allowed to vary across time without any restrictions. The sequence
{B;}L, can be viewed as either a deterministic sequence or a stochastic process with
arbitrary correlation with observed variables.> Throughout the paper, we assume

that k is fixed and both n and 7" tend to infinity. Let 8 denote the high-dimensional

2See Paye and Timmermann (2006), Ang and Bekaert (2007), Pettenuzzo and Timmermann
(2011) and Lettau and Van Nieuwerburgh (2008).
3See Remark 1.3.3 for more discussion.



vector representing the trajectory of §; over time

Bi=(B,...,0) € RF.

We treat the high-dimensional vector [ as the model parameter of interest and
develop procedures for its estimation and inference. In particular, we propose a new
methodology that can be used to construct confidence sets for 8 and simultaneously
test multiple (or many) linear hypotheses of (.

Our general model eliminates the risk of misspecification in time-varying
pattern of {3;}]_,. Time variation in model parameters has been recognized in
many areas of applied research, such as macroeconomic forecasting (Stock and
Watson 1996, 2007; Giacomini and Rossi 2006, 2009, 2010; Rossi 2013). Most
empirical work that addresses the issue of time-varying parameters uses a random
coefficient approach and assumes that parameters evolve according to a particular
stochastic process.* However, imposing parametric or non-parametric structures
introduces the risk of misspecification, which might deliver misleading or even
spurious results.® Our proposed methodology does not require any restriction on
the time variation in the slope coefficients.

Moreover, the flexibility in our setup provides a natural framework of
estimating parametric specifications for the time variation in ; and testing the
validity of these specifications. For example, one of the most popular models
accounting for time-varying parameters is the structural break model in which £,
is assumed to have a piecewise constant pattern across ¢t. If the true underlying
trajectory of {;}1_, indeed follows such a pattern, then our method can be used to
estimate the number and locations of structural breaks. Testing the validity of the
structural break model is also straight-forward. Under the null hypothesis of correct
specification, estimates of the break points are consistent and thus the stability of

B; between two breaks can be rewritten as multiple linear hypotheses of 3, which

4Popular specifications either impose parametric models, such as piecewise constant parameters
(structural breaks), Markov chains, Bernoulli distributions, random walks, autoregressive models,
or assume non-parametric time variation with smooth paths.

5Even the flexible non-parametric specification that assumes only smoothness in time variation
can fail to capture brief temporary changes, which may be due to momentary shocks in the
economy and weather.



can be tested using the proposed methodology. Similarly, our methodology can
be used to estimate regime-switching models and test their specifications. If §; is
regime-dependent, then the proposed procedures can consistently recover the time
series of regime membership and thus the hypothesis of homogeneity within each
regime can be again formulated as multiple linear hypotheses on . In addition,
since our regime estimator does not assume any structure on the time variation of
regimes, the time series of estimated regime membership can be used to test the
validity of candidate specifications, e.g., whether the regimes evolve as a Markov
chain (Hamilton 1989) or a Bernoulli process.

A distinct feature of the proposed method is that our results can be used
for sub-vector (partial) inference allowing for flexible structures in the nuisance
parameter. In practice, applied researchers are often interested in only a subset
of the slope coefficients. For example, suppose 3, = (B4, f2+)', where py; is of
empirical interest and f;; corresponds to a control variable. Our method can be
used to test specifications of {3 ,}7; without imposing any restrictions on the time
variation of the nuisance parameter {f3s;}]_;. Many existing specification tests,
such as the popular test by Bai and Perron (1998) for structural breaks, can only
handle the null hypothesis that specify the time variation in the entire k x 1 vector
B:. In our example, a typical existing test for lack of structural breaks has the
null hypothesis that both {8}/, and {$2,}}_, are constant across time. Hence,
our methodology provides specification tests that are robust to misspecifications of
nuisance parameters.

Our results offer an intuitive setup to study and explain the time variation
in the slope coefficients. For example, suppose that the researcher is interested in
testing whether the slope coefficients vary with the business cycle. This question
can be formulated in terms of the average value of ; in economic recessions
and expansions and thus can be phrased as inference of linear hypothesis of f.
Alternatively, a regression-based approach can be applied. Since our methodology
deliver consistent estimators for the entire path {3;}7_,, we can fit the estimated
[; in a time series regression against other explanatory variables.

Our paper contributes to econometric theories in several ways. First, we



propose a new strategy for identification and estimation, overcoming difficulties due
to flexibility in fixed effects and the general specification of 3. Since the fixed effects
in (1.1.1) is potentially correlated with the regressors, running the ordinary least
square (OLS) estimation for each ¢ does not guarantee consistent estimation of 3.
Even under strict exogeneity of the regressors, potential cross-sectional dependence
in error terms could render traditional methods invalid; see e.g., Phillips and Sul
(2003), Andrews (2005) and Pesaran and Tosetti (2011). This problem is illustrated
in Appendix A.1.

Second, our methodology can be used for inference on the high-dimensional
vector 5. To the best of our knowledge, our work is the first in the literature on panel
data models to address the inference problem of the entire path of unrestricted time
variation in coefficients. Although model (1.2.1) with time or individual-specific
covariate effects has been studied by authors such as Pesaran (2006)%, inference
results are only available for low-dimensional components of 5 (e.g., 8; for a fixed
t). In contrast, our results deal with inference on the entire vector § by capitalizing
on recent advances in high-dimensional statistics and probability. In existing work,
inference on individual ;’s is based on the classical central limit theorem (CLT).
Since T tends to infinity, 5 € R*? is a high-dimensional object and thus the
classical CLT is not suitable for our purposes. One might attempt to construct a
confidence set for the whole trajectory of §; over time from confidence sets for each
B:. However, constructing confidence bands for the whole trajectory of £; amounts
to approximating the distribution of the maximal estimation error of 3; over all
t = 1,...,T. This is not straight-forward when 7 tends to infinity.” Building
upon the recent results by Chernozhukov, Chetverikov, and Kato (2013, 2014),

we develop a multiplier bootstrap procedure, which is shown to be asymptotically

6In fact, Pesaran (2006) considers panel data models with individual-specific covariate coeffi-
cients, but his method can be applied to models with time-heterogeneity by swapping the time
and individual indices.

"To illustrate these issues, suppose that & = 1 and that for each t, there is an estimator
B, such that /n(3; — B;) =% N(0,1). Constructing a confidence band for all 8;’s amounts to
finding ¢ > 0 such that P(max;<,<7 v/n|B; — | > ¢) ~ n for some pre-specified € (0,1). For
large T, the difficulties of conducting inference based on existing methods arise as the validity of
approximating \/H(Bf — ) with Gaussian distributions might not be uniform in ¢ and it is not
straight-forward to account for the interdependence across t.



exact in terms of size control.®

Finally, the estimation procedures proposed in this paper are computation-
ally simple. For high-dimensional models, computational burden is often a key
concern as naively extending algorithms designed for low-dimensional problems
might not be computationally feasible. As will be introduced in Section 1.2, the fixed
effect assumes a factor structure «;; = L’a’iFa,t. Then the least squared estimator
minimizes 31", Zthl(yi,t — 0740 — Loy iFag)? over {Biy, {Laitiny and {Fo}iy.
This estimator has been applied intensively for low-dimensional problems (i.e.,
time-homogeneous f;); see Bai (2009) and Moon and Weidner (2015). Since there
is no closed-end solution to this optimization problem and the objective function is
not jointly convex in {3}, {Lqsi}", and {F,;}._;, most numerical algorithms
are not guaranteed to return the global maximizer. The usual remedy of trying
many starting points is virtually infeasible since (3 is high-dimensional. We develop
alternative identification and estimation strategies and derive procedures that only
involve matrix multiplications and singular value decompositions, thereby consider-
ably reducing the computational burden. Moreover, unlike most nonparametric
methods, the methodology proposed in this paper does not require choosing any
tuning parameters, except for the number of factors, which can also be consistently
estimated in a manner free of tuning parameters. Our theoretical results still hold
when the true number of factors are replaced by consistent estimators.

We demonstrate the advantage of the proposed methodology via three
empirical studies in finance and economics. The first study is concerned with
the predictability of stock returns using the lagged dividend yield and volatility
as predictors. We find that the predictive power of both the dividend yield and
volatility exhibits very different patterns of time variation; in particular, return
predictability is linked to the macroeconomy but in different manners. We also
find seasonality patterns in predictability, which is different from seasonality in the

error term, often referred to as calendar effects. The second empirical study uses

80ne may address the issue of inter-temporal dependence from the perspective of multiple
testing problems and use the Bonferroni method to control the family-wise error rate. Unfor-
tunately, this approach usually results in a great loss of power and leads to conservative tests,
especially in our case where the number of tests (in the multiple testing problem) can be much
larger than the sample size.



panel data on firms and focuses on the effects of several variables on firms’ capital
structure. We find that the patterns of time variation in the slope coefficients can
be quite different from what is generated by simply applying time-homogeneous
models to subsamples of the data. The third empirical application studies the
effect of investment on economic growth. Using a multi-country panel dataset,
we find strong evidence of time variation in this effect. Our methodology also
finds group patterns in the fixed effects, suggesting that developing and developed
countries have different trends that are likely to be driven by the same factor but
with different factor loadings. In all these studies, we find that time heterogeneity
in the slope coefficients exists and displays complicated patterns that are difficult
to capture by parametric models. Since no restrictions are imposed on the time
heterogeneity in f3;, our findings are not subject to the misspecification risk in this

regard.

Related literature

Our work builds upon the literature on large dynamic panel data models
with fixed effects. The asymptotic framework in this literature allows both n
and T to tend to infinity. The most common specification for the fixed effects
is time-invariant individual-specific fixed effects (sometimes plus a time-specific
component), e.g., see Phillips and Moon (1999), Hahn and Kuersteiner (2002),
Alvarez and Arellano (2003) and Hahn and Moon (2006). Bonhomme and Manresa
(2015) propose a structure under which individuals are classified into several groups
and the fixed effects are allowed to have unconstrained time variations but are
homogeneous among individuals in the same group. Factor structures in fixed
effects have also been considered, e.g., Andrews (2005), Bai (2009), Ahn, Lee, and
Schmidt (2013), Su, Jin, and Zhang (2015) and Moon and Weidner (2015).

Although most empirical work that uses panel data models assumes homoge-
neous covariate effects, numerous authors, such as Phillips and Sul (2003), Pesaran
and Yamagata (2008) and Su and Chen (2013), have developed tests for assessing
the reasonableness of this popular specification. In addition, the literature has seen

work that directly considers models with heterogeneous slope coefficients. Just



as the heterogeneity in the error terms can be treated as fixed or random effects,
counterparts of these two approaches are also found in the study of heterogeneity
in covariate effects. Under one approach, slope coefficients for different ¢ and/or ¢
are viewed as fixed parameters to be estimated, see e.g., Pesaran (2006), Zaffaroni
(2009) and Lin and Ng (2012); under the other approach, the slope coefficients
are assumed to be random variables generated from parametric models and the
focus is the estimation and inference of these parametric models, see e.g., Swamy
(1970), Rosenberg (1972) and Hsiao, Appelbe, and Dineen (1993). Beyond the usual
parametric/linear specification, several authors study nonparametric estimation
and inference for heterogeneous covariate effects; see Qian and Wang (2012), Chen,
Gao, and Li (2013) and Boneva, Linton, and Vogt (2015). An excellent survey for
heterogeneous parameters in panel data models can be found in Chapter 6 of Hsiao
(2014). Existing results on estimation and inference mainly focus on the average
(across i or t) covariate effects and pointwise covariate effects (for given ¢ or t).

An interesting paper by Freyberger (2012) considers heterogeneous non-
parametric panel data models with interactive fixed effects. He treats the factor
loadings as random variables and exploits their distributional properties to achieve
nonparametric identification; the estimation strategy relies on the assumption that
distribution of observables are identical in the cross section. In contrast, our result
focuses on the linear models but can deal with non-random factor loadings and
heterogeneous distributions across units.

Our specification of § falls into the category of high-dimensional models

Our theoretical results are based on the recent advances by Chernozhukov,

Chetverikov, and Kato (2013, 2014) on high-dimensional central limit theorems and
bootstrap. To handle the high-dimensional nuisance parameter (fixed effects), we
borrow tools from random matrix theory, see Vershynin (2010), and the literature
on large factor models, see e.g., Forni, Hallin, Lippi, and Reichlin (2000), Stock
and Watson (2002b), Bai and Ng (2002) and Bai (2003).



Organization of the paper and notations

The rest of the paper is organized as follows. The formal setup of our model
is introduced in Section 1.2. We provide the details of the main results in Section
1.3. In Section 1.4, we discuss several related econometric problems. Finite-sample
properties of our procedures are demonstrated via Monte Carlo simulations in
Section 1.5. We apply our methods to several empirical studies in Section 1.6. The
appendix contains the proofs of theoretical results.

For any vector © = (x1,...,2,,) € R™, |jz|| = (31, 2H)Y? = Va'a,
lzlli =0 @i, [|2]leo = maxi<i<n, |2;] and ||z||o denotes the number of nonzero
entries in x. For any matrix A € R™*"2_ || A| denotes the spectral norm of A and
we say that A = US4V} is a singular value decomposition (SVD) if Uy € R™*™
and V4 € R™*™ are both orthogonal matrices and S4 € R™"*"2 is a (rectangular)
diagonal matrix with singular values of A on the diagonal in the non-increasing
order. We also introduce the low rank approximation operator: for a non-negative
integer r, define T,(A) := UaS, V4, where A = US4V} is an SVD and S, is equal
to S, with all the diagonal entries of S set to zero except the first r diagonal
entries. s;(A) denotes the jth largest singular value of A, counting multiplicity.
For two positive sequences a,, and b,, we use a,, < b, to denote the condition that
there exist constant ci,cy > 0 such that ¢ya, < b, < csa,,. We use o(+) to denote

the o-algebra generated by random variables.

1.2 Model Setup and Assumptions

Suppose that for ¢ = 1,...,n and t = 1,...,T, we observe dependent

variables y; ; € R and covariates/regressors z;; € R* from the following model
yi,t = x;,tﬂt + Oéi’t + ui,t Wlth ai,t = Fc/v,tLa,i7 (121)

where 3; € R” is the vector containing unobserved covariate effects at time ¢, o is
unobserved fixed effects of individual 7 at time ¢ with F,,, € R™ and L,; € R™

being the unobserved factor and its loading, and wu;; is an idiosyncratic error with
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Eu;; = 0 and Ez; yu;, = 0. We assume that k, 7, and rg are fixed and 7' = T, — oo
as n — oo.
To achieve identification in this general model, we introduce assumptions

on the regressors. Similar to Pesaran (2006), we assume a factor structure
Tyt = Qi,t + Vit with Qi,t = Fé,tLQ,iv (122)

where Fy, € R"@** and Lg; € R™@ are unobserved factors and their loadings, 7¢
is fixed and v;; € R” is the idiosyncratic errors. Arbitrary correlations between
{Fo.}i, and {F,,;}]_; are permitted. The model (1.2.2) can be justified in
many applications. Factor structures have been motivated on both theoretical and
empirical grounds and have been widely used to model financial and macroeconomic
data®; to account for unobserved abilities (e.g., Lord, Novick, and Birnbaum (1968),
Hansen, Heckman, and Mullen (2004)) and to study consumer theory (e.g., Gorman
(1981) and Lewbel (1991)).

The factor structure in «;,, often referred to as interactive fixed effects,
allows for a rich class of unobserved common effects and nests popular fixed effects
models as special cases, see Bai (2009). The interactive fixed effects also allow
for flexible cross-sectional and inter-temporal dependence among the regression
residuals o, ; + u; 4, see e.g., Andrews (2005) and Pesaran (2006).

The goal of this paper is to build a confidence set for 3 € R¥!' (a confidence
band for f; that is uniformly valid over ¢) and test hypotheses of the form

Hy: JB =a, (1.2.3)

where J € R™7*kT and a € R™’ are nonrandom and m can be as large as O(n!)
for some constant 0 <[ < oo.

We introduce the following definition, which is satisfied by a large class of
random variables including polynomials of sub-Gaussian random variables as well

as finite mixtures of random variables with thin-tailed distributions.

9See e.g., Ross (1976), Campbell, Lo, and MacKinlay (1997), Fama and French (1992, 2016),
Ludvigson and Ng (2007), Forni and Lippi (1997), Stock and Watson (1998, 2002b, 2006)
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Definition 1.2.1. A random variable Z is said to have an exponential-type tail

with parameter (b,) if Vz > 0, P(|Z] > z) < exp[l — (2/b)"].
We impose the following conditions for model (1.2.1) and (1.2.2).
Assumption 1. Assume that the following hold:

(i) There exist constants by, v« > 0 such that V(i,t) € {1,...,n} x {1,...,T},
each entry of Foi, Lo, Fou, Lo, wiyr and vy has an exponential-type tail

with parameter (by, 7).
1) There exist constants c., Vex > 0 such that cupizing(t) < cyexp(—t7=) Vt > 1,
v g

where

Aco ({(FQ,SvFa,S7U57us) 18 < T}) )
B e U({(FQ,S7Fa,57U87uS) 158> T"‘t}) and 7 € Z}

(iii) There exist constants k1, ke > 0 and & € (6/7,2) such that kin® < T < konb.

(iv) There exist constants Cy,Cy > 0 such that, with probability approaching one,
all the eigenvalues of n~'LiyLg , T F,Fqg, n~ 'L, Ly and T~'FF, lic in

(C1, Cy].
(v) {(v;, )}, is independent across i, where v; = (vi1,...,vir) € RT** and
Qi = (ui,h C. 7Ui,T)/ € RT.

vi) {u,v} is independent of { Lo, Fp, Lo, Fi,} and Vi, t, Ev; yu;; = 0.
Q Q b b

(vii) There exists a constant Cs > 0 such that minj<;<7 Sk (nil Yo Evi,tvz’»vt) >

Cs.

Assumption 1(i) and (ii) enable us to apply large deviation theory, which
is convenient in deriving bounds for the maximum of a large number of sums
of random variables. Assumption 1(i) allows for thicker tails than the Gaussian

and exponential distribution, although it rules out fat-tailed distributions such as
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student t distribution or the stationary distribution of GARCH processes. However,
in Monte Carlo simulations, our procedure performs well with these fat-tailed
distributions. With more careful arguments, it is possible that we can invoke the
moderate deviation theory for self-normalized sums, such as Chen, Shao, and Wu
(2016), and replace the exponential-type tails in Assumption 1(i) with bounded
moment conditions. Assumption 1(ii) allows weak dependence across ¢ and is

O Assumption 1(i) and (ii) are also imposed by

satisfied in many situations.
Bonhomme and Manresa (2015) in their Assumption 2.

Assumption 1(iii) specifies the relative magnitude between n and 7. Recent
literature on dynamic panel data models considers three cases of sample size:
n/T — 0, T/n — 0 and n < T; see Hahn and Kuersteiner (2002), Moon and
Phillips (2004), Arellano and Hahn (2007) and Bai (2009) among many others.
We allow for all these three cases, which correspond to £ < 1, £ > 1 and & = 0,
respectively. Assumption 1(iv) assumes strong factors in o and @ and is a standard
condition in the large factor model literature; see Bai and Ng (2002), Bai (2003,
2009) and Moon and Weidner (2015).

Assumption 1(v) and (vi) say that the idiosyncratic terms are independent
across ¢ and are independent of the factors and their loadings. Similar conditions
are routinely imposed in the literature on large factor models, e.g., see Bai (2003)
and Bai and Ng (2006a). Notice that Assumption 1(v) and (vi) still allow for
arbitrary dependence across ¢ for L, ; and L, as well as serial dependence within
u, v, F, and Fy. Contemporaneous exogeneity of v;; in Assumption 1(vi) is
required for the identification of 3;. Heteroskedasticity is also allowed in v;; and u; ¢
under Assumption 1. Finally, Assumption 1(vii) rules out asymptotically vanishing
variances in the idiosyncratic terms of the regressors.

We now demonstrate Assumption 1 with a concrete example.

Example 1.2.1 (Time-heterogeneous dynamic panel data model). Let y;; =
L, (30720 e Font—j) 2720 Veji—j, where 7 j is defined as the following: ;o = 1,
Vej = H{Zlﬁt_lﬂ for 7 > 0 and 7, ; = 0 for j < 0. For simplicity, let w; s, Fot, Lai ~

0For linear processes and GARCH processes, see Gorodetskii (1978) and Carrasco and Chen
(2002). For Markov processes, one can actually show geometric decay of S-mixing coefficients
using the so-called V-ergodicity property; see Meyn and Tweedie (2012).
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i.i.d N(0,1) and assume that sup,s, |3 < ¢ for some constant ¢ € (0,1). Then

one can easily verify that y;, defined above satisfies

Yit = L,a,iFa,t + BeYir—1 + Uiy

Thus, in the notations of (1.2.1) and (1.2.2), z;4 = vit—1, Lgi = Las, For =
Z?io Vi1, Fat-1-; and vy = Z;io Yi—1,;Uit—1—;. Assumption 1(i) holds by the
Gaussianity and Assumptions 1(iii)-(vii) obviously hold. In Lemma A.2.16 of
Appendix A.2.4, we show that Assumption 1(ii) also holds.

1.3 Main Results

In this section, we present the main results for estimation and inference of
{B;}L,. In Section 1.3.1, we discuss the key idea behind our identification strategy.
Sections 1.3.2 and 1.3.3 develop the main methodology for estimation and inference
and establish theoretical properties of the proposed procedures. Section 1.3.4 deals

with the issue of determining the number of factors.

1.3.1 Identification strategy

Given the model (1.2.1) and (1.2.2), our estimation strategy is based on the

following observation:

Yit = 35;,15@ T+ Uy = Uitﬁt + (Q;tﬁt + Qi+ u’i,t) .

We shall assume that v;,; is uncorrelated with @;+, o;; and u; ;. Therefore,
at time ¢, we can view Q0 + ;s + u;; as the error term and simply use the

cross-sectional variation to identify f;:

n -1 n
B = (Z Evi,tU;t) (Z EUi,t%‘,t) .
i=1 i=1

In other words, for each ¢, we run a cross-sectional regression of y;; against
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v;t. Notice that v;; is unobserved. To make this approach feasible, we exploit the
factor structure (1.2.2) again and employ the technique of principal component

analysis (PCA) to identify v; ;.

Remark 1.3.1. Pesaran (2006) proposes the common correlated effect estimator
(CCE), which can be adapted to our model. The strategy is the following. If
Lo :=(Lga,-.-,Lon) € R were observed, then v;, could be estimated as the
residuals from projecting columns X; = (214, ...,2,:) € R™* onto Lg; since we
do not observe Ly, we need to replace it with an observed matrix L. Therefore,
the plan is (1) to construct L whose columns span a space that approximately
contains columns of Ly and (2) to take as estimates of {v;;}7; the residuals
of projecting columns of X; onto L. To illustrate the idea of CCE, consider
L = (Fay, .- %) € R™* with 74 = T~'Y,_, 2;;. Notice that under the
specification (1.2.2), if we assume that the law of large numbers (LLN) applies across
t, then Ty = ArLoi+T 'Y, vie ~ ArLg,, where Ap = T-1S1 | Fly, € RF*re,
Ignoring the approximation error due to LLN, we have L = LgA’.. Then columns
of L span a space that contains columns of Lg if and only if rank Ay = rg, which,
in Pesaran (2006), is referred to as the rank condition. A necessary condition for
the rank condition is & > rg, which may or may not hold in practice. In contrast,

our method uses PCA and does not require this rank condition.

We now introduce some notations that will be used in the rest of the paper:
Y =[Y,...,Yr] e R™T X = [Xy,..., X7] € R o = [ay,...,ar] € RT,
u = [u,...,ur] € R>T v = [v,...,v7] € RM Q = [Qy,...,Q7] €
R F, = [Fo1,...,For] € R Fy = [Fga,...,For] € R
Lo = (Lga,---,Lgn) € R and Ly, = (Lag,---, Lan) € R™7, where
U= Yty Ynt) ER"Y Xy = (@14, .y ny) € RF = (g, ... ap4) € R,
= (Ut Ung) ER™ vy = (V14 0n) € RVF and Qp = (Qryy ..., Quy)' €
R™*. Notice that Q@ = LoFy, and a = L, F,.

1.3.2 Estimation of

For now, we assume that the values of rg and 7, are known and we will

provide consistent estimators for rg and r, later in Section 1.3.4. Since v, is
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unknown, we first estimate it and use the estimated v; to obtain an initial estimator
for 5;. We define

By = (0y0) 10 Ys, (1.3.1)

where Q = [Q1,...,Qr] = Tro(X) and & = [01,...,07] = X — Q. The following

result establishes the theoretical properties of the above estimator.

Theorem 1.3.1 (Uniform estimation of §). Under Assumption 1, we have
HB — Bl = Op ([n’l/Z + nl/z’g} log®n),

where ¢o > 0 is a constant and B = (B, ..., 3y) € R¥ with 3, defined in (1.3.1).

This result says that 8, is a consistent estimator for B¢ uniformly over ¢ and
the rate of convergence depends on the relative size of n and T. If £ > 1 (n/T =
O(1)), then the convergence rate is the parametric rate up to a logarithm factor,
n~Y21log® n. The logarithm factor is the price we pay for the high dimensionality
of 8 and is common in the literature on high-dimensional statistics.!’ The exact
value of ¢( is not important for our purposes. If £ < 1 (n much larger than T'), then
the rate of convergence is strictly slower than n=?1log® n.

It turns out that the non-standard rate of convergence of B is due to the bias
in the estimator; we now show that once the bias is removed, the rate of convergence
in /,-norm is m. Notice that by the properties of SVD, Qtﬁt = 0. Thus,

it is not hard to see that

V(B — Bi) = (0 0500) " nTV200 (a4 ). (1.3.2)

Our strategy is to remove the effect of n=1/2

¥}y by subtracting (0]0;) 0] dy
from f;, where @, is an estimator for oy such that n='2 max;<;<r |0 — 0G| =
op(1). As we shall show, this is can be done in an intuitive manner. Since (; is

a consistent estimator for 3;, y, — XtBt = +u + X(Br — Bt) is a consistent

HFor example, see Bickel, Ritov, and Tsybakov (2009), Biihlmann and Van De Geer (2011)
and Belloni and Chernozhukov (2011).
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estimator for oy + u,. Heuristically speaking, we have a consistent estimator for

a 4 u and can simply apply PCA again to obtain an estimator for a.
Algorithm 1. Implement the following steps:

1. Compute [&1, ..., ar) =T, ([1h — X181, yr — XTBT]), where By is defined
in (1.3.1).

2. Compute By = By — (0,0,) L 04y,
The following result establishes the rate of convergence for the estimator in

Algorithm 1.

Theorem 1.3.2. Under Assumption 1, we have

|15~ Bl = Op (Vo Tlogn)

where ¢g > 0 is a constant and 3 := (B{, . ,B’T)’ e R with B, defined in Algorithm
1.

A comparison between Theorems 1.3.1 and 1.3.2 demonstrates the advantage
of bias correction. When & < 1 (i.e., n/T — 00), f3 is a strictly better estimator
than B in terms of the rate of convergence in the ¢, -norm; when & > 1 (i.e.,

n=0(T)), 3 and 3 have the same rates of convergence up to logarithm factors.

1.3.3 Inference on [

Now we turn to the problem of testing high-dimensional linear combina-
tions of 5 in the form (3.1.2). The idea is to approximate B, with an average
of independent high-dimensional vectors. Let G; = (G}, ...,Gp) € R with

Gt = Z[lviﬁtui,t and X, =n"' Y"1 Ev; v ,. We show, in the appendix, that

— Op(n—l/Z—c)

o0

JB—JB—n"" zn:JG,-

=1

for some constant ¢ > 0, where 3 = (Bi, e ,B{F)’ . The above display suggests the
“obvious” strategy of approximating the distribution of v/n||Jf — Jf||s by that of
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IN(0,Q)]|0o, where Q =n~t3""  E(JG;G}J'). Since Q is unknown, we replace it
with a plug-in estimator. We will show that this intuitive approach can be justified
even if the dimension of {2 is much larger than n and 7.

To simplify the presentation, we introduce the following notation. For a
random vector Z ~ N(0,%), we define ®(z,%) = P(||Z|| < 2) and denote by
®~1(.,3) the inverse of ®(z,X) as a function of z. For a given X, the function
®~1(-,X) can be easily computed by simulation. Our inference procedure for testing

Hy in (3.1.2) can be formally summarized as follows.

Algorithm 2. For a test for Hy (3.1.2) with nominal size n € (0, 1), implement
the following steps:

1. Compute t; = 1y; — X5, — &, where Bt and &y are defined in (1.3.1) and
Algorithm 1, respectively.

N (A A1y kT N A 2 y—1g
2. Comupute G; = (G} y,...,Gip) € R™, where Gy = Vigly, Uiy = Xy Uiy

and 3, = n~ Y00, with 0y defined in (1.8.1).

3. Generate {G;}', i.i.d N(0,1) independent of the sample and compute
77/_1/2 Z?:l JGAZQ

4. Repeat the previous step as many times as computationally convenient to
compute &1 (1 —1,Q), where Q =n~' 7, JG,GLJ'.

5. Reject Hy in (3.1.2) if and only if ||J3 — aljec > @ 1(1 — 0, Q), where 3 =
(BL,....B%) and B, is defined in Algorithm 1.

Although the parameter of interest § is high-dimensional, we establish
the validity of such procedures for our problem using recent tools developed by
Chernozhukov, Chetverikov, and Kato (2013). Even in light of their results, we
still need to deal with the technical challenges arising due to the facts that 3 is
not exactly the mean of independent vectors and that the large-sample behavior
of B depends on the residuals, such as u;;, which are not observed and need to
be replaced with estimates for the bootstrap procedure to be feasible. To justify

Algorithm 2, we need some restrictions on J.
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Assumption 2. Assume that the following conditions hold for J in (3.1.2):
(i) my = O(n') for some constant 0 < | < oo.

(1t) There exists a constant Ay > 0 such that maxi<j<m, ||J;|[1 < A1, where J; is

the transpose of the jth row of J.

(iii) There exists a constant by > 0 such that Jj (n=" " | EG;Gj) J; > by Vj €
{1, ce ,mJ}, where Gz == (G;,D ey ;,T)/ < RkT, Giﬂg = Ui,tui7t, @i,t = E;l?}tﬂ'

and Xy =n"tY0 Ev; vj ;.-

Assumption 2(i) allows us to test m; linear transformations of 3, where
my can be fixed or grow polynomially fast in n. Notice that this allows for
my > max{n,T}. Building a confidence set for all the entries of 5 implies that
my = kT = O(n); inference on the individual §; or on the average of j; over ¢
corresponds to a fixed m;. Assumption 2(ii) can be viewed as a “near-sparsity”
assumption on the rows of J, while it still allows ||J;||o = k7" V1 < j < my. This
is needed to control the bias of J3: although the maximal bias of all 3,’s can be
shown to be small, the bias of each row of J§ is a linear combination of all the
biases of f;’s. Assumption 2(ii) allows us to control the bias of J3 via Holder’s
inequality. Assumption 2(iii) rules out “degenerate” linear combinations of G;. This
is needed for the theory of high-dimensional bootstrap.

The following theorem is our main theoretical result and establishes the

validity of Algorithm 2.

Theorem 1.3.3 (High-dimensional inference). Under Assumptions 1 and 2, we

have

limsup sup
n—oo  ne(0,1)

P (VallJ3 = I8l > @71 (1=0,0)) = | =0,
where § and (1 —n,Q) are defined in Algorithm 2.

As our main result for inference, Theorem 1.3.3 says that Algorithm 2 can
be used to test hypotheses that involve m; linear combinations of a kT-dimensional
vector, where both m; and T" can grow polynomial fast with n. We can easily

invert the test to obtain confidence sets for Jj.
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Corollary 1.3.1. Let Assumptions 1 and 2 hold. For any fized n € (0,1), let
O (1 —n,Q) and B be defined as in Algorithm 2. Then

lim P(JB € Cy_p(J)) =1 —1,

n—oo

where Cy_,(J) = {JB +v ‘v € R™ and |[v]joo < @711 — 7779)}/\/5}

In the following result, we show that the width of the above confidence set
is Op <\/n—1 log n) :

Theorem 1.3.4. Suppose that Assumptions 1 and 2 hold. Then there exists a
constant M > 0 such that, Vn € (0,1), P (q)*l(l —1,Q) < M\/logn> — 1.

When the entries of n=%/23"" | JG; have no correlation among each other,
it can be shown that there exists a constant My > 0 such that P(®~'(1 — 5, Q) >
Moyv/Togn) — 1. This highlights the nonstandard nature of the problem as v/n||J 5 —
JB||oo might not have a well-defined limiting distribution. Under certain conditions
that guarantee weak dependence among entries of JG;, one can employ tools from
the extreme value theory and obtain a well-defined asymptotic distribution for a
properly scaled version of ||.J3—J ]|, such as n||.J3—J||%,+ A1 log n+ A, log log n
with constants A;, Ay € R; see Cai and Jiang (2011). Although this alternative
approach can provide a procedure with analytical critical values, it might require
additional assumptions as well as very different theoretical techniques; we shall

leave this possibility to future research.

Remark 1.3.2. Notice that the confidence set C;_,(J) defined in Corollary 1.3.1 is a
rectangle in R/, similar in spirit to a Kolmogorov-Smirnov-type test. One might
wonder whether it is possible to build Cramer-von-Mises-type tests by considering
|J B—Ja |l2. Unfortunately, this is technically challenging since the tools from
probability theories still appear inadequate in handling the fo-norm of the sum of
independent high-dimensional vectors. To the best of our knowledge, existing tools
can only handle the problems in which the dimensionality is much smaller than the

sample size, e.g., T = o(n'/*); see Peng and Schick (2012) and Pouzo (2015).
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Remark 1.3.3. Our results are easy to understand when we treat {3;}7_, as a
deterministic sequence. However, it is worth pointing out that all the theoretical
results so far still hold even if {3;}., is stochastic process that is allowed to
have arbitrary correlation with the observed variables Y and X. To see how this
flexibility is possible, notice that deriving (1.3.2) the estimation error of the original
estimator B is merely algebraic computations and does not require any knowledge
of randomness in the data. Moreover, subsequent analysis used to derive Theorems
1.3.1, 1.3.2, 1.3.3 and 1.3.4 only involves properties of the factors, factor loadings
and the idiosyncratic terms. Therefore, the estimation error of 3 still decays at the
rate Op(y/n~1logn) in fo-norm and C;_,(J) still contains the (random) vector
J 8 with probability approaching 1 — 7. When g is random, the object of interest
is typically parameters governing the randomness of 5. In Sections 1.4.5 and 1.4.7,

we illustrate how our results can be used for this purpose.

Sometimes, an applied researcher might be interested in the fixed effects. For
example, when the fixed effects are assumed to be group-specific, see Bonhomme and
Manresa (2015), consistent estimators for the fixed effects can be used to determine
the group membership via k-means clustering (Forgy 1965; Lloyd 1982). The
following result says that the fixed effects can be consistently estimated uniformly

over ¢ and t.

Theorem 1.3.5 (Uniform estimation of fixed effects). Under Assumption 1, for
&,y defined in Algorithm 1, we have that for some constant cy > 0,

) max ‘OAéi,t — O‘Z}t‘ — OP ([n§/2_1 + n2—5§/2j| logco n) '
1<i<n, 1<t<T

Similar to Theorem 1.3.1, Theorem 1.3.5 says that the rate of convergence
for the fixed effect depends on the relative size of n and T'. If n and T have the
same order of magnitude, then the convergence rate is n='/21og® n; if £ # 1, then

the rate would be strictly slower.
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1.3.4 Determining the number of factors r, and rg

So far, all the results are derived with the knowledge of the true values of
ro and r, for PCA. In practice, these values are often unknown. Now we derive
two consistent estimators for these values. Although existing methods, such as Bai
and Ng (2002), Onatski (2009) and Ahn and Horenstein (2013), can be used for
estimating rg, these methods cannot be directly applied for the estimation of r,
due to the estimation errors in Bt. We invoke results from random matrix theory

and construct two simple estimators that are consistent under Assumption 1.

Theorem 1.3.6 (Information criterion). Let Assumption 1 hold. Define 7g =
max {r | s,(X) = pn} and o := max {7“ | sr ([91 — X1y, oy — XT@T ) > [t }
where iy, fi, — 00. Then

(1) If pn/ (/nlogfn) — oo for any constant p > 0 and p,/vVnT — 0, then
]P(f’@ = TQ) — 1.

(2) If fi,/ ([\/T—l— n/vT]log? n) — 00 for any constant p > 0 and ji,/vVnT — 0,
then P (7o = 14) — 1.

The above estimator for ro and 7, is based on information criteria. Similar
estimators are proposed by Bai and Ng (2002). One needs to choose a sequence of
tuning parameters that satisfy certain rate conditions; however, it might not always
be clear how to choose these tuning parameters in finite samples. For this reason,
we also provide the following alternative estimators based on the ratio of singular
values. These estimators are similar to the ones studied in Ahn and Horenstein
(2013) and the only input is an upper bound on r, and r¢. In many situations,
economic theories can shed some light on these upper bounds. For .. > 1, we

define

SV sr(X
ro = argmax———~

)
1<r<rmax Sr41(X)
Sp [yn — X1By,. .. YT — XTBT])
7Y = argmax - -
1SrSrmax g, ([% - XiB1, . yr — XT@T])
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Theorem 1.3.7 (Singular value ratio estimator). Let Assumption 1 hold. Suppose
that 1 < rg < rmax and 1 < rg < Tyax. Then ]P’(fgv =rg) = 1 and P(SV =

To) — 1.

Remark 1.3.4. In practice, researchers might need to take additional care in applying
the above results. For datasets that contain variables with very different scales,

standardization is recommended, similar to the empirical applications in Stock and

Watson (2002b) and Boivin and Ng (2006).

1.4 Some Important Inference Problems

In this section, we discuss how several problems often encountered in applied
research can be addressed using the methodology proposed in Section 1.3. It
turns out that solving these problems reduces to finding the appropriate matrix
J in Algorithm 2. Since empirical work typically focuses on single entries of 3;
corresponding to variables of interest, we shall mainly discuss this case. Suppose
that we are interested in inference on {f;,:}{_, the trajectory of the jo-th entry of
B; € R¥ across time. For k # 1, the inference problems only concern part of the

parameter {3;}._, and shall be referred to as partial inference problems.

1.4.1 Uniform (over t) inference on f;,;

In empirical research, the goal is often to find out whether some slope
coefficient is zero (or some other pre-specified value of interest). When the slope
coefficients are allowed to vary over time, the question often becomes whether the
slope coefficient 8(j,) = (Bjo.1,- - -, Bjor) € R is zero in all the time periods.

Notice that this is very different from the problem of testing simple hypothe-
ses on . Simple hypotheses completely specify the value for all the entries in (;
as a result, one can plug-in the hypothesized value of 5 and test certain moment
conditions, such as the orthogonality between y; ; — x;,tﬁt and z; ;. However, we are
dealing with the more difficult problem of testing composite hypotheses on . For
example, consider the problem of testing ;) = 0. Since {3;:}/_; with j # jo are

still allowed to take any values, the null hypothesis here does not determine the
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vector # and thus the aforementioned approach for testing simple hypotheses does
not apply.

We now demonstrate how our method can be used to solve this inference
problem. Let J = Ir ® TJ{OJC and 7, denote the jo-th column of I;. Then
we have f(;,) = JB. Notice that Assumption 2(i)-(ii) hold as m; = T and
maxi<j<m, ||Jj||1 = 1. Under the above notations, fj,; = 0 V1 <t < T if and only
if J6 = 0. Hence, we only need to implement Algorithm 2 with a = 0. The problem
of building confidence bands for {f;,}{_; reduces to constructing a rectangular

confidence set for 3;,) and can be easily solved using Corollary 1.3.1.

1.4.2 Inference on temporal difference in j;,;

One of the simplest ways of studying time variation in parameters is to
compare [, ; in different time periods. To formalize the idea, let A, B C {1,...,T'}
be disjoint sets A( B = (). We construct confidence intervals for the difference in

average parameter values between these two groups of time periods, i.e.,

d(A B) _ Ele 5j07t1{t € A} . ZtT=1 6j0,t1{t € B} (1 4 1)
’ Sy 1t € A} Yo, {teB} h

As convention, we define d(A4, ) = [Zthl Be1{t € A}} / [ZL 1{t € A}],
which is the average parameter value for time periods in the set A. For example, A
and B can denote the sets of time periods of economic recessions and expansions,
respectively, and d(A, B) is a measure of how the parameters differ across different
stages of the business cycle.

We now phrase the problem as inference on a linear combination of 3. Let
M denote the 1 x T row vector whose s-th entry is equal to 1{s € A}/|A| — 1{s €
B}/|B|, where |A| and |B| denote the cardinality of the set A and B, respectively.
Then it is not hard to see that d(A, B) = J3, where J = M ® 7; ,. Therefore,
a confidence interval can be used by implementing Algorithm 2 and computing

Cy—,(J) defined in Corollary 1.3.1.
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1.4.3 Estimation and inference of partial parameter insta-
bility
The estimate and the confidence set for ;) € R” give some indication on
whether the slope coefficient is time-varying. We shall refer to changes in parameter
values from one period to the next as parameter instability. Define the set of time
periods of parameter instability as B = {t | 2 <t < T and §j,+ # Bj,+-1}. Our
method can be used for the estimation and inference on B.

This problem can be easily formulated into our framework. Notice that

Bjoﬂ - ﬁjo,l 1 -1 0 - 0
Bioz — Bjo.2 , 0 1 -1 ... 0 /
: =Jp with (T—i{ka_ L ® T, 1
Bjo.r — Bijo,r—1 0 0 0o ... —1
(ler)xT

(1.4.2)

Clearly, the hypothesis of lack of parameter instability can be stated as
JB = 0. Since Assumption 2(i)-(ii) are satisfied (due to m; = T — 1 and
maxi<j<m, ||Jj]i = 2), Theorem 1.3.3 says that the hypothesis of absence of
parameter instability can be tested by applying Algorithm 2 with a = 0.

Remark 1.4.1. As explained in Section 1.1, a major advantage of our approach
is that no assumptions are placed on the time variation in parameters not under
testing, i.e., {83, },; for j # jo. Hence, the common approach of imposing the null
hypothesis of 8,1 = ... = Bj,r, such as Su and Chen (2013), does not apply to

the partial inference problem here.

Algorithm 2 also provides a natural estimate for the set B. For n € (0,1),

consider

A~

B(l—n) = {t]2 <t < T and |3 = Bipama| > 07 (1=, Qv |

where Bjo,t denotes the jo-th entry of 8, (defined in Algorithm 2). By Theorem
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1.3.3, it follows that

lim inf P <z§(1 —n) C B) >1-.
This means that, 1/3\(1 — 1), as an estimate for the set of instability periods, has
asymptotic control on the false discovery rates: the probability of B (1—n) containing
points that are not in B is asymptotically at most 7.

Under additional assumptions, B can also serve as an estimator for B. By
Theorem 1.3.4, @ '(1 — 5,Q) = Op(y/logn). Therefore, if we assume that the
structural breaks are not too small'? (i.e., mines |85, — Bjo.s—1//n/logn — 00),
then P(B C B(1 —n)) — 1 and thus P(B = B(1 — n)) is asymptotically at least
1—mn.

Remark 1.4.2. To achieve consistent estimation of B, we propose to replace B (1—n)
with B={2<t<T: 1Biot = Bioi_1| > 2a/+/n}, where 2, is a sequence such
that Vi € (0,1), ®1(1 —,Q) < z, for large n and z, < y/Iogn. The above
analysis implies that liminf P(B = B) > 1 — 5 for any n € (0,1) and therefore
IimP(B = g) = 1. Now we propose a simple choice of z,. By Lemma 2 in
Chapter 7 of Feller (1968) and the union bound, we can easily show that Vz > 0,
1— ®(x, Q) < 2k(T — 1)z Q L0 (x| %), where ¢(-) is the p.d.f of N(0,1).
Hence, it is straight-forward to show that ¥Vn € (0, 1), we have that for large enough
n, (1 —n,Q) < \/QHleoolog[k:(T— 1)] almost surely. Therefore, a natural

choice is z, = \/2||§2||0010g[k(T —1)].

Remark 1.4.3. We note that power properties of tests for time-invariance in our
panel setup might not follow existing results that deal with models for single time
series. For example, consider the problem of testing 51 = ... = fr versus 51 # 0
and 5y = ... = By = 0. When the sample consists of one time series, it is quite
hard to detect the deviation that only occurs in one time period, regardless of how
large T" is. However, in our panel data setting, [, is identified by the cross-sectional

variations across n units and thus can be expected to estimated accurately for large

12In a sense, estimation of the set B is similar to the problem of model selection and thus
requires similar regularity conditions, such as the so-called beta-min condition in high-dimensional
models; see Biihlmann and Van De Geer (2011).
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1.4.4 Partial inference on structural breaks

Sporadic changes in parameter values, often referred to as structural breaks,
can be viewed as piecewise constant patterns of {8;,,}7_;. Unlike the setup
considered in Section 1.4.3, structural breaks are viewed as infrequent jumps in
parameter values, which remain stable for extended periods of time, say at least
2q periods. Inference on structural breaks for the full vector §; has been widely
studied, e.g., Andrews (1993), Bai and Perron (1998, 2003) and Qu and Perron
(2007) among others. However, the partial inference problem of testing for structural
breaks in {f;,,}{_; without imposing any restrictions on {8;:}{_; for j # jo is
rarely discussed.

Suppose that there are m structural breaks, which occur in periods B; <

. < B,,:
ﬁjml =...= Bj07Bl
ﬂjO,Bl+1 == ﬁj0732 and 5]’0,31 7£ ﬁj0731+1 (143>
BjoBm+1 = - = Bjor and By B,, # Bjo,But1-

We follow the convention in the literature by setting By =1 and B,,,.1 =T
We consider the problem of testing the hypothesis that there are no structural
breaks. Although we can simply use the test discussed in Section 1.4.3, we might
obtain a more powerful test by taking into account the block structure of structural
breaks. We consider a block average scheme under which, for any pair of two
adjacent blocks of time periods, the average parameter values in these two blocks
are compared.

Consider two adjacent blocks of time periods of length ¢ and compute the
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difference in the block average of parameter values (DBA), i.e.,

t t+q
1 1
DBA(t8,0) 1=~ > Bios = = D Bios = (Bleg) © Tiou) B,
q s=t—q+1 g

where the s-th entry of the vector B, € RT is defined as

Blogs = é[l{t—q+1 <s<t)-1{t+1<s §t+q}]

The hypothesis of lack of structural breaks can be restated as DBA(t; 3, q) =
0, V2¢ < t < T — 2q, which corresponds to J3 = 0, where the rows of J are
B, ,®Tj forallt € {2q,...,T —2q}. Notice that Assumption 2(i)-(ii) hold since
my =T —4q¢ <T and max;<j<m, ||Jj||1 = 1. By Theorem 1.3.3, we can test the
hypothesis of lack of structural breaks by implementing Algorithm 2 with a = 0.

Under the alternative that {;,:}{_; has a piecewise constant structure as
in (1.4.3), DBA(Bj; 3,q) = Bjy,8;+1 — Bjo,B,; on the other hand, it is natural to
expect DBA(Bj; 3, q) to be better estimated than 3, p,+1 — (.8, simply because
the former is the difference between two averages, especially for large q. Hence, we
expect that for large ¢, the test proposed in this subsection be more powerful in
detecting structural breaks than the test discussed in Section 1.4.3.

Our block average setup also yields a natural estimator. The basic idea
is the following. Suppose that we observe the true sequence {8j,;}{_ ;. Then
DBA(t; 8,q) # 0 if and only if B;—q <t < B;j+q—1for some j € {1,...,m}. Also
notice that ¢ — |DBA(¢; 3, ¢)| reaches the maximum (over {B; —¢q,...,Bj+q—1})
at t = Bj. This suggests a recursive strategy. Suppose that we already found
Bj_1. Let s; denote the smallest number s such that s > B;_; +2¢ — 1 and
IDBA(s; 3,q)| > 0. Then B; = argmax{|DBA(¢;5,q)| | s; <t <s; +2¢—1}.

Since ||f — Blle = Op(y/n~tlogn), we consider a similar strategy with
3 replaced by 5. Let 6, = ®1(Q,1 — n)/y/n, where ®1(Q,1 — ) is defined
in Algorithm 2 using J described above. Starting with By = 1, we compute Ej
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recursively:
5 = min{s | s > Bj—l +2¢ — 1 and |DBA(SQB’Q)‘ > 6"}

and
Bj = argmax
§j§t§§j+2q—1

DBA(t: 3, q)‘ .

The iteration continues until j = 7, where |[DBA(s; B, Q)| < on, Vs >m+2q — 1.
When the true {8;,:}.; follows the structural break pattern in (1.4.3) and the
breaks are pronounced enough (\/n/lognmini<;<m |Bjo.5, — Bjo.5r1] — 00), then
Theorems 1.3.3 and 1.3.4 imply that both P(n = m) and P({Bi,..., By} =
{By,...,By,}) are asymptotically at least 1 — 7. For these probabilities to tend to

one, we can simply choose d,, = \/2n—1||§2||oo logmy, see Remark 1.4.2.

1.4.5 Estimating partial regime-dependence

Popular models for the time variation in parameter values often specify a
pattern in which parameters take values in a small set, whose elements are often
referred to as regimes. For example, models with structural breaks have parameters
staying in one regime between breaks; Markov switching models, such as Hamilton
(1989), often assume that the parameters follow Markov chain with a few states.
Due to the flexibility of our setup, if the underlying parameters indeed follow such
regime patterns and these regimes are different enough (from each other), then our
results can be used to estimate the membership of these regimes, i.e., which regime
contains which time periods. Notice that {f;,:}i_; is allowed to be random here;
see Remark 1.3.3.

Suppose that there m regimes for §, +, which can take value in {a, ..., ax}.
Since f3j, + is a scalar, we assume, without loss of generality, that a; < as < ... < a,.
For 1 < r < m, define the set of time periods corresponding to the r-th regime:
Q(r) ={t|1<t<Tand f,; = a,}. The goal is to estimate m as well as Q(r)
for each 1 <r < m.

Due to the monotonicity of {a,}",, we consider a simple sorting strategy.

The basic idea is quite simple. If we could sort the true values {f;, .}/, then we
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would obtain a piecewise constant and non-decreasing path and different regimes
are separated by jumps in the sorted sequence, leading to a structural break pattern
in the sorted sequence. Hence, we could simply apply the techniques outlined in
Section 1.4.4 to the sorted sequence. Since the true values {3;,;}7_; are unknown,
we simply implement this idea with {3, ,}%,.

Formally, let = : {1,...,7} — {1,...,T} be a permutation (bijective
mapping) such that ij(l) <...< Bjo,ﬂ(T)' Suppose that each regime contains at

least 2¢ time periods. Discussions in Section 1.4.4 allow us to identify i breaks

in the sequence {Bjo,w(s)}sT:p say Gi,...,Su- LThen our estimate for m is 1 + 1. We
define
{t|=(t) > <} r=pa+1
Or) = {t|e <)<} 2<r<p (1.4.4)
[t]7(t) < a1} r=1

If ming<j<m(a; — aj—1)y/n/logn — oo, then it follows, by Theorems 1.3.3
and 1.3.4, that P(i+1=m) — 1 and P(ﬂ;n:l{@(r) = Q(r)}) — 1. In other words,
when the regimes are different enough (mins<;<,,(a; — a;_1) not too small), o(r)
can recover the regime pattern and thus be used to assess the specification of the
time variation of parameters. For example, structural breaks should correspond to
large blocks of time periods in which (3, ; takes the same value, implying that, for
each 1 <r < m, Q(r) should contain consecutive time periods; regime switching
patterns would imply the opposite for Q(r). We can conduct specifications tests.
Consider, as an example, the problem of testing whether the switching pattern
follows an i.i.d Bernoulli process or a first-order Markov chain. This problem

reduces to testing the restrictions on transition probabilities using a sample of

observed Markov chains.

1.4.6 Detecting general patterns of partial time-variation

In practice, big sudden shifts are not the only pattern of time variation.
For example, changes in the parameters might be small at each point in time but

accumulate to a large value over a long time horizon. In this case, the test discussed
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in previous subsections might not reveal evidence of structural breaks, but this does
not mean that we should conclude that slope coefficients are time-invariant. Again,
this is a partial inference problem in that the null hypothesis of time invariance
only concerns f3;,) and allows arbitrary time variation in {3;:}, for j # jo.

To test for general patterns of time variation, we consider the maximal time
variation. Notice that time invariance means that 3; 1, = Bjj+,, V1 <t <ta < T
Hence, we can consider |3j,+, — Bjo.t,| all combinations of ¢;,t, € {1,..., T} with
t1 < ty. We define ¢4, 4, € R” as a vector of zeros, except that the ¢;-th entry is 1
and the to-th entry is —1. Clearly, there are T'(7"— 1)/2 vectors of this form and
we form the matrix J as follows: the row Tt + 5 of J is 43, ;, ® 7; . Under this
notation, the null hypothesis of time invariance becomes J3 = 0. Since Assumption
2(i)-(ii) hold with m, = T(T — 1)/2 and maxi<j<m, ||/;|l1 = 2, Theorem 1.3.3
guarantees the validity of testing for time invariance using Algorithm 2 with a = 0.

Notice that the test statistics ||.J 3]0 is equal to max; <y, <p<7 |Bjo.ts — Bjo.ts s
which is an estimate for maxy <y, <s,<7 |Bjo.t; — Bjo.t|» the distance between the peak
and trough in Bj,t- Therefore, it follows, by Theorem 1.3.4, that this test can detect
any time variation resulting in a parameter trajectory that cannot be contained in
a band of constant width of O(m). For this reason, this procedure can
be used as a test for time invariance whenever the alternative does not specify a

particular pattern of parameter changes.

1.4.7 Explaining time variations in the slope coefficients

One common method of explaining variations is to use regression analysis.
Here, we treat {f;,,}{_; as a stochastic process; see Remark 1.3.3. For example,

applied researchers can analyze the randomness of {3}, ;}7_, using linear regressions:
Biot =2 0 +e, (1.4.5)
mx1

where z; € R™ is the vector of observed explanatory variables with fixed m and ¢,
is the error term. The goal is to conduct inference on 6. Notice that we still allow

{B,+}_, with j # jo to have completely different time variation patterns. Therefore,
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we cannot state the model (1.2.1) in terms of the low-dimensional parameter 6 by
imposing (1.4.5).
Were the process {f;,+}{_; observed, one could simply estimate 6 by the

ordinary least squared estimator

T -1/
6 = <Z z,,z,é) (Z ztﬁjojt) .
=1 =1

However, in practice, the process {f;,:}i_; is not observed and thus the
estimator 6 is not feasible. Since Algorithm 2 delivers the estimated process

{Bvs}L,, we can consider the following estimator

- (Z ) (Z ﬁ) |

t=1 t=1

The following result says that, under certain conditions, 6 and 6 are asymp-

totically equivalent.

Theorem 1.4.1. Let Assumptions 1 and 2 hold with J = Iy and £ < 3/2.
Suppose that {2}, is independent of v and w. If (T3], %2))~" = Op(1) and
maxi<¢<T EHthQ = O(l) Then

VT (0 —6) = op(1).

For inference of # under the above linear regression framework, Theorem
1.4.1 says that it suffices to derive the limiting distribution of /T (é — 0) since
VT (0 —0) and vVT(6 — 0) differ by op(1). Therefore, the estimation error in § does

not contribute to the asymptotic distribution of the estimator .

Remark 1.4.4. The key condition of Theorem 1.4.1 is the independence between
{z:}22, and (v,u). Notice that we do not impose any assumption on the error term
g in (1.4.5). Our assumption here is similar in spirit to Assumption E in Bai and
Ng (2006a), who consider a related problem: factors are first estimated from a
large panel dataset and then used as covariates in a separate regression. However,

their conclusion is quite different from ours. Bai and Ng (2006a) show that the
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estimation errors of the factors would in general influence the asymptotics in the
latter regression, while Theorem 1.4.1 says that the estimation error in §; does not
contribute to the limiting distribution of v/7'(f — 6). This is because the estimation
errors of /3 are noise in the dependent variable in regression (1.4.5), whereas in Bai
and Ng (2006a), the estimation errors of the factors affect the covariates in the
regression of interest. In the regression setup, measurement errors in regressors

cause a bigger problem than those in the response variable.

1.5 Monte Carlo Simulations

We consider both static (STA) and dynamic (DYN) models, which are

specified as follows. The static model reads
Yit = Fo/¢7tLa,i + BraTiie + BaaToie + Ui, (STA)

where z;; = (14, 2244) = F{Lgsi + vig. Columns of F,, F and rows of v
and u are generated as independent stochastic processes, which can take three
specifications, denoted by GAUSS, STU-T and ARMA (specified later). We generate
entries of L,; and Lg; from i.i.d. N(0,1/2) and set the first column of Fyy,; equal
the first column of F, ;. 81, and 32, are drawn from i.i.d uniform distribution on
[—1,1].

The dynamic model reads
Yir = Fé,tLa,i + BraYii—1 + BoiTis + Uiy, (DYN)

where 7, = Fé}tLQ,i + Ui with Fjz, € R™@™"™. Thus, the number of factors
in the regressors are r¢ (from both F,, and FQ’t)B. As before, columns of F,,
Fy=(Fa1,--- Fgp), {0t }i=) and rows of u are independent stochastic processes,
which can take three specifications, denoted by GAUSS, STU-T and GARCH. We

generate entries of L, ; and LQ,i from ii.d. N(0,1) and draw S, and 2, from i.i.d

13Notice that when lagged y;; is included as the regressors, we always have rg > r,. Since 7,
factors drive y; ; and thus drive lagged y; ¢, which is only part of the regressors, the total number
of factors driving the regressors is at least .
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uniform distribution on [—0.7,0.7].

Here, GAUSS denotes the process of i.i.d N(0,1); STU-T denotes the process
of i.i.d Student’s t-distribution with 6 degrees of freedom normalized to have variance
one. ARMA denotes the ARMA(1,1) zero-mean process with autoregressive and
moving average coefficient being 0.924 and 0.592 (calibrated to quarterly data
of real U.S. GDP growth), where the innovations are i.i.d zero-mean Gaussian
with variance chosen such that the long-run variance of the ARMA process is one.
GARCH denotes the GARCH(1,1) zero-mean process with ARCH and GARCH
parameters being 0.12 and 0.85 (calibrated to monthly returns of the S&P500 index),
where the standardized innovations are i.i.d zero-mean Gaussian with variance
chosen such that the long-run mean variance of the GARCH process is one.

In all of our simulations, rq and r, are estimated using 75" and 75" as
discussed in Theorem 1.3.7. In all the tables and figures, the coverage probabilities
of confidence bands and the rejection probabilities of tests are based on 2000 random
samples.

For each simulated sample, we construct a 95% confidence band for the
trajectory of the first entry of j;; see Corollary 1.3.1 and Section 1.4.1. The results
are reported in Table 1.1. As we can see, these results demonstrate decent finite-
sample performance of the proposed confidence bands. The 95% confidence bands
has empirical coverage probabilities around the nominal level, even for a sample
size as small as n =T = 60. Strictly speaking, STU-T and GARCH processes do
not satisfy the condition of exponential-type tails, but our procedures still perform
quite well. For dynamic models, certain under coverage could occur for large n
and relatively small 7'; this is only a finite sample problem since in our unreported
results with larger sample sizes (e.g., n = 900 and 7' = 200), we find the coverage
probability of the confidence bands close to their nominal levels.

We also consider the test for structural breaks. We keep the same specifica-

tions STA and DYN, except that (3, is generated as

Bii=...=Bipr =w and Biarj41 == Bir =w -+,

where A\ € (0,1) is a fixed parameter and |AT'| denotes the largest integer not
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exceeding A\T'. For STA and DYN specifications, w is from the uniform distribution
on [—1,1] and on [—0.7,0.7], respectively. The null hypothesis of 5; = ... = fr
corresponds to 0 = 0. The deviation from the null hypothesis is measured in §.
Notice that this we only have structural breaks in {3;,}7_; since {B2,}1_, is still
drawn from i.i.d uniform distributions as in STA and DYN.

We consider the test discussed in Section 1.4.3. The size properties of a 5%
test are reported in Table 1.2. For static models, our test has decent size control
in finite samples; for dynamic models, slight over-rejection could occur for large n
and small 7. In Figures 1.1 and 1.2, we plot the power curves of 5% tests under
the STA-GAUSS and DYN-GAUSS specifications, respectively. As expected, the
power increases with the sample size and the magnitude of . Interestingly, the
power function is not sensitive to A, the location of the structural break. Since we
identify /3, + through cross-sectional units, rather than the time dimension, we do
not need many time periods for each regime (i.e., before and after the break), a

similar situation as discussed in Remark 1.4.3.

1.6 Empirical Applications

In this section, we illustrate the proposed methodology via three empirical
problems: (1) stock return predictability, (2) firms’ capital structure and (3) the

effect of investment on economic growth.

1.6.1 Stock return predictability

A question of fundamental interest in finance is whether the equity risk
premium is time-varying and, if so, can be predicted ahead of time as suggested by
studies such as Campbell and Cochrane (1999) and Bansal and Yaron (2004). Two

of the most popular predictors are the dividend yield'* and volatility'®. Here, we

1See e.g., Campbell and Shiller (1988b, 1988a), Fama and French (1988), Hodrick (1992) and
Koijen and Van Nieuwerburgh (2011)

15See e.g., Goyal and Santa-Clara (2003), Bakshi and Kapadia (2003), Ang, Hodrick, Xing,
and Zhang (2006) and Bollerslev, Gibson, and Zhou (2011).



35
study the following regression using panel data
Tig = Lo P+ 0cdip 1+ 3 VOLi 1 + wiy, (1.6.1)

where r;; is the log excess return in period ¢ on asset 4, d;;—; is the dividend yield
in period ¢ — 1 for asset ¢ and VOL;;_; denotes the variance of asset ¢ in period ¢
conditional on the information in period ¢ — 1.

We interpret 6, (and ;) as capturing predictability in stock returns by means
of time-variation in the dividend yield or conditional variance. In the specification
in (1.6.1), we use a factor structure to model potential cross-sectional dependence
among the error terms. These common factors include financial and macroeconomic
shocks that drive the returns of all stocks, as well as time-specific and asset-specific
fixed effects.!® Due to the presence of these factors, methods based on OLS, such
as the Fama-MacBeth regression, might provide inconsistent estimators even under
strict exogeneity; see Appendix A.1 for a simple example.

We use annual data on 100 equity portfolios sorted by size and book-to-
market ratio and compute the dividend yield from the cum-dividend and ex-dividend
return series.!” The conditional volatility is computed by fitting on AR(1) model
with annual realized volatility. We specify the sampling period to run from 1960 to
2015 (T = 56 years) and retain the observations of n = 89 portfolios after removing
11 portfolios with missing data. We apply the methodology proposed in Sections
1.3 and 1.4. The estimate of 3 = (34,...,8r)" € R?*T with 3; = (6;,7;)" and the
95% uniform confidence band are displayed in Figure 1.3.

The two plots in Figure 1.3 suggest quite different patterns of time variation
for {6;}L, and {1 }L,. Since the red horizontal line in Panel A of Figure 1.3
representing the vector of zeros does not lie in the confidence band, we reject the
hypothesis that #; = ... = 67 = 0. Time variation in 6, is quite evident in Figure

1.3. Sporadic spikes in #; occur in the late 1960’s and around 2000. This pattern

16Well-known factors include the Fama-French factors (Fama and French (1992, 2016)) and
macroeconomic factors in the large factor model literature, e.g., Stock and Watson (1998, 2002b,
2006).

I"The data is obtained from the website of Kenneth French.


http://mba.tuck.dartmouth.edu/pages/faculty/ken.french/data_library.html

36

indicates parameter instability, which is also documented in existing work!®; the
p-value of testing 6; = ... = 01 using the framework discussed in Section 1.4.3 is
0.001. Panel B of Figure 1.3 displays the path of time variation in the predictive
power of conditional volatility. Such predictive power is mainly concentrated in the
1960’s and 1970’s and seems to have disappeared after 1980. We also cluster slope
coefficients using structural break models; in particular, we assume that there are
at least four years between breaks and apply the methodology outlined in Section
1.4.4. The results are reported in Table 1.3 and Figure 1.3. We find that the
only structural break in ; occurred in the late 1990’s and that there are three
structural breaks in 7, which occurred in the late 1960’s, late 1970’s and early
1990’s, respectively. However, we also reject the hypothesis that the parameter
values are stable between the estimated structural breaks; this suggests that models
with structural breaks in parameters might not be flexible enough to reveal all the
features in return predictability.

Our method separates shocks in the error terms from those in the return
predictability. Figure 1.4 plots the time series of the average noise level n™' >~ | ﬁ?yt,
where ;, is defined in Algorithm 2. We compare Figures 1.3 and 1.4. During
the recent Great Recession, the return predictability from the dividend yield and
the conditional volatility was quite stable whereas large spikes are found in the
average noise level. This indicates that the Great Recession only contributed to the
noise in the error terms and did not change the relationship between stock returns
and predictors, such as the dividend yield and conditional volatility. However, the
collapse of the dot-com bubble appears to be a different kind of shock; we find large
spikes in #; and the average noise level but not in 7;. It is perhaps not surprising
to see changes in the relationship between stock returns and the dividend yield
as companies in the information technology sector, known for low dividends and
realized profits, saw their stock prices soar and then plummet.

To study any seasonality in return predictability as well as its link to the
macroeconomy, we also estimate model (1.6.1) using quarterly data over the same

19

time periods (T = 224 quarters)'. Switching to quarterly data makes it more

18See Paye and Timmermann (2006), Lettau and Van Nieuwerburgh (2008), and Viceira (1997).
9The conditional volatility is obtained by fitting the quarterly realized volatility to AR(4)
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convenient to explore time variation related to macroeconomic variables, many
of which are observed on a quarterly basis. We apply the framework outlined in
Section 1.4.2. In Table 1.4, we construct confidence intervals for d(A, B) (defined
in (1.4.1)), where A and B are sets containing different time periods; average
predictability corresponds to A = {1,...,7} and B = (). From Table 1.4, the
average (across time) of return predictability from the dividend yield is estimated
to be 0.49 and is not statistically significant from zero, while the average predictive
power of volatility is negative and statistically significant, findings consistent with
existing literature, see e.g., Glosten, Jaganathan, and Runkle (1993) and Goyal
and Welch (2008).

Table 1.4 includes other intriguing findings. First, return predictability
coefficients exhibit strong seasonality. A large literature has documented the
presence of calendar effects in stock returns, i.e., different patterns of stock returns
on certain days of the week, months of the year, etc.?® Typically, these calendar
effects are not conditional on other variables and thus should correspond to part
of the fixed effects in (1.6.1). Our specification allows for both interactive fixed
effects and time-heterogeneous slope coefficients and is thus flexible enough to
distinguish seasonality in the error terms from seasonal changes in 6, and ~;. Table
1.4 and Figure 1.5 say that, on average, predictability using the dividend yield
is particularly profound in the third quarter of the year and is not statistically
different from zero in the other three quarters; on average, volatility has predictive
power only in the second and third quarters. Our finding suggests that the calendar
effects are present not only in the error terms but also in the slope coefficients.

Second, return predictability is related to the state of the macroeconomy.
Numerous studies have found that stock returns are predictable only in certain
stage of the business cycle, see e.g., Fama and French (1989), Rapach and Wohar
(2006), Rapach, Strauss, and Zhou (2010) and Dangl and Halling (2012). Table 1.4
suggests that the dividend yield is informative only in economic recessions (defined

by the NBER recession indicators); similar results hold if we treat as recessions

model.
20See e.g., Jones, Pearce, and Wilson (1987), Keim and Stambaugh (1986), Haugen and
Lakonishok (1988) and Kramer (1994).
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periods in which the real GDP growth is smaller than its median. The predictive
power of volatility is strong in NBER expansions, but not in recessions; on the other
hand, this predictive power is only significant in periods with slow GDP growth.
Unlike most work in the literature, we do not fit a two-regime parameter model to
the data and thus our findings are not driven by specific model assumptions on the

time variation in return predictability.

1.6.2 Firms’ choice of capital structure

The study of firms’ capital structure decisions is of fundamental interest in
corporate finance. A large body of theoretical and empirical work has emerged
to explain how corporations make decisions on the use of debt, see Titman and
Wessels (1988), Harris and Raviv (1991), Rajan and Zingales (1995), Graham and
Harvey (2001) and Welch (2004) among many others. In a survey paper, Frank and
Goyal (2009) investigate numerous variables that can affect firms’ capital structure.

Following this literature, we consider the following regression:
LVig1 = Ly, jFop1 + 25, B 4 Uigia,

where LV;;yq is the leverage ratio of firm 7 at time ¢ + 1 and x;,; contains 11

2L We use the same data as Frank and

covariates observed at time ¢ for firm <.
Goyal (2009) and take the variables from Table II therein. We drop from z;;
variables that are either only time-specific (e.g. macroeconomic variables) or only
firm-specific (e.g. whether the industry of the firm is regulated) since the effects of
these variables are captured by the fixed effects. After removing missing data, we
have a balanced panel with annual observations of n = 167 firms from 1963 to 2003
(T =41).
We shall revisit the following conclusions of Frank and Goyal (2009):

(a) Firms with higher market-to-book ratios tend to have less leverage

21These 11 variables are profitability, book assets, market-to-book ratio, change in assets,
capital expenditure, median industry leverage, median industry growth, tangible assets, R&D
expense, uniqueness and SGA (selling, general and administration) expense. See Appendix B of
Frank and Goyal (2009) for detailed definitions.
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(b) Firms with more tangible assets tend to have more leverage
(c¢) Firms with more profits tend to have less leverage
(d) Firms with more book assets tend to have more leverage

These conclusions are statements on the components of 3, corresponding to the
following four regressors: profitability, book assets, market-to-book ratio and
tangible assets. In this exercise, we focus on (1) estimates for 5 = (5,...,r)
and its 95% confidence sets, (2) testing for time-invariance of 5; and (3) inference
on the average effect, i.e., T7! Zthl B¢. We consider two measures of the leverage
ratio: the ratio of total debt to market assets (DM) and the ratio of total debt
to book assets (DB). In Figures 1.6 and 1.7, we report the confidence bands for
DM and DB, respectively. In Table 1.5, we report inference results for the average
effects and time-invariance.

We find clear evidence of time variation in ;. This is visually discernible in
Figures 1.6 and 1.7. We also notice that the time variations are mostly slow changes
in §; rather than sudden abrupt changes. Applying the test for time invariance
described in Section 1.4.6, we conclude, at the 5% significance level, that time
variations are present in (; for assets, profit and tangible assets; time invariance for
the effects of market-to-book is also rejected at the 5% significance level when we
use DM as the leverage ratio.

From Figures 1.6 and 1.7, we can reject the hypothesis that 5, = ... =
B;r = 0 at the 5% significance level, for tangible assets, profits and book assets.
From Table 1.5, we also reject, at the 5% level, that the average effect is zero for all
the four variables of interest. Interestingly, the average effects of market-to-book
ratio have different signs, depending on whether we use DM or DB as the leverage
ratio, a finding consistent with Table V of Frank and Goyal (2009).

Overall, we confirm the findings in Frank and Goyal (2009), but our results
also suggest quite different patterns of time variation. For example, Figures 1.6
and 1.7 show that the effects of the tangible assets change considerably and might
have declined to zero or even switched signs at some point, whereas Table V of

Frank and Goyal (2009) shows that the corresponding component of §; has stayed
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away from zero in each decade and is relatively stable. Moreover, Frank and Goyal
(2009) conclude that, for leverage measured by DM, the importance of profits has
declined significantly since the 1950’s and that of book assets has increased during
that period, see Table V therein. From Figure 1.6, we see that the importance of
profits has stayed stable if not increased. It is true that its importance might have
temporarily dropped in the late 1980’s, but quickly recovered in the early 1990’s.
Figure 1.6 also shows that the effect of book assets increased from zero to its peak
in the late 1980’s before it dropped to a level close to zero.

The above difference might suggest the benefit of our method, compared
to the simple practice of dividing the sample into subsamples. In a sense, the
approach adopted by Frank and Goyal (2009) amounts to specifying structural
breaks that could occur only at the end of each decade for all the parameters.
However, estimates from our model in Figures 1.6 and 1.7 indicate smooth and
gradual changes for at least some of the parameters, such as book assets. We also
see that certain trends in parameter values can reverse within one decade. These
findings can serve as evidence supporting that a structural break model might not
be a suitable specification for the parameters. Since different parameters can have
completely different patterns of time variation, such as profits and book assets in
Figure 1.6, it is advantageous to apply our flexible setup, which allows for any

pattern of time variation in parameters.

1.6.3 Investment and economic growth

Our third application is related to the long-running debate on whether
investment causes economic growth. Despite the obvious importance of this question,
it appears that a consensus has yet to emerge. The literature contains studies that
support such causality and perhaps equally many papers that conclude otherwise;
see e.g., DeLong and Summers (1991), Mankiw, Romer, and Weil (1992), Islam
(1995), Jones (1995), Blomstrom, Lipsey, and Zejan (1996) and Bond, Leblebicioglu,
and Schiantarelli (2010).

To address this issue, we present a panel data analysis that allows for

interactive fixed effects and unrestricted time-heterogeneous slope coefficients. Since
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the fixed effects can account for the endogeneity of investment, our setup could
help shed light on any (time-varying) effect of investment on economic growth. We
consider the following regression equation similar to the one studied in Blomstrém,

Lipsey, and Zejan (1996):
Git = L;;L'Fa,t +OANV; 1+ YeGi—1 + Uiy, (1.6.2)

where g, ; is the growth of real GDP per capita in country ¢ in year ¢t and INV;;_4
is the ratio of gross capital formation to GDP of country ¢ in year ¢ — 1. The data
is obtained from Penn World Table 9.0. After removing missing values, we have a
balanced panel consisting of n = 74 countries over T" = 53 years from 1962 to 2014.

In Table 1.6, we conduct inference regarding the average #; across time and
test the time-invariance of 6;. Figure 1.8 plots estimates for {0;}_, and its 95%
confidence bands.

We find that the average value of 6, across time is close to zero but that
f; is not always zero. In Table 1.6, we see that the average 6; across time is not
statistically different from zero; however, time-invariance of 6, is strongly rejected.
From Figure 1.8, we see that the 95% confidence band for {6;}7_, does not contain
the red line representing the zero vector and does not contain any horizontal lines,
implying time variation in {6;}L .

We also find that the average effect of investment on economic growth
increased after the early 1990’s. The methodology outlined in Section 1.4.4 is
applied to the estimated {0;}]_, in order to identify structural breaks. As shown
in Figure 1.8, our method suggests that there is only one structural break, which
occurred in the early 1990’s. According to Table 1.6, the average effect of investment
is not significantly different from zero in the pre-break periods and is significantly
positive in the post-break periods. One explanation is related to advances in
technology in the early 1990’s. Several studies, such as Litan and Rivlin (2001)
and Freund and Weinhold (2004), have found that the Internet has positive effects
on productivity, management efficiency and international trade. Our findings are
consistent with the possibility that the adoption of the Internet in the early 1990’s

increases the effect of investment on the economy. Moreover, in both pre-break and
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post-break periods, we reject time homogeneity in #;,. This suggests that the usual
structural break model might not be sufficient to describe the time-varying pattern
in 6;, highlighting the advantage of the proposed methodology.

We also consider the grouped fixed effects (GFE) discussed by Bonhomme
and Manresa (2015). GFE assumes that the cross-sectional units can be categorized
into a small number of groups and the time variation of the fixed effects is the
same among nations in the same group. Since this specification can be viewed as a
special case of the interactive fixed effects, Theorem 1.3.5 implies that the estimator
&, from Algorithm 2 is a consistent estimator for GFE. Similar to Bonhomme
and Manresa (2015), we estimate the group membership by applying the k-means
clustering algorithm (Forgy 1965; Lloyd 1982) to &; ;.

We comment on two findings under the GFE specification. First, we find
a separation that roughly divides the countries in the sample into developed and
developing nations. The result is reported in Figure 1.9. The red group in Figure
1.9 contains mostly developed countries, such as nations in North America, Western
Europe, Australia, Japan and South Korea; the blue group in Figure 1.9 contains
primarily developing countries, such as China, India, nations in Africa and South
America.

Second, the estimated number of factors in the fixed effects is one and
we find evidence supporting that the two groups are driven by this factor but
with different sensitivities. In Figure 1.10, we plot the estimated trajectories of
fixed effects in the two groups. The two paths of fixed effects display substantial
co-movement but possess different volatilities: the red group has a more volatile
path in the fixed effects. This suggests that the fixed effects in the two groups are
driven by the same factor but the factor loading of the red group (mainly developed
countries) is larger in magnitude than that of the blue group (mainly developing
countries). One explanation is that developed nations, compared to developing
nations, are more involved in international economic/political activities and are
thus more sensitive to world-wide economic/political shocks. This also explains
why the red group contains some countries that are usually classified as developing

countries. For example, since the economy of Iran and Venezuela heavily relies



43

on exporting petroleum-related products, which are closely connected to global
economic trends, it is perhaps not surprising that these two countries are highly
susceptible to international economic forces.

These results illustrate the benefit of our methodology. The patterns that
admit economic interpretations, such as the group membership, are not results of a
priori specifications that are explicitly imposed. In particular, we do not impose any
restrictions on the group membership or on the co-movement of fixed effects between
the two groups. Moreover, our results are robust to arbitrary time-heterogeneity in
the slope coefficients. This is important since we find strong evidence of such time

heterogeneity.

1.7 Conclusion

We consider panel data models with interactive fixed effects and time-
heterogeneous slope coefficients. These models do not restrict the time-variation in
the slope coefficients, while allowing for both cross-sectional and inter-temporal
dependence in the error terms. As the data consists of a large number of cross-
sectional observations over many time periods, the vector 8 containing all the slope
coefficients across time has dimensionality tending to infinity.

We propose methods for estimating and conducting inference on [ and
establish their asymptotic properties. We treat the entire vector 3 as a high-
dimensional parameter and provide tools for inference on the trajectory of the
time-variation of slope coefficients. In particular, our results can be used to
construct confidence bands for this trajectory of slope coefficients, to test for time-
invariance and to conduct inference on specific patterns of time variations, including
structural breaks and regime switching. Our methods are simple to implement and
computationally convenient.

An interesting extension of our work is to allow covariate effects to be
heterogeneous both across cross-sectional units and across time. Such a flexible
framework could be quite natural in empirical applications. For example, certain

treatments might have different effects on different individuals in different time
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periods; applied researchers might be interested in questions such as how the average
(across individuals) treatment effects vary over time, whether certain (groups of)
individuals are always more responsive to the treatment and whether time variation
in the treatment effects is synchronized across individuals. Estimation and inference
of these models would probably require certain structures on the heterogeneity in
slope coefficients. To this end, one might borrow from popular specifications of
fixed effects, although formal analysis is likely to encounter additional technical

challenges and is left for future research.
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Tables and Figures

Table 1.1: Coverage probability of 95% confidence bands for {81 ,}1;
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Panel A: static model (STA)

rg =1 =1

GAUSS STU-T ARMA
n\T 60 120 180 60 120 180 60 120 180
60 0.973 0.984 0.988 0.969 0.984 0.989 0.944 0.979 0.982
120 0.954 0.969 0.971 0.966 0.982 0.981 0.952 0.969 0.974
180 0.949 0.965 0.963 0.963 0.977 0.982 0.945 0.960 0.966
rQ ="Tq =2
n\T 60 120 180 60 120 180 60 120 180
60 0.962 0.982 0.987 0.956 0.984 0.988 0.953 0.982 0.990
120 0.951 0.965 0.977 0.956 0.976 0.984 0.941 0.967 0.977
180 0.947 0.964 0.963 0.956 0.980 0.979 0.932 0.959 0.960
rQ="Tq =3
n\T 60 120 180 60 120 180 60 120 180
60 0.968 0.980 0.992 0.942 0.973 0.982 0.962 0.981 0.992
120 0.950 0.974 0.980 0.945 0.978 0.982 0.948 0.970 0.980
180 0.940 0.966 0.969 0.942 0.970 0.983 0.931 0.959 0.972
Panel B: dynamic model (DYN)
rq =1land rg =1
GAUSS STU-T GARCH
n\T 60 120 180 60 120 180 60 120 180
60 0.929 0.962 0.964 0.929 0.960 0.980 0.923 0.957 0.969
120 0.903 0.945 0.954 0.900 0.957 0.966 0.942 0.968 0.977
180 0.881 0.942 0.947 0.865 0.946 0.959 0.942 0.970 0.982
rq =1 and rg =2
n\T 60 120 180 60 120 180 60 120 180
60 0.941 0.963 0.970 0.941 0.972 0.975 0.919 0.955 0.968
120 0.904 0.942 0.958 0.893 0.960 0.965 0.944 0.972 0.974
180 0.860 0.948 0.955 0.845 0.943 0.962 0.941 0.970 0.984
rq =1and rg =3
n\T 60 120 180 60 120 180 60 120 180
60 0.944 0.967 0.969 0.942 0.977 0.975 0.909 0.939 0.962
120 0.916 0.957 0.962 0.911 0.953 0.975 0.927 0.961 0.967
180 0.868 0.933 0.947 0.855 0.947 0.965 0.914 0.966 0.978
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Table 1.2: Rejection probability under the null hypothesis that 5,1 = ... = fir

We report the rejection probabilities of tests for structural breaks with nominal

size 5% under the null hypothesis that 811 = ... = f17.

Panel A: static model (STA)

rQ =Ta = 1
GAUSS STU-T ARMA
n\T 60 120 180 60 120 180 60 120 180
60 0.054 0.042 0.024 0.038 0.028 0.019 0.046 0.022 0.019
120 0.052 0.043 0.040 0.044 0.033 0.024 0.044 0.036 0.034
180 0.055 0.041 0.038 0.055 0.034 0.032 0.053 0.037 0.038
rTQ =Tq =2
n\T 60 120 180 60 120 180 60 120 180
60 0.044 0.023 0.019 0.059 0.026 0.019 0.044 0.014 0.012
120 0.057 0.039 0.031 0.056 0.030 0.020 0.048 0.030 0.033
180 0.055 0.048 0.037 0.056 0.046 0.035 0.061 0.033 0.032
rQ =Ta = 3
n\T 60 120 180 60 120 180 60 120 180
60 0.042 0.020 0.015 0.063 0.027 0.019 0.033 0.017 0.007
120 0.070 0.040 0.029 0.066 0.029 0.022 0.047 0.023 0.015
180 0.072 0.047 0.040 0.057 0.033 0.031 0.050 0.027 0.024
Panel B: dynamic model (DYN)
rq =1and rg =1
GAUSS STU-T GARCH
n\T 60 120 180 60 120 180 60 120 180
60 0.078 0.049 0.041 0.055 0.032 0.031 0.073 0.056 0.047
120 0.072 0.054 0.048 0.070 0.042 0.038 0.046 0.039 0.033
180 0.084 0.062 0.056 0.086 0.051 0.040 0.047 0.028 0.027
rq =1 and rg =2
n\T 60 120 180 60 120 180 60 120 180
60 0.057 0.048 0.041 0.046 0.038 0.023 0.067 0.052 0.046
120 0.070 0.057 0.056 0.077 0.043 0.025 0.053 0.034 0.029
180 0.091 0.051 0.048 0.105 0.042 0.041 0.050 0.029 0.020
rq =1 and rg =3
n\T 60 120 180 60 120 180 60 120 180
60 0.058 0.035 0.039 0.039 0.028 0.022 0.107 0.060 0.045
120 0.059 0.055 0.041 0.060 0.042 0.030 0.074 0.051 0.036
180 0.082 0.049 0.050 0.091 0.044 0.032 0.069 0.041 0.028
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Table 1.3: Forecasting stock returns (annual data).

Structural break points are estimated using the methodology outlined in Section
1.4.4 and assuming that there are at least four years between structural breaks.
For {6,}]_,, we find one break point denoted by Ty 1; for {v;}L ;, we find three
break points, denoted by T’ ;, T, » and T, 3, respectively. See Figure 1.3 for plots
for these breaks.

Estimate t-stat Conf interval P-value
(Time variation)
Panel A: return predictability from the dividend yield {6,}L,

73T 6, -0.79 -144  -1.87 0.28 0.00
t=1
T, 50 6, 1.05 509  0.64 145 0.0
(T = Tp1) " Yog, 41 00 -0.79 -1.44  -1.87 028 0.00

Panel B: return predictability from the conditional variance {v;}L,

T -0.27 -0.71  -1.01 047  0.00
TSy 5.28 333 217 838 0.0
(Tyo = To0) P20 e -6.02 509 -833 -3.70  0.00
(s — Ty2) P Y24 e 0.60 071  -1.05 224  0.00

(T =Tys) " g i m 046 20.96  -1.41 048  0.00
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Table 1.4: Forecasting stock returns (quarterly data): difference in predictability

For disjoint sets A, B C {1,...,T}, we consider the difference in average predictabil-
ity, i.e., d(A, B) defined in (1.4.1). We report the estimates and 95% confidence
intervals for d(A, B), as well as the t-stat for testing d(A, B) = 0. The sets used in
the table are defined as follows.

e Forje{1,2,3,4}, Q; ={t |1 <t <T and time ¢ is quarter j of some year}.
The results are also plotted in Figure 1.5.

ORNBER:{t‘1§t§TaHdNBERt:1} andSNBER:{t\lﬁtg
T and NBER, = 0}, where NBER, is the NBER indicator for economic
recessions, which takes value one if the economy is in recession and takes
value zero otherwise. Monthly data of the NBER indicators is obtained from
the website of St. Louis Fed and the value of the indicator of the last month
in a quarter is used as the value of that quarter.

o Lopp={t|1<t<Tand GDP, < median(GDP)} and Hgpp = {t |1 <
t <T and GDP, > median(GDP)}, where GD P, denotes the real U.S. GDP
growth in time period ¢t and median(GDP) denotes the sample median of
real GDP growth. We obtain the data from the website of St. Louis Fed.

0; (dividend yield) v (conditional volatility)
Set A Set B | Est t-stat Conf Interval | Est t-stat Conf Interval
{1,...,T} 0 049 145 -0.17 1.15 -1.66 -329 -2.65 -0.67
9 0 0.20 0.33 -099 1.38 0.90 0.64 -1.84 3.63
Qs 0 -0.10 -0.14 -1.51  1.30 -2.76  -3.55 -4.29 -1.23
Qs 0 2.18 4.19 1.16 3.19 -4.79 -6.91 -6.14 -3.43
Q4 0 -0.31 -0.59 -1.35 0.73 0.00 0.00 -1.79 1.78
Q, Q, 0.30 0.38 -1.26 1.86 3.66 2.99 1.26  6.05
Qs Qs -2.28 -2.49 -4.07 -048 2.03 1.86 -0.10 4.16
Qs Qu 249 3.54 1.11  3.86 -4.78 -5.61 -6.45 -3.11
RNBER 0 2.20  2.56 052 3.89 1.22 137 -0.53 296
ENBER 0 0.22 062 -048 0.93 -2.11 -3.70  -3.23 -0.99
RNBER Eveer | 1.98 2.16 0.18 3.77 3.33  3.12 1.23 5.42
Lapp 0 1.48 2.67 0.39 2.56 -4.10 -5.75 -5.50 -2.70
Happ 0 -0.50 -1.52 -1.14 0.14 077 143 -029 1.83
Lepp Hepp | 198  3.24 0.78 3.17 -4.87 -6.40 -6.36 -3.38
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Table 1.5: Determinants of firms’ capital structures

Bprofit.ts Bassetsts OMktbk: and Prang: represent the components of 3, € R corre-
sponding to profitability, assets, market-to-book ratio and tangibility, respectively.
The above table reports the point estimate, t-statistic and confidence interval for
the average f3;, as well as p-value of the test for lack of parameter instability of /3,
described in Section 1.4.3.

Estimate t-stat Conf interval P-value
(Time variation)

Panel A: LV measured as DM

TS0 Berosiny -0.72 -10.80 -0.84 -0.59 0.01
T30 Bassets:  0.06 6.65 0.04 0.08 0.01
TS Bk -0.03 522 -0.05 -0.02 0.02
T Prangs  0.19 6.96 0.13 0.24 0.02
Panel B: LV measured as DB
T3 Berofity -0.50 6.87 -0.64 -0.35 0.00
T3 Bassetst  0.04 470 0.02  0.05 0.01
T3 Batkevks 0.02 2.79  0.00 0.03 0.25

T3 Brangs 018 767 0.3 0.23 0.00




20

Table 1.6: Fixed investment and economic growth

We consider the regression equation (1.6.2). In the above table, columns 1, 2 and 3
report the point estimate, t-statistic and confidence interval for 71 ZtT:1 0;. The
last column reports the p-value of the test for lack of parameter instability of 6,
described in Section 1.4.3. Tj is the structural break point estimated using the
methodology outlined in Section 1.4.4; see Figure 1.8.

Estimate t-stat Conf interval P-value
(Time variation)

75T 6, 0.023 0.987 -0.022 0.067 0.000
T 0 6, -0.055 -1.708  -0.117 0.008 0.000
(T —To) 'S0 ., 6 0114 2.982  0.039 0.188 0.000
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Figure 1.1: Power curves for testing structural breaks in {f;;}7_; (STA)

We generate 6171 = ... = BLL)\TJ and BLL)\TJ_H = ... = 61’7‘ with § = ﬂLL)\TJ_H —
B1,pr)- In the above plots, we report the probability of rejecting 811 = ... = Bir
as a function of 4§, for various values of (n,7T") and .
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Figure 1.2: Power curves for testing structural breaks in {f;,}7; (DYN)

We generate 81 = ... = 51,L>\TJ and 61,LATJ+1 = ... = P with § = /31,L,\TJ+1 -
B1,ar)- In the above plots, we report the probability of rejecting 311 = ... = Bir
as a function of ¢, for various values of (n,T") and \.
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Panel A: Estimate and 95% confidence band for {6,}, (predictive power of the
dividend yield)
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Panel B: Estimate and 95% confidence band for {;}7_, (predictive power of
volatility)
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Figure 1.3: Predictability of stock returns (annual data)

The blue line represents the estimate for {0;}7_; (or {7} ,) and the shaded area
is the 95% confidence band. The red dashed vertical lines are the structural break
points estimated using the methodology outlined in Section 1.4.4 and assuming
that there are at least four years between structural breaks.
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Figure 1.4: Predictability of stock returns (annual data): average noise level in
error terms

We plot the average noise level in error terms {&,.}/; defined by 312“5 =
n~' Y 47, where 1, is defined in Algorithm 2.
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Panel A: Average 6, in each quarter of the year (predictive power of the dividend

yield)
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Panel B: Average 7; in each quarter of the year (predictive power of volatility)
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Figure 1.5: Seasonality of return predictability (quarterly data)

The black line represents the average 6, (or 7;) with one quarter of all the years
and the red lines denote the 95% confidence interval of this average.
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Figure 1.6: Firms’ capital structure decisions (leverage ratio defined as DM)
We consider the components of §; corresponding to market-to-book ratio, tangible

assets, book assets and profits. The blue lines are estimates for 5. The shaded area
is the 95% confidence set for 3.



o7

Market-to-book ratio Tangible assets

L L L L L L L L L L L L L L L L

1965 1970 1975 1980 1985 1990 1995 2000 1965 1970 1975 1980 1985 1990 1995 2000
Time (Year) Time (Year)
Profits Book assets

25 1 1 1 1 1 1 1 1 " 1 1 1 1 1 1 1 1
1965 1970 1975 1980 1985 1990 1995 2000 1965 1970 1975 1980 1985 1990 1995 2000
Time (Year) Time (Year)

Figure 1.7: Firms’ capital structure decisions (leverage ratio defined as DB)

We consider the components of §; corresponding to market-to-book ratio, tangible
assets, book assets and profits. The blue lines are estimates for 5. The shaded area
is the 95% confidence set for 3.
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1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Time (Year)

Figure 1.8: Fixed investment and economic growth

We consider the regression (1.6.2). The blue lines represent the estimate for {6;}%_,
and the shaded area is the 95% confidence band. The red dashed vertical line is
the structural break point estimated using the methodology outlined in Section
1.4.4 and assuming that there are at least two years between structural breaks.
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Figure 1.9: Fixed investment and economic growth: grouped pattern of fixed
effects

We apply the the k-means clustering algorithm (Forgy 1965; Lloyd 1982) to the
estimated fixed effects &;, obtained in Algorithm 2. The estimated fixed effects are
clustered into two groups, labeled by the red and blue colors.
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Figure 1.10: Fixed investment and economic growth: trajectories of grouped
pattern of fixed effects
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We apply the the k-means clustering algorithm (Forgy 1965; Lloyd 1982) to the
estimated fixed effects &;; obtained in Algorithm 2. The estimated fixed effects
are clustered into two groups, labeled by the red and blue colors. Here, we plot
trajectories of the average fixed effects in the two groups under the same color label
as in Figure 1.9. For example, the red color represents the same group in both this

figure and Figure 1.9.



Chapter 2

Testing for common factors in large

factor models

2.1 Introduction

In economics and finance, large factor models are very popular due to their
well-documented success in forecasting. A small number of factors can explain a
large fraction of the variations in a large number of variables and also have high
predicting power for economic and financial variables; see Stock and Watson (2002a,
2002b, 2015), Bernanke and Boivin (2003), Bernanke, Boivin, and Eliasz (2005),
Ludvigson and Ng (2007, 2009), Foerster, Sarte, and Watson (2011) and McCracken
and Ng (2015). To explain the predictive power of factor models and to interpret
structural models, it is essential to determine the economic nature of the factors.

Studying the interpretation of factors often involves the question of which
factors drive which variables. Consider, for example, a large dataset consisting of
several groups of macroeconomic variables, such as in Stock and Watson (2002b)
and McCracken and Ng (2015). To determine the nature of the factors, one would
like to know (1) whether the same factors drive both labor market variables and
output variables and (2) if not, how many factors drive both groups of variables
and how many factors are unique to labor market variables. If one factor were all

that drives both groups, then it might not make much sense to label one factor as

61
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labor and another as output.

In the asset pricing literature, factor models are popular in explaining returns
of a large number of financial assets. The factors are usually interpreted as risks
that are priced in these assets in the sense of Ross (1976)’s arbitrage pricing theory.
For factor-based asset allocation strategies (see Ang (2014)), a key ingredient is to
maintain the desired level of exposure to certain risk factors. Hence, questions of
both empirical interest and practical importance include which risks are priced in
which assets. As a simple example, in order to understand what risks these factors
represent, one would be interested in (1) whether equities and fixed income assets
have any risk factors in common and (2) how many risk factors are peculiar to
equities.

In this paper, we first formalize the notion of common factors given two
groups of variables. We then propose a statistical test for the null hypothesis that
the number of common factors in these two groups is equal to a given number.

The problem we study here cannot be addressed by the popular prediction-
based method used by Stock and Watson (2002b) and McCracken and Ng (2015).
Under this prediction-based method, one extracts as factors the principal compo-
nents (PCs) from a large dataset and then assigns names to these PCs according to
their predictive power for certain economic or financial variables. For example, if the
first PC has very high predictive power for labor market variables and the second
PC explains a large portion of variations in output variables, then these two PCs
would be labeled as labor and output factors, respectively. The prediction-based
method imposes a particular normalization for the PCs and studies the predictive
power of these PCs for different groups of variables. In contrast, we aim to test
hypotheses regarding the underlying factor, which may differ from PCs, and ask
the question whether a certain number of the underlying factors driving one group
of variables coincide (possibly after rotation) with some of those driving another
group of variables. Since the imposed normalization might not take into account the
potential correlation among the true underlying factors, using only the predictive
ability of the PCs satisfying this normalization might not yield satisfactory answers

to the questions we consider in this paper. We illustrate this point through the
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following example.

Example 2.1.1. There are six groups of random variables denoted by price, output,
labor, consumption, money and inventory. These groups are driven by three factors,
denoted by F1, F2 and F3. The variables in “price” group only load on F1, output
variables only on the F2, labor variables only on F2 and F3, consumption variables
on F'1 and F2, money variables on F1 and F3 and inventory variables load on all
three factors. The non-zero loadings are generated as independent N (0, 1) random
variables; we generate serially uncorrelated factors from N(0,Xr) with X € R3*3
having ones on the diagonal and p = 0.6 on the off diagonal entries. Idiosyncratic

terms are zero.

Since there are no error terms, extracted PCs are exactly a rotated version
of the true factors. We compute the R? of regressing each variable on each PC and
average these R? values in each group. The means of these averaged R? values are

reported in Table 2.1.

Table 2.1: Mean of the average R? for each PC in Example 2.1.1

These results are based on 5000 simulated samples. Each group has n = 100 variables and
the time horizon is T' = 100 periods. The jth entry in each row is computed as follows.
In each simulated sample and for each group, we compute R? of regressing every variable
in that group against the jth PC and take the average of these R?’s across variables in
the group. Then we report the mean (across 5000 random samples) of this average in the
jth entry of the row corresponding to the group.

Group (actual factors) \ PC PCl PC2 PC3

Price (F1) 0.756 0.173 0.071
Output (F2) 0.757 0.174 0.069
Labor (F2 and F3) 0.599 0.177 0.225
Consumption (F1 and F2) 0.634 0.274 0.092
Money (F1 and F3) 0.599 0.175 0.226

Inventory (F1, F2 and F3)  0.572 0.231 0.197

From Table 2.1, the first PC explains over 70% of the variations in variables

in “price” and “output” groups.! The prediction-based approach might name the

In practice, it is not uncommon for the researcher to attribute the unexplained variation to
idiosyncratic errors, which are pervasive in real data.
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first PC as price-output factor, which appears to be shared by these two groups.
However, these two groups are actually driven by two different (although correlated)
factors. Also notice that PCs have very similar predictive power for “money” and
“labor” groups. The prediction-based approach might conclude that they have
similar factor loadings, but they actually share only one factor. In contrast, the
procedure proposed in this paper aim to reveal the underlying structure of the
factors. For instance, in Example 2.1.1, the proposed procedure would conclude
(1) that the factors in “price” group are different from those in the “output” group
and (2) that “price” group and “money” group share exactly one factor. Based
on only correlation between variables and PCs (as displayed in Table 2.1), the
prediction-based method seems unlikely to yield such findings.

Our paper contributes to the literature on large factor models in several ways.
First, we formalize the notion of common factors among subsets/subgroups in a
large dataset and propose to use it as a general tool to study the structure of factors.
The number of common factors sheds light on the nature of factors by providing
information on whether or not a factor is specific to a certain subgroup of variables.
We apply the proposed method to a large dataset consisting of many macroeconomic
and financial variables used by Jurado, Ludvigson, and Ng (2015) and find (1) that
there are at most three common factors driving both the macroeconomy and the
financial markets, (2) that there are at least 2 factors that drive the macroeconomy
but not the financial markets and (3) that there are at least 4 factors peculiar to
the financial markets; see Section 2.5 for details.

Second, other hypotheses of economic interest can be phrased in terms of
common factors. Consider the spanning hypothesis, which states that the factors
driving one group of variables are linear combinations of those driving another
group of variables. Testing the spanning hypothesis is equivalent to testing whether
the number of common factors is equal to the number of factors in the former
group.

Third, to the best of our knowledge, this paper provides the first statistical
inference result regarding the number of common factors. Instead of using the usual

tools, such as the classical central limit theorems (CLTs) or the random matrix
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theory, we construct the procedure as a test for a high-dimensional parameter
and build upon recent results by Chernozhukov, Chetverikov, and Kato (2014) on
high-dimensional bootstrap. Our method can also be used to test the number of
factors in models with n and 7" having the same order of magnitude; see Remark
2.3.5 for details.

Our work is related to several strands of the literature on large factor models.
Early work focuses on estimation; see Bai and Ng (2002) and Stock and Watson
(2002a). More recent work deals with the inference of large factor models. Bai
(2003) provides pointwise? results on the inference of factors and factor loadings.
Bai and Ng (2006a, 2008a) consider the inference problem of using estimated
factors in regressions. Bai and Ng (2006b) and Chen (2012) propose tests on the
relationship between the factors and observed variables. Tests for the number of
factors are developed by Onatski (2009) and Kapetanios (2010). In this paper, we
only consider the so-called “static” factor models; see, among many others, Forni,
Hallin, Lippi, and Reichlin (2000, 2004, 2012), Amengual and Watson (2007), Bai
and Ng (2012) and Doz, Giannone, and Reichlin (2012) for results on “dynamic”
factor models. Excellent survey of the large factor model literature can be found in
Bai and Ng (2008b), Bai and Wang (2016) and Stock and Watson (2015). Some
recent work also applies high-dimensional statistical tools to large factor models.
For example, Cheng, Liao, and Schorfheide (2016) proposed a method for detecting
breaks in factors and/or their loadings using a shrinkage approach that combines
the group Lasso (Yuan and Lin (2006)) and the adaptive Lasso (Zou (2006)). Bai
and Liao (2012) developed a regularized estimation procedure that exploits sparsity
in the covariance matrix of the idiosyncratic terms.

The rest of this paper is organized as follows. In Section 2.2, we introduce
the concept of common factors and develop the testing methodology. In Section
2.3, we establish theoretical properties of the proposed method. Finite sample
performance is assessed through Monte Carlo simulations in Section 2.4. In Section
2.5, we apply the proposed method to a real dataset and study common factors

between macroeconomic and financial variables. Appendices B.1-B.3 contain the

2Here, the term “pointwise” means that the asymptotic distribution is established for estimators
of factors at each time period or factor loadings of each individual/variable.
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proofs of the theoretical results as well as technical tools used in the proofs.

Notation. We introduce some notations that will be used in the rest of the paper.
For a positive integer q, [q] = {1, -+ ,q}; for ¢ <0, the convention is [q] = 0. I,
denotes the q x q identity matriz. For a vector v = (vy,---,v,) € R?, Diag(v)
denotes the q x q diagonal matriz whose ith entry on the diagonal is v;. For
a matric A € R1"*%2 || Al = |[vec(A)|lw and ||A|| denotes the spectral norm
(largest singular value), where vec(-) denotes column-wise vectorization. We say
that A = UaSaV} is a singular value decomposition (SVD) if Uy € R and
Va € R2*% qgre both orthogonal matrices and Sy € R®*%2 s a (rectangular)
diagonal matrix with singular values of A on the diagonal in the non-increasing
order. For a matric A € R™*%2 of full column rank, let T4 = A(AA)'A" and
My =1, —1l4. For two matrices A; and A, Blockdiag(Ay, As) denotes the block
diagonal matriz with Ay and Ay on the diagonal. For a,b € R, aVb and aAb denote
max{a, b} and min{a, b}, respectively. Let o(-) denote the o-algebra generated by

random variables.

2.2 Methodology

Consider the observed data Y and W generated from the following model:

Y = L F + e (2.2.1)

ny xXT ny Xpy py XT ny xXT

and

W = R X + u (2.2.2)

nw xT  nwxpw pwxT  nw xT
where L and R are factor loadings, ' and X are factors and e and u are idiosyncratic
terms. In this paper, ny, ny and T tend to infinity. We assume that the factors
are not redundant: rankl = rankF = py and rankR = rankX = py,. We assume
that py and py are known or can be consistently estimated using methods such as
those proposed in Bai and Ng (2002) and Ahn and Horenstein (2013). We introduce
the following definition.
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Definition 2.2.1 (Common factors). Under the model (2.2.1)-(2.2.2), the number
of common factors between Y and W, denoted by p¢, is the largest number in the

set Cr x, where

Crx={j|3R: € RPY*I R, € RPW*J satisfying
FRy = XR; and rankR; = rankRs = j}.

Remark 2.2.1. Notice that Cp x always contains zero. If Cpx = {0}, then F' and
X do not have any common components in the sense that, under any rotation,
no column in F' coincides with one column in X. If po, the maximal element in
Crx # {0}, is not zero, then we can rotate F' and X such that pc columns of
F match exactly pc columns of X; we refer to these po columns as the common
factors. Under this rotation, there are py — po factors specific to Y and there are

pw — pc factors that drive W but not Y.

The goal of this paper is to test

H[) L pPc = l{?() (223)
versus
Hy @ pe <k (2.2.4)

Consider the combined dataset:

x = AN Z + v, (2.2.5)

nxT nxr rxT  nxT

where x = [Y/, W', n = ny + ny, r = rank([F, X]), v = [¢/,«/] and A and Z
satisfy AZ" = Blockdiag(L, R)[F, X|'. We exploit the following equivalence relation

in constructing our test.

Lemma 2.2.1. Consider the model (2.2.1)-(2.2.2). Then, pc, the number of
common factors between Y and W is equal to j if and only if r = py + pw — j and
My[F, X] = 0.

The proof of Lemma 2.2.1 is provided in Appendix B.2. Roughly speaking,
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our proposed methodology for testing Hy is to estimate My [F, X| imposing r = rg
and to check whether this estimate is close enough to zero, where ro = py + pw — ko.
Applying principal component analysis (PCA) to Y and W, we obtain Fand X,
estimators of a rotated version of F' and X, respectively. To estimate Z, we apply
PCA to the combined dataset imposing » = ry and obtain Z.

The idea of our test is the following. Suppose that F , X and Z are reasonably
good estimates of (a rotated version of) F'; X and Z. Under Hj, Lemma 2.2.1
implies that all the entries in M Z[F, X | should be close to zero; if H; holds, then
Lemma 2.2.1 implies that 7 = py +pw — pe > ro. Therefore, under Hy, Z estimated
with » = ry does not contain all the factors in the combined dataset and thus
cannot span [F, X|. Therefore, under H,, at least some entries in M, [F , X | do not
converge to zero, leading to power against H.

We consider ||\/nM[F,X]|.c as the test statistic. Under H,,
[v/AM4[F, X]||s is the maximal (scaled) estimation error of entries in My[F, X].
Since Mz[F, X] is (py + pw)T-dimensional with T tending to infinity, the usual
tools for low-dimensional problems, such as the classical CLT, cannot be used
to obtain an asymptotic distribution for our test statistic. Instead, we exploit
recent results on high-dimensional multiplier bootstrap proposed by Chernozhukov,
Chetverikov, and Kato (2013, 2014).

To see the intuition behind our bootstrap scheme, we need some notations.
For the matrices in (2.2.1), (2.2.2) and (2.2.5), the tth rows of F', X and Z are
denoted by F], X; and Z], respectively. The ith rows in L, R, A and v are
denoted by L, R., A} and v}, respectively. We define ¥p = F'F/T, ¥x = X'X/T,
Y, = L'L/ny and Xp = R'R/ny. We also define ¢ = [F, X] and X, = T '('C.
PCA is used to estimate Z, F' and X:

A

A=nU, 4y, Z=x'A/nand o=y —AZ

L= ny Y, (k) F=Y'L/ny and Qp = (Z'Z)"Y(Z'F) (2.2.6)

where xy = UXS’XV’, Y = (A]ygyf/{/ and W = UWSWVV/V are SVDs, UX,(T) the first
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r = py + pw — pc columns of UX, Uy7(k) € R™* the first py columns of Uy and
UW, () € R™™P the first py columns of ﬁW.

The critical value is obtained from a bootstrap procedure based on the
following idea. As shown in Appendix B.1, under Hy, the T X p matrix nl/QMZ[F, X]

(up to sign changes in its columns) can be approximated in || - ||-norm by

n

n2Y ol (2.2.7)

i=1
where T, is the ith row of the matrix I' = —A[Qr, Qx] + Blockdiag(ny'nL, ny'nR).
This means that the test statistic can be approximated by the || - ||c-norm of
the sum of n nearly independent terms, where each term has dimension T'(py +
pw). This motivates a multiplier bootstrap scheme similar to the ones studied by
Chernozhukov, Chetverikov, and Kato (2013, 2014). Our proposed procedure is

summarized below.

Algorithm 3. The test for Hy in (2.2.3) of nominal size « is implemented as

follows:

1. Compute A, Z, L, F', R, X, 0, Qr and Qx as in (2.2.6), as well as [ =
—A[QF, QX] + Blockdiag(n{,lni, n;vln]:?)

2. Compute the test statistic S, = |[n"/2M,[F, X]|| -

3. Generate vectors €™ ~ N(0, I,,) independent of the data and compute SPS =
|20/ Diag(€MND — (0~ V21, 0NT o, where 1, € R™ is the vector of

ones.

4. For a test of nominal size «, repeat the previous step as many times as
computationally convenient and compute Q(l — a,SfS) = inf{z € R |
P(SBS >z |W)Y) <a}.

5. Reject Hy in (2.2.3) if and only if S, > Q (1 — «, S5%).

This procedure is computationally simple and fast since it only involves

performing SVDs and repeatedly generating standard normal random variables.
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Remark 2.2.2. Equivalently, one can also implement the test whose output is the

p-value. In Step 4, we can compute (by simulation) the empirical distribution

function of SP%: FBS(x) = P(SPY < 2 | W,Y). Then the p-value of the test is
»=1— FB5(S,) and the test is to reject Hy if and only if U, < a.

Remark 2.2.3. In Step 3, we can also use SB5 = ||n~1/2¢/Diag(£™)I|o without
significantly changing the proofs. The rationale of the expression stated in Step
3 is to bootstrap recentered quantities: n~"/2¢'Diag(€")I — (n~ 121/ ¢M)p'T =
=23 (ol —oD)EM™ | where €™ is the ith entry of £ and T = n~! S ol
Remark 2.2.4. As mentioned in Section 2.1, if py < pw and kg = py, then
Algorithm 3 becomes a test for the spanning hypothesis that columns of F' are

linear combinations of columns in X.

Remark 2.2.5. Since the triple (py, pw,pc) tells us the number of common factors
as well as the number of factors unique to each group, we can view (py, pw, pc)
as the structure of the factors. Notice that we can construct confidence sets for
(py, pw,pc) by inverting the test summarized in Algorithm 3. This approach is
particular useful when reasonably good estimates for py and py are not available.

We apply this approach in Section 2.5.

2.3 Theoretical results

Before describing our assumptions, we introduce the following concept.

Definition 2.3.1 (Exponential-type tails). A random variable M is said to
have an exponential-type tail with parameter (b, h) if Vz > 0, P(|M]| > z) <

exp [1— (2/b)"].

Remark 2.3.1. Random variables with exponential-type tails include polynomials
of Gaussian random vectors. Finite mixtures of random variables with exponential-

type tails also have exponential-type tails.

We impose the following regularity conditions.

Assumption 3. For some constants (3,7, k,p € (0,00), the following conditions
hold:



71

(i) Each entry of X, R, L, F, u and e has an exponential-type tail with parameter

(B,7).

(ii) With probability approaching one, (k!

, k) contains ny /T, nw /T and all the
etgenvalues of Xp, X g, Xr and Xx, as well as the first r eigenvalues of 2.

(1ii) v is independent of (L, F, X, R) and {v;}}'_, is a sequence of n independent
vectors in RT with mean zero.

(1) Max(; e n)x[1] Zthl |Ev; v; 5] = O(log™ n) and max;cp,) [|[Ev;v)]| < k.

(v) 3p™  + 771 > 1 and amizing(t) < exp(—pt?) Vt > 1, where

A < J({(XS7FS7687u87R; L) | S S l}),
B e U({(X87F87687US7R7L) | S Z l+t}) and [ € Z}

(’Ui) min(i,t)e[n}X[T] E’Uzt 2 1%
(vii) both XX and XxXg converge to (possibly different) matrices with distinct

eigenvalues.

Remark 2.3.2. Assumption 3(i) imposes exponential-type tails. This allow us to
apply large deviation theory, which provides finite-sample exponential bounds
for sums of random variables. These inequalities are useful in bounding the
maximum of a large number of sums of random variables and play an essential
role in obtaining the approximation in (2.2.7). Although Assumption 3(i) rules out
fat-tailed distributions such as student t distributions, our procedure works well

under these fat-tailed distributions in Monte Carlo simulations in Section 2.4.

Remark 2.3.3. In Assumption 3(ii)-(iii), we require the factors to be strong and
rule out cross-sectional dependence in the idiosyncratic terms. Assumption 3(iv)
and (v) allow for weak dependence in the time dimension. These assumptions still
allow for heteroskedasticity in the data. Similar conditions are commonly imposed
in the literature of large factor models; see Stock and Watson (2002a) and Bai and

Ng (2002, 2006a).

Remark 2.3.4. In Assumption 3(vi), asymptotically degenerate idiosyncratic errors

are ruled out. This is needed by the anti-concentration inequalities of Gaussian
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vectors that we use in the proof. Similar to some results in Bai (2003), Assumption
3(vii) imposes distinct singular values of ¥r¥; and XxYx. Notice that L and R
are estimating the first py left singular vectors of LF’ and the first py left singular
vectors of RX’, respectively. Distinct eigenvalues guarantee that these singular
vectors be identified up to a sign change. In our experience, even if this condition
is violated, we do not find any evidence of failure of our method. Notice that we do
not require the distinct singular value condition for ¥ ;3 4. This is because the test
statistic involves M, and My is identified regardless of whether or not individual

singular vectors of AZ’ are identified.

Theorem 2.3.1. Let Assumption 3 hold. Then, under Hy in (2.2.3),

limsup sup |IP> (Sn > Q (1 —a, st)) — a| =0.
n—oo  ae(0,1)

Theorem 2.3.1 establishes the validity of Algorithm 3. Theorems 2.3.1 and
2.3.2 below are proved in Appendix B.2. The proof of Theorem 2.3.1 is still non-
trivial despite the remarkable results by Chernozhukov, Chetverikov, and Kato
(2014) on the validity of high-dimensional multiplier bootstrap. Besides deriving
the uniform approximation of \/nM Z[F X ] by the expression in (2.2.7), we need to
deal with two complications in order to establish bootstrap validity. First, although
v is assumed to be independent of (L, F, R, X), v is not independent of [ defined
in (2.2.7) due to the estimation errors. Second, existing high-dimensional bootstrap
schemes require direct observations of the variables in the summation, but these
variables involve the unobservable v. We also derive the power properties of our

procedures.

Theorem 2.3.2. Let Assumption 3 hold. Then under Hy in (2.2.4),
P[S,>Q(1—nS7)] — 1.

Remark 2.3.5. Algorithm 3 can also be used to test the number of factors. Suppose
that we are interested in testing whether the number of factors is py. We split

the data into two subgroups and use them as W and Y in Algorithm 3 with
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Py = pw = pc = po- If the number of factors is correctly specified, then the two
subgroup of variables would have py common factors and, by Theorem 2.3.1, the
probability of rejecting Hy in (2.2.3) converges to the nominal size of the test.
Here, the data splitting needs to be done in a way that each subgroup is driven
by all the factors. A natural way of doing this is to randomly split the data. The
arbitrariness in splitting the sample can be dealt with using techniques similar
to those in Meinshausen, Meier, and Biithlmann (2012). Inference on the number
of factors is addressed by Onatski (2009) and Kapetanios (2010). Onatski (2009)
requires n/T = o(1), while Kapetanios (2010)’s subsampling method requires an
abstract condition on the limiting distribution on the eigenvalues of large random
matrices. In contrast, our test handles the more realistic case of n and T" having the
same order of magnitude and only imposes weak conditions listed in Assumption

3.

Remark 2.3.6. One might attempt to recast the problem of testing H, as inference
on low-dimensional parameters. These methodologies might involve nonstandard
situations where theoretical properties are much harder to obtain. We illustrate the
difficulty through one example in Appendix B.4, where the test statistic is based
on an estimator of X.. In that example, due to the bias and the singularity of the
asymptotic variance of this estimator, one needs to use higher order Edgeworth
expansions with weakly dependent data. Another “side effect” of the singularity
in the asymptotic variance is that it is unclear how many terms in the Edgeworth
expansion and/or Taylor’s expansion we need to consider. For these reasons, our
bootstrap procedure seems theoretically more elegant. Moreover, the limiting distri-
bution of the test statistic in example in Appendix B.4 is likely to be nonstandard

and also involve unknown quantities that requires further estimation.

2.4 Monte Carlo simulations

In this section, we demonstrate the finite-sample performance of our proce-
dures. All the columns of X, the last py — pc columns of F' and rows of e and u are

generated as independent AR(1) processes whose AR coefficient is generated from
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the uniform distribution on [—0.9,0.9] and whose residuals are generated from a
student t distribution with 6 degrees of freedom normalized to have variance equal
to one. The first pc columns of F' are equal to X Q,.), where @), is the first pc
columns of () and @ is simulated independently from from the uniform distribution
(Haar measure) on the set of py X py orthogonal matrices. Rows of L and R are
generated as i.i.d N(0,41,,) and N(0,41,,, ), respectively.

To remove the impact of estimation errors in py and py, we assume that
their values are known. In Table 2.2, we report the rejection frequencies of tests for
Hy with nominal size 5% under different data-generating processes (DGPs). The
rejection frequencies are computed using 500 random samples and Algorithm 3 is
implemented using 200 bootstrap samples.

As we can see from Table 2.2, our test has decent size control; we also
have good power against overstatements of po but not understatements. This is

consistent with our theory in Section 2.3.



Table 2.2: Rejection frequency of H,

Panel A: size properties

Hy : pc = 0 under the DGP (py, pw,pc) = (3,3,0)

T =100 T =150 T = 200
nw \ny 50 100 150 50 100 150 50 100 150
50 0.016 0.042 0.070 0.008 0.018 0.044 0.002 0.022 0.028
100 0.046 0.032 0.070 0.022 0.024 0.040 0.022 0.008 0.032
150 0.074 0.064 0.056 0.044 0.046 0.040 0.032 0.030 0.038
Hy : pc = 1 under the DGP (py, pw,pc) = (3,3,1)
50 0.032 0.020 0.022 0.036 0.036 0.030 0.030 0.030 0.022
100 0.028 0.030 0.038 0.024 0.058 0.050 0.040 0.038 0.026
150 0.030 0.026 0.036 0.024 0.032 0.064 0.026 0.026 0.048
Hy : pc =2 under the DGP (py, pw,pc) = (3,3,2)
50 0.032 0.042 0.010 0.018 0.002 0.010 0.008 0.012 0.008
100 0.020 0.026 0.038 0.022 0.026 0.040 0.030 0.018 0.052
150 0.024 0.042 0.044 0.014 0.022 0.032 0.028 0.032 0.026
Hy : pc = 3 under the DGP (py, pw,pc) = (3,3,3)
50 0.018 0.014 0.008 0.016 0.008 0.008 0.006 0.012 0.008
100 0.024 0.030 0.028 0.018 0.030 0.014 0.004 0.020 0.024
150 0.020 0.022 0.036 0.014 0.024 0.034 0.014 0.022 0.020
Panel B: power properties
Hy : pc = 0 under the DGP (py, pw,pc) = (3,3,1)
T =100 T =150 T =200
nw \ny 50 100 150 50 100 150 50 100 150
50 0.042 0.024 0.042 0.044 0.048 0.030 0.032 0.028 0.018
100 0.036 0.050 0.050 0.034 0.034 0.034 0.038 0.030 0.032
150 0.026 0.054 0.050 0.024 0.030 0.040 0.020 0.036 0.040
Hy : pc =2 under the DGP (py, pw,pc) = (3,3,1)
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
150 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
Hy : pc = 1 under the DGP (py, pw,pc) = (3,3,2)
50 0.026 0.012 0.024 0.038 0.018 0.024 0.026 0.012 0.022
100 0.026 0.026 0.038 0.022 0.036 0.026 0.018 0.040 0.040
150 0.020 0.048 0.048 0.014 0.026 0.040 0.014 0.042 0.044
Hy : pc = 3 under the DGP (py, pw,pc) = (3,3,2)
50 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
100 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
150 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000
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2.5 Empirical applications

2.5.1 Common factors between the macroeconomy and fi-

nancial markets

Jurado, Ludvigson, and Ng (2015) propose an approach of measuring uncer-
tainty using factors extracted from a large number of macroeconomic and financial
variables. In this section, we investigate the structure of these factors. In particular,
we are interested in whether the macroeconomy and the financial markets are driven
by exactly the same factors and how many factors they share in common.

We obtain the data used in Jurado, Ludvigson, and Ng (2015) from the AEA
website®. Of the 279 variables used in that paper, let Y denote the group of the
132 macroeconomic variables and W the group of the 147 financial variables. Here,
py and py (the numbers of factors driving the macroeconomy and the financial
markets, respectively) are unknown and different estimators can give quite different
results. Due to this difficulty in estimating py and py, we implement Algorithm 3
with various choice of py and py and interpret our results as tests for the triple
(py, pw, Pc); see Remark 2.2.5.

We report the p-values for testing Hy : pc = ko for different values of
ko. The results for kg € {0,1} and ky € {2,3} are reported in Tables 2.3 and
2.4, respectively. P-values above 0.05 are highlighted in bold red font. Since the
p-values for ky > 3 are always smaller than 0.05 for any values of (py,pw), we
do not list them here. With these results, we invert the test in Algorithm 3 and
construct a 95% confidence set for (py,pw,pc). Since the number of factors in
these 279 variables is estimated, by Jurado, Ludvigson, and Ng (2015), to be 12

and should equal py + pw — pc, we set the parameter space for (py, pw,pc) to be

II = {(py,pw.pc) | py + pw — pc < 12, pe < py and pe < pw }-. (2.5.1)

The constraint of po < py is natural because the number of common factors

between Y and W cannot exceed the number of factors in Y. A similar constraint

3https://www.aeaweb.org/articles?id=10.1257 /aer.20131193
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of pc < py is imposed in the parameter space.

We test each element in II and report, in Table 2.5, the ones that are not
rejected at 5% significance level. Table 2.5 allows us to conduct inference for any
given function of (py,pw,pc). For example, 95% confidence sets for py, py and
po are {2,---, 7}, {6,7} and {0, 1,2, 3}, respectively. Hence, the macroeconomy
and the financial markets share at most 3 common factors. The number of factors
driving the financial markets is found to be either 6 or 7, which suggests more
factors than what popular asset pricing models find, e.g., 3-factor model (Fama
and French (1992)) or 5-factor model (Fama and French (2015)).* Onatski (2009)
found that the number of factors in the macroeconomic dataset used in Stock and
Watson (2002b) is no more than 2. Here, we conclude that there are 2 to 7 factors
driving the macroeconomy.

We also conduct inference on the number of factors specific to each group.
Notice that there are py — pe factors peculiar to the macroeconomy and py — pe
factors unique to the financial markets. From Table 2.5, 95% confidence sets for
py — pe and py — po are {2,--- 6} and {4,5,6, 7}, respectively. Therefore, there
are at least 2 factors unique to the macroeconomy and 4 factors specific to the
financial markets. This also means that the factors in the macroeconomy and the

financial markets do not span each other.

2.5.2 Structure of macroeconomic factors

We now focus on the macroeconomic factors and study which factors drive
which macroeconomic variables. In Jurado, Ludvigson, and Ng (2015), intuitive
“labels” are given to the principal components (PCs). For example, the first three
PCs are interpreted as “stock market”, “manufacturing production, employment,
total production and employment, and capcacity utilization” and “bond market”.

The last two labels are related to the macroeconomic dataset, of which the 132

4Some of these 147 financial variables are not tradable assets so the number of factors in
these financial variables might exceed the number of factors in assets’ returns. Moreover, factors
in returns of financial assets could include aspects that might not count as risks. For example,
Goyal, Pérignon, and Villa (2008) even find that the name of the stock exchange (whether it is
NYSE or Nasdaq) could drive stocks’ returns as a “factor”.
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variables are categorized into 8 groups detailed in the online appendix®.

We apply the proposed methodology to the macro variables alone and
study the structure of these macroeconomic factors. We classify the 8 groups of
macroeconomic variables into two classes. Class Y contains 71 variables, consisting
of, in terms of the classification in Jurado, Ludvigson, and Ng (2015), Groups 1
(output and income), 2 (labor market) and 6 (bond and exchange rates). Class W
contains the other 5 groups with 61 macro variables. The number of factors in Y
and W are still denoted by py and py, respectively, while pc denotes the number
of common factors. Recalling from the previous results that there are 2 to 7 factors

driving the macroeconomy, we define the “parameter” space for (py, pw, pc) as

rtacro = {(pys pw, pc) | by +pw —pe <7, pc < py and pc < pw}. (2.5.2)

As before, we invert the proposed test by applying it to all the elements in
I, acro- The resulting 95%-confidence set for (py, pw, pc) is

{(5,1,0),(5,1,1),(5,2,0)}.

This indicates a “concentrated” structure in the macro factors: Y, which
comprises 3 groups (as categorized in Jurado, Ludvigson, and Ng (2015)) of variables,
contain 5 factors while W, which comprises the other 5 groups of variables, contain
at most two factors. This finding has at least two implications regarding how to
label the factors. First, since there are 5 factors in 3 groups, we have do not have
enough labels if we name these 5 factors after the groups. Second, if we name more
than 2 factors after the 5 groups of variables in W, then some labels are “spurious”
in that some named factors might not really exist. In light of these findings,
the methods based on correlation or preditive power might produce misleading

interpretations.

Shttps://www.aeaweb.org/aer /app/10503/20131193 _app.pdf
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Table 2.3: Testing that the macroeconomy and financial markets have kg
common factors

Y contains the 132 macroeconomic variables and W contains the 147 financial
variables used in Jurado, Ludvigson, and Ng (2015). We report the p-values of
testing Hy : Y and W have kg common factors for various values of (py, pw ) using
Algorithm 3. The p-values exceeding 0.05 are reported in bold red font.

Panel A: kg =0

py \pw 1 2 3 4 5 6 7 8 9 10 11 12

1 0.007  0.000 0.000 0.000 0.000 0.000 0.011 0.012 0.012 0.018 0.016 0.011
2 0.000 0.000 0.000 0.000 0.000 0.096 0.012 0.011 0.016 0.026 0.016 0.013
3 0.000 0.000 0.000 0.000 0.013 0.094 0.017 0.022 0.019 0.011 0.006 0.002
4 0.000 0.000 0.000 0.000 0.007 0.111 0.046 0.024 0.007 0.013 0.001 0.001
5 0.000 0.000 0.000 0.000 0.027 0.092 0.052 0.006 0.008 0.005 0.000 0.007
6 0.000 0.000 0.000 0.000 0.009 0.104 0.033 0.005 0.001 0.000 0.000 0.002
7 0.000 0.000 0.000 0.006 0.005 0.071 0.023 0.002 0.001 0.000 0.003 0.000
8 0.005 0.000 0.000 0.010 0.054 0.080 0.006 0.000 0.000 0.003 0.001 0.001
9 0.003 0.000 0.002 0.023 0.052 0.058 0.001 0.000 0.000 0.000 0.002 0.000
10 0.000 0.000 0.005 0.007 0.067 0.025 0.001 0.000 0.000 0.000 0.001 0.000
11 0.000 0.007 0.001 0.007 0.039 0.029 0.013 0.000 0.000 0.000 0.003 0.004
12 0.001 0.000 0.002 0.011 0.036 0.029 0.006 0.000 0.000 0.004 0.003 0.000

Panel B: kg =1

1 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.016 0.007 0.008 0.015 0.021
2 0.000 0.000 0.000 0.000 0.000 0.000 0.012 0.010 0.010 0.020 0.016 0.012
3 0.001 0.000 0.000 0.000 0.000 0.077 0.021 0.009 0.015 0.015 0.011 0.011
4 0.000 0.000 0.000 0.000 0.010 0.074 0.014 0.015 0.016 0.009 0.009 0.005
5 0.000 0.000 0.000 0.000 0.006 0.107 0.045 0.019 0.009 0.007 0.000 0.003
6 0.000 0.000 0.000 0.000 0.000 0.091 0.056 0.007 0.007 0.002 0.001 0.000
7 0.000 0.000 0.000 0.000 0.009 0.045 0.019 0.009 0.007 0.000 0.003 0.001
8 0.001 0.003 0.001 0.000 0.005 0.060 0.028 0.004 0.000 0.001 0.001 0.002
9 0.006 0.006 0.000 0.005 0.046 0.067 0.006 0.000 0.000 0.001 0.001 0.001
10 0.008 0.000 0.000 0.008 0.047 0.056 0.002 0.000 0.000 0.000 0.001 0.003
11 0.000 0.000 0.006 0.002 0.070 0.023 0.003 0.001 0.000 0.001 0.002 0.003
12 0.000 0.001 0.000 0.004 0.007 0.041 0.004 0.001 0.000 0.002 0.004 0.005
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Table 2.4: Testing that the macroeconomy and financial markets have kg
common factors

Y contains the 132 macroeconomic variables and W contains the 147 financial
variables used in Jurado, Ludvigson, and Ng (2015). We report the p-values of
testing Hy : Y and W have kg common factors for various values of (py, pw) using
Algorithm 3. The p-values exceeding 0.05 are reported in bold red font. We only
report the results where min{py, pw} > ko because the number of common factors
cannot be larger than the number of total factors in each group.

Panel A: kg =2

py \pw 2 3 4 5 6 7 8 9 10 11 12

2 0.000 0.000 0.000 0.000 0.000 0.001 0.015 0.009 0.007 0.011 0.017
3 0.000 0.000 0.000 0.000 0.000 0.013 0.015 0.008 0.02 0.025 0.008
4 0.000 0.000 0.000 0.000 0.098 0.013 0.004 0.012 0.016 0.011 0.01
5 0.000 0.000 0.000 0.000 0.089 0.018 0.009 0.019 0.008 0.011 0.006
6 0.000 0.000 0.000 0.000 0.055 0.053 0.012 0.007 0.006 0.005 0.001
7 0.000 0.000 0.000 0.000 0.043 0.051 0.008 0.004 0.003 0.000 0.001
8 0.004 0.000 0.000 0.000 0.065 0.029 0.006 0.002 0.003 0.001 0.002
9 0.005 0.003 0.000 0.006 0.074 0.027 0.001 0.001 0.003 0.001 0.001
10 0.005 0.000 0.000 0.006 0.060 0.01 0.000 0.001 0.000 0.001 0.000
11 0.000 0.000 0.005 0.003 0.076 0.002 0.001 0.001 0.000 0.000 0.002
12 0.000 0.001 0.000 0.001 0.013 0.003 0.000 0.001 0.000 0.002 0.001

Panel B: kg = 3
3 0.000 0.000 0.000 0.000 0.000 0.005 0.013 0.008 0.021 0.011
4 0.000 0.000 0.000 0.000 0.032 0.008 0.008 0.012 0.004 0.014
5 0.000 0.000 0.000 0.029 0.012 0.01 0.015 0.011 0.004 0.008
6 0.000 0.000 0.000 0.003 0.011 0.013 0.017 0.01 0.007 0.006
7 0.000 0.000 0.000 0.000 0.054 0.017 0.005 0.007 0.004 0.001
8 0.006 0.004 0.001 0.000 0.049 0.009 0.011 0.003 0.002 0.002
9 0.003 0.005 0.000 0.048 0.023 0.009 0.003 0.002 0.001 0.002
10 0.008 0.000 0.000 0.032 0.030 0.004 0.002 0.000 0.000 0.000
11 0.000 0.000 0.005 0.01 0.008 0.002 0.000 0.001 0.000 0.001
12 0.001 0.007 0.000 0.01 0.006 0.000 0.000 0.000 0.001 0.001
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Table 2.5: 95% confidence set for (py, pw,pc) in the combined dataset (both
macro and financial variables)

Each element (triple) in the confidence set is represented by one row in the above matrix.
Only elements in IT defined in (2.5.1) are considered.
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Chapter 3

Linear Hypothesis Testing in Dense

High-Dimensional Linear Models

3.1 Introduction

A high-dimensional inference is a fundamental topic of interest in modern
scientific problems that are widely recognized to be of high-dimensional nature, i.e.,
that require estimation of parameters with dimensionality exceeding the number of
observations. Applications span a wide variety of scientific fields, such as biology,
medicine, genetics, neuroscience, economics, and finance. Minimizing a suitably
regularized (quasi-)likelihood function was developed (Tibshirani 1996; Fan and
Li 2001) as a suitable approach for the estimation in such models. In particular,
high-dimensional linear models have been studied extensively in recent years and

take the following form
y; =z, By + &4, i=1,2,...,n (3.1.1)

for a response y; € R, a feature vector z; € RP and the noise ¢; € R, such that
Ele;] = 0 and E[e?] = 02 with 0 < 62 < co. The vector 3, € R? is the unknown
model parameter and we allow for p > n. We consider a random design setting with
the feature vectors satisfying Ez; = 0 and E[z;z,] = Y. Under certain regularity

conditions on the design matrix X = (z1,79,...,2,)', regularized methods with a
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suitable choice of the tuning parameter have been shown to achieve the optimal
rate of estimation as long as the vector f, is sparse in that ||S.|lo = o(n/logp).
The goal of the present article is to address the testing problem for linear
hypotheses of the form
Hy: a'By = go, (3.1.2)

where the loading vector a € RP is pre-specified and gy € R is given, and design an
asymptotically valid test statistic that does not rely on sparsity assumptions. Some
central challenges have hindered the systematic development of tools for statistical
inference in such settings. The non-sparse nature of the model parameter (3, poses
serious challenges to consistent estimation; moreover, the size and structure of the
loading vector a introduce additional difficulty for the inference. However, in this
article we consider potentially dense vectors (3, with 0 < ||S«|lo < p. We also allow
for the non-sparse loadings with 1 < |lal]lp < p. The inference problem for the
mean of the response y; conditional on x; = a, is a prototypical case for the general
functional a3, and is a representative case for dense loading a.

We develop the principles of restructured regression, where a hypothesis-
driven feature synthetization is introduced. The feature augmentation is done
in such a way to separate useful inferential information from the useless one, by
“projecting” the original feature space to the space spanned by the vector a and
the space orthogonal to a. This orthogonal projection is introduced to achieve
the above separation and avoid the curse of dimensionality. Then, an appropriate
moment condition is invoked on the restricted regression and a suitable test statistic
constructed. The structure of the moment condition and its test depend on whether
or not the covariance of the features ¥ x is known. When prior knowledge of ¥ x is
available, the synthesized features can be created in such a way that the resulting
moment condition and testing procedure do not depend on f,; thus, estimation
of 3, is completely avoided. As a result, no assumption on the sparsity of 3, is
required. We establish theoretical guarantees for Type I error control and show that
the test can detect the deviation from the null hypothesis of the order O(]|all2/+/1).
To the best of our knowledge, our approach provides the first result on testing

general linear hypothesis (3.1.2) in high-dimensional linear models with potentially
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non-sparse (dense) parameters.

When prior knowledge of ¥ x is unavailable, the orthogonalization and perfect
separation is not achievable due to the unknown projection matrix. We design an
estimator of the projection matrix and further condition the new and augmented
features in such a way that their correlations are estimable and yet the format of
the restructured regression remains unchanged. The developed hypothesis-driven
feature separation diminishes the impact of the inaccuracy of an estimator of a
transformation of S,. Consequently, we can establish asymptotically exact control
of Type I error. We believe there is currently no result on testing a' 3, in the case
where Y x is unknown, and both 3, and a are allowed to be dense. Moreover, when
sparsity assumptions hold, our procedure is shown to achieve optimality guarantees;
hence, it does not loose efficiency.

Since we do not assume sparsity in (., our work does not directly compare
to the existing results, which are only valid for sparse (,. However, in some cases,
our work generalizes existing results to the non-sparse models. For example, Cai
and Guo (2015) show that when ¥ x is known, the minimax length of the confidence
interval for a' B, is of the order O(||all2/v/n) if ||B:]lo = O(n/logp). As confidence
sets for a' B, can be easily constructed by inverting the proposed tests, our results
indicate that their conclusion continues to hold for non-sparse models, where ||,/
can be as large as p. For the case of dense a, we do not impose any constraint on
a. However, existing work, such as Cai and Guo (2015), imposes a lower bound
(in terms of ||a|l«) on the minimal non-zero coordinate of a — a condition that
is seldom satisfied for inference of conditional mean, when a is typically drawn
from a continuous distribution (e.g. a is drawn from the same distribution as the

distribution of the z;’s).

3.1.1 Relation to existing literature

Confidence intervals and hypothesis testing play a fundamental role in
statistical theory and applications. However, compared to the point estimation there
is still much work to be done for statistical inference of high-dimensional models.

Existing work on the inference problems predominantly focuses on individual
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coordinates of 5,. Early work typically imposes conditions that guarantee consistent
variable selection (see Fan and Li (2001), Zou (2006), and Zhao and Yu (2006)) or
develops methods that lead to conservative inferential guarantees (e.g. Bithlmann
(2013)). However, recent work focusses on asymptotically accurate inference without
relying on the variable selection consistency. Current advances in this domain are,
however, restricted to the ultra-sparse case, where ||S.||o = o(v/n/logp); see Zhang
and Zhang (2014), Belloni, Chernozhukov, and Hansen (2014), Geer, Bithlmann,
Ritov, and Dezeure (2014), Javanmard and Montanari (2014a), Ning and Liu
(2014), Javanmard and Montanari (2015), Mitra and Zhang (2014), Bithlmann and
Geer (2015), Belloni, Chernozhukov, and Kato (2015), and Chernozhukov, Hansen,
and Spindler (2015). Under such sparsity condition, the expected length of the
confidence intervals for individual coordinates is of the order O(1/4/n) (van de Geer
and Jankova 2016). Cai and Guo (2015) study the length of the confidence intervals
allowing for ||B«|lo = o(n/logp) and discover that lack of explicit knowledge of
|| B«]lo can fundamentally limit the efficiency of confidence intervals.

However, there is little reason to believe that the sparsity of 3, needs to hold
in practice (Hall, Jin, and Miller 2014; Ward 2009; Jin and Ke 2014; Pritchard 2001).
Unfortunately, there is almost no work on estimating or testing the true sparsity
level of the underlying parameter. Hence, the theory of hypothesis testing under
general sparsity structures is still a very challenging and important open problem. In
particular, progress is very much required when ||3,||o is allowed to grow faster than
n/logp and perhaps even larger than the sample size n. There are several articles
showing that the regularized procedures have non-vanishing estimation errors in
such settings (Donoho and Johnstone 1994; Raskutti, Wainwright, and Yu 2011,
Cai and Guo 2016). However, is it still possible to develop a general methodology
for testing S, in this case? Can one construct valid inference procedures that do
not require knowledge of || 8.|o?

In the proposed inference procedure, we handle the high-dimensional, possi-
bly non-sparse model parameters and/or non-sparse loadings, by developing a new
methodology for testing. The proposed methodology is centered around a construc-

tion of augmented and synthesized features that are driven by a specific form of
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the null hypothesis. Compared with the previous approaches of de-biasing (Zhang
and Zhang 2014; Javanmard and Montanari 2014a; Geer, Biihlmann, Ritov, and
Dezeure 2014; Mitra and Zhang 2014), scoring (Ning and Liu 2014; Chernozhukov,
Hansen, and Spindler 2015), double-selection (Belloni, Chernozhukov, and Hansen
2014; Belloni, Chernozhukov, and Kato 2015), our new approach has two major

distinctive features:

e We do not rely on a /[jnorm consistent estimation of the unknown model
parameters. In high-dimensional models with the lack of sparsity in the
parameters, this may no longer be possible. Instead, we propose to reformulate
the original parametric null hypothesis into a moment condition that can
be successfully estimated even without sparsity in the model. This moment
condition is different from the score equations employed for estimation as

those are not estimable in non-sparse high-dimensional models.

e We advocate for a study and exploration of the correlation between feature
vectors (and not the model parameters); this proves to be a valuable tool that
overcomes the limit of estimation. Namely, we propose that the features be
split and projected onto the loading vector a of the hypothesis (3.1.2), thereby
fully utilizing the null hypothesis structure. This “decoupling” scheme allows
for a successful estimation of the moment condition even without sparsity
assumption. As a result the developed method provides a rich alternative to

the classical Wald or Score principles.

3.1.2 Notation and organization of the article

We briefly describe notations used in the article. We use —? to denote
convergence in distribution and N (0, 1) to denote the standard normal distribution
with its cumulative distribution function denoted by ®(:). The (multivariate)
normal distribution with mean (vector) p and variance (matrix) ¥ is denoted by
N(11,3). We use " to denote the transpose of (a vector or matrix) and denote
by I, the p x p identity matrix. For a vector a = (a, - - ,ap)T € RP, its [y norm

is the cardinality of supp(a) = {i | a; # 0} and ||a||« = max{|ai|,--- ,|ap|}; |lal1
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and ||a||2 denote the [; and [y norm of a, respectively. In this case, a_; denotes the
vector a with its ith coordinate removed. For two sequences of positive constants
a, and b,, we use a, < b, to denote that a, /b, = O(1) and b,/a, = O(1). For two
real numbers a; and as, a; V ay and a1 A ay denote max{a,as} and min{a;,as},
respectively.

The rest of this article is organized as follows. Section 3.2 introduces
the main methodology under known > x and establishes theoretical properties of
the proposed test. Section 3.3 extends the proposed methodology to the case of
the unknown Xy and provides theoretical results. Section 3.4 contains examples
illustrating new methods that the proposed methodology brings to the literature
on high-dimensional inference. Section 3.5 contains detailed numerical experiments
on a number of dense high-dimensional linear models, including sparse and dense
loadings a. In Section 3.5.1, we demonstrate the excellent finite-sample performance
of the proposed methods through Monte Carlo simulations; in Section 3.5.2, we
illustrate our method via a real data study. Appendix C contains complete details

of the theoretical derivations.

3.2 Testing Hy : a'B. = gy with prior knowledge
of ZX

In this section we promote a unified approach to a wide class of decision
problems. Our main building block (which we believe is important in its own right)
is a construction, named restructured regression allowing, under weak assumptions,
to build tests for hypotheses on a'fj,, where 3, and/or a can be non-sparse.
Considering the potential failure of sparsity in many practical problems, we strongly
believe that our approach permits a diverse spectrum of applications. In this section
our focus is to introduce the method with known Xy (an assumption relaxed in
the next section).

Throughout the paper, we denote Qx = X'. In the sequel, given the feature
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vector x; € RP and loading vector a € RP, we consider the following decomposition

(e N
s a'Qxa i

with a scalar

and a p-dimensional vector

aa' Qx
A o
Observe that az; can be viewed as the projection of x; onto the vector a — taking

into account {2x, hence extracting information in x; regarding the null hypothesis.

Notice that the model (3.1.1) and decomposition (3.2.1) imply
yi = 2z - (a' B,) +w, B + ¢4, (3.2.2)

referred to as restructured regression. The proposed construction gives rise to the
method of feature customization. Given covariate vector x; and the loading vector a

representing the structure of the null hypothesis, we create the synthesized features
T

Z; = (2, w, )T so that the regression coefficient for z; in the restructured regression

(3.2.2) is the quantity under testing.

Remark 3.2.1. The synthesized features are not only an artifact of our new method-
ology but also admit intuitive interpretations. Consider the case where ¥ x is known
to be I,,. The synthesized features z; and w; represent the relevant and the irrelevant
information with respect to the null, respectively. To see this, suppose that the
true distribution of the data is known. With the population expectations, we can
identify the parameters in the restructured regression (3.2.2): E(zw;) = E2*(a’ 3,)

and Fw;y; = EwiwiT B.. Notice that the latter equation contains no information
-

regarding a' 3, because it can be shown that a is orthogonal to columns in Ew;w,’ .
In other words, knowing Ew;w, 3, does not lead to knowing a' 3,. Therefore, a' 3,
is identified with the distribution of (y;, z;) and w; does not contain information

about the null hypothesis.
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It is not hard to verify that, by the construction of the trans-
formed features, FElw;z] = 0. It follows that F[zi(y; — zig0)] =
E [z (e + w B+ z(a" B — 90))] = E [22(a" B — go)] . Observe that the last ex-
pression is 0 if and only if the null hypothesis (3.1.2) holds. As a result, testing Hy

in (3.1.2) is equivalent to testing the following moment condition:
HO B [Zl(yl - Zlgo)] = 0. (323)

To test the above condition, we propose a studentized test statistic, T,,(go), taking
the form "
n- w1 li(g
Ta(g0) = ——= anl ( 0)2, (3.2.4)
Vo 1igo)

with 1;(go) = 2i(yi — zig0). For a test of Hy with nominal size a € (0,1), we reject
Hy if

Ta(g0)] > ®(1 = /2).

The methodology proposed above is novel in a number of aspects. Unlike
Wald or Score or Likelihood principles, centered around a consistent estimator of 3,
our methodology allows for extremely fast implementation and does not estimate
the unknown parameter .. The novel methodology consists of two-stages. At the
first stage, our procedure establishes a data-driven feature decomposition based on
the structure of the null hypothesis directly. At the second stage, only “a moment
condition” of the restructured regression is tested. It is critical to observe that
restructured regression by itself is not sufficient to guarantee valid inference. The
novel properties of the proposed method are based on the built-in, i.e., designed
orthogonality of the synthesized features z; and w;. As such it enables us to
construct a test statistic that does not contain the unknown parameter f,, thereby
allowing our methodology to handle dense (and thus possibly non-estimable) f,.
Moreover, no assumption is imposed on the loadings a either. As we will see in
the next section, these properties under known >y propagate to the case of the

unknown ¥y and underline all further developments.

Assumption 4. Let the following hold: (i) there exists a positive constant C' such
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that E|zo;® < C, Ee? < C and E|lw/ B.|® < C with C < oo. Moreover, (i) there
exists a constant ¢ € (0,00), such that o. > c. Lastly, (iii) there exist constants

Dy, Dy > 0 such that the eigenvalues of Yx lie in [Dy, Ds).

The stated conditions in Assumption 4 are very weak and intuitive. As-
sumption 4(i) requires components in the restructured regression (3.2.2) to have
bounded eighth moments. Assumption 4(ii) rules out the noiseless regression setting
in the original model (3.1.1). Assumption 4(iii) is very weak in that it only imposes
well-designed covariance matrix of the features z; (see Bickel, Ritov, and Tsybakov
(2009)).

Notice that Assumption 4 does not require any condition regarding the
sparsity of §,. Even in the case of sparse a, existing work, such as the debias-
ing method, heavily relies on the sparsity of .. Results regarding dense a are
very limited even for sparse f,. Cai and Guo (2015) impose the condition of
MAaX;csupp(a) | @5 |/ Miljesupp(a) |@;]| = O(1); however, such a condition is quite hard
to satisfy if a is drawn from a continuous distribution whose support contains zero.
In contrast, our results do not require any condition on a and, hence, bridge the

gap in the existing literature on high-dimensional inference.

Theorem 3.2.1. Consider the model in (3.1.1) and the definition of z; and w; as
in (3.2.1). Suppose that Assumption 4 holds. Under Hy in (3.1.2), we have that (1)
the test statistic Ty, (3.2.4), satisfies T,,(go) =2 N(0,1) as n,p — oo and that (2)

Jim P(|Tu(g0)] > @7 (1 - a/2))=

Theorem 3.2.1 gives an asymptotic approximation for the null distribution
of the test statistic T},(go) under general sparsity structure. The result of Theorem
3.2.1 has two striking features. The first is that it holds, no matter the size or
sparsity of the loading vector a. The second is that the proposed test guarantees
Type I error control when p > n and p,n — oo no matter of the sparsity of f,
and without the knowledge of the noise level o.; in particular, it allows ||B.|lo = p.
Therefore, our test is fully adaptive, in the sense that its validity does not depend

on in the sparse/dense level of either the model parameter (5, or the hypothesis
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loading a. We also show that our test can detect deviations from the null that are

larger than O(]|al|2/+/n) while allowing S, to be non-sparse and p > n.

Theorem 3.2.2. Under the conditions of Theorem 3.2.1, suppose that a3, =
go + hn and \/nlh,|/||a|lz = oo. Then, for any o € (0,1).

lim P (|T(g0)| > @71 (1 = a/2) )= 1.
n,p—>00
Remark 3.2.2. Theorem 3.2.2 also suggests that we can expect the length of the
confidence interval for a3, (obtained by inverting the proposed test) to be of
the order of O(]|al|2/+/n) regardless of the sparsity of S, or a. To the best of our
knowledge, it is the first result to explicitly allow non-sparse and simultaneously
high-dimensional parameters $* or vector loadings a. It is also closely connected
with the existing results for the case of sparse parameters §*. Cai and Guo (2015),
state that under Gaussianity and sparsity in both 3, and a together with known
Y x and o., the optimal expected length of confidence intervals for a' 3, is of the
order O(||al|2/+/n) (see Theorem 7 therein). Observe that our procedure achieves

the same optimality without the knowledge of 0. and allowing dense vectors f,.

We do not formally claim that this is the optimal rate for dense (,, but we
can consider an obvious benchmark. Let 5 be an estimator that attains an efficiency
similar to (ordinary least square) OLS in low dimensions, i.e., 3 is distributed as
N(B.,2x02/n). Then a'f follows N(a'B.,a’ Qxao?/n) distribution. Since Qx
has eigenvalues bounded away from infinity, the standard deviation of a' 3 is of
the order ||al|2/v/n. Such an estimator might not be feasible in practice, but could
serve as a benchmark for dense (.. A rigorous study of the efficiency issue is likely
to yield results that are quite different from current literature since existing results,
e.g., Cai and Guo (2015), do not naturally extend to dense problems. For example,
consider the case of ||a||o = ||B«]lo = p, naively extending Theorem 8 of Cai and Guo
(2015) would conclude that the minimax expected length of a confidence interval
for a' B, is of the order HaHoop\/w; however, this rate is larger than the rate
llal|2/+/n, which is bounded above by ||a|./p/n. Lastly, according to Theorem

3.2.2 our proposed test achieves the same rate at the benchmark /.
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3.3 Testing Hy : a'B. = gy without prior knowl-
edge of Xy

The approach proposed in this section tackles the high-dimensional inference
problem in a very general setting. The focus is the more realistic scenario in
which the covariance matrix Xx and the variance of the model (3.1.1) are both
unknown. We synthesize new features, create a new reference model and explore
the correlations therein in order to design a suitable inferential procedure that is

stable without sparsity assumption.

3.3.1 Feature synthetization and restructured regression

In order to design inference when ¥ x unknown, we take on a new perspective
and build upon the methodology of Section 3.2. Consider feature synthetization of

Section 3.2 where Xy is naively treated as I,

zi = (%)T z; €R and w; = (I, —aa'/(a"a))z; € RP. (3.3.1)
Although the decomposition x; = az; + w; still holds, features z; and w; might be
correlated (because Xx # I,). If such correlation is estimated successfully, we can
use certain decoupling method to eliminate the impact of dense parameters while
allowing exponentially growing dimensions.

The first challenge is that directly estimating the correlation between z; and
w; (as defined) is not achievable (as the restricted eigenvalue (RE) condition Bickel,
Ritov, and Tsybakov (2009) on W = (wy, -+ ,w,)" is violated). To address this
problem, we propose to stabilize the feature vector w; and define stabilized features
w;. We stabilize the features in such a way that the RE condition on the stabilized
design W = (wy,--- ,10,) " is satisfied with high probability. Since I, — aa' /(a"a)

is a projection matrix, we can find U, € RP*®=1 an orthogonal matrix such that

UlU, =1, and I,—aa"/(a"a) = UU,.
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Then
WB., = X(I, —aa" /(a"a)B. = XU U] B, = Wn,,

where

W=WwU, and w =UB,.

Since y; = z; - (a'B.) + w, B, + €;, we have the stabilized model
yi = 2 - (a' B,) + 0, T + &5 (3.3.2)

The model is balanced in the sense that EW W /n = U] $xU, € RP=DxP-1) with
eigenvalues bounded away from zero and infinity. Therefore, RE condition on W

holds under weak conditions; see Rudelson and Zhou (2013).

Remark 3.3.1. The synthesized feature w; € RP is consolidated into w; € RP7!, in
that w; has a smaller dimensionality and can be used to recover w; via w; = U,w;.
In this sense, w; contains all the information in w;. As an example, consider the
case with a being the first column of I,. In this case, it is not hard to verify
that 2, = z;1, w; = (0,259, -+ ,2ip)" € RP, U, = (0,1,_1)" € RP*®=1) and thus

~ T _ T -1
'lUZ'—Ua wi—([Ei,Q,"' ,xi,p) GRP .

We now introduce an additional model to account for the dependence

between the synthesized feature z; and the stabilized feature w;:
_ =T
zi = W; Vs + uy, (3.3.3)

where v, € RP~! is an unknown parameter and u; is independent of w; with Fu; = 0
and Eu? = o2.

In this article, we will assume that v, is sparse, in order to decouple the
dependence between z; and w; with the unknown > x. In fact, sparse . is a general-
ization of the sparsity condition on the precision matrix {2y, a regularity condition
typically imposed in the literature; see Geer, Bithlmann, Ritov, and Dezeure (2014),
Belloni, Chernozhukov, and Hansen (2014) and Belloni, Chernozhukov, and Kato
(2015) and Ning and Liu (2014). Recall the example in Remark 3.3.1. Since

Tig = % = W, Vs + U = mz_ﬂ* + u;, it is not hard to show that the first row of
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Qx is (0,2, —0, %y, ). Hence, the sparsity of 7, is equivalent to the sparsity in the
first row of 2x. The sparsity of 7. can be justified for dense a as well. Consider
the case of X x = cl, for some ¢ > 0; a prototypical model in compressive sensing
corresponds to ¢ = 1 (Nickl and Geer 2013). In this case, one can easily show
that z; and w; are uncorrelated, meaning that v, = 0 for any a. The synthesized
features also admit intuitive interpretations in this case: the feature z; contains
useful information in testing the null hypothesis a3, = go, while the consolidated
w; contain information not useful for inference.

Now, we are ready to construct the moment condition of interest. Observe
that under Hy in (3.1.2), y; — zigo — W; 7, = &; is uncorrelated with z; — ;' v, = u;.
If Hy is false, then y; — 2,90 — 0, T = &+ 2:(0.— go) = €+, Va0 — go) +u; (0. — go)
has non-zero correlation with u; = z; — @, 7,. Hence, the initial null hypothesis,

3.1.2) is equivalent to the following null hypothesis
(3.1.2) is eq g yD
Hy: E [(zl — ] ) (y1 — 2190 — @ ) }: 0. (3.3.4)

Directly testing this moment condition is not feasible, due to the unknown values
of parameters 7, and m,. As a result, we first provide estimates for these unknown
parameters and consider the test statistic given by the studentized statistics.

We make a few remarks about the above proposed methodology. As men-
tioned above, the existing literature on high-dimensional inference adopts the
approach of relying on an (almost) unbiased estimate of the model parameter to
distinguish the null and alternative hypotheses. The existing methods largely differ
by the means of constructing the unbiased estimate and/or its asymptotic variance.
Many use an approximation of a one-step Newton method (Zhang and Zhang 2014;
Geer, Bithlmann, Ritov, and Dezeure 2014; Javanmard and Montanari 2014a) to
achieve consistency in estimation of possibly all p parameters. In order to test a' 3,
in this framework, one need to show that the debiased estimator for , can be used
to construct an asymptotically unbiased and normal estimator for a' ,; to the best
of our knowledge, a formal theoretical justification is yet to be established even
under sparse .. Other than the debiasing technique, some proposals center around

Neyman'’s score orthogonalization ideas (Belloni, Chernozhukov, and Hansen 2014;
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Belloni, Chernozhukov, and Kato 2015; Chernozhukov, Hansen, and Spindler 2015;
Ning and Liu 2014). It is worth pointing out that such a method requires a clear
separation of parameter under testing and the nuisance parameter. In the original
problem, the model parameter is 3, and the quantity under testing is a' 3,; hence,
it is not clear how to define the nuisance parameter since the a' 3, is not just one
entry (or a subset) of the parameter vector f,. Lastly, the work of Cai and Guo
(2015) propose a minimax optimal test that allows for dense loadings vector «,
however in the dense case it provides a conservative error bounds and requires the
knowledge of the sparsity size s.

However, our proposal deviates from the above methodologies in a few
aspects. Firstly, we design a test statistic irrespective of a consistency of high-
dimensional estimators for the model parameter; hence, any refitting or one-step
approximations are unnecessary. Secondly, we aim to orthogonalize design features
(rather than model parameters) by directly taking into account the structure of the
null hypothesis (represented by a and gg). In this way we achieve full adaptivity
to the hypothesis testing problem of interest. Thirdly, we reformulate the original
parametric hypothesis into a moment condition of which we provide adaptive
estimators. The moment condition itself is not a simple first-order optimality
identification (related to Z-estimators), but rather a moment that utilizes the
special feature orthogonalization and fusion. Hence, even in setting where the
existing work applies, our proposed method provides an alternative. However, apart

from existing work, our proposed method applies much more broadly.

3.3.2 Adaptive estimation of the unknown quantities

In this subsection, we start with a brief introduction of the Dantzig selector,
which is the basis of our estimators. Then we introduce the intuition and steps of

our estimator as well as implementation details.

Dantzig selector review

Numerous studies have been conducted in regards to the consistent estima-

tion of high-dimensional parameters in linear models. The canonical examples of
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successful estimators represent Lasso and Dantzig selector, defined as Bl and Bd

below,

R
st [ XT(Y -XB)||, < A
(3.3.5)

Although Lasso and Dantzig selector are defined in different times, Bickel, Ritov,

A | 2 - arg min ||
ﬂl:arggrel%kr}){ﬂy—Xﬂ”z—i—)\lHﬁHl}; BERP

and Tsybakov (2009) established equivalence between the two estimators under the
conditions of moderate design correlations and model sparsity, ||5.||o < n. Between
these two estimator, the Dantzig selector, Bd, offers easy implementation through
linear programming techniques. Moreover, the constraint in the Dantzig selector can
be interpreted as a relaxation of the least squares normal equations, X 'Y = X T X 3.
However, the performance of both estimators is tightly connected to the choice
of their respective tuning parameters \; and A4, i.e. the size of such relaxation.
Several empirical and theoretical studies emphasized that tuning parameters should
be chosen proportionally to the noise standard deviation o, i.e. Ay = A\y(0.) =
o.+/(logp)/n. In such settings one can guarantee ||3;— B.||1 = O(||B.]lo/(logp)/n).
Unfortunately, in most applications, the variance of the noise is unavailable. It is
therefore vital to design statistical procedures that estimate unknown parameters
together with the size of model variance in a joint fashion. This topic received
special attention, cf. Giraud, Huet, and Verzelen (2012) and the references therein.
Most popular o-adaptive procedures, the square-root Lasso (Belloni, Chernozhukov,
and Wang 2011), the scaled Lasso (Sun and Zhang 2012) and the self-tuned Dantzig
selector (Gautier and Tsybakov 2013; Belloni, Chernozhukov, and Hansen 2016)
can be seen as maximum a posteriori estimators with a particular choice of prior
distribution. However they do not provide estimates that are reasonable in non-
sparse and high-dimensional models — after all in such settings it is impossible
to consistently estimate the model parameters (see for more details Cai and Guo
(2016) and Raskutti, Wainwright, and Yu (2011)). The aim of the present section is
to present an alternative to these methods, which are closely related, but presents

some advantages in terms of implementation and a more transparent theoretical
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analysis in not necessarily sparse models; the main benefit is that our estimates are

well controlled in certain sense.

Modified Dantzig selector: adaptive to signal-to-noise ratio

We start with the estimator for 7,, a parameter that is high-dimensional
and yet not necessarily sparse. We extend the Dantzig selector above to conform
to the testing problem that we have to perform. We begin by splitting the tuning
parameter into a constant independent of the variance of the noise and introduce
a parameter p, a square root of the noise to response ratio as an unknown in
the optimization problem. At the population level, p is intended to represent
o/ m and po is a lower bound for this ratio. One might attempt to
use scaled Lasso by Sun and Zhang (2012) or self-tuning dantzig selector proposed
by Gautier and Tsybakov (2013), but for non-sparse ,, these methods cannot
ensure that the estimated noise variance is bounded away from zero whenever the
vector 7, is a dense vector (a case of special interest here).

For Z = (21, ,2,)  and Y = (y1, -+ ,yn) " defined in (3.3.1), we introduce

the following version of Dantzig selector of ,

(7,p) = argmin |7y
(m,p)ERP—LI xR
st WY = zg=Wm)| < np VAl < Zale g g
(Y — Zgo)T (Y — Zgo — Wﬂj > popllY = Zgoll3/2
p € lpo,1l;

where 7 < m and pg € (0, 1) are scale-free tuning parameters.

The estimator (3.3.6) is different from (3.3.5) in two ways. First, the
estimator (3.3.6) simultaneously estimates 7, and p. We introduce a py the lower
bound for p as a tuning parameter. Second, the estimator (3.3.6) has an additional
constraint, which essentially serves as an upper bound for p. The intuition of this
bound is the following. When 7 is replaced by the true 7, and the null hypothesis
holds, this constraint (scaled by 1/n) becomes ©] WTe/n 4 e'e/n > pop||Wr, +
el|2/n. By the law of large numbers, this means that op(1) + 02 > popE(y1 — 2190)?,
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which is satisfied if p = 0./v/E(y1 — z2190)? and p > po.

The vector e =Y — Zgy — VNV7T* is a residual vector of the stabilized model
(3.3.2) under the null hypothesis Hy. The first constraint on the residual vector
imposes that for each 7, much like the Dantzig selector, Bl, maximal correlation
W Te/n|s is not larger than the noise level no.. Yet, in contrast to f3;, our
estimator treats p as an unknown quantity and estimates it simultaneously with
.. Moreover, we introduce the second constraint to stabilize estimation of the
moment of interest (3.3.4) in the presence of non-sparse vectors m,. Under the
null hypothesis, this constraint prevents choice of p that is too large; namely, it
constraints p < C (Y — Zgo) ' €/ ||Y — Zgol|> for a finite constant C' > 0. In sparse
settings, this additional constraint is redundant, so we remove it from our estimator
of . defined below (a vector that is assumed to be sparse). Hence, we consider the

following estimator,¥

o= arg min [|7[1
| yeret (3.3.7)
st Hn_le(Z—W’y)H < an72)|Z))

where A < /n~llogp is a scale-free tuning parameter and n~'/2||Z||; serves as
an upper bound of the unknown o, in the model (3.3.3). It is worth pointing
out that the defined estimators change with a change in the hypothesis testing
problem (3.1.2) through the new, synthesized and stabilized feature vectors W and

Z together with go. We present a few examples in Section 4.

Implementation

The optimization problem in (3.3.6), a generalization of the Dantzig selector
(Candes and Tao 2007), can be recast as a linear program; the computational
burden of our method is comparable to the Dantzig selector. Define scalars
di = pol|Y = Zgol|3/2, do = ||Y — Zgo|)3, vectors D; = W' (Y — Zgy) € R~ and
Dy = /nn||Y — Zgoll21,-1 and matrix Dy = WTW € Re-Dxr-1),
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Then, (3.3.6) is equivalent to the following linear program

MIN (¢ 7 p)eRP—1 xRP—1 xR 1;_10
s.t. —c < s <c
po < P <1 (3.3.8)
dip+Dir  <d
—Dyp < Dy —Dsm < Dyp,

where the optimization variables are ¢ € RP~!, 7 € RP~! and p € R. For application
purposes we propose to choose the following choices of the tuning parameters:
po = 0.01 and n = /2log(p)/n. They are universal choices and we show in

simulations that they provide good results.

3.3.3 Test Statistic

With defined estimators of 7, and m,, we are ready to define a sample analog
of the moment condition 3.3.4. Under our proposed method, a test of nominal size

a € (0,1) rejects Hy in (3.1.2) if |S,| > ®71(1 — «/2), where

(Z - WA)'(Y — Zgy — W)
12 = WAl2llY = Zgo — Wl

S, = v/n (3.3.9)
Other estimators of the first moment (3.3.4) are certainly possible, however we focus
and analyze the natural case above; we leave future efficiency studies for future
work since it is not apparent that any other choice is preferred. Moreover, the
self-normalizing statistic above is directly dependent on the hypothesis of interest
and is a function of synthesized features. Compared with the existing approaches
where the normalization factor is a consistent estimator of the asymptotic variance,
our self-normalized approach adopts an inconsistent estimator as the normalization
factor, which in a sense corresponds to “inefficient Studentizing” (cf. Shao (2010)).
However, we establish that the asymptotic distribution of the resulting statistic is
pivotal and its percentiles can be obtained from the normal distribution.

In constructing estimates of v, and m,, we do not impose any assumption

regarding the sparsity of m, or §,. Notice that, except for the case of sparse a, it is
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in general unreasonable to expect sparsity in 7,, even if 5, is sparse. Although we
use estimates for both ~, and 7, denoted by 4 and 7, respectively, we only require
l; consistency properties for 7; in fact, 7 only serves to satisfy our decoupling
argument in the proof and does not need to be consistent. We now briefly explain
this point. The constraints imposed in the estimator (3.3.6) guarantee that for the
test statistic S, the term n~"/2(Z — W4)T(Y — Zgy — W) can be approximated
by a product of two independent terms, i.e. n~Y2(Z — W~,) (Y — Zgy — W).
Then, the only requirement needed is to guarantee that the second term in the last
expression does not grow to fast (it does not need to converge to zero) which in

turn is provided by the constraints of the optimization problem (3.3.6).

3.3.4 Theoretical properties

In deriving the theoretical properties of our test, we impose the following

assumption.

Assumption 5. Let (i) x; and ¢; have Gaussian distributions, N'(0,Xx) and
N(0, 02), respectively. Moreover, assume (i) that there exist constants ¢y, co > 0,
such that o. and the eigenvalues of Xx lie in [c1,cs)|. Lastly, let (iii) there exist

constants cs, ¢y € (0,1), such that o), /02 > c5 and 02 /0] > c4.

Assumption 5(i) is only imposed to simplify the proof. In high-dimensional
literature Gaussian design is a very common assumption (e.g. Javanmard and
Montanari (2014b) and Cai and Guo (2015)). The same results, at the expense
of more complicated proofs, can be derived for sub-Gaussian designs and errors.
Assumption 5(ii) is very standard in high-dimensional literature (see Bickel, Ritov,
and Tsybakov 2009; Ning and Liu 2014; Geer, Bithlmann, Ritov, and Dezeure 2014
for more details).

Assumption 5(iii) imposes nondegeneracy of signal-to-noise ratios for models
(3.1.1) and (3.3.3). Since ||al|2 is allowed to tend to infinity, 02 = a' Xxa/(aa)? can
tend to zero and thus it is too restrictive to assume that o, is bounded away from
zero. Hence, Assumption 5(iii) is a relaxation, as it only rules out the uninteresting

case of asymptotic noiselessness.
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Remark 3.3.2. The sparsity condition is imposed on neither a nor ,. Theorem 3.3.1
below says that we can conduct valid inference of a non-sparse linear combination
of a non-sparse high-dimensional parameter without knowing ¥ x. To the best of

our knowledge, this is the first result that allows for such generality.

Theorem 3.3.1. Let Assumption 5 hold. Consider estimators (3.3.6) and (3.4.2)
with suitable choice of tuning parameters: n, A < m, pgl = O(1) and
po < [1+ ey ezt — 1)]7Y2. Suppose that ||v.|lo = o(v/n/logp). Then, under Hy
in (3.1.2), optimization problems (3.3.6) and (3.4.2) are feasible with probability
approaching one and

lim P (|Sy|>® (1 -a/2))=a Vae(0,1),

n,p—00
where S, is defined in Equation (3.3.9).

Theorem 3.3.1 establishes that the proposed test is asymptotically exact
regardless of how sparse the model parameter or the loading vector are. In that
sense, the result is unique in the existing literature as it covers cases of [ sparse
and a sparse (SS), § sparse and a dense (SD) , § dense and a sparse (DS) and
especially 8 dense and a dense (DD). The (SS) case appears in a number of existing
works (see Belloni, Chernozhukov, and Hansen (2014), Geer, Biithlmann, Ritov,
and Dezeure (2014), Javanmard and Montanari (2014b), and Ning and Liu (2014)),
case (SD) appears in Cai and Guo (2015). Whenever (SS) case holds, our result
above matches the above mentioned work see Theorem 3.3.2. In the special setting
of (SD) our result generalizes the one of Cai and Guo (2015) as Theorem 3.3.1 does
not impose any restriction on the size of the loading vector a. The last two cases of
(DS) and (DD) present an extremely challenging cases in which inference based on
estimation (much like Wald or Rao or Likelihood principles) fails due to the inherit
limit of detection — work of Cai and Guo (2016) provides details of impossibility of
estimation in such settings. However, despite these challenges our method is able
to provide asymptotically valid inference as we have developed inference based on
a specifically designed moment condition (and not a parameter estimation alone).

The result in Theorem 3.3.1 is based on the assumption that 7, is a possibly
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inconsistent estimator of the parameter vector 7, i.e. the full model is dense with
all non-zero entries. In the following, we will show that if the model is a sparse
model, the proposed test (3.3.9) maintains strong power properties. To facilitate

the mathematical derivations, we consider the local alternatives of the form
Hin: a' B.=go+n " a" Qxa) ?0.d, (3.3.10)

where d € R is a fixed constant. The following result shows that the proposed test

achieves certain optimality in detecting alternatives H ,,.

Theorem 3.3.2. Consider z; and w; defined in (3.3.1). Let Assumption 5 hold
and consider the choice of tuning parameters, as in Theorem 3.3.1. Suppose that
1V<llo V | Bello V [lallo = o(/n/logp). Then, under Hy, in (3.5.10), optimization
problems (3.3.6) and (3.4.2) are feasible with probability approaching one and

lim P (]S, >® (1 —a/2)) =¥.(d) Vae(0,1),

where U, (d) := @ (=@ (1 —a/2)+d)+ P (- (1 — a/2) — d).

To better understand the optimality of the result above, consider the estima-
tor (possibly infeasible) discussed at the end of Section 3.2: let 3 denote an estimator
satisfying /n(3 — B.) ~ N(0,Qx0?). Notice that, for the low-dimensional compo-
nents of 3,, B achieves semi-parametric efficiency; see Robinson (1988). Therefore,
for sparse a, a' 3 is a semi-parametrically efficient estimator for a'3,. Notice that
Vn(a™B—a'B,) ~ N(0,a"Qxac?). Based on such efficient estimator, one might
consider an “oracle” test: for a test of nominal size o, reject the null Hy : a' B, = go
if and only if -

Vnla' 8 — gol

-1

It is easy to verify that the power of this “oracle” test of nominal size o against
the local alternatives Hi,, (3.3.10) is asymptotically equal to ¥,(d). Therefore,
Theorem 3.3.2 says that our test asymptotically achieves the same power as the
“oracle” test under sparse a and f,, i.e. it is as efficient as the “oracle” test.

Moreover, in light of recent inferential results in the high-dimensional sparse
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models, the rate of Theorem 4 can also be shown to be optimal. As existing
results apply only to the case of a = ¢; for a coordinate vector ¢;, 1 < j < p, we
discuss the relations of our work in this specific settings. We note that the tests
based on VBRD and BCH are asymptotically equivalent to this “oracle” test and
hence have the same asymptotic local power; the power of Wald or Score inferential
methods (see Theorem 2.2 in Geer, Bithlmann, Ritov, and Dezeure (2014), Theorem
1 in Belloni, Chernozhukov, and Hansen (2014) or Theorem 4.7 in Ning and Liu
(2014)) and that of Javanmard and Montanari (2014b) (see Theorem 2.3 therein) is
asymptotically equal to and converges to ¥, (d), respectively. This in turn, implies
that the proposed method is semi- parametrically efficient and asymptotically
minimax. For vectors a that have more than one non-zero coordinate, we can only
compare our work with that of Cai and Guo (2015), where we observe that the
result of Theorems 1 and 3 therein matches those of Theorem 4 covering the case of
extremely sparse beta and potentially dense vectors a. However, observe that the
confidence intervals developed therein require specific knowledge of the sparsity of
the parameter 5., ||5.||o, a quantity rarely known in practice. Unlike their method,
our method can be directly implemented without the knowledge of the sparsity of

[, and yet achieves the same optimality guarantees.

3.4 Applications to non-sparse high-dimensional

models

This section is devoted to three concrete applications of the general method-
ological results developed in Sections 3.2 and 3.3 — hence, showcasing the wide

impact of the developed theories.

3.4.1 Testing pairwise homogeneity

The previous section deals with situations in which each coordinate of the
parameters is allowed to vary independently and any subset of the coordinates can

be non-zero simultaneously. This condition will not be satisfied if we are interested
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in testing pairwise homogeneity in the linear model (group effect), that is, if we are

interested in testing the hypothesis

Hy : 6*,k = 5*,]'

for k,7 € {1,2,...,p} while also allowing § to be a dense and high-dimensional
vector. To the best of our knowledge, such tests were not designed in the existing
literature. The proposed methodology easily extends to this case, where the loading
vector a takes the form a = (0,...,0,1,0,...,0,—1,0,...,0)", with the location of
the 1’s at the j-th and k-th coordinate, respectively. Without loss of generality, we
assume that £ = 1 and j = 2. Then it is not hard to show that z; = (z;; — x;2)/2
and w; = ((x;1 + 332-,2)/\/5, Tiz, - ,Tip) € RPTL The proposed methodology for
this problem simplifies, then, to finding 7 and p that satisfy

(1,p) = argmin =]}
(m,p)ERP—IXR

st W =[(X1+ X2)/vV2, X3, , X))
IWTY = W) oo < npv/alY 2 (3-4.1)
YT (Y = Wr) = o p |IY]3/2

p e [Po, 1]

and 4 that satisfies

y = argmin [y[
~yeRpP—1

st W =[(X1+ X2)/V2, X3, , X, (3.4.2)
IWT (X7 — Xo —2W9) [l < AVRIXT — Xa2

for \,n < y/n=tlogp .

Consequently, we reject Hy : o1 = Bug if |S,] > @71(1 — a/2), where

<X1 Xy — 2W&)T <Y . Wﬁ)

S, = /n ; _ (3.4.3)
HXl — X, — 2w |y = wa

2 2
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3.4.2 Inference of conditional mean

Our methodology can also be used for the inference regarding the average
value of the response i.e. regarding the conditional mean of the regression model.
Suppose that the object of interest is E(y; | (;), where y; € R and ¢; € R¥. For a
given value d € R* and gy € R, the focus is to test

Hy: E(y; | G=d) = go.

Assuming that for some given dictionary of transformations of {¢;(-)}_;, the

=1
conditional mean function admits the representation: E(y; | ;) = ;’:1 Bij?(G)
for some vector B, = (B.1,-,B«x) € RP. Then the conditional mean model can

be written as

yi = ] B + &4, (3.4.4)

where z; = (¢1(¢), -+, ¢,(G))"T € RP and E(g; | ;) = 0. In turn, the confidence
intervals for the regression mean can be designed simply by inverting the test

statistics N N
(Z = WA)T(Y — Zgo — W)
1Z = WA]]Y — Zgo — W2

Sn:\/ﬁ

designed for the inference problem
HO : @TB* = 4go,
where a = (¢1(d), -+ ,¢,(d))" € R? and U, U, = (Ip —aa' /Y0, gbjz(d)) with

L 2 839 (G)
’ P ()

p
s and wij = Z{Ua}lj¢l<Ci), 1 S] S p— L.
=1

Notice that we do not assume that the vector S, is sparse and we allow for p > n.
Therefore, representing the conditional mean function in terms of a large number
of transformations of (;, while simultaneously allowing all to be non-zero, does not
lose much in generality. Additionally, it is worth mentioning that inference for such

models has not been addressed in the existing literature: most of the existing work
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is strictly focused around sparse or sparse additive models. With the general model
considered here, one can consider tests regarding treatment effects (when viewed
as the conditional mean) and allow for fully dense models and loading vectors, i.e.
the treatment being a dense combination of many variables. Existing work, such
as Belloni, Chernozhukov, and Hansen (2014), only allows the treatment to be a

single variable.

3.4.3 Decomposition of conditional mean

In practice, the researcher might be interested in how much a certain group
of features contribute to the conditional mean. Let G C {1,...,p}. The goal is

to conduct inference on linear functionals of {f, ;},eg, i-€., D . c ;B ; for some

Jj€g
known {¢;};eg-

For example, consider the notations from Section 3.4.2. Let (; =
(Giay - Cix) " and suppose that one is interested in the impact of ¢;; on the condi-
tional mean for ¢ = d. This is equivalent to quantifying > . s ¢;(d)B. ;, where the
set contains all the indexes j such that the first entry of (; has non-zero effect on

®i(G), 1e., Gr = {j : ¢;(¢) is not constant in (;}. If ¢;(-)’s are transformations of

individual entries of {(; ; }le, then G; corresponds to transformations of ¢; ;. For
another example, suppose that all the p features are genes. The domain scientist
(biologist, doctor, geneticist, etc) might be interested in how much a group of genes

contributes to the expected value of the response variable.

Without loss of generality, we assume that G = {1,..,H} and
c = (c,...,cg)’ € R Let U, € RIXUH-D gatisfy Iy —
cc'/(ce) = ULU] and UJU. = Iy_,. Then the synthesized
features can be constructed by z = |[c[3? ZJH:l cjr;; and w; =

-
<Z£1(Uc)l,lxi,l7"' ,leil(Uc)z,H—lﬂfi,z,xi,H,"' ,ﬂfi,p) € Rr!, where (Ue); de-

notes the (I, j) entry of the matrix U,.. For example, whenever H =3 and ¢; = 1
for all j =1,2,3, then
—V3/2 -1/v2
Ue = 0 V2
3/2 —1/2
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and the procedure for testing 3.1 + B.2 + B3 = go would be as follows. We define

(7,p) = argmin |z
(m,p)ERP—IXR 4

st W= [\/g(Xg - Xy), —\%(}Q —2Xo+ X3), Xy,--- aXpi|
WY — (X1 + Xo + X3)90/3 — W]l
< npy/nllY — (X1 + Xz + X3)g0/3|l2
(Y — (X1 + Xo + X3)g0/3)T (Y — (X1 + X2 + X3)g0/3 — Ww>
>po p |IY — (X1 4+ Xo 4+ X3)g0/3/3/2

p € [po, 1]
(3.4.5)

and 74 that satisfies

4 = argmin [|7]
yeRr—1

st W= [\/§<X3 —X1), —5(X1 = 2Xp + X3), Xy, ,Xp]
W ((X1 + Xy + X3)g0 — 3V~V7> loo < AVngoll X1+ Xo+ X5l

(3.4.6)
for \,n < y/n~tlogp .
For a test of nominal size o, we reject Hy : Bi1 + Beg + Bis = go if

1S, > @71(1 — «/2), where

~ T ~
S, =+vn

|0+ X 4 Xg)go = 373 |[|y = (X0 + X + Xg)go/3 - Wi
(3.4.7)

3.5 Numerical results

In this section we study the finite sample performance of the proposed
methodology for both known Y x and unknown ¥ x. We explicitly consider dense

loadings a and dense parameter vectors [, as well as more common sparse settings.



108

3.5.1 Monte Carlo experiments

Consider the model (3.1.1) with the model error following standard normal
distribution. In all the simulations, we set n = 100 and p = 500 and the nominal
size of all the tests is 5%. The rejection probabilities are based on 500 repetitions.
The null hypothesis we test is Hy : a3, = go, where gy = a' 5, + h and h is
allowed to vary in order to capture both Type I and Type II error rates.

Setup

We consider in total four regimes on the structure of the model and the null
hypothesis — sparse and dense regimes for (3, as well as sparse and dense regimes

for the loading vector a.

(i) In the Sparse parameter regime we consider the parameter structure with

8, = (0.8,0.8,0,...,0)7.

(ii) In the Dense parameter regime we consider the parameter structure with

By = %(1, 1., 1",
(iii) In the Sparse loading regime we consider the loading vector a = (0, 1,0, ...,0)".
(iv) In the Dense loading regime we consider the loading vector a = (1,1,...,1)".

Observe that (iii) is an extreme sparse-loading case. We consider this special case
in order to compare existing inferential methods, like VBRD and BCH. However,
our method can be implement for various number of non-zero elements, whereas
the existing one cannot.

We present results for three different designs settings including sparse, dense,

Gaussian and non-Gaussian settings.

FExample 1. Here we consider the standard Toeplitz design where the rows of X
are drawn as an i.i.d random draws from a multivariate Gaussian distribution

N(0,%y), with covariance matrix (Zx);; = 0.4/,

Ezxample 2. In this case we consider a non-sparse design matrix with equal

correlations among the features. Namely, rows of X are i.i.d draws from the
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multivariate Gaussian distribution N (0, Xx), where (Xx);; is 1 for ¢ = j and
is 0.4 for 7 # 7. Observe that this case is particularly hard for most inferential

methods as all features are interdependent and 2y is not sparse.

Ezxample 3. In this example we consider a highly non-Gaussian design that
also has strong dependence structure. We consider the setting of Fan and
Song (2010). We repeat the details here for the convenience of the reader. Let
z be a typical row of X. For j € {1,..., 15}, ; = (£ + ¢&;)/v/1+ c2, where ¢
and {£;}7°, are 1.i.d N(0,1) and ¢ is chosen such that corr(z1,z5) = 0.4. For
j€{16,...,[p/3]}, x; is 1.i.d N(0,1). For j € {[p/3] +1,...,[2p/3]}, x; is i.i.d
from a double exponential distributions with location parameter zero and
scale parameter one. For j € {[2p/3] +1,...,p}, x; is i.i.d from the half-half
mixture of N'(—1,1) and N (1,0.5). Observe that in this case 2/3 of the
features follow non-Gaussian distributions. Thus, in this case it is extremely

difficult to even obtain consistent estimation of the model parameters.

Implementation details

We compare the proposed tests with VBRD and BCH; methods proposed
in Cai and Guo (2015) contain constants whose values could be very conservative
in finite samples. Our tests with known and unknown Y x are implemented as
discussed in Sections 3.2 and 3.3, respectively.

The VBRD method is implemented for both dense and sparse loadings as
follows. We first compute the debiased estimator Bdebias and the nodewise Lasso
estimator QLaSSO for the precision matrix Xx as in VBRD. Then test is to reject H

if and only if

Vla" Baevias — 90|/ \/ 0T asso D x U ac? > d7L(1 - 0.05/2).

The BCH method is only implemented for the sparse loadings. We compute
the generic post-double-selection estimator for the second entry of £ as in Equation
(2.8) of BCH and compute the standard error as in Theorem 2 therein. Then a

usual t-test is conducted. It is not clear how BCH can be extended to handle any
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loading vector a different from an extremely sparse case (see (iii) above): first, for
any other loading structure it is not defined how to gather selected features of what
would be multiple simultaneous equations; second, naively extending the original
BCH to the problem of dense a (||a|lo = p) means running an OLS regression of

the response against all the features, which is not feasible for p > n.

Results

We start with the size properties of competing tests. For this purpose,
we examine the distributions of the test statistics under the null hypothesis by
comparing empirical distributions of the tests with the theoretical benchmark of
standard normal random variable. For simplicity of presentation, we only consider
the Toeplitz design. For the testing problem with sparse (5, and sparse a, our tests,
VBRD and BCH exihibit the validity guaranteed by the theory; in Figure 3.1,
the histograms of the test statistics are close to A (0,1) with large p-values of the
Kolmogorov-Smirnov (KS) tests. For all the other problems, our tests outperform
existing methods. As shown in Figure 3.2, the histogram of VBRD test visually is
still close to the standard normal distribution but the KS test suggests discernible
discrepancies between the two distributions. In Figure 3.3, we see that lack of
sparsity in [, causes serious problems in Type I error for both VBRD and BCH.
Inference under dense 3, and dense a turns out to be the most challenging problem
for existing methods; in Figure 3.4, we see quite noticeable difference between the
histogram of VBRD test and N(0,1). In contrast, the distribution of the test
statistics of the proposed methods closely match A/(0,1) in all the scenarios, as
established in Theorems 3.2.1 and 3.3.1. The Type I errors, reported in Table 3.1,
confirm the above findings: existing methods can suffer greatly from lack of sparsity
in f, and/or a in terms of validity — observed Type I error of BCH or VBRD can
easily reach 40%.

We also contrast the power properties of the proposed tests with respect
to the existing methods. Results are collected in Figures 3.5, 3.6 and 3.7, where
we plot the power curves of competing methods for design Examples 1, 2 and 3

described above with hypothesis setting of (i)-(iv). The overall message is clear from
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Our test with Unknown Variance (p-value of KS=0.28282) Our test with known Variance (p-value of KS=0.42408)
T T T T T T T T T T T T T

-4 -3 -2 -1 0 1 2 3 4 -4 -3 -2 -1 0 1 2 3 4
VBRD (p-value of KS=0.32611) BCH (p-value of KS=0.22482)

Figure 3.1: Distribution of the test statistics under the null hypothesis

Hy : B2 = 0.8 (in blue) and the standard normal distribution A(0, 1) (in red)
with n = 100 and p = 500. In this example we consider sparse [ and sparse a
setting and compare the distribution under the null of our tests (with and without
known variance) in the top row and two competing methods VBRD and BCH in
the bottom row. We report p-values of the Kolmogorov-Smirnov test statistics in
the subtitles.

Note that tuning parameters for all the methods are chosen according to their
“oracle” theoretical values. Error and design are normally distributed with Toeplitz
correlation structure with p = 0.4. The histograms are computed based on 500
simulation runs.
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Our test with Unknown Variance (p-value of KS=0.43166) Our test with known Variance (p-value of KS=0.90568)
T T T T T T T T T T T T T T

VBRD (p-value of KS=0.00033687)
T T T T

Figure 3.2: Distribution of the test statistics under the null hypothesis
Ho:>7%_ a;jB.; = 1.6 (in blue) and the standard normal distribution A'(0, 1) (in
red) with n = 100 and p = 500. In this example we consider sparse § and dense a
setting and compare the distribution under the null of our tests (with and without
known variance) in the top row and two competing methods VBRD and BCH in
the bottom row. We report p-values of the Kolmogorov-Smirnov test statistics in
the subtitles.

Note that tuning parameters for all the methods are chosen according to their
“oracle” theoretical values. Error and design are normally distributed with Toeplitz
correlation structure with p = 0.4. The histograms are computed based on 500
simulation runs.
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Our test with Unknown Variance (p-value of KS=0.4892) Our test with known Variance (p-value of KS=0.71537)
T T T T T T T T T T T T T T

VBRD (p-value of KS=8.8502e-38) BCH (p-value of KS=2.0411e-37)
T T T T T T T T T T T

Figure 3.3: Distribution of the test statistics under the null hypothesis

Hy : B2 =3//p (in blue) and the standard normal distribution N(0, 1) (in red)
with n = 100 and p = 500. In this example we consider dense § and sparse a
setting and compare the distribution under the null of our tests (with and without
known variance) in the top row and two competing methods VBRD and BCH in
the bottom row. We report p-values of the Kolmogorov-Smirnov test statistics in
the subtitles.

Note that tuning parameters for all the methods are chosen according to their
“oracle” theoretical values. Error and design are normally distributed with Toeplitz
correlation structure with p = 0.4. The histograms are computed based on 500
simulation runs.
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Figure 3.4: Distribution of the test statistics under the null hypothesis
Ho:>7%_) Bej = 3y/p (in blue) and the standard normal distribution (0, 1) (in
red) with n = 100 and p = 500. In this example we consider dense /5 and dense a
setting and compare the distribution under the null of our tests (with and without
known variance) in the top row and two competing methods VBRD and BCH in
the bottom row. We report p-values of the Kolmogorov-Smirnov test statistics in
the subtitles.

Note that tuning parameters for all the methods are chosen according to their
“oracle” theoretical values. Error and design are normally distributed with Toeplitz
correlation structure with p = 0.4. The histograms are computed based on 500
simulation runs.
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Table 3.1: Type I errors over 500 repetitions of the 5% level proposed tests
together with VBRD and BCH. In the table, NA symbol indicates that the
method cannot be implemented “as is”.

Type I Error
Hypothesis Setting Unknown ¥ x Known Xx VBRD BCH

Sparse (3 and Sparse a 7.4% 5.6% 82%  6.6%
Sparse 3 and Dense a 4.4% 4.8% 7.4% NA
Dense 3 and Sparse a 3.6% 4.4% 33.4% 27.2%
Dense 3 and Dense a 5.6% 3.0% 67.2%  NA

these figures: our tests and existing methods are quite similar for sparse g, and
sparse a, whereas our tests behave nominally for other problems with preserving
both low Type I error rates and Type II error rates. The biggest advantages
are seen for dense vectors (8, with other methods behaving in a manner close to
random guessing. In addition to the advantages in Type I error, our methods
also display certain power advantages. In the case of equal-correlation setting we
observe that our methods consistently reach faster power than BCH method even
in the case of all sparse setting. Observe that the precision matrix in this setting
is not sparse and our methods are still well-behaved. In the case of dense models,
VBRD method completely breaks down with Type I or Type II error being close
to 1. For non-Gaussian design we see that VBRD may not be a nominal test any
more regardless of the model sparsity. BCH behaves more stably in this case but
fails to apply for the hypothesis settings (ii) and (iv) as described at the beginning
of the Section. In conclusion, we observe that our methods are stable across vastly
different designs and model setting whereas existing methods fail to control either
Type I error rate or Type II error rate. Hence the proposed methodology offers a
robust and more widely applicable alternative to the existing inferential procedures,
achieving better error control in difficult setting and not loosing much in the simples

cases.
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Figure 3.5: Power curves of competing methods across different hypothesis
a' B, = go settings.

Design settings follows Example 1 with n = 100 and p = 500. The alternative
hypothesis takes the form of a3, = gy + h with h presented on the x-axes. The y-
axes contains the average rejection probability over 500 repetition. Therefore, h = 0
corresponds to Type-I error and the remaining ones the Type II error. “Known
variance” denotes the method as is introduced in Section 2 whereas, “unknown
variance” denotes the method introduced in Section 3. VBRD and BCH refer to
the methods proposed in Geer, Biithlmann, Ritov, and Dezeure (2014) and Belloni,
Chernozhukov, and Hansen (2014), respectively. Note that tuning parameters for all
the methods are chosen according to their “oracle” theoretical values. If a method
could not be implemented as is proposed in its respective paper it wasn’t included
in the graph.
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Figure 3.6: Power curves of competing methods across different hypothesis

a' B, = go settings. Design settings follows Example 2 with n = 100 and p = 500.
The alternative hypothesis takes the form of a' B, = gy + h with h presented on
the x-axes. The y-axes contains the average rejection probability over 500
repetition. Therefore, h = 0 corresponds to Type-I error and the remaining ones
the Type II error. “Known variance” denotes the method as is introduced in
Section 2 whereas, “unknown variance” denotes the method introduced in Section
3. VBRD and BCH refer to the methods proposed in Geer, Bithlmann, Ritov, and
Dezeure (2014) and Belloni, Chernozhukov, and Hansen (2014), respectively.

Note that tuning parameters for all the methods are chosen according to their
“oracle” theoretical values. If a method could not be implemented as is proposed in
its respective paper it wasn’t included in the graph.
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Figure 3.7: Power curves of competing methods across different hypothesis

a' B, = go settings. Design settings follows Example 3 with n = 100 and p = 500.
The alternative hypothesis takes the form of a' B, = gy + h with h presented on
the x-axes. The y-axes contains the average rejection probability over 500
repetition. Therefore, h = 0 corresponds to Type-I error and the remaining ones
the Type II error. “Known variance” denotes the method as is introduced in
Section 2 whereas, “unknown variance” denotes the method introduced in Section
3. VBRD and BCH refer to the methods proposed in Geer, Bithlmann, Ritov, and
Dezeure (2014) and Belloni, Chernozhukov, and Hansen (2014), respectively.

Note that tuning parameters for all the methods are chosen according to their
“oracle” theoretical values. If a method could not be implemented as is proposed in
its respective paper it wasn’t included in the graph.
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3.5.2 Real data example: equity risk premia

We apply the methods developed in Section 3.3 to inference of equity risk
premia during different states of the economy. Some studies have found that the
risk premia of stock market returns have different predictability, depending on
whether the macroeconomy is in recession or expansion; see Rapach, Strauss, and
Zhou (2010), Henkel, Martin, and Nardari (2011) and Dangl and Halling (2012).
One common explanation for this is time variation in risk premia; see Henkel,
Martin, and Nardari (2011). It is plausible that the stock market is riskier in
recessions than in expansions and thus a higher expected return is demanded by
investors, implying that the expected stock returns can be predicted by the state of
the macroeconomy. In this section, we revisit this argument by directly conducting
inference on the expected return of the stock market conditional on a large number
of macroeconomic variables.

Let y; be the excess return of the U.S stock market observed at time ¢ and
ri_1 € RP be a large number of macroeconomic variables observed at time ¢t — 1. Let
s¢ € {0,1} denote the NBER recession indicator; s; = 1 means that the economy is
in recession at time t. We would like to conduct inference on E(y; | 2;—1) for the two
different values of s, ;. Formally, we wish to construct confidence intervals for the
following quantities: (a) E[E(y: | 21-1) | si-1 = 1], (b) E[E(y | 71-1) | 501 = 0]
and (¢) E[E(y | ¢,1) | si1 = 1] = E[B(y | 21) | 511 = 0]

We impose a linear model on the risk premia: E(y; | z;_;) = z; 5. for
some unknown (3, € RP. Hence, the quantities of interest are: a] 3., aj 8. and
(a1 — ag) ' Bs, where a; = E(x;-1 | s,-1 = j). The macroeconomic variables we use
are from the dataset constructed by McCracken and Ng (2015). We also include
the squared, cubed and fourth power of these variables, leading to p = 440 (after
removing variables with more than 30 missing observations). It is possible that
B« € RP is not a sparse vector because many macroeconomic variables might be
relevant and each might only explain a tiny fraction of the equity risk premia.
Therefore, the methods proposed in this article are particularly useful because they

do not assume the sparsity of f,.

Remark 3.5.1. There have been numerous attempts to include information from
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Table 3.2: 95% confidence intervals for equity risk premia

The values are reported in annualized percentage, i.e., 2.79 means 2.79%.

Lower bound Upper bound

Risk premia in expansion a, (,: 2.79 10.94
Risk premia in recession a; 3,: 6.32 36.92
Risk premia difference (a; — ag) ' B.: 5.13 38.30

many macroeconomic variables in estimating the equity risk premium. Rapach,
Strauss, and Zhou (2010) use the model combination approach by taking the
simple average of 14 univariate linear models. Although this approach manages to
reduce the variance in the predictions, it only produces a single point prediction
and does not deliver a confidence interval. Moreover, under the specification of
E(y; | w¢_1) = x| 3., we should not expect the simple average of predictions by
individual components of z;_; to be close to ;' , 3., especially with highly correlated
regressors. Another popular approach is to use factor models. This method is
widely used in macroeconomics for predictions; see Stock and Watson (2002a),
Stock and Watson (2002b) and McCracken and Ng (2015). The idea is to extract
a few principal components (PC’s) from x; and to predict y; using these PC’s.
Although the PC’s account for a large variation in x;_ 1, they are not hard-wired
to have high predictive power for g; unless we assume that the PC’s capture the
factors that drive g;. In some sense, this factor approach only uses information in
21 that is relevant for predicting variations among different components of x;_1;
by contrast, the methodology we propose in this article allows us to use all the

information in x;_;.

Our dataset has 659 monthly observations starting from 1960. We use the
first 20 years (n = 240) to train the data and the last 659 — n months to compute
a; = Zfiiﬂ x1{s; = j}/ Zfi‘iﬂ 1{s; = j}. In other words, we investigate the
equity risk premia between 1980 and 2014. We conduct inference on the average
equity risk premia in different states of the macroeconomy. The 95% confidence
intervals for a] 8., ag 8. and (a; — ag) " B, are reported in Table 3.2.

The confidence intervals in Table 3.2 are very informative for our purpose.
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Figure 3.8: 95% confidence interval for the risk premia at each time period (the
blue band) with the grey shades representing the NBER recession periods.

The results presented in Table 3.2, imply that the risk premia in recessions are
higher than in expansions and that the magnitude of difference is economically
meaningful. These results are consistent with existing literature; see Table 1 of
Henkel, Martin, and Nardari (2011). Figure 3.8 plots the confidence intervals for
E(y; | x4—1) at each t. This figure is consistent with the hypothesis that, during
the Recessions (e.g., in the early 80’s or around 2008), the risk premia went up

substantially.

3.6 Discussions

In this article, we develop new methodology for testing hypotheses on a' f3;,
where a is given and f, is the regression parameter of a high-dimensional linear
model. Under the proposed methodology, a new restructured regression and with
features that are synthesized and augmented, is constructed based on a and is used
to obtain moment conditions that are equivalent to the null hypothesis. Estimators
proposed are tailored to the problem at hand and solve constrained high-dimensional

optimization problems. The two proposed methods deal with the scenario with
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known ¥y and the scenario with unknown Xy, respectively. The first can be
used when a prior information about correlation among the features exists; a
case of independent features, whereas the second applies more broadly to many
scientific examples where feature correlations need to be estimated. To solve a
high-dimensional inference problem, there exists at least one competing choice. It
is based on the “debiasing” principles of Zhang and Zhang (2014). However, the
principles laid out therein only apply to strictly sparse linear models. Therefore,
we fulfill an important gap in the existing literature by developing methodology
that allows fully non-sparse linear models.

Restructuring the model according to the hypothesis under testing allows
for the high-dimensional a and [, that are not necessarily sparse. The synthe-
sized features are customized based on the null hypothesis and are close to being
orthogonal. We note that this customization is the key, since the orthogonality
per se is not useful. Techniques that only induce feature orthogonality, such as
pre-conditioning by Jia and Rohe (2012) and DECO by Wang, Dunson, and Leng
(2016), still cannot be used to test Hy: a'B. = go when a and S, are dense.

Observe that we have proposed two different inferential methods. However,
it is not necessarily true that the method proposed in Section 2 dominates the one
proposed in Section 3 in terms of power. The main difference between the method is
in the definition of the moment condition. The method assuming knowledge of ¥ x
avoids estimation of 5, and hence is extremely easy to implement; however, when
B, is sparse (and thus easy to estimate), not using information on [, can cause
some loss of power. The method proposed in Section 2 essentially treats w, 3, as

the error term. In contrast, the method proposed in Section 3 computes an estimate
T

for w, m, (which in spirit corresponds to w, 3,); when the model turns out to be
sparse, the method without knowledge of Y x can essentially “remove” w, 3, from
the error term, thereby achieving better power. For dense models, this reasoning
does not apply and thus it is not clear which one should be more powerful.

To conclude the article, we would like to discuss here valuable topics for
future research. The proposed methodology can be used to conduct inference of

conditional distributions of the response, whenever the distribution function of ¢,
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Q(-) is known or is consistently estimated. Specific example includes construction
of prediction intervals for high-dimensional linear models — a topic of extreme
importance. For Fy|x(y, %) = P(Yn+1 < Y | ny1 = x) Fy|x can be parametrized as
Fyix(y,z;8,,Q) = Q(y — =" B.). For a given z, we can obtain a confidence set for
AN f(l — a, ) such that P(x" 5, € f(l —a, 1)) — 1 — «a, by inverting the tests
proposed in this article. This leads to a natural confidence set for the Fyx(y,z):

P(Fy|x(-,z) € S(1—a,x)) = 1 — a, where
SA—a,2)={Q(-—¢)|cel(l—a,z)}.

If we restrict the model parameters to be sparse, then we can consistently estimate ¢;
(and thus @(-)) and consequently form valid prediction intervals — a topic of specific
importance for practitioners. However, when the model is allowed to be non-sparse
and high-dimensional, the question of construction of prediction intervals hasn’t
been answered and needs special considerations. Additionally, under this setup,
the proposed methods also lead to an inference method for (possibly nonlinear)
functionals of the conditional distribution of ¥, given z,,;. For example, suppose
that one is interested in H(u,x) = inf{y € R | Fy|x(y,z) > u}. Following the

above proposal, we can simply take
H(u,z,0) = {inf{y e R[ Qy — ) > u} | c€ I(1 — a,2)}

as a confidence set for H(u,x).
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Appendix A
Proofs and examples for Chapter 1

In Appendix A.1, we provide a simple example illustrating the difficulties
arising from the cross-sectional dependence in the error terms. The rest of the
appendix contains proofs for the technical results in the main text. The theoretical
results in the main text are proved in Appendix A.2. In Appendix A.3, we provide
useful technical tools that are used in Appendix A.2.

We introduce some notations that will be used extensively for the rest of
the paper. We denote max{a,b} and min{a,b} by a V b and a A b, respectively.
For a matrix A, we define ||A|lo = ||vecA||w. For a positive integer ¢, we define
lq] ={1,...,q}. For aset A, |A| denotes the cardinality (number of elements) of
A. We will repeatedly use the notation Op(logo(l) n) to denote a term of order
Op((logn)") for some constant 0 < r < co. Finally, “wpal” denotes the phrase

“with probability approaching one”.

A.1 An example of difficulties due to cross-

sectional dependence

Suppose that y;; = 2} ,8; + €y With €;; = u;; + LiF;. Assume that, for each
t, {(Ls, zis) }7-, is independent of {(F}, u;e)}7q, EFy = 0 and Eu;; = 0. Therefore,
strict exogeneity holds: E(e; ¢ | {z;+}1~;) = 0.

However, the OLS estimator for each ¢t might not be consistent for ;. To
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see this, let fors, = (327, gy ) (D1 ZigYiy). The estimation error takes the

form

n -1 n n
A o -1 / -1 -1 L/ F
Borsy — Br = |n T Tiy n Tiguig + | n T Ly | Fy
=1 i=1 i=1

The problem is that n=' Y7 | ;,L; need not be close to zero since the
sequence { L, ;d; 1}, might not have weak dependence across i and Ez; L’ could

be non-zero.

A.2 Proofs of theoretical results in the main text

We provide the proof of Theorem 1.3.1 in Appendix A.2.1. Appendix A.2.2
contains proofs of Theorems 1.3.3, 1.3.4 and 1.3.5, as well as Theorem 1.3.2 and
Corollary 1.3.1. Other results, including Theorems 1.3.6, 1.3.7 and 1.4.1, are proved
in Appendix A.2.3. In Appendix A.2.4, we show Lemma A.2.16, which establishes
strong mixing properties for the process described in Example 1.2.1. We recall

some definitions used in the main text as well as introducing some new definitions
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that will be used in the rest of this section:

(

— 1 n oy
2 =n Zi:1 Evt,lvt,i
1
Uit = Et UVt
Git = ViUt
5 =n 100, =n > 040
t - tYt — i=1 “utYit
2~ SN—1 A
Uit = Uit

Gi :(Ag,la"" A;,T),
Q  =n 'Y EJGGL

R o (A.2.1)
Q =n '3 JGGT

Uy = (Urty. s Upy) €ER™

vy = (V1gy .., Uny) € RVK

0y = (D1gy. .., 0ny) € RVK

oy = (a1gy...,0ny) ER" with oy = L, ;Fou

G = LoF,,

Uy =Yt — XtBt — 0y

C1/2%-1 A “1y2 (s 1
Dn; =n"'28 0oy — Gy) +nY2 (Et o) — 3, 'UQ) Uy

D, =(D

n,17

D)
A.2.1 Proof of Theorem 1.3.1
Lemma A.2.1. Under Assumption 1, the following hold:

(1) [1L@llsos N Lalloos  [1Felloos  [1Falloos  [[ellocs  vlloc,  maxq pepn)x(ry [[icl;

maXi,t ||@i,tui7t||7 and maX(m)e[n}X[T] ||m’b,t|| are OP<1OgO(1) n)

(2) both ||u|| and ||v|| are Op(v/nlogn).

Proof. Proof of part (1). The first six claims hold by Lemma A.3.7 and the
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exponential-type tails in Assumption 1.

To bound max; ; ||0; ||, notice that the || - ||;-norm of rows of 33; ! are bounded
by some constants due to Assumption 1. Therefore, by Lemma A.3.3(1), en-
tries of v;; have exponential-type tails with parameters that depend only on the
constants in Assumption 1. Thus, Lemma A.3.7 implies max; s)epnx (1) ||l <
VEmax( e [|Titlloo = VEOp(log®M |[n] x [T]]) = Op(log®M n).

To see the bound for max; ||0; ;u; ||, notice that Lemma A.3.3(3) implies
the exponential-type tail for entries of v; ,u;;. Then the bound follows by Lemma
A.3.7.

To see the last claim of part (1), notice that z;; = Ly iFq+ + vig. Since
entries of Lg,, Fp: and v;; have exponential-type tails, it follows, by Lemma
A.3.3, that entries of x;, also have exponential-type tails with parameters that only
depend on the constants in Assumption 1. Thus, the bound for max; ;e x (1) [|Zi¢||
follows by Lemma A.3.7. We have proved part (1).

Proof of part (2). We apply the random matrix theory. By Theorem 5.48
and Remark 5.49 in Vershynin (2010),

E|ul| < CY2n'% 4+ C\/mlog (n AT), (A.2.2)

where C is an absolute constant and m := Emax;|u]|?>, where u, =
(winy .., uir) € RT. Let s? = Eljy, ||

By Lemma A.3.3(3)-(4), there exists a constant b, > 0 such that v}, — Eu?,
has an exponential-type tail with parameter (b, 1), where v = v, /2. Let v, =
min{7.., 1/2}. Then a,(t) < by exp(—t72) and 75 < 1. Hence, v = (7, 4+, )7t <
72 < 1. By Theorem 1 in Merlevéde, Peligrad, and Rio (2011), there exist positive
constants C1, ..., C5 > 0 depending only on b,, by, v and 75 such that Vo > 0, we

have

P (|l — 57| > anz)

:p<

T

Z (uft - Euzzt)

t=1

> anx>
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C 2,2
< Texp(—Cialx”) + exp (— 2052 )

1+ C5T

2,2
Cuazx

+ exp {— exp (05(anx)7/(1_7)(10g anx)_v)} :
where a,, = d.+/T logn and d, is a constant to be determined. The union bound
implies that Vo > 0,

P (max||lu® - 52| > anz)
<D P (Jllwl® 7| > anz)
i=1
2,2
< nTexp(—Cialz”) + nexp (—%)
3

Cua?z?

+ nexp [— 47? exp (05(%3;)7/(1*7) (log anm)w)} .

Thus, by elementary computations, we can choose large constants a.,b.,d, > 0

such that Vx > a,

P <max |l |1* = s7] / <d*\/Tlogn) > x) =P (max‘||gi|]2 — 57| > anx>

<b,exp(—z7). (A.2.3)
Therefore,

Emax | |* ~ 52| / (dey/Tlogn)

9 [ (sl = 2]/ (dv/Togn) > o) da
<a,+ /:OIP’ (mZaX‘HgiHQ ~ s/ (@W) > x> dx
Catb / " exp (—a7) da

=0(1),

where (i) follows by the identity EX = [“P(X > z)dx for any non-negative
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random variable X and (i7) holds by (A.2.3). The above display implies that

m := Emax [Jy;||* < Emax |||u]|* — 57| + max s7 = \/T'lognO(1) + Cn
=0(nV+/Tlogn) © O(n),
where (i) holds by T' =< n® with ¢ € (6/7,2). The above display and (A.2.2)
implies that E|lu|| = O(y/nlogn) and thus ||u|| = Op(v/nlogn). This proves part
(2) for ||u||. The result for ||v|| follows by an analogous argument. The proof is

complete. n

Lemma A.2.2. Let Assumption 1 hold. Then the following hold:
(1) max(eplxix(r) 2o gm [E(Vigstis)] = O(1);

(2) maX(i 15, iyl () ) ) 2o [B(Uig i Visp)| = O(1);

(8) max(is) 2oy [E(G),Gis)| = O(1).

Proof. We first show part (1). By the exponential-type tails, Lemma A.3.3(2)
implies that there exists a constant C' > 0 such that max;, ; E|Ui7t7j|4 < C and
max; s Elu; s|* < C. By Corollary 16.2.4 of Athreya and Lahiri (2006), we have
that, Vi, 1,7, s, |E(viejwis)] < 4 [20mizing([t — s|)]/2 C2. Therefore,

2'7j7t

T T
max Z IE(v;juis)| < 1V/2C? m?XZ \/ozmmngﬂt — s))

s=1 s=1
(<i) 4202 maXXT:exp[—]t — s|7] < 8V2C%¢ i exp|—77]
—_— * t — _— * — )

where (¢) holds by Assumption 1. Since > 7, exp[—77**] < oo, the part (1) follows.
Notice that for i,t, s, j1, j2, Corollary 16.2.4 of Athreya and Lahiri (2006)
still implies that [E(vis,Vis5)| < 4 [20mizing(|t — s])]"/* C2. Part (2) follows by
the same argument.
To see part (3), let v;,; denote the j-th component of v;; (defined in
(A.2.1)). Since each row of ;! is bounded in || - ||;-norm and entries of v;; have
exponential-type tails, it follows, by Lemma A.3.3(1), that v;,; has an exponential-

type tail. Using Lemma A.3.3(3), we have that v, ju;; has an exponential-type
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tail. Then by the same argument as in the proof of part (1), we have that
MAX (i s j)en] x [T] x[k] Z;‘le \Ev; 1 jui ¢0; 5 ju;s| = O(1). Since k is fixed, part (3) follows

koo _ .
by G} ,Gis = ijl Ui 1,;Wit0is ;Wi s. LThe proof is complete. O

Lemma A.2.3. Under Assumption 1, the following hold:
(1) max;cp, || ZtT:1 vg’tFétH = Op(T"? 10g0(1) n).

(2) maxiey || o) wisFl || = Op(TY210g”M n).

(3) maxeeqr) || Luel| = Op(n'/?10g%W n).

(4) max,err || Ll = Op(nt/? 10g®® 7).

(5) max, || Liyue|| = Op(n'/? log®M n).
(6) max;, || L, w|| = Op(n'/? log@W) n).

(7) maxyer) [|vju]| = Op(n'/?1og® n).

(8) maxepy [n o — Xy = Op(n~210g°M p).

(9) max e || X0 (vith o — Bvgel )| = Op(n'/?10g” ).
(10) maxiciry [|vjeu || = Op(n'/*1og®" n).

(11) maiemy [[ofuFll = Op (VAT +n]log”® n).

(12) maxeqry ||u;pFoll = Op ([x/n_T +n]log®® n)

Proof. Proof of part (1). Let j = (j1,j2) € J = [n] x [rg] and F, the o-
algebra generated by Fg. Since |[Fgle = Op(log®® n) (Lemma A.2.1), there
exists a constant ¢y > 0 such that P(A,) — 1, where A, = {||Fg||cc < hy} with
h, = log® n.

Define e, ; = v}, F6 7j,h, ' 1{]| Fotllso < by}, where 7, is the jyth column
of I,,. Notice that |e; ;| < |v;,¢]. By Assumption 1, Vz > 0, P(|e,;| > 2 | F,,) <
P(lvj,¢l > 2z | Fn) < exp[l — (2/bs)™] a.s. Since {(e;;)jes}i; is strong mixing
with mixing coefficient azing(+) defined in Assumption 1 and v is independent
of Fo, {(€1;)jes}i, is strong mixing in the sense of Lemma A.3.8. It follows, by
Lemma A.3.8, that there exist constants ¢, > 0 depending only on the constants

in Assumption 1 such that

T
P (‘T_I/QZGW >z

t=1

fn) <exp[l —(z/c)"] a.s. Vje J, Yz > 0.

This exponential-type tail condition and Lemma A.3.7 imply that
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maXx;e. |T-1/2 Zthl el = Op(logo(l) n). Therefore,

max
1€[n]

La, < hnTg2Tl/2 max © OP(T1/2 10g0(1) n),

jeJ

n T
! —-1/2

E v F0 T § :et,j

t=1 t=1

where (i) holds by h, = O(log®V n). Since P(A,) — 1, part (1) follows.

Parts (2)-(7) follow by analogous arguments.

Proof of part (8). Notice that n™"vjv, — Xy = n~" Y07 [0, — Bugavf].
By Lemma A.3.3(3), there exist constants ¢, > 0 such that each entry of v; v},
has an exponential-type tail with parameter (c,r) for all i,¢. Then part (8) follows
by Lemma A.3.6.

Part (9) follows by an analogous argument.

Part (10) follows by maxc(r ||vjoy|| < maxicp ||v;La || maxicpr || Foll,
together with part (4) and Lemma A.2.1.

Proof of part (11). Let j = (j1,j2) € J := [k] X [ra]. Let F, be o-algebra
generated by F,,. As before, since | F,|lsc = Op(log®? n) (Lemma A.2.1), there
exists a constant ¢y > 0 such that P(A,) — 1, where A,, = {||F,||cc < hy,} with
h,, =log®n.

For ¢ € [n] and j = (j1,j2) € J, define d;;, =
T2y Fosjoh 1{|Fassl < hn}.  Notice that [viuF,]; ;la, =

= n

TY2h, S0 ir4,di g, Notice that Vz > 0,
IED(|ui,sFa,s,j2h;11{|Fa,s7j2| <hpf| > 2| Fp) < IED(|ui78| >z | Fa) < exp[—(z/b*)%}.

Since u and F,, are independent, the sequence {u; sFy s i, b ' 1{| Fasjo| iy
is strong mixing conditional on F,, in the sense of Lemma A.3.8. It follows, by
Lemma A.3.8, that there exist constants ¢;,r > 0 such that P(|d; j,| > z | F,,) <
exp|—(z/c1)™], Vz > 0 for all i, js.

Since v; is independent of F,, it follows, by the exponential-type tails of
entries in v; and Lemma A.3.3(3), that there exist constants ca, 72 > 0 such that

P(|visdij,| > 2| Fn) < exp[—(z/c2)™] Vz > 0. Thus, Lemma A.3.6 implies that
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max
(t,7)€elT

Z Vit jr i — E(Vig 5, di gy )]
=1
= Op(y/nlog|[T] x J|) = Op(y/nlogn). (A.2.4)

Therefore,

max”u;quQHlAn

T1/21 [ kroh, max Z/Ui,t,jldiv]é

i=1
< T1/2 V lﬂ’ahn (H;,%X ; [Ui,t,jl di,]é - E(Ultjldl ]2)] + maX ; ‘E Ultjldl ]2)’)

(i) T1/20p<10g0(1) n) (Op(\/ TLlOg n) + H}%XZ ’E(Ui,t7j1di,j2)|> , (A25>
o=

where (i) follows by [vjuF,)j, j, 14, = TY?h, S0 visjydi j,, (i) follows by (A.2.4)
and h,, = Op(log®Y n). Notice that

maX § |E(03,0,5, dijo )

< H}?}XZE\E Vi dige | Fu)l

< maxT ks ZE {Z B (0151 05)] - [ Fos o[y 1P| < hn}}

where () holds by the definition of d; ;, and the independence between F,, and
Vit Uis and (4i) holds by Lemma A.2.2. The above display and (A.2.5) imply
that max; |u;vFg||14, = Op ([\/nT + n]log®® n) Since P(A,) — 1, part (11)

follows.

Part (12) follows by an analogous argument as part (11). The proof
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is complete. O

Lemma A.2.4. Under Assumption 1,

max |di; — vigl| = Op ({n—m + n1/27€] 10gO®W) n) ‘

1<i<n,1<t<T

Proof. First notice that ||o;,—vi,|| = || L, ,iFQ,t_L/Q,iFQ,t” = |7(LoFo.—LoFo.)|l.
We apply Lemma A.3.11 with L = Lg, F' = Fg, e = v and a = 7;, where 7; is the ¢th
column of I,,. By Lemmas A.2.1 and A.2.3(4), we have max; || Fy,|| = Op(log®V n),
[v]| = Op(v/nlog®M n) and max, | Lguell = Op(y/nlog®Y n). Therefore, Lemma
A.3.11(4) and T =< n® imply that

T
! /
Z Uz‘,tFQ,t

t=1
+0p (10752 4 072 10g%0) 0 ) max | L,

m%XHTZ(iQﬁQ,t—LQFQ,t)H < OP(n%lOgO(l)n)mtaX

+O0p ([n1/2_£ + n"¢1ogPW n) max ||7;]].

Notice that max; ||7;|| = 1 and max; ||Lo.|| < /7ollLollee = Op(log®® n)
(due to Lemma A.2.1). Thus, by the above display and Lemma A.2.3(1), we have

max ||T{(£QFQ¢ — LoFq.)|l = Op ([nil/z + 0278 4 niﬁ/ﬂ log®™ n> .
Since max {n~2 n!/27¢ n7¢2} < 2p7Y2 4 20127 the desired result
follows. 0

Lemma A.2.5. Under Assumption 1, both max, |2, — 5| and max, |[S;7 — 37|
are Op <[n_1/2 + nt/2E] log®™) n>

Proof. First notice that

Hl?,X Hi:t — EtH

< max ln 1 (9]0, — vjvy)|| + max ln " v, — 34|

(%)
< max = (0 — vy)'ou| + max In~ (0 — v)|| + Op(n~/?10g%M n)
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1

<n! max |0 — vy max |0]] + 7~ max || vg | max |0: — v]|

+ Op(n?10g%W n), (A.2.6)
where (i) holds by Lemma A.2.3(8). By Lemma A.2.4, we have that

max |6 — ve]| < nt/? max |0:t — vitl| = Op <[1 +n'¢] log®M) n) . (A.2.7)

)

By Lemma A.2.1(2), max; [|v;] < |[v]| = Op(n'/?1og®® n). Since ¢ > 1/2
(Assumption 1), it follows that

maie [|iy]| < maie||ug]| + max |3, — v = Op <n1/2 logPW n) . (A.2.8)
Now we combine (A.2.6) with (A.2.7) and (A.2.8) and obtain
max 12, — i) = Op ([n_1/2 4 nY/2=€] 1ogOW n) = op(1).

Notice that |21 — 7| = |87 (S — SOS7H| < IS 1S — Sl =
126 — 2¢||/ (Smin (2¢) Smin (2¢)). By Lemma A.3.10(1), sg(2;) + s1(2¢ — 2¢) > sp(24).
It follows that

max |35 — 3|

I )
. max, || el :OP(1>H1?X||275_275H‘

ming Spmin (2¢) <mint Smin () — max, ||, — Zt||>

The proof is complete. O

Proof of Theorem 1.3.1. Let X = UxSxVyx be an SVD, where Uy € R™"

0
e R™* T with

S
and Vx € R*> T are orthogonal matrices and Sy = [ o
SX,2

Sx, € R'e*"@. By the definition of Q and 0, we have

SX71 0
0 O

:UX V)/( and @:UX
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Therefore, ﬁ’Q = 0. This means that ﬁ;@t =0Vl <t < T. Since
Y, = a; + Xi06; + us and X; = Qt + 1y, it follows that

By — B = (0,0,) 1 07Y; — By = (0400) 0 (cve + wp) + (8501) 7 0,Q
2 (0000) T 0 (a4 wg) = 0T ST 0 (o 4 wy), (AL2.9)

where (i) holds by #/Q; = 0. By Lemma A.2.3(7) and (10), max; |[vju|| =

Op(n/?10g°M n) and max, |[vjoy| = Op(n'/?1og®Y n). Hence,
max e+ ur) | < max ofa | + max o | = Op(n!/210g® m).  (A210)
Notice that

max 1(8¢ — v2) (e + )| < max [0 — ve] max o + el

< nl/? max 102 — visl| max Il + |

<n'/? max 10ie — vidll [mtax | LaFotl + max Hut||]
< 0 ma iy — il O (V71082 m)

(@) n'20, <[n71/2 4 nl/Z’ﬂ logP® n> Op(v/n1og?® n)

— Op ([\/ﬁ + n3/27€] 1ogOW) n> , (A.2.11)
where (i) follows by max; || LaFal| < /AallLallso|| Fallee = Op(v/nlog®™® n) (due

to Lemma A.2.1) and max; ||u|| < ||u|| = Op(v/nlog®M n) (due to Lemma A.2.1(2))
and (i7) follows by Lemma A.2.4. Therefore, we obtain that

m?x HBt — Bl
(@)

= n! max Hﬁlt’l [oy (v + wp) + (0 — vp) (v + wy)] H

IN

0 max |55 | (max o (e + ) | + max |3 = vi) (a + o))

< 0! (max 57+ max 157 - 271
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x (e ([0 (e + )|+ max (2 = v1) (o + )]

(@) Op <[n—1/2 L n1/2—§] 1og®® n> 7

where (i) holds by (A.2.9) and (ii) holds by (A.2.10), (A.2.11) and Lemma A.2.5.
The desired result follows by max; ||3; — /|ee < max; |5 — 54]- O

A.2.2 Proofs for Theorems 1.3.3, 1.3.4 and 1.3.5 and Corol-
lary 1.3.1

Lemma A.2.6. Let @ = (U, ..., ur) € R™T with @y = (G14,...,Uns) and G;; =

Uiy + 2, (B — Bi). Under Assumption 1, we have

(1) max, | X:(8, — B = op([1+n1-g]1ogou>n) and ||| =
Op <[n§/2 + n! =€/ 1og?W n)

(2) max; ||vi(a — u)F,|| = Op ([n + 1€ log®™W n)
(3) max, ||u (6 — v)|| = Op ([1 + €] 1ogPW n> .
Proof. Proof for part (1). Notice that
max | X,(5 — A < viama o] (4 — B,)
< \/ﬁnﬁX [l max 18 — B g Op ([1 +n'] log?™ n) , (A212)

where (7) holds by Lemma A.2.1 and Theorem 1.3.1. The definition of @ implies
that

lall < l1a = ull + [Jull < VT max || X.(8; = Bo)ll + ull

© Op ([nf/2 +nte2 4 nlﬂ} log®) n) ,

where (i) follows by (A.2.12), Lemma A.2.1(2) and T < n®.
Notice that n&/2 4+ n'=¢/2 > 2V/n&/2pl-¢/2 = 2p'/2 > pl/2.  Thus,
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max{né/2, n'=¢/2 nl/2} < n&/2 4 n'=¢2 Thus, the stated bound for i fol-
lows.

Proof for part (2). The definition of @ implies that

ma v} (@ — )| (A-213)
T n
= max Z(Z V%5 ) (Bs — Bs) oy s
s=1 i=1
T n
< mtaxz (Z Ui,t‘r;,s)(ﬁs - /BS)F(;,S |
s=1 || i=1
B T n
< |max Z Vit ] max st — B)Fos
L s=1 || =1
B T n T n
S m?X Z('Uivtw;,s — Evi,t‘f;ys) + m?X Z Z E’Uz’,tmg,s ]
s=1 || i=1 s=1 11 i=1

X max H(Bs - ﬁs)Folz,s

By Lemma A.3.3(3) and (4) (applied entry-wise), there exist constants b,y > 0
such that Vi, t, s, each entry of v; @ , — Ev; ;2] , has an exponential-type tail with

parameter (b,7). Hence,

n

Z(vi,t'x;,s - ]E,Ui,tx;,s)

i=1

n

Z (Ui,tx;,s - EUi,txé,s)

=1

T
max E
t

s=1

< T'max
s,t

) Op(n/*10g°Mn), (A.2.14)

where (i) follows by Lemma A.2.3(9) and T =< n¢. Notice that

T n n T
max Ev, ;2 < max Ev, ;x"
p 1,tVis p 1tV s

s=1 || i=1 i=1 s=1
(i) n T n T
< max E E ||Ev”v;sH + max E E HEU’LtQ;s”
¢ o, ¢ s
i=1 s=1 i=1 s=1

IN

T T
maxn E | Ev; ;|| + maxn E | Evi, Q||
it v it ) )
s=1 s=1
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9 0mn), (A.2.15)

where () holds by z; s = Q;s + v;s and (i7) follows by max;, Zstl [Ev; 107 || <

Vkmax;, ST [Evi v sl = O(1) (due to Lemma A.2.2) and Ev;,Q;, = 0 (by

the independence between v;; and @); 5). Also observe that

R (@)
< Vrall Falloo max || 8=, < Op (02 4+ 0"/ ¢] log”Vn )
(A.2.16)

max H (Bs — Bo)FL.,

where (i) holds by Theorem 1.3.1 and Lemma A.2.1.

Combining (A.2.13) with (A.2.14), (A.2.15) and (A.2.16), we obtain
max, |[v)(@ — u)F,|| = Op([nf + n 4+ n327¢1og®V n). Since 3/2 — € < 1 (as
€ >6/7), part (2) follows.

Proof of part (3). Notice that max, |[u}(d; — v;)|| = max, ||u}(LoFo. —
LoFg.)||. We apply Lemma A.3.11(4) with L = Lo, FF = Fg and e = v
(as well as a = u; in Lemma A.3.11(4)). By Lemmas A.2.1 and A.2.3(3), we
have |[v]| = Op(v/nlog®Mn), max, |Fo,| = Op(log®? n) and max, | Lguell =
Op(n'/?10g®M n). Therefore, Lemma A.3.11(4) and T < n¢ imply that

e i Eq P — LaFa)l < Op(n~10g% n) mae | '
+0p ([n-f/2 + Y2 1ogOW n) max | Liyu, |
+0p ([nl/H + /2] 1ogPW n) mae |
By Lemmas A.2.3(5) and (9), max;|Low| = Op(n'/?log®" n) and
max, |[u,vFg|| = Op(nlog®® n). Since max; ||u]| < ||ul| = Op(n'/210g®® n) (due

to Lemma A.2.1(2)), we have

max luy(LoFo: — LoFa.)l = Op ([1 + 0t 4 179/ 1og%W) n) .

Since 1 4+ n'=¢ > 2V1-nl=¢ = 2p0-92 > pl=9/72 e have
max{1, n'=¢ n(1=9/2} <14 n'~¢ and thus part (3) follows. O

Lemma A.2.7. Under Assumption 1,
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(1) max; ||vj(&y — ay)|| = Op ([ns(l—f)m +nlED/2] logO® n)
(2) max; ¢ &y — ;e = Op ([n5/2_1 + n?75¢/7] logo(l) n)

Proof. Proof for part (1). Notice that max; [|v](d; — o) = max, |v}(LaFns —
LoF.,)|. Recall that y;;, — :L“;tﬂAt = «y; + Uy, where 4;, is defined in Lemma
A.2.6. We apply Lemma A.3.11(4) with L = L,, FF = F, and e = @ (as well as
a = v; for Lemma A.3.11(4)). By Lemmas A.2.6(1) and A.2.1, we have ||a| =
Op([nf/? +n'=¢2)10g%M n) and max, | Fy,|| = Op(log®® n). It follows, by Lemma
A.3.11(4), T < n® and straight-forward computations, that

max |0} (LaFnt — LaFay)||
< Op <n’*E log@M n) max | Fr i v
+0p(log?® n) [nflM Loty pl/2-E  pE/2-1 n1’35/2] maix L]

+0p(108°0 n) [n1—3§/2 4 S22 (. n_f)M} max [[4]2.17)
where M = max; || L] G||. Since @, — uy = X4(6; — Bt), we have that

M < max | L | + || Lol max | X,(5 — 6] <oy (In*/2 + 0¥/~ 1080 )
(A.2.18)
where (i) holds by || Lo || < /74| Lal|oo and Lemmas A.2.3(6), A.2.1(1) and A.2.6(1).
Notice that

max | FLa'vy|| < max | Flu'v|| + max | FL (2 — u) vy | 9 op ([n + nf]log®M n> :
(A.2.19)
where (i) holds by Lemmas A.2.3(11) and A.2.6(2), together with 7' =< n® and
n(+8/2 < p 4 nk.
Now we combine (A.2.17) with (A.2.18), (A.2.19), max,||L v =
Op(y/nlog®Mn) (Lemma A.2.3(4)) and max, |[ve]] < |v]| = Op(v/nlog®Wn)
(Lemma A.2.1(2)). After some tedious computations, this yields

max ||U£(f/aﬁa7t — LoFoy)| =0Op <[1 + a;l/Q + a, + ai/Q + ai + ai/Q] logo(l) n) ,
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where a, = n'~¢. By Lemma A.3.9, 1+a, ">+ a, + a3/ +a? +a)? < 6(an 12 +a5/2)

for a,, > 0. Thus, part (1) follows.

Proof for part (2). The argument is similar to the one in part (1). We
apply Lemma A.3.11(4) with L = L,, F' = F,, and e = u (as well as a = 7; in
Lemma A.3.11(4)), where 7; is the ith column of I,,. Recall, from the proof of
part (1), that [|@] = Op([né? + n'~¢/2]10g°Y n) and max, | F.|| = Op(log®™ n).
Notice that max; ||| = 1 and max; | L., 7|| = Op(log®® n) (due to A.2.1). Thus,
Lemma A.3.11(4) and T < n® imply that

m,E%X Qi — gl
= max 17/ (LoFy — Lo Fy)|
< Op(n~*log?W n) max || Fi'n|
+ Op(log®M n) [n’lM +n V2 gl g2 nl’?’g/ﬂ

+ Op(log®V n) [nl’%/z + 0827 22 (T 4 n’f)M] . (A.2.20)
Notice that
max || 7/ Fy || < max ||7/uky || + max |7 (i — u) Fal

T
Z x;,t(ﬁt — By,
t=1

< Op(T"108%W n) + T ma asgl| - maax |6, = Bill - 7| Fal

© Op(TY?10g°M n) + max

(i) Op <[ng/2 + 02 4 pE1/2] 1ogOM) n> 7 (A.2.21)

where (i) follows by Lemma A.2.3(2) and (i7) follows by T' < n®, Lemma A.2.1(1)
and Theorem 1.3.1. Hence, We combine (A.2.20) with (A.2.21) and (A.2.18). After
straight-forward (but tedious) computations, this yields

max Qs — qig| = Op (n’w[l +a; 2 +a? 4+ a, + a4+ a2 + a2/ 1ogPW n) ,

where a,, = n'~¢. By Lemma A.3.9, 1 + an'’? +ak? + a, + a3/2 +a? +a5/2 <
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7(a,:1/2 + ai/z) for a, > 0. Thus, part (2) follows. The proof is complete. O

Lemma A.2.8. Let vy, Uiy and D, be defined in (A.2.1). Suppose that Assump-
tion 1 holds. Then

(1) max;, Hit_lH = Op(1) and max;; ||v;; — Ui4]| = Op ([n—l/Q 4 nl/2] log®W n),
(2) 11Dulloe = max, | Dol = Op (In52 4 /2] 1og® ).

Proof. Proof for part (1). By Lemma A.2.5,

ma | 57| < mac]| S + max |57 - 57

= O0(1) + Op ([n—1/2 +n1/27€] 10g@) n) D op1),  (A2.22)
where (i) holds by £ > 1/2. Notice that

max 127 000 — |
< max 127 (B3 — vig) || + max (27 = 27 vl
< max [l max |3, — viell + max [Doru ond| max [[vi ¢

@ Op <[n*1/2 4 n1/2f§] logo(l) n) 7

where (i) holds by the bounds for max;, ||0;; — v;¢|| and for max, Hflt_l |
(Lemmas A.2.4 and A.2.5), together with max;, ||[v;,| < VE|v]ls = Op(log®? n)
(Lemma A.2.1). This proves part (1).

Proof for part (2). By the definition of D, ; in (A.2.1), we have the

following decomposition

Dn,t = —1/2 (it_lfjg — Et_lU;E) ut—i—n_lﬂit_lv;(at—@t)—i—n_l/Qf]t_l(ﬁt—Ut)/(ozt—ézt).
(A.2.23)
Now we derive bounds for each of these three terms. Let a,, = n'~¢. For the first

term, notice that

max Hn_1/2 (E;lﬁ; - Et_lv;) Uy
¢

= max Hnil/ZE;I(@t —vy) uy
¢
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VAN

max Hn_l/git_lH max |(0p — vg) wg]| + max Hn_1/2 <f]t_1 - Et_l> vy

—
~

o Op <n_1/2[1 + a,) log®W n) + max Hn_1/2 <flt_1 - Zt_l) viugll, (A.2.24)

where (i) follows by (A.2.22) and Lemma A.2.6(3). Also notice that

max Hn’l/Q (Z;l — E;1> vy
t

< n’l/QmaXHZt’l — 2;1’
t

ma e

9 0p (n_1/2[1 + a,] log®) n) , (A225)

where (i) follows by Lemmas A.2.3(7) and A.2.5. We combine (A.2.24) and (A.2.25)
and obtain that

— —1 7 -1,
max Hn 1/2 <Et Lo — %; lvt> Uy
t

— Op <n*1/2[1 + a,) 1ogP®) n) . (A2.26)
To bound the second term in (A.2.23), observe that

max In=" 25 v (e — )| < 2 max [l max [[v;(d; — ay)|
9o, <[n2—5£/2 + 0§21 1ogOM n)

= Op (n_1/2 [a®/? + a; /%] 10g®M) n> : (A.2.27)

where (7) holds by (A.2.22) and Lemma A.2.7. To bound the third term in (A.2.23),

we have that

max ||n_1/2f3t_1(17t — ) (e — )|
< n=1/2 m?X Hit—ln m?X ||@t — Ut” mtax ||dt - OttH
1/2

< p~1/2 max 13 |n/? max 5,0 — vi|ln max e — cvig]

) Op (n_l/Q[a,jl/z + a,ll/2 + af’/Q + afﬁ] logo(l) ”) 5 (A.2.28)

where (i) holds by (A.2.22) and Lemmas A.2.4 and A.2.7(2), together with a,, =

nl=¢.
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Now we combine (A.2.23) with (A.2.26), (A.2.27) and (A.2.28) and obtain

max [ Doglloe = Op (07201 + a2 + @y + alf? 4 a3/ + al/*10g" V)
By Lemma A.3.9, 1 +an'* + an+ar> +ai/* + al/* < 6(a,_L1/2 + aZL/Q). Part
(2) follows. O

Lemma A.2.9. Recall U;; defined in Algorithm 2 and f}i,t and v;; de-

fined in (A.2.1). Under Assumption 1, maxXi<i<pi<i<r ||[Vislis — Viguis]] =
Op <[n2_55/2 + né/271 1og®W n)

Proof. Let a, = n'~¢. Notice that

H%EtLX [T e — wie| = H%E}X Vit — ‘r;,tBt — Gy — Uy

)

0 .
= max |+ Uiy — Qg — Wi
T

)

< max |Tis — wie| + max |Gt — gl
3 1,

< e [l max 13, — )l + max s, —
@ Op (n_1/2[1 + an + a4 a2 logPW n>

(i) Op (n—l/Q[a;1/2 + ai/Z] logo(l) n) 7 (A.2.29)

where (i) holds by y;; = ;s + 2} 5 + ;s and the definition of @;; in Lemma A.2.6,
(7) holds by Lemma A.2.1, Theorem 1.3.1 and Lemma A.2.7(2) and (7iz) holds by
noticing that 1+ a, +an /> +ay/* < 4(a;1/2 + a?/Q) (due to Lemma A.3.9). Notice

that

I%%X H'f)i,tﬁi,t - Ei,tui,tH

<max |0;; — Vy|| max |t | + max [|0; || max [, — |
7,t 2, 2,0 2,t

)

< s =l (ol + el = w6 ) + el e = s
it it it i,t

QOP ({n*1/2[1 +an +a)? +a, P+ 0 a, P+ al/? + a4 al/?]} logPW n)

(@) . ({n—l/Q[ai/Q i a;l/Q] +n_1[a;1/2 +a77/2]} logPW n) ’
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where (i) follows by (A.2.29) and Lemmas A.2.8(1) and A.2.1 and (i) follows by

Tt an+a/> +an? <4(an"? + /%) and a ' + @y + a2+ ar/? < 4(an + ai?)

(due to Lemma A.3.9). Plugging in a,, = n'~¢, we obtain

mmax [0s4is — Viguisll = Op <[7’L2_5§/2 + 2Tt n5/2_75/2] log@™ n>

Y 0p <[n2—5§/2 4 /271 1ogOW) n) ,

—~
.
~

where (i) holds by n¢/273/2 = o(n¢/2=1/2) and n®?77¢/2 = o(n*>¢/2) (since ¢ €
(6/7,2)). O

Lemma A.2.10. Recall Q and Q) defined in (A.2.1). Let Assumptions 1 and 2
hold. Then
sup |®(z, Q) — ®(x,Q)| = op(1).

z€R

Proof. Step 1: derive the exponential-type tails for (J;G;)(J;G;). By As-
sumption 1, there is a constant M > 0 such that V¢ € [T], each row of 3;*
is bounded (in || - ||;) by M. It follows, by Lemma A.3.3(1) and Assumption
1, that there exist constants b > 0 depending only on M, k and ~, such that
V(i,t) € [n] x [T], each entry of v;; has an exponential-type tail with parameter
(b,7%). By Lemma A.3.3(3), there exists bg > 0 such that V(i,t) € [n] x [T], each
entry of G;; = 7;4u;; has an exponential-type tails with parameters (bg, v./2).

By Assumption 2 and Lemma A.3.3(1), JiG; has an exponential-type tail
with parameter (c,,7./2), where ¢, = bgA; log? " (my + 2). Then Lemma A.3.3(3)
implies that for j, k € [m,], (J;G;)(J,G;) has an exponential-type tail with param-
eter (Cp,7./4), where C,, = 2472, Hence, (J/G;)(J;G;)C, ! has an exponential-
type tail with parameter (1,7./4).

Step 2: show the desired result by bounding | — Q.. Since
{(J3G3)(J,Gi) }iey s independent across i, it follows, by Lemma A.3.6, that

n

max |n~" > [(J)Gi)(JiG:) — E(J;Gi)(J;Gi)] /Ch

1§]7k§mJ -
=1

= Op ( n—llog(m3)> :
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Let Q@ =n"13"  GiG.. The above display implies that

n

n Y (G (Gi) — E(J)Gi) ()]

i=1

12— Qoo = max
1<j,k<m;

= C,Op ( n-1 log(mg)) © Op <n’1/2 log®® n) , (A.2.30)

where (i) holds by the definition of C),. Notice that

nt i(ézéz - Gz‘G;)
=1 o
< rnlaXHézG; — GGl
< max <"éi"oo|’éi_Gi”oo+HGZ'HOOHGZ'_GiHOO>
%) max (2HGi”ooHéi_GiHOO+ Héz—GzHgo>

< (2ol g s = o g s = .

Op ([n2_55/2 + n&/27 1 1og®W n) : (A.2.31)

A.2.1(1) and A.2.9. Therefore,

where (i) holds by [|Gillee < [|Gilleo + [|Gi — Gilloo and (ii) follows by Lemmas

12— Qs = max
1<j,k<m,

Jj

i=1

n_l zn:(éléz - G,G/)

7
i=1

2 Ak
< lggggJH Ak

(@) Op <[n2—5g/2 i n§/2_1} 10g0(1) n) ,

oo

(A.2.32)

where () follows by Holder’s inequality and (i) follows by maxi<j<m, || ||} < A4;
and (A.2.31). We combine (A.2.30) and (A.2.32) and obtain

10— Qe = Op <[n2*5§/2 4 nf/21 4 12 10g0W n) . (A.2.33)

By Assumption 2, the diagonal entries of {2 are bounded away from zero
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and infinity. Therefore, Lemma A.3.5 implies that

sup |®(z, Q) — ®(x, Q)| < MAY3 (1V log(2m,/A)Y?, (A.2.34)

zeR

where M > 0 is a constant and A = || — Q.. The desired result follows by
(A.2.34), together with (A.2.33) and T =< n® with £ € (6/7,2). O

Lemma A.2.11. Recall Q) defined in (A.2.1). Let Assumptions 1 and 2 hold. Then

P ( n_1/2 i JGl
=1

Proof. For j € [m;] and i € [n], define W;; = JiG; and denote W; = JG; =
(Wits..o, Wipm,) € R™. By Assumption 2, minj<jcm, n "y i, EWZQJ > c.

lim sup sup =0.

n—oo x€R

< a:) — d(z,0)

As argued at the beginning of the proof of Lemma A.2.10, W;; has an
exponential-type tail with parameter (d,,~;), where d, = coA; log"/ " (m; + 2),
71 = 7./2 and ¢o > 0 is a constant. Define B,, = C1n/%d,,, where ¢ = 4(I + 1) and
(7 > 0 is a constant to be chosen later. Then by Lemma A.3.3(2), we have

WL 5 0 (1850 1000)
n~' YL EWE/BE < Cyudy B =0 (n‘l/(m*z) log®™ n) = o(1)

)]

maXlgignEmaxlgjng |Wi,j/Bn‘q < th,qud%B;q = O(l),

where C,, 3, C,, 4+ and C,, , are constants depending only on v; and g. Therefore,

we can choose a constant C; > 0 such that

n~' Yy EWi,P < B, V1<j<my

n 'yl EWE < B V1<j<my

Emaxlgjgmj ‘W%]/Bn‘q S 2 Vi1 S 1 S n.

Notice that {z € R™ | ||z|l < 2} is a rectangle in R™/. It follows,
by Proposition 2.1 of Chernozhukov, Chetverikov, and Kato (2014) (applied to
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{W;}_,), that there exists a constant C' > 0 depending only on ¢; and ¢ such that

sup |IP < n’l/QZJGi
z€eR i—1

< C { (n_lBi log7(mjn))l/6 + (nz/q_lBi log?’(mjn))l/g}

< SL’) — O(z,Q)

1+2

@) O ( _n—m + n‘ﬁ- logo(l) n) = o(1),

where (7) holds by the definition of B,,. The proof is complete.

Proof of Theorem 1.3.3. Since [, = (3, — (0}0;) " 0}(c + uy), we have that

Bt — B = Bt — By — (@Q@t)_lﬁé@t
n
G (60" 0 (ay — ) + (00) 0 L 02D, + 0t S Gy,
t t t t 5 5
=1

where (i) follows by (A.2.9) in the proof of Theorem 1.3.1 and (i7) follows by the
definition of D,,; and G;; in (A.2.1). For the rest of the proof, recall G;, D,,,
and Q defined in (A.2.1). The above display means that

VnJ(B - ) =JD, + S¢, (A.2.35)

where SJ¢ =n=1/23""  JG,. Define

e =n""/2 with K« = min {1 — g, %ﬁ — 3} . (A.2.36)

Notice that

sup|P (||var(3 - 9)| <) - o@,0)

z€eR

<sup|P (||vas(3 - 8)|_ <o) - P (IS, <)

z€eR

+sup[B (8] <) - 0(z.9)
zeR
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(@)
<P (||JDylloc > €) +supP (||SJ°]| € (z — e,z +¢])
z€R

+sup|IP’(||S;L]GHOO <) — O(z,Q)], (A.2.37)
z€eR
where (7) follows by (A.2.35) and Lemma A.3.1. Also notice that

oup [P (|53 € (2~ ,2-+]) ~ [B(z +,0) ~ 0z — =, )

= | []P’ (HS#GHOO <z +5) —O(x +¢, Q)] — [IP’ (HS;{GHOO <z-— 5) —®(x — 5,9)”
<2sup |P (|97, <t) — 2, Q)| (A.2.38)

Therefore, we have

sup[P (| vas(5 - 5)| <) - @z, 0)

z€eR

()
<P ([|JDnlloc > &) 4 sup [B(z + ¢, Q) = O(z — &, Q)]

zeR

+3sup [P (|| S99 < 2) — @(x, Q)
zeR

P (|7 Dalloe > £) + sup [0(z + 2,2) — @z — &, Q)] + o(1)

zeR

(i)
<P (|| JDnllos > €) + Coey/logm,; + o(1)

(iv)
<P(A|| Dyl > €) + Coer/logmy + o(1), (A.2.39)

where Cy > 0 is a constant depending only on the constants in Assumption 2; in the
above display, (i) follows by (A.2.37) and (A.2.38), (ii) follows by Lemma A.2.11,
(7i1) holds by Lemma A.3.4 and (iv) follows by Holder’s inequality ||JD,|ls <
maxi<j<m, ||Jj||1]|Dnll and Assumption 2.

By Lemma A.2.8 and T' < n® with £ € (6/7,2) (Assumption 1), we have
| Dplloc = Op(n="*) and k, > 0. Therefore, (A.2.39) and (A.2.36) imply that

sup[P (| Vg3 5)| <) - o(0)

zeR

<P (AO0p(n") > n""*ﬂ) + Con™™/%\/logm + o(1) = o(1).
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By Lemma A.2.10, sup,.p |®(z, Q) — ®(z, Q)| = op(1). Hence, the above
display implies that

sup =op(1). (A.2.40)

z€R

(ot <) ~ote

Fix an arbitrary constant § > 0. Then Lemma A.3.2 and (A.2.40) imply
that

lim sup sup) ‘IP’ (H\/EJ(B — B)HOO > o1 — n,Q)) — 77‘

n—oo  ne(0,1

< 5+limsupP{sup P (H\/EJ(B—B)HOO < a:) — (ID(x,Q)‘ > 5} = 4.

n—00 TzeR
Since § > 0 is arbitrary, the desired result follows. O]

Proof of Corollary 1.3.1. Notice that J3 € C,_,(J) if and only if v/n||.J(3 —
Blse < D11 —1n,Q). Tt follows, by Theorem 1.3.3, that

P (VallJ (3= B)ll < @711 =1, )
—1=P (VallJ(B = Al > 71—, Q) > 117,

The proof is complete. O

Proof of Theorem 1.3.4. If | = 0, the result clearly holds since ®~1(1 — 17, Q) =
Op(1) for my; = O(1). Now we assume [ > 1 and thus m; — oco. Let { ~ N(0,€)
with ¢ = ((1,...,(n, ) € R™7. At the beginning of the proof of Lemma A.2.10, we
have showed that the entries of G;; have exponential-type tails. Thus, |||« < K1
for some constant Ky, where Xg = n~' > " | EG;G). Since Q;; = J/¥¢J; and
|7;]l1 < A;, Holder’s inequality implies that Q;; < [|J;[|I}]|1Z¢ |l < AIK].

Since (; ~ N(0,€;;), there exists a constant K, > 0 such that (; has an
exponential-type tail with parameter (Ks,2). Then,

) (2K2\/long,Q)
—1-P (HCHOO > QKQ\/long>
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my
> 1 — ZIP’ (\Cj| > 2K2x/long>

j=1
Q)
>1—myexp [1 — (2K2\/long/K2)2] =1—e/my;— 1.

where (i) holds by the exponential-type tails of ¢;. By Lemma A.2.10,

P (QKQ\/log my, Q) = 14 0p(1) and thus 2K,v/Togm, = (14 0p(1),). Since
O 11+ 0p(1),Q) > & (1 — 1, ) with probability approaching one, we have that

P (<I>—1(1 — Q) < 2K2\/10gmj) Sl

Since m; = O(n') (which means that logm; = O(logn), the desired result
follows. O

Proof of Theorem 1.3.5. This is Lemma A.2.7(2). O

Proof of Theorem 1.3.2. The result follows by combining Theorems 1.3.3 and
1.3.4 using J = 7. ]

A.2.3 Proof of Theorems 1.3.6, 1.3.7 and 1.4.1
The following result is useful for proving Theorem 1.3.6.

Lemma A.2.12. Consider matrices W,e € R™*"2. Suppose that s,.1(W) =0 for
somer > 1. Let p > 0 and define 7 = max{j | s;(W +e) > p}. Then # r implies
that either s,(W) < 2u or s1(e) > p.

Proof. We proceed by contradiction. Suppose that 7 # r, s.(W) > 2u and
s1(e) < p. We discuss two cases separately: case (A) with 7 > r and case (B) with
F<r.

We first consider case (A). By definition, s;(W + e) > u. Since 7 > r,
we have 7 > r 4+ 1 and thus s,41(W 4+ e) > pu. By Lemma A.3.10(1), we have
Sr1(W) + s1(e) > s,01(W + €) and thus s,.1(W) + s1(e) > p. Therefore, the
assumption of s,1(W) = 0 implies that s;(e) > p, contradicting s;(e) < p.

We now consider case (B). By definition sy (W +¢e) < p. Since 7 < r,
we have 7 +1 < r and thus s, (W +e) < p. Hence, Lemma A.3.10(1) implies
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that s, (W) < s, (W +¢€) + si(—e) < u+ si(e). Since s1(e) < p, we have that
s, (W) < 2pu, contradicting s, (W) > 2pu.

Therefore, it is impossible that these three conditions hold simultaneously:
7 #r, s.(W)>2uand s;(e) < p. Hence, 7 # r implies that at least one of the

other two conditions does not hold. O

Proof of Theorem 1.3.6. Proof of part (1). Since X = LoFy, + v, Lemma
A.2.12 implies that it suffices to verify

(12) Pls,q(LaFy) < 24ta] > 0;
(1b) Bl > ] 0.

Notice that (1b) follows by Lemma A.2.1 and /nlog®Yn = o(u,). By As-
sumption 1, both s;(Fg/vT) and 5ro(Lg/+/n) are bounded away from zero.
It follows, by Lemma A.3.10(2), that there exists a constant by > 0 such that
Pls., (LQFC'Q/W) > by] — 1. Since v/nT/p, — 0o, condition (1a) follows. We
have proved part (1).

Proof of part (2). Recall iy = u; + X;(6; — ;) (defined in Lemma A.2.6).
Then y, — XtBt = oy + u;. By Lemma A.2.12, it suffices to verify

(2a) Pls, (Lo F) < 2fi,] — 0;
(2b) P([lafl = fin) = 0.

The same argument as in showing (1la) (with (Lg, Fi,7¢g) replaced by (La, Fa,7a))

proves (2a). Lemma A.2.6(1) and T = nfimply that [|a| = Op([vVT +
n/vVT)|log®Vn). Since [VT + n/vVT]1log’Y n = o(jin), condition (2b) follows.
We have proved part (2). O

The following results are useful for proving Theorem 1.3.7.

Lemma A.2.13. Let Assumption 1 hold. Then for any fized positive integer r,
there exists a constant ¢ > 0 such that P (s.(u) > /nc) — 1. Moreover, P(s,.(u) >
Vne/2) — 1, where @ is defined in Lemma A.2.6.
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Proof. Notice that there exist a constant ¢; > 0 and a sequence {t;};_, C [T
such that t; < t; < ... < t, and d,, > T, where d, = minj<j<,_1(tj+1 — t;).
Let A € R™" be defined as A; ; = u;y, for (4,7) € [n] x [r]. Since A is a matrix
consisting of 7 columns of u, Lemma A.3.10(4) implies

sp(u) > s.(A). (A.2.41)

Let ¥4 = n'EA’A € R™". We only need to show the lower bound for
s;(A). We proceed in two steps. First, we show that singular values of ¥4 are
bounded below; then we show the desired result. Finally, we shall show the result
for s,.(a).

Step 1: derive lower bound for s,(X4). Fix arbitrary ji,j2 € [r] with
J1 # Jjo. Notice that X4, 5, =n" ' >0, By, wiy;,- By Lemma A.3.3(2) and the
exponential-type tails of u;’s, there exists a constant ¢; > 0 such that Il:£|u2~7t|4 <.

It follows, by Corollary 16.2.4 of Athreya and Lahiri (2006), that

|2 a1 | < max [B(us g, wigy, )| < Ac? \/ 20mizing([tj, — i)

< 4GV/E expl-ty, — 11" /2] < 4G/ expl—d}* /2] = o(1).

Let i]A € R™" be the diagonal matrix such that f]Am = Xy, for j € [r].
Then the above display implies that ||$,4 — X 4] = o(1).

For j € [r], Yaj; = Zaj; =n" 'S0, Euf, . By Assumption 1, there exists
a constant ¢y > 0 with 34 > ¢, for j € [r]. Tt follows, by Lemma A.3.10(1), that
51(Z4) +51(34 — X4) > 5,(84) > co. Since || X4 — B4l = o(1), we have

$p(24) > c2/2. (A.2.42)
Step 2: show the desired result for s,(u). By the law of large numbers,

we have that for any ji,72 € [r], 7' D21, (ui,th Ui gy, — By, Ui,tjz) = op(1). Since

r is fixed, this means that ||n "' A’A — X 4] = op(1). By Lemma A.3.10(1), we have

Q)
sp(nTTAA) 4+ 51(84 —n A A) > 5,.(84) > /2,
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where (i) holds by (A.2.42). Since |4 — n tA’A|| = op(1), we have that
s,(nTTA’A) > ¢3/2 — op(1). By s,.(4) = /s.(A’A) and (A.2.41), the desired
result for s,(u) holds with ¢ = ¢y/3.

Step 3: show the desired result for s,(a). Let B € R"*" with B, ; =

Uit; — ;. By the definition of w;4,
- % (i) _ _
max | i g —uie| < max i max 8=l = Op ([n V2t log?™ n> = op(1),

where (i) holds by Lemma A.2.1(1) and Theorem 1.3.1, together with & > 6/7.
Since ||B|| < y/nrmax; |U;; — ui.|, we have that ||B|| = op(v/n).

Notice that A 4+ B is a matrix consisting of r columns of @. Hence, Lemma
A.3.10(4) implies s,(@) > s.(A+ B). By Lemma A.3.10(1), s,(A+ B) + s1(—B) >
sy (A). Tt follows, by ||B|| = op(y/n), that s.(A+ B)/\/n > s.(A)/v/n — op(1).
Since s,(A)/v/n > /ca/3 with probability approaching one (due to Step 2), the

desired result for s, (u) follows. O

Lemma A.2.14. Let Assumption 1 hold. Then for any fixed positive integer r,
there exists a constant ¢ > 0 such that P (s,(v) > y/nc) — 1.

Proof. The proof is the same as that of Lemma A.2.13 with u replaced by v. [

Proof of Theorem 1.3.7. Step 1: show consistency of 75". It suffices to

show the following:

(1a) MaXy,4+1<r<rmax [8:(X)/8r41(X)] = Op(v/logn);
(1b) maxi<r<ro—1[5-(X)/541(X)] = Op(1);
(1c) P(sro(X)/Srge1(X) > TH3) — 1.

We first show condition (la). Lemma A.3.10(1) implies that, for r > rg,
s1(X) = 5. (LoFly + v) < s,(LoFh) + s1(v) L0+ o], (A.2.43)
where (i) holds by rankLg = rg. Lemma A.3.10(1) also implies that, for r > rg,

$r41(X) + 51(—=LoFp) > 5,41(X — LoFy) = sp41(v). (A.2.44)
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By (A.2.43) and (A.2.44), we have

max 5e(X) < l @Op(\/logn),

oS s $511(X) — Spcr (V)

where (7) holds by Lemmas A.2.1(2) and A.2.14. This proves condition (1la).

Since [v]| = Op(v/nlogn) (Lemma A.2.1(2)), |X — LoF}|/VnT =
|v]|/v/nT = op(1). By Assumption 1, the largest r¢ singular values of LoFg/ VnT
are bounded away from zero and infinity. Therefore, there exist constants ¢y, co > 0
such that the largest rq singular values of X/v/nT lie in [cy, ;] with probability
approaching one. This proves condition (1b).

Since P[s,,(X)/VnT > ] = 1 and s,,41(X) < |jv|| = Op(y/nlogn)
(due to (A.2.43) and Lemma A.2.1(2)), we have that P[s,,(X)/s,,41(X) >
c37/T/logn] — 1 for some constant c; > 0. Condition (1c) follows. We have
proved the consistency of f’gv.

Step 2: show consistency of 7#5Y. The argument is similar to Step 1.
Notice that gy, — XtﬂAt = oy + Uy, where @ is defined in Lemma A.2.6. Recall that

a = L, F! with ranka = r,. We shall verify the following conditions:
(2a) Max,, 1 1<r<rme [Sr(@ +@)/$r11(a + )] = Op ([n(f_l)/2 + n(1-9/2] 1og®W n);
(2b) maxi<r<r, -1 [sr(a + @)/sp41(a + @)] = Op(1);

(2¢) P [s, (0 +@)/8ror1(c+ @) > MynAFO2[ns/2 4 nl=¢/2]=1/10g™2 ] — 1 for
constants My, My > 0.

Notice that the above three conditions imply the desired result because for ¢ €
(6/7,2),

n(+O/2[pg/2 4 p1=¢/2]-1/ log™2
[n(f*l)/Q + n(lff)/Q] logo(l) n

— oo and [nEV/24n0=9/2]10g%W 5 5 0.

Similar to (A.2.43) and (A.2.44), we have that, for r > r,, s,.(a 4+ @) < ||a]|

and s,.1(a + @) > s,41(1). Therefore,

. sp(a+ ﬂz < Ikl _ (@) Op <[n(g_1)/2 + n(1-9/2] 1500 n) 7
ra+1<r<rmax Spp1(Q+0) = Sy +1(0)
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where (7) holds by Lemmas A.2.6(1) and A.2.13. This proves condition (2a).
Since ||@||/v/nT = op(1) (due to Lemma A.2.6(1) and T =< nf), condition
(2b) follows from the same argument as the proof of condition (1b), except that
(Lo, Fg,rg) is replaced with (Lq, Fi,70)-
Similar to the proof of condition (1c), we notice that P[s,, (a +@)/v/nT >
c3) — 1 for some constant ¢3 > 0 and s, (o + a) < | © Op([n¢/? +
n'=¢/2]10g°M n) (with (i) due to Lemma A.2.6(1)). Hence, condition (2¢) fol-

lows by T' < n¢. We have proved the consistency of 75V O

Proof of Theorem 1.4.1. To avoid complicated notations involving jj, we prove

the result for the full vector §, (rather than f;,,), i.e
VT (6 — 0) = op(1), (A.2.45)

where © = (X0, 8i2)) (X1, z12) "  and © = (3.1, Biz)) (321, %)) ~". The result
stated in Theorem 1.4.1 corresponds to the jyp-th row of the above display.

By (A.2.35) in the proof of Theorem 1.3.3 (with J = I7), we have 8, — 3, =
n~Y2D,; +n~Y25, where 6 = n~1/2Y" | Gi; and D,; and G;; are defined in
(A.2.1). Thus, the definitions of © and © imply that

\/_(é é) = ( 2 Z(ﬁt ) ( Zzt’zt>
) (\/_ mezt> Op(1 ( ZTjétzt> (1), (A.2.46)

where (i) holds by (T7' 321, 22/)~" = Op(1). The rest of the proof proceeds in
two steps in which we bound the two terms in (A.2.46).
Step 1: show \/% ST Dyiz = op(1). Notice that

1 T
Z D el
T t=1

(4) k T
< ||Dn||oo\/ T Z |2
=1

HWZD’”Z’*
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(i) Tk
= 1 Dalloey/ —-Op(1)

(449) OP ([n§/2—1 +n377g/2] logO(I) )WOP( ) (ﬂ OP(1>
(A.2.47)

where (i) follows by Holder’s inequality and || D,|| < V|| Dy, (ii) follows
TS0l = Op(1) (due to TS0 Eljx]| < maxE|lz| = O(1), (i)
follows by 7' < n® and Lemma A.2.8 and (iv) holds by 6/7 < & < 3/2.
Step 2: show \/% ST 012 = op(1). Therefore, by Lemma A.3.6 (applied
with F,, being the trivial o-algebra), max;<i<r ||0¢]|cc = Op(y/log(kT)). Let r,, =
2:{:1 2 @ 0;. Then

T T
Elra)? = Y El(z®8)(z©6,)] = Y E[(=z)( ZE 77:)E
s,t=1 s,t=1 s,t=1
< Tmax IE(z;25) |maxz IE(0;05) maxz IE(0;0)], (A.2.48)

where (i) holds by the independence between {z;}1_, and (u,v) and (ii) holds by
max;, |E(2;25)] < max, E|/z|/? = O(1). Notice that

T n
maxz [E(0;05) Z EG;,Gjs| = max n_l ZEG;’tG
t=1 i,j=1 i=1
n T
< maxn ! EG Gis| < max IEG’ 1), (A.2.49
<maxn™ 303 [EGL G ”EXMZ] 0(1). (A249)

i=1 t=1

where (i) follows by the independence of {(G; s, G;)}i-; across ¢ and (i) holds by
Lemma A.2.2(3). It follows, by (A.2.48) and (A.2.49), that E||r,||* = O(T) and
thus

ec <\/% ; 5tz£> \/_ \/1_ p(VT) = op(1). (A.2.50)

Hence, we obtain (A.2.45) by combining (A.2.46) with (A.2.47) and (A.2.50).
The proof is complete. n
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The following lemma is needed to prove Lemma A.2.16.

A.2.4 Strong mixing with geometric decay for Example

1.2.1

1
Lemma A.2.15. Let ¢(x,y;r) be the p.d.f of N(O,[ I]) for |r| <
r

1. Suppose that Vt,s > 0, op,0, > 1 and |res] < Cexp(—|t — s|) for

some constant C > 0. Then there exist constants 7,M > 0 such that
00 00 1 . .
SUDy¢ s [t—s|>T Zi:o ijo fo o(ifor,j)os; hres/(o0s))dh < M.

Proof. Using the formula for the p.d.f of bivariate Gaussian random vectors, we

have that

1 x? — 2rzy + y?
e = e [
Choose 7 > 0 such that |r;4|/(o:0s) < 1/2 for |t — s| > 7. Hence, for
0<h<l,

22 —xy+y2}

1
@ (x,y; hre o/ (0105)) < 5;;7§716Xp {_ 3/2

1 2 1 1
< “2 (22 u2) /2 2., .2 N | < BRI
_\/gﬁexp[ 3((56 + ) /2 + (2® +y* — 2y)/ )}_\/gﬂexp{ S(x +y)1
It follows that for |t — s| > T,
0 1 . . 1 oo 0o 1 Y Y
ZZ 0 (ﬂ(Z/O't,]/O'S; hrt,s/<0-t0-s))dh S E Z ZeXp —g (Z —l—] )
=0 j=0 =0 j=0
< —j¥-j§:j§ieXP {—1('+—jﬂ
Vi3 =0 3

_ %; z}mm4m0 < .

Therefore, the desired result holds with M = (32°°, exp (—i/3))* / (v/3m).
[



158

Lemma A.2.16. Under the setup of Example 1.2.1, there exist a constant M > 0
such that Yt > 1, Qmizing(t) < Mc.

Proof. Recall the notations in Example 1.2.1. By Theorem 2.2 of Piterbarg (2012),
it suffices to verify that

(i) For some constants 7y, K; > 0, we have that V7 > 7,

sup ZZ/O o (ifoy,j]os hr(t,s)/(o0s))dh < K,

s |t—s|>7 7,2 j=0

(ii) For some constant K, € (0, 1), we have that V7 > 7

su i i |’I“(t, S)| < K|t—s\
P o0, 2

Y t=v+r s=0

Notice that o7 = 32771 ; > 7710 = 1. Fort > s,

. o0

(%)

= Vt—1,j+t—sVs—1,5
Jj=0

1
1—¢2’

(o) oo
Pt o) = 1> ) 1 Ve By s,

J1=0j2=0

<N = DA for D= (A.2.51)
j=0

where (i) follows by u; being i.i.d N (0, 1). Hence, claim (i) holds by Lemma A.2.15.
By (A.2.51), we have that for any v > 0,

N ()]
>y
t=v+7 s=0
00 v . D 0o N § @ D 00 Y D ]
Sthvz-i-T;Ct 1_Ct:;+7'0t (1_C+1>§1_Ct:vz+7—6t 7(1_6)207

where (7) holds by ¢ € (0,1). Claim (ii) follows. The proof is complete. O
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A.3 Useful technical tools

A.3.1 Useful results on probability theory

Lemma A.3.1. Let X and Y be two random vectors. Then Vt,e > 0, we have
P ([ Xlloo <8) =P(|[Y ]l <) SP([X =Yoo > &) + P (Yoo € (t =&, +¢]).
Proof. By the triangular inequality,

P([Xlloo > 1) <P (X =Yoo > &) + P([[Y]loo > =€)

=P (X =Yllw > &) + P(|Y]lc > ) + P(|Y [lc € (¢ —£&,1]) .
(A.3.1)

On the other hand, also by the triangular inequality,

P([X]w > 8) 2P (V]| > t +&) — P(IX — Y] > )
P (V]| > £) ~ P(IV ]l € (t.2 +]) ~ B(IX ~ V] > ©).
(A.3.2)

It follows, by (A.3.1) and (A.3.2), that
P ([ X]loo > 1) =P (Y]l > ) SP(|X =Yoo > &) + P(|[Y | € (t —£,t +]).

The desired result follows by |P(||X|le >1) =P (Yo >t)| =
P (| X oo <) = P([[Y][oc <) O

Lemma A.3.2. Let X and Y be two random wvectors. Define Fx(x) =
P(|X||oo < ) and Fy(z) =P (||Y|loo < ). Then Ve >0,

sup) P(|X|lw>F'(1-a) —a|<e+P (sup |Fx(z) — Fy(z)| > 5) :

a€(0,1 z€R

Proof. Fix o € (0,1) and notice that

P ([ Xl > Fy'(1—a))
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= (X ] > £ (1 = @) and sup | Fi() ~ Fi(o)] <)

zeR

P (HXHOO > Fy' (1 — a) and sup |Fx(x) — Fy(z)| > 6)

x€eR
(2)
<P (HXHOO > F;l(l —a) and sup |Fx(z) — Fy(z)] < 6)

z€R

+ P (sup Fi(o) - Fya) > ¢

z€R

P([|X]w>Fx'1l—a—¢))+P (sup |Fx(z) — Fy(x)| > 6)

zeR

D terP (Sup |Fy(z) — Fy(z)] > 5) , (A.3.3)

zeR

where (i) follows from Lemma A.1(ii) in Romano and Shaikh (2012) (if
sup,cg[Fy (z) — Fx(7)] < e then F;'(1 —a —¢) < Fy/' (1 — a)) and (i4) follows by
the definition of Fx(:). Also notice that

P (Xl > Fy ' (1 — )
> P <HXHOO > Fy'(1—a) and 81615|FX( z) — Fy(x)] < 5>
(Zi) IP’(HXHOO > Fx'(1—a+e¢) and Sl€1£|Fx($)—Fy($)‘ §€>
(? P([|X]w>Fx'(1—a+¢)) —P (ilelg |Fx(x) — Fy(x)| > 5>
W o _e—P (sgg |Fx(x) — Fy(x)| > 6) (A.3.4)

where (i) follows from Lemma A.1(ii) in Romano and Shaikh (2012) (if
sup,ep|Fx (1) — Fy(2)] < e then Fy'(1 — o) < Fy'(1 — a + €)), (ii) follows
by the elementary inequality that for any two events A and B, P(A( B) +P(B¢) >
P(ANB) + P(AN B°) = P(A) or equivalently P(A( B) > P(A) — P(B°), and
(13i) follows by the definition of Fx(:). The desired result follows by (A.3.3) and
(A.3.4). O

Lemma A.3.3. The following hold.

(1) Let Z € R™# be a random vector whose jth entry is denoted by Z;. Suppose
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that there exist constants b,y > 0 such that Vj € [my], Z; has an exponential-
type tail with parameter (b,). Then for any nonrandom vector a € R™% o' Z

has an exponential-type tail with parameter (bHaHl log"/7(||allo + 2),fy>.

(2) Let{Z;}74 be a sequence of random variables. Suppose that constants b,y > 0
satisfy that Vj € [mz|, Z; has an exponential-type tail with parameter (b, 7).
Let g > 0 be any nonrandom number. Then there exists a constant C. 4 > 0
depending only on v and q such that Emaxi<j<p, |Z;|9 < C,,mzb? and
E|Z;|? < C, b1 Vj € [my].

(8) Let Zy and Zs be two random variables having exponential-type tails with
parameters (by,v1) and (by,y2), respectively. Then ¥y € (0,v172(v1 +72)7h),

Z1Zy has an exponential-type tail with parameter (21/70b1b2,70), where vy =

Y2 (1 + y2)

(4) Let X have an exponential-type tail with parameter (bx,vx). Then Va € R,

X — a has an exponential-type tail with parameter (bx + |al, vx).

Proof. Proof of part (1). Let Ay := {i | a; # 0}. Then by Holder’s in-
equality and the union bound, P(|a’'Z] > z) < P(|lall; maxiea, |Zi] > x) <
> iea, PlllalliZi] > x) < [lallo exp [1— (zb~Yall7")7]. If lallo = 1, then the result
follows by b|lall; < bl|al|;log"?(3). For ||allo > 1, we let ¢ = b|jal|; log"" ||allo <
bllall log(lallo + 2). For = < ¢, P(|dZ] > z) < 1 < exp(l — (z/c)).
Since P(|a’Z| > z) < |laljoexp [1 — (zb~*[|all7")"], it suffices to show that
Vo > ¢, log|lallo — (zb~Y|al;!)” < 1 — (zc¢7')?. This is to say that 27 >
(log ||lallo — 1)/((b]|al|1)™ — ¢~ ) V& > ¢. By simple computations, one can show
that ¢ = (log ||allo — 1)/((b]|a||;)™" — ¢7). Part (1) follows.

Proof of part (2). Notice that, by the union bound, P(max;<;<m, |Z;| >
x) <Y "4 P(1Zj| > x) <mgexp[l — (x/b)"]. Then

J]=

E max \Zj]q@/ ]P’( max ]Zj|‘1>x) dx:/ [p)( max ’Zj‘>$1/q> dx
0 0

1<j<myz 1<j<mgz 1<j<mgz
(i1)

< my /000 exp [1 — (a:l/q/b)q dx



162

) o
=" myb? <q7_1/ el_zzq/v_ldz) ,
0

where (4) follows by the identity EX = [ P(X > z)dx for any non-negative random
variable X, (i7) follows by P(maxi<j<m, |Z;| > z) < mzexp[l — (x/b)?] and (i)
follows by a change of variable z = (2'/4/b)”. The bound for Emaxi<j<m, | Z;|*
follows with C,, = ¢y~ [;” €!7#297"'dz. The bound for E|Z;|? follows by the
same reasoning with max;<;<m, |Z;| replaced by |Z;|. This completes the proof for
part (2).

Proof of part (3). The proof of Lemma A.2 of Fan, Liao, and Mincheva
(2011) implies that Vv € (0,70), Z1Z> has an exponential-type tail with parameter
(bs,7y) Vb3 > by max{(y/70)°, (1 +log2)/0}, where by = byby. Let b, = 21/70b;b,.
It is easy to check that b, > by max{(y/70)"°, (1 +log2)'/}. Thus, Z,Z, has an
exponential-type tail with parameter (b, ) ¥y € (0,7). In other words, for any
x>0, P(|Z1 75| > ) < exp[—(x/b.)"] Vv € (0,7). We take the infimum of the
right-hand side over  and obtain for any x > 0, P(|Z; 2| > ) < exp|—(x/b,)™].
Part (3) follows.

Proof of part (4). Let ¢ = bx + |a|. Notice that P(|X —a| > t) < P(|.X|+
la| > t) =P(|X| >t —|a]). Fort € (0,c], P(|X| >t —a|]) <1 <exp[l — (t/c)"].
For t > ¢, t — |a] > 0 and P(|X| >t — |a]) < exp[l — ((t — |a|)/bs)™]. Tt is easy
to check that (¢ — |a|)/b, > t/c Vt > c. Part (4) follows. O

Lemma A.3.4. Let > € RP*P be a positive-semi-definite matriz. Suppose that
there exists a constant b > 0 such that mini<j<,>;; > b. Then there exists a

constant C, > 0 depending only on b such that Ve > 0,

sup |®(z — &,%) — ®(z +¢,X)| < Crer/logp.

zeR

Proof. Let Y ~ N(0,X) with its jth component denoted by Y;. By Nazarov’s
anti-concentration inequality (Lemma A.1 in Chernozhukov, Chetverikov, and Kato

(2014)), there exists a constant C; > 0 depending only on b such that

supIP’(maxY}E(x—a,a:—i—&]) < 2C5e4/logp

z€eR 1<5<p
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sup P (max (=Y;)€(z—¢e,x+ 5]) < 2Che/logp.

z€R 1<j<p

Therefore,

sup [0(z —€,%) — ®(z +¢,X)| =sup P ([[Y| € (z —&,2 +¢])
z€R zeR

(@)
< suplP (max Y; € (w—e,:c—i—a])

r€R 1<j<p

+supP (maX (-Y;) € (:v—s,x+€]>

< 4Cye/logp,

where (7) holds by ||Y || € {max;<j<, Y}, max;<j<, (—Y;)}. The proof is complete.
[

Lemma A.3.5. Let X4 and X be p X p positive semi-definite matrices. Define
A =maxi<ji<p|Xajr — 2Bkl Suppose that there exist constants ¢,C > 0 such
that c <X ;; < C for1 < j<p. Then there exists a constant K > 0 depending

only on ¢ and C' such that

sup |®(z, 24) — @z, Zp)| < CAY? (1 v 1og(2p/A))*>.

zeR
Proof. Consider random vectors X ~ N(0,%4) and Y ~ N(0,¥3). Define X =
(X', —X") and Y = (Y',—Y')". Notice that X ~ N(0,2,) and Y ~ N(0,%p),

_ _ 1 -1
WhereEA:D@)EA,EB:D@EBandD:( )
-1 1

The definition of ¥4 and ¥p also implies that (1) maxi<;g<op |Sajx —
gkl = maxi<ir<py |[Xajx — Sp k| = A and (2) the diagonal entries of ¥4 lie in
[c, C]. Tt follows, by Lemma 3.1 of Chernozhukov, Chetverikov, and Kato (2013),
that there exists a constant M > 0 depending only on ¢ and C' such that

sup
zeR

P ( max X; < :c> —P ( max Y; < x)‘ < MAY3 (1 vlog(Zp/A))2/3.

1<j<2p 1<j<2p

We obtain the desired result by noticing that || X||o = max;<j<s, X; and
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[ Y[oo = maxi<j<op Y. O

Lemma A.3.6. Let {U/i’j}(i’j)e[n]xj be an array of random wvariables and F,, be a
o-algebra. Suppose the following hold:
(1) Condition on F,, w; is independent across i, where u; = {u;; | j € J}.
(ii) There exist constants b,y > 0 such that ¥(i, j) € [n] x J and Yz > 0, P(|u; ;| >
x| Fn) <exp(l—(z/b)) a.s.
(111) Y0 < ¢ < 0o, n~¢log |J| — 0, where |J| denotes the cardinality of J.

Then

n

max Z [w;j — E(uij | Fn)l| = Op(y/nlog|J]).

R [
Proof. Let @;; = u;; — E(u;; | F,,). By Lemma A.3.3(2) and (4) applied to the
conditional probability measure P(- | F,,), we have that there exists a constant
by > 0 depending only on b and ~ such that Vz > 0 V(4,5) € [n] x J, P(a; ;| >
x| Fn) <exp(l—(z/b)7) a.s. Due to the conditional independence, the strong
mixing coefficients are always zero.
Then by Theorem 1 in Merlevéde, Peligrad, and Rio (2011) (applied to the

conditional probability measure P(- | F,,)), there exist positive constants C;, Cs,

Cs, Cy, C5 and r depending only on bM, and « such that r < 1 and Vz > 0,

P ( th” > zy/nlog|J] | ]-"n)
i=1
r 2
< nexp [—01 (z nlog|J|> } + exp {_Cznz—log\ﬂ]

1+77;C3

+ exp {—04,22 log | J| exp [05 log™" (z\/nlog |J|> <z\/nlog |J]>T/(1T)] } a.s.

Then, by the union bound, we have that

P (max Zﬂ” > zy/nlog |J] | ]:n)
jel |

< T

< ;P (I?Ea}( Z;uw > zy/nlog|J| | fn>
j i=

r 2
< |Tnexp [~Cy (2/nlogl[J1) | + 17 exp {_Cn_lglcfi}

1+nC’3
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+ |J] exp {—0422 log |.J| exp {05 log™" (z\/nlog |J|> (z\/nlog |J|>T/(1r)}} a.s.

By assumption (iv), the first and third terms in the above display go to zero for

any z > 0. Hence, Ve > 0, we can choose a large constant z, > 0 such that

n
=1

P | max
JjeJ |4

Hence, we have proved the result since, for an arbitrary ¢ > 0, we can find z, > 0

> zey/nlogl|J| | J’:n) <ea.s. (A.3.5)

such that the above equation holds. The result follows by the law of iterated

expectations. O

Lemma A.3.7. Let {W;};c; be random variables. If there exist constant b,y > 0
such that ¥j € J, W, has an exponential-type tail with parameter (b,7), then
max;ec; |W;| = Op(log'” |.J|), where |J| is the cardinality of J.

Proof. By the union bound, we have

P (a3 > Qog )" ) < Y0P (03] > (g 1) o)
< exp [1— ((log|J) 2/p) ]
— exp 1+ (1— (2/8)7) log|J]].

Hence, for any € > 0, one can choose large enough x such that the right-hand side

of the above display is smaller than . The result follows. n

Lemma A.3.8. Let F, be a o-algebra and {W;}L_, be random wvariables with
E(W; | Fn) = 0. Suppose that the following hold:

(i) There exist constants vy1,by > 0 such that Vt € [T] and Yz > 0, P(|W,| > z |
Fn) < exp[l — (2/b1)"] a.s.

(ii) There ezist constants va,be > 0 such that o, (t | F,) < byexp(—t7?) a.s, where

an(t] Fn) = sup{‘]P’(A | FOB(B | Fu) ~B(A(B| Fo)

Aco({(Ws,....Wy) |s<7}), Bea({(Ws,...,.Ws) | s >7+1t}) andTEZ}.
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Then ¥z > 0, P(IT V2" Wi > 2 | Fo) < exp[l — (2/b)"] a.s., where b,y > 0

are constants depending only on vy, Y2, by and by.

Proof. Let 73 = min{vs, 1/2}. Notice that «,(t | F,,) < byexp(—t") and 73 < 1.
Thus, v := (37 +15')7" < 1. Hence, by Theorem 1 in Merlevéde, Peligrad,
and Rio (2011) (applied to the conditional probability measure P(- | F,,)), there
exist constants C, Cy, C3, Cy, C5 > 0 depending only on v, 73, by and by, such that
Vz > 0,

T
P ( > W

t=1

> 2TV | F, | < Texp (—C TV/QZ“’) + exp —OLQT
n = 1 1 + CgT

Ja,7(2)

T1/2\7/(1=7)
+6Xp |:—C422 exXp <C5W):| a.s.

J3,7(2)

-~

Ji,7(2)

J/

-

It is not hard to see that one can choose a large enough constant K > 0 such that
Vz> K, Jir(z) < exp(—C127), Js7(2) < Jir(z) and Jo7(2) < exp(—Cg2?), where
Cs = Cy/(1+ C3). Hence, Vz > K, Jir(2) + Jor(2) + Jar(2) < 2exp(—Ci27) +
exp(—Cg2?). Since v < 1, we have that Vz > K,

P (T—W

where C7 = min{C, Cg}. Let b :=max { K, (C; 'log3)"/"}.

For z € (0,b], exp[l — (2/b)] > 1 > P(TY2| 2, Wi| > 2 | Fn). Tt is easy
to verify that, Vz > b, 3exp(—C727) < exp[l — (2/b)"]. It follows, by (A.3.6), that
Vz > b, P(TV2| S5, Wi| > 2 | F,) < exp[l — (2/b)7]. The proof is complete. [

T
S w

t=1

> 2 | fn> < 3exp(—Cr27) a.s, (A.3.6)

Lemma A.3.9. Let v > 0 and {b;}{_, C R. Then 375, xb < g(abmin 4 phmax),
where bmin = minlgqu bj and bmax = IMaXj<j<q bj.

Proof. We discuss two cases: (A) z € (0,1] and (B) z > 1. In Case (A), z¥min > g%
for 1 < j < g and thus 37 2% < gabmn < g(abmin  2P). In Case (B),
:L.bmax 2 xb] for 1 S j S q and thus Z;]:l be S qmbmax S q(xbmin —|— xbmax). The pI‘OOf

is complete. O



167

A.3.2 Useful results on PCA

Lemma A.3.10. The following hold.

(1) Let A,B € R™*"™ pe two matrices. If i + j — 1 < min{ny,ns}, then
Sivi—1(A+ B) < s;(A) + s;(B), where s;(-) denotes the jth largest singular value.
(2) Let A € R">*™ gnd B € R™*"2, [f1 < i < ng, then s;(AB) > $;(A)Sp,—i+1(B).
(8) Let A, B € R™*" pe two matrices. If rankB <1 and 1 < j < min{ny,ny} —r,
then s;(A) > sj1-(A+ B) > so1(A).

(4) Let A € R™*"2 Let B € R™*™ be the matrix consisting of the first m columns
of A with m < ny. Then for j € [m Ani], s;(B) < s;(A).

Proof. Part (1) and (4) are Fact 6(b) and Fact 3, respectively, in Chapter 17.4
of Hogben (2006). Part (2) follows by Lemma 3 of Wang and Xi (1997). Part
(3) follows by applying part (1): s;(A4) = s;(A) + s,41(B) > s;4,(A + B) and
Sjr(A+ B) = s (A+ B) + sp41(—=B) = s2045(A). o

Lemma A.3.11. Let W = LF' + e with L € R™" and F € RT*". Let W = UV’
be an SVD and U, € R™" the first r columns of U. Define L = \/ﬁf]l and
Fy, = n = L'W,, where W = (Wy,...,Wp), e=(e1,...,er) and F = (Fy,..., Fr)'.
Suppose that the following hold:

(i) |le|| = op(v/nT) and T = n* for a constant x > 0

(i) There exist 0 < my < my < 0o such that all the eigenvalues of Xp =T 'F'F
and X :=n"'L'L belong to [my, ms] wpal.

Then the following hold:

(1) LF, — LF, = (n"'LL' — I)LF, + n~ 'L e,.

(2) L — LH = Ay, where H = F'FLLOT}(nT)™, Ay = (nT)"'(LF'¢ +
eW)LQT? and Qy = $1(nT)~Y2 and 2y is the upper-left r x r submatriz of
3.

(3) 195211 = Op(1), ALl = Op(llell/VT), |H| = Op(1) and ||HH' — 7' =
Op(llell/v/nT).



168

(4) There ezists a random variable A, = Op(1) that does not depend on t such
that, with probability one, Va € R™,

o' (LF, — LF,)| < n™"M||F'¢'a|| A,

[0 el My 7 My + 0 2] AL L

[ Vel PMy 4 O e 4 e M | A fal

where My = ||F||o and My = max, || L'e]|.
Proof. Proof for part (1). Since F, = n'L'W, = n~'L/(LF, + ¢,), we have
LF, = nflfj/(LFt + ¢;) and thus LF,— LF, = (nilfi/ —I)LF;, + n1L1L e, Part
(1) follows.
Proof for part (2). By the definition of L, we have WW’'L = L%? and
thus L = WW’/LE2. We obtain part (2) by noticing that

WW'LET? = (LF' + )W LET2 = LE'W/ LY + eW' LY
— LF'(FL' 4+ €¢)LX7 2+ eW'LY% = LH + (LF'e + eW')LE72.

Proof for part (3). Notice that by Lemma A.3.10(2), s.(LEF') >
s1(L)s.(F). Thus, by assumption (ii), it follows that there exists b > 0 such
that P ((nT)"'2s,(LF') >b) — 1. By Lemma A.3.10(1), s.(W) + |e|| =
$;(LF" +¢€) + s1(—e) > s,.(LF"). Thus,

P ((nT)"2s,(W) + (nT)~2||e]| > b) = P (ST(W> +lell > \/ﬁb)
> P (ST(LF/) > \/n_Tb> Sl

Since |le]|/vaT = op(1), P (ST(W)/W > b/2) ~ 1. Notice that
1972 = nTs; 2(W). Therefore, ||Q72| is bounded above by 4/b% with proba-
bility approaching one. In other words, ||Q72(| = Op(1).

The definition of Ay (in part (2)) implies that

IALIF < (nT)™ [I|L||||F||I|€|| + el LF+ ell] L1192
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_ S A—2 (D) _
< (D) 2| LYIIF el + !Ie\IQ]HLHHQfH = Op(T™']el)),

where (i) follows by ||L|| = Op(n'/?), | F|| = Op(T"?), ||IL]| = 22, Q|| = Op(1)
and |le]|/v'nT = op(1). Notice that

LH || = |E FIILILINQ 2/ (nT) = Op(T)Op(n*)n"20p(1)/(nT) = Op(1).

Observe that

I, =n'L'L=n"Y(LH+ AL)(LH + Ay)

=HYS H+n"HLAL+n AL LH +n AL AL (A3.7)

Also observe that

[H L AL < [[H][ - [[L] - ALl = Op(llellv/n/T)

4 (A.3.8)
IALALL < [ALI2 = Op(llel?/T) L op(|lelly/n/T),

where (i) holds by |le|| = op(vnT). Then (A.3.7) and (A.3.8) imply H'Y H +

Op(|le||/v/nT) = I,. By Op(|le|]|/vnT) = op(1), it follows that I, — (H'S H)™' =
Op(|le||/v/nT) and thus

IHH" =S = [[H(IL, — (H'S H) ™ H|
< - e = (H S H) 7 - [ HI = Op(lell/v/nT).
Proof for part (4). Let A,; = |n 'L'L||[(HH — S|, Ans =
nLNALR Ans = a7 HILIHNALIHNL Ana = ln ' LLIIHIL Ans =

(D) QP NILN, Ans = Ang + Ans+ AnaAusllel|Flls Ang = Ang + Apadnslel?
and A, s = An4A,5|L||. Notice that

. (i) - L
o (LF, — LEy)| < |[L(n™ LL' = Dall[|F]| +n~ [ La]| [ Lel, (A.3.9)
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where (7) holds by part (1). Also notice that

|L/(n*LL’ — Ial

= |n ' L/(LL — LY L )al|
2|

InT'L' (L(HH' — ;)L + A AL + ApH'L' + LHA)) al|
(i)
< ApallLall + Apallall + A sl|L'al| + Ay 4| ALall
(idi
< (Anp 4+ Ang)|[Lall + Angllall + ApaAns (IWe'all + el | ]l L'al])
(v
< (Ang + Ang)l|Lall + Apallal

+ Anadus (ILIIFeall + llel*llall + [lell | FII L all)
= A, ¢6|Lal| + Anzllall + Angl| F'€'al|, (A.3.10)
where (i) follows by L=LH+A;, (i) follows by the triangular inequality and

the submultiplicativity of || - ||, (i77) follows by the definition of A (part (2)) and
(iv) follows by W = LF’ + e. Then,

' (LE, — L)

(4) . .
< V| AngllL'all + Anzllall + AnslFeall| My + n7t [ Kall][ Ve
(i)
< Vi AnglLall + Ausllall + Ansl| F'e'all| 1y
+ 7t (Ll + [ Allall) (LM + AL el

(ii4)

< VA | Feall My + [ViAwg My + 0 | HIPM, + 0~ || Al el 1 al
RJ/_/ & -,

1

v~

Ja
+ [\/FAli +n T [ALPllell + nTHHALM: |||l

-~

J3

(A.3.11)

where (i) is due to (A.3.9), (A.3.10) and | F}|| < /rMy, (1) follows by L = LH+A,
and (i77) follows by |le:]| < |le]|-
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By simple computations using part (3) and 7' =< n”, we have that

Jl = Op(?”b_n)
Jy=0p (n_(1+’“‘)/2||e||M1 +n T My + n_l_”/2||e||2) (A.3.12)
Jy = Op (™2 le? My + 0= 9 lel* + 0= 2 el M)

Notice that Ji, Jo and J3 do not depend on a. Therefore, part (4) follows
by (A.3.11) and (A.3.12). The proof is complete. O



Appendix B

Proofs and examples for Chapter 2

B.1 Approximate bootstrap

In this section, we present the key theoretical tool we use, whose proof is
presented after the auxiliary lemmas. The proofs for results in Sections 2.2 and 2.3
are contained in Appendix B.2. Appendix B.3 contains technical tools used in the

proof.

Proposition B.1.1. Let F,, be a o-algebra and {Y;}?_, a sequence of zero-mean
random vectors in RP such that Y;, conditional on F,, is independent across i. Let

S, and Y; be random vectors in RP. Suppose that the following hold:

(i) There exist constants qi,qz > 0 such that ||S, — S¥||s = Op(n~") and
maxi<j<,n ' Z?ﬂ(YiJ —T;;)%* = Op(n~®), where SY =n=123"" T, and
Ti,j and Y; denote the jth component of Y and T;, respectively.

(i) There exist a constant r > 2 and an F,-measurable positive random
variable B, such that, almost surely, n='> " E(|Y;;[* | F.) < By,
n=t 3 B(Yat | 7o) < BY and E(maxi <y, [Yig|" | Fo) < 285,

(iii) There exists a constant b > 0 such that
P (minicjc,n ' 30 E(TZ, | Fo) >0) — 1, maxigjep,n ' D0 (Y2, —
E(Y3; | Fu)ll = 02(1) and maxi<j<p [n=" 37500, Tigl = op(1).
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(iv) n*""*B2log*(pVn) = op(1), n ' B2log" (pVn) = op(1), n%/log" p — oo and

n?t /logp — oco.

Then

limsup sup
n—oo ne(0,1)

P [I5ulle > @ (1 =1, 1157 1) ] —n| = 0.

where G, is the o-algebra generated by F,, {YX:}, and {1},
Q(1-n150l) = if{eeRIP(ISTw>210.)<a}, SI =

n 2 (T =), T = oY Ty € RP and {&}, is a sequence of
independent N(0,1) random variables independent of G, .

Lemma B.1.1 (Chernozhukov, Chetverikov, and Kato (2014)). Consider the setup
in the statement of Proposition B.1.1. Let the assumptions of Proposition B.1.1
hold. Then

sup [P (1871l < 2| Fo) = P (157 oo < 1 Gu) | = 0(1).
zeR

where ST =n=123"" (i —T1)& with {&}, and T = (T1,---,T,) € R? defined

in the statement of Proposition B.1.1.

Proof. For notational simplicity, we denote P(- | ) and P(- | G,) by P£,(-) and
Pg,(-), respectively. Let {®;}7, be a sequence of random elements in R? such that
conditional on F,,, {®;} , is independent across i and ®; | F,, is Gaussian with mean
zero and variance E(Y,; Y’ | F,). Notice that for any z € R, {a € R? | ||a]|s < x}
is a rectangle in RP. By Proposition 2.1 of Chernozhukov, Chetverikov, and Kato
(2014) applied to the conditional probability measure Pz, (-), we have

sup [Biz, (IS e < ) = Biz, (157 e < 2)] < (Do + D) s, (BLY)
BAS

where C; > 0 is a constant depending only on b, S® = n=Y/2%"" &, D, =
(n~1B? 10g7(pn))1/6 and D, o = (n2’"_lleZ logg(pn))l/?’.
Applying Corollary 4.2 of Chernozhukov, Chetverikov, and Kato (2014)

to the conditional probability measure P(- | F,), we obtain that, for «, =
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min{exp(—1), n"/"~1/2B, log®?(pn)},

Py, [p [Pir, (152 le < 2) = P, (1571l < @) | > Ca(Ds + Dn,2>] <a, as,
xTe
(B.1.2)

where () > 0 is a constant depending only on b, Dn,l =
(n~'B2log®(pn) log*(a; )Y and D, = (a;?n¥9'B2logd(pn))"/3. Straight-

forward computations show that «,, Dn,l, D2, Dy and D, are op(1). Thus, by

(B.1.1) and (B.1.2), we have

sup,er [Pir, (157 o < 2) = Piz, (197 lloe < 2)| = 0p(1)
spye [Pz, (1521 < 7) = Pig, (157l < )| = 02(1).
The desired result follows. O]

Lemma B.1.2. Let the assumptions of Proposition B.1.1 hold. Then

up [P (1187l < 21 G ) =P (157l < 1 G )| = 02(1)

where ST is defined in Lemma B.1.1.

Proof. For notational simplicity, we denote P(- | G,) by Pjg,(-). Define ¢, =
n~/*log™"*p. Let b > 0 be a constant such that P(min;<j<,n ' 37 E(Y?, |
Fn) > b) — 1. Since both maxicjc,|[n ™" >0 (Y7, — E(Y7;, | F)
and maxj<j<, [n"' >0 T, are op(l), we have P(J,) — 1, where J, =
{minje;n 'S0 (Ti; — ;)2 >b/2} and T; =n 1> | T, ;. By Lemma B.3.2,

sup P, (157l > #) = Pig, (157l > ),
z€R
<Py, (I57 =S¥l > &) +5upPig, (157l € (2 = e, +ea]) . (B13)
z€R

Notice that conditional on G,, SY is a zero-mean Gaussian vector whose jth

entry has variance of n=! >°" (Y;; — T;)% Hence, by Lemma B.3.4, there exists a
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constant C, > 0 depending only on b such that
supPig, <||S'2Lf||OO €(x—en,xr+ En]> < Cren/1ogp + 1 7e. (B.1.4)
zeR

Also notice that conditional on G,, S¥ — S is a zero-mean Gaussian vector

whose jth entry has variance equal to
n

Ty [(Ym‘ — 1))~ (Tiy - Tj)r =n 'Y (i —Tiy)* — (T, = T,)?

i=1 =1

<n7tYy (Tiy = Tip)*
=1

Observe that for any Gaussian random variable Z ~ N(0,0?) and = > 0,
P(|Z] > x) < Cexp(—Co2x?) for some universal constant C' > 0. This elementary

fact implies that

o p - o~
P, (157 = 53 lloe > €0) < D Pig, (151, = Sl > ea) < pCexp(=C<jio,2),
j=1
(B.1.5)
where o7 , = maxi<;<, nt S (T — Ty;)?. Combining (B.1.3), (B.1.4) and
(B.1.5), we have
sup ‘P\gn (HSEHOO > :v) —Pyg, (HS’EIIOO > az)‘

< Cyen/logp + pC exp(—Csia;i) + 1.

By assumption, o)., = Op(n~%). Thus, €0, 7%/logp = n/%/log?p — oo

and pexp(—CeZo,2) = op(1). Notice that ,\/logp = n~%/* = o(1). The desired

result follows from the above display, together with these observations and P(.J) —
1. O

Proof of Proposition B.1.1. We use the notations in the statement of Lem-
mas B.1.1 and B.1.2. For z € R, let Q,(z) = P (||| >z |F),
Qu) = P (15T oo > 2 | Ga) and Qu(@) = P (IS} |« > 2 | Ga ). Define ay, =
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SUP, g |Qn(2) — Qn(z)] and ans = sup,cp |Qn(z) — Qn(x)|. Let b > 0 be a
constant such that P(mini<j<,n™ "> " E(Y?, | F) > b) — 1. As argued
at the beginning of the proof of Lemma B.1.2, P(J,) — 1, where J, :=
{minjes ! 350, (Tiy — 15)% =2 0/2} and Ty = n~ 350, Ty

Define the event 7, := {minje;n 1t > (T;; — T, )? > b}, where b > 0 is
a constant satisfying P(.7,,) — 1. Define s,, = n~0/2 log_l/4 p. Notice that, Vx € R,

P (|57l € (& = sp 2 + 80] | Fa) = P (187l € (& = 0,2+ 5] | G
= |[@u(z = 52) = Qula+ 5)] = | Qulx = 50) = Qulw+ 50)
Qula = 50) = Qulw = 5)| + | Qule + 50) = Qulw +52)

IN

< 2a,1. (B.16)

Let A, = S’n — Sg. We have

P (IS0l > @ | 1) = Qula)
< [B(I8ullee > 2| F2) = Qua)| + ans

—
.
=

<P([|An]loo > Sn | Fn) + P (HSEHOO € (@ = Sp, T+ 8] | Fo) + @

(i7) -
< P (Il > 50 | Fa) +P (1157 oo € (2 = 50,2 + 5] | Gu) + Bans,  (B17)

where (7) follows by Lemma B.3.2 and (i7) follows by (B.1.6). Notice that conditional
on Gy, S}{ is a zero-mean Gaussian vector in R? whose jth component has variance
equal to n=' > (T, ; — T,)%. By Lemma B.3.4, there exists a constant C, > 0
depending only on b such that

sup P <||§2{||OO € (x—sp,x+ s, | Qn> < 5,Cp\/Iogp +17:  a.s. (B.1.8)

z€R

Therefore,

sup [P ([1Sull > 2| F) — Qul)|

< sup P (I8l > 2] Fu) = Qu(a)] +5up |@n(x) — Qu(a)]

zeR

< P([[Anllec > sn | Fn) + 5.Cpy/logp + 17c + 3an1 + an2
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(id)

P (7Y Anlloe > 1| Fo) + 52Cy/Togp+ 0p(1) @ 0p(1),  (B.1.9)

where (i) follows by (B.1.7) and (B.1.8) and the definition of a, 2, (i) follows by
P(J¢) = o(1), an1 = op(1l) (by Lemma B.1.1) and a, > = op(1) (by Lemma B.1.2)
and (777) holds by the assumptions: ||A,|ls = Op(n~%), s,n% = (n® log™"/?)1/2 —
0o and s,v/Iogp = (n® log~1/?)=1/2 = (1). Notice that ¥ > 0,

E

sup
ne(0,1)

P (I15nle > @ (1= 1871 ) | 7 ) = n]]

=E | sup

n€(0,1)

P (JSulle > Qi () | 7o) = n\]

LB |5+ F ([P (180l > 21 £,) - Qule)] >0

zeR

%)
(i)

— 54+ P (Sup P (||§n||oo > fn> - Qn(x)’ > 5) <d+o(1)  (B.L10)
R

S

where (i) follows by Lemma B.3.3 and (ii) follows by (B.1.9). Since 4 is arbitrary,
(B.1.10) implies

E

n€(0,1

sup [P (5.1 > @ (1= 1570 ) | £2) - n\] = o(1).

The desired result follows by noticing that sup,, IE(Z,.(n))| < Esup, | Z.(n)],
where Z,(1) =P (||ulle > @ (1= 0, 57|l ) | ) = O

B.2 Proof of results in Sections 2.2 and 2.3

B.2.1 Proof of Lemma 2.2.1.

Proof of Lemma 2.2.1. We first show that r+pe = py +pw, which is equivalent

to the following claims:
(i) r+pc > py +pw.

(ii) r +pc < py + pw.
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To see Claim (i), recall that X and F' are both assumed to have full column rank.
Hence, r = rank[F, X| = rank[Mx F, X|] = pw + rankMyF. Thus, rankMyF =
r — pw. It follows, by the rank-nullity theorem, that there exist a matrix )1 €
RPy *(py =(r=pw)) guch that My FQ, = 0 and rank@; = py — (r —pw) = py +pw — 7.
Since MxFQ, = [I — X(X'X)'X'|FQ;, we have FQ; = XQ,, where Qy =
(X'X)"'X'FQ,. Since F has full column rank, rankF'Q, = rank@,. Similarly,
rank X )o = rank(@),. It follows, by F'Q); = XQs, that py 4+ py — r = rank@Q); =
rankF'Q); = rank X () = rank()y. By Definition 2.2.1, py + pw —r € Crx. Hence,
py +pw — 1 < po = maxgee, k. This proves Claim (i).

To see Claim (ii), notice that, by Definition 2.2.1, there exists matri-
ces Ry € RPY*P¢ and R, € RPW*PC guch that rankR; = rankR, = pc and
FR, = XRy. Let Ric € Rpy x(py—=k) and Ry € Rpwx(w—=k) guch that
matrices Ry = [Ry,Ric] € RPY*PY and Ry = [Ry, Roc] € RPWXPW satisfy
that rankR; = py and rankR, = py. Since Blockdiag(R;, Ry) has full row
rank of pw + py, r = rank[F, X]| = rank([F, X|Blockdiag(R;, Ry)). Notice
that [F, X|Blockdiag(Ry, Ry) = [FRy, FRy ¢, X Ry, XRy]. Since removing the
redudant columns FR; = XRy, we have r = rank[FR; ¢, XRy, XRoc| €
RT*(py+pw=rc) - Since the rank of a matrix cannot exceed the number of columns,
r < py + pw — pc. This proves Claim (ii).

Combing Claims (i) and (ii) yields r +pc = py +pw. The “if” part in Lemma
2.2.1 follows. To see the “only if” part, it remains to show that Mz[F, X| = 0. Since
Mz represents projection onto the space orthogonal to those spanned by columns
in Z. Since columns in Z and those in [F, X| span the same space. We have

My = Mipx). Thus, Mz[F, X] = Mg x)[F, X] = 0. The proof is complete. O

In the rest of this section, we prove Theorems 2.3.1 and 2.3.2. The proof of
these theorems is presented in Appendix B.2.3 after we derive auxiliary results in
Appendix B.2.2. We adopt the following notations.

Recall the quantities defined in (2.2.6). Let Qy, ) = Sy )/ vnT, where
Sy, is the upper-left k& x k matrix of Sy and LF' = Uy Sy Vy is an SVD. Similarly,
let Q) = Ewy(k)/\/n_T, where Sy, is the upper-left p x p matrix of Xy and
RX' = UyXwVyy, is an SVD. Recall the SVD’s in Algorithm 3: Y = Uy Sy V5> and
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W = UWS'WVI}/ Let Qyj(k) = Sy’(k)/\/n_T and Qw,(k) = gwj(k)/\/n_T, where S’Y,(k)
and SW, (k) are the upper-left £ x k matrix of Sy and the upper-left p x p matrix of
Sy, respectively. Also define L = VnUy gy € R and Hy = (I'L)'LI'L.

Let s;(-) denote the jth largest singular value counting multiplicity. For any
J € lql, tjq denotes the jth column of I;; when there is no ambiguity, we write ¢;
instead of ¢;,. We also use the notation log®® n to denote a term O(log‘n) for
some constant ¢ € (0, 00).

We define Z(b, ) to be the set of random variables with exponential-type
tails with parameter (b, r); =(b, r, p1, p2) denotes the set of p; X p, random matrices
whose entries belong to Z(b, 7). We also introduce similar notations for random
variables whose conditional distributions have exponential-type tails. For constants
b,r > 0 and a o-algebra, we define Z(b,r,F) = {¢ | Vd > 0 P(|¢| > d | F) <
exp[l — (d/b)7] a.s}. Unless stated otherwise, all the constants in the rest of the
paper depend only on 3, v, k and p in Assumption 3.

B.2.2 Preliminary results for Theorems 2.3.1 and 2.3.2

Lemma B.2.1. Let A and B be matrices of dimension ki X ky and ko X ks,
respectively. Then

(1) |ABllse < V|| All[IBIl and [|AB|lsc < V2| Blloo | All-

(2) |AB|loo < kol Alloo|| Blloo-

Proof. For part (1), let A = (ay,---,ax,)" with a; € R*. Then ||AB|s» =
max<i<g, | B'ailloe < maxicicr, laillll Bl < vkl Alll|Bll.  The proof for
|AB||so < V2| Bllso|| 4] is analogous. For part (2), let B = (by,--- ,by,) with
b € R¥. Then [|[AB|lo = maxicich, 1<j<h, [aibj] < maxicich 1<j<hs [lai|[[bi]] <

ko maxty <i<iy 1<j<hs [|@illool|billco < KallAllool| Blloo- [

Il i e

Lemma B.2.2. Let Assumption 3 hold. Then the following hold. (1) || Z]|co; || F]|oo,
IZlloos [[Alloos Nlelloe and [[v]loe are Oe(log®®n). (2) | ZII, |FN, L], AL L],
|A]| and ||L|| are Op(n*/?). (3) |le| = Op(v/nlogn) and |Jv|| = Op(v/nlogn).

Proof. Part (1) follows by the exponential-type tail condition together with Lemma
B.3.6. Part (2) follows by Assumption 3 and definitions of L, A and L. Now we
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prove part (3). By Theorem 5.48 and Remark 5.49 in Vershynin (2010), there exists

a universal constant C' > 0 such that

Elle|| < . [ny max 2 4 C'\/Emax lles]|2log(ny A T), (B.2.1)
€Ny 7

I

where s? = E|e;||> = SO, Ee?,. By Assumption 3 and Lemma B.3.5, max;e,, | 57 =
O(n).

By Lemma B.3.5(3)-(4), there exists a constant b > 0 such that e}, — Ee?, €
Z(b,v1/3). Let a, = csy/nlogn, where ¢, > 0 is a constant to be determined. By
Theorem 1 in Merlevéde, Peligrad, and Rio (2011), there exists a constant C' > 0

such that Vx > 0,
ny
P (ren[ax |lles||” — 57| > anx) < ;]P’ (|lesll* = 57| > anz)
ny T
= Z]P ( Z > anT )
i=1

t=1

Ca?x?
<nyT —Ca)z” T
< nyTexp( anx)+nyexp( 1+CT>

2,2
Ca;x

T

+ ny exp [— exp (C’(anx)W(l_”)(log anx)”)} .

Thus, by elementary computations, we can choose large constants c,, a, > 0 and

small constants b, > 0 such that Vax > a,

P (max |lles|* = 7]/ (c*\/nlog n) > x) < exp (—b.z?). (B.2.2)

By (B.2.2) and the identity E|¢| = [;~ P(|¢| > 2)dz for any random variable ¢, we

have

Emax ||[e;]|* — 57| / <c*\/ny logny>
= / P (max \lleall* — 7| / (c*\/ny logny) > 3:) dx
0 (2
< a, -I—/ P (maX|||eZ-||2 —s7|/ (c*\/nlogn> > x) dx
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< a, + / exp (—b*xQ) dxr = O(1).

It follows that E max; ||e;||> < Emax; |||e;||> — s?|+max; s7 = O(v/nlogn)+0(n) =
O(n). Thus, by (B.2.1) and Markov’s inequality, ||e|| = Op(v/nlogn). An analogous
argument yields ||v]| = Op(v/nlogn). O

Lemma B.2.3. Let Assumption 3 hold. Then

(1) ll€'Lloe = O(n'? 102 n) and /Al = Op(n1/210g%® n)
(2) |F'€' L|so, | 2'¢'Ll|oc and || Z'v'Al|se are Op(nlog®® n).

(3) |l€'eF|lo = Op(nlog”" n)

(4) lleF |l = Os(n210g°" n) and [[vA]l. = Op(n'/210g%") n).

Proof. We show these results by repeatedly applying Lemmas B.3.8 and B.3.7.

Proof of part (1). For j = (j1,j2) € J = [T] x [py], we define p;; =
€ij, Lij,, where e;j is the jith entry of e; and L, ;, is the joth entry of L;. Let
¢n = ||L|| and F,, be the o-algebra generated by L. Since e;;, € Z(8,7) (by
Assumption 3), we have p;;/(, € Z(8,7v,F,). Notice that |J| = pyT = O(n).
Hence, by Lemmas B.2.2 and B.3.8, we have ||¢/L|| s = ¢, maxjey | Yy pij/Cnl =
Op(n'/?10g°M n). The result for [|[v'All« follows by an analogous argument.

Proof of part (2). For j = (j1,j2) € J = [py]| X [py], we define p; ; =
dij, Ly | LI and dyj, = T2 500 hiyjy with by = e Fy || F|I2L, where F
is the jith entry of Fi. Let F,, be the o-algebra generated by F' and L.

By Assumption 3, h;¢j, € Z(8,7, F,). By the independence between e; ; and
(F, L), the mixing condition in Assumption 3 implies the mixing condition in the
statement of Lemma B.3.7, by which it follows that there exist constants by, > 0
such that d;;, € =Z(by,r1,Fyn). Since |wi;| < |dijl, pi; € Z(b1,7m1,Fn). Since
i ; is, conditional on F,,, independent across i, we can apply Lemma B.3.8 and
obtain that max;es | > 1 i j| = Op(n). This, together with Lemma B.2.2, implies
|F'e'L|so < TY?maxjcs | S0 11351 Fllool| Ll oo = Op(nlog®® n). The results for
|Z'€'L|| and ||Z'v'Al|« follow by analogous arguments.

Proof of part (3). For j = (j1,j2) € J = [T] X [py], we define y;; =
eijydij, and d; j, = T1/? Zthl eiFi || Fllot. Let F, be the o-algebra generated
by F.
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Similar to previous arguments, we have e;,F, j, || F||<} € Z(ba, 2, Fy) for
some constants by, 7o > 0. By Lemma B.3.7, d, j, € =(bs, 13, F,) for some constants
bs,r3 > 0. By Lemma B.3.5 (applied to the conditional probability measure
P(- | F.)), it follows that p;; € Z(bs,rs, Fy), where by, 74 > 0 are constants.
By Lemma B.3.8, T-V2|[F| 2 [le'eF — E(e'e) Fllae = masje, | X0, sy — E(us; |
F.)]| = Op(nlog'?n). By Lemma B.2.2, ||¢'eF — E(¢e)F||os = Op(n~'1og?M n).
By Holder’s inequality,

|E(e'e) Flo = max

ny T
E E :Eelhezs s,j2
i=1 s=1

< HFHOOmaXZZ\Ee”le”
s=1 =1
< ||F Ee; €5 —O 1
< Fllo ,, max nyZl eiiis| = Op(nlog®® n),

where (i) follows by Assumption 3 and Lemma B.2.2. Hence, [[¢'eF|w =
Op(nlog®W n).

Proof of part (4). By the law of iterated expectations and the proof of
part (3), we have that T-Y23"" e, F,; ||F|l<} € Z(by, 1), where b, 75 > 0 are
constants defined in the proof of part (3). Then by Lemmas B.2.2 and B.3.6,

T
leFlloe = T?|| Fllo max |T7V2Y e By || I

1<i<ny Pt

= T"/?|| F[|ocOp(log”"V n) = Op(n'/* 1og” n).

The result for |[vA||« follows by an analogous argument. The proof is complete. [

Lemma B.2.4. Under Assumption 3, the following hold:

(1) L =LHp+ Ay, where H, = F'FL'LOT}(nyT) ! and Ap = (ny'T) " (LF'e’ +
eY'\LOT2

(2) F=FHp+ Ar, where Hp = L’f//ny and Ap = n;le’ﬁ.

(3) |l = Oe(1), 19| = Op(1) and || — Q|| = Op(n="/?10g”" n)

(4) 1AL = Op(l0g? W n), [Hyll = Os(1), ||HLH} — 7|l = Op(n/10g°W p),
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|H| = Op(1) and |Ap| = Op(log®® n).

Proof. By the definition of L, we have YY’L = L2 and thus L = YY'L;2.
Notice that

YY'LY72 = (LF' +e)Y'LY72 = LF'Y'LY T2 + eY' LY
— LF'(FL' 4 €)X + eY' L3
— LH, + (LF'¢ +eY")L372.

Part (1) follows. Part (2) follows by F' = Y'L/ny = (FL' +¢€')L/ny.

Notice that ||| = (nyT) V2| FL|| < (nyT)~Y2||F|||| L] = Og(1). Notice
that by Lemma B.3.1(2), \/nyTQ 1. = sp(FL') > s1(F)si(L), where Q ; is the ith
entry on the diagonal of €2;. Thus, by Assumption 3, it follows that there exists
b > 0 such that P (Q;; > b) — 1. Hence, ||Q;"] = Op(1).

For amy 1< j < k, \/ny' TQu; + [lel) = s, (FL') + s1(e) > 5,(FL +¢) =
lej\/ny_T, where Ql,j denote the jth entry on the diagonal of Q. By Lemma
B.2.2, Qi 4+ Op(n~210g®Pn) > Q, ;. Similarly, we use s;(Y) + s1(—€) >
s;(Y — e) to obtain that Q ; + Op(n~21og®V n) > Q, ;. Hence, || — | =
Op(n=210g°Y n). Part (3) follows.

It remains to show part (4). Notice that

1AL < (e D) IILHIE el + llell (ILE+ el)] ILI19%]] = Op(log®® n),

where the equality follows by Lemma B.2.2 and ||Q72|| = Op(1). Notice that
LHL| = | F'FILILINQ 2 (05 T) = Os(T)O0s(ni/*)ni/*0p(1)/(ny'T) = Op(1).
Notice that

T=ny' L'L =g (LHp + AL (LH, + Ap) 2 HyS Hy + Op(n™210g%W n),

where (i) follows by |H.| = Op(1), |AL]] = Op(log®Pn) and |e] =
Op(n'/? logP® n). Use singular value inequalities to say that the singular val-

ues of Hjy is bounded away from zero and thus ||[Hz'| = Op(1). Hence,
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I — (H,S Hp) ™ = Op(n~210g°Y n) and

|H Hy — S = ||Ho (I — (H S Hy) ) H |
<|Hg| - I = (H,SHp) ™| - [|Hell = Op(n™/?10g°M n).

ThiS, together with HF = ZLHL + L/AL/TLY = ELHL + 0]}»(1)7 implies that
|Hz'|| = Op(1). By Lemma B.2.2, |Ar| < ny'[lel||L]| = Os(log®" n). Part (4)
follows. O

Lemma B.2.5. Under Assumption 3, there exists a diagonal (possibly ran-
dom) matriz D, p whose diagonal entries take wvalues in {—1,1} such that
H, = (H;Y) 'Dpp + Op(n'1og®Vn).  Moreover, HpD,p — (H})™' =
Op(n=210g®W n).

Proof. We proceed in two steps. In the first step, we show that n;lf/ L is approxi-
mately a diagonal matrix. In the second step, the square of this diagonal matrix is
shown to be I}.

Step 1: show that n;li’ L is approximately diagonal. Notice that
by definition, we have LF'FL'L = ny?TLQ? and L'YY' = ny'TO2L'. Thus, (a)
L'LF'FL'L = nleL’LQ2 and (b) LYY'L = nleQQL’L Plugging Y = FL' + e

into (b) and using (a), we obtain
Q%f/iny — g L L2 = n®TL (eFL' + LE'e + ee')L = Op(n~"*10g”M n),

where the last equality follows by Lemma B.2.2. Thus, since Q2 = Q2 +
Op(n=1210g°Y n) (Lemma B.2.4), we have

ny' L'LO? + Op(n~Y?10g%M n) = n7 ' Q2L L.

Let A = n{,lf/i with its (¢, j) entry denoted by A; ;. Also let Qij denote
the jth entry on the diagonal of Q2. Then the above equation implies that
V(i,j) € [k] x [k] with i # j, A;;(Q}, — Q%) = Op(n~?10g”®Vn). By the

distinctive singular value assumption, it follows that A; ; = Op(n~'/2 1og®M n) for
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i # j. Hence, there exists a diagonal matrix D = diag(Dy, --- , D) such that
“1jf - D ~1/27..0(1)
ny =D+ Op(n~"/“log"""/ n). (B.2.3)

Step 2: show the square of the diagonal matrix is approximate

I, . Observe
ny'H, 'L = ny ' I'L — ny' A L = D + Op(n?10gM ),

where both equalities follow by Lemma B.2.4 since LH, = L — Ay, and ||A} L] <
IAL| - [|L]|. Hence, (ny'HYy L'LY (ny  H, L'L) = D* + Op(n~210g®® n).
On the other hand, by Lemma B.2.4(3),

(ny'HLL'LY (ny' H L'L) = (ny' L'L)(H  Hp ) (ny L' L)
= (ny'L'L)S7 (ny ' L'L) + Op(n™ 2 10g”M n).

Thus,
ny L' (ny ' LY L)L = D? + Op(n 2 10g®M n) (B.2.4)

Let My = I,, — L(L'L)"'L'. Since ML = 0 and L = LH;, we have
L'M;L = 0. By the definition of My, we have I'L = ny' /LY 'L'L and thus
ny'L'(ny' LY L)L = I, By (B.2.4), D* = I; + Op(n~"/?10g°Y n). Then there

exists a diagonal matrix D,, p such that
Di,F = Ipy and D= D, r+ Oxp(?fl/2 logo(l) n). (B.2.5)

Step 3: show the desired result. It follows, by (B.2.3) and (B.2.5),
that ny'L'L = D, + Op(n~"?1og® Y n). Using L = LH;, + Ay and ||AL| =
Op(logo(l) n) from Lemma B.2.4, we have H’LZL[;TL — Dyr = n;lA’LZ =
Op(n=210g°V n). In other words, H, = (H, ) 'Dpr + Op(n=/?1og”Y n),
Notice that the diagonal entries of Dy, p are either -1 or 1 (since D}, = I,,,,). The

first claim follows.
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It follows, by Lemma B.2.4, that

HeDyp— (H}) ' =ny'L'LD, p — (H,)™
—’I”LYIL/(LHL—FAL) n,F — (ﬁ/ )_1
=Y Hy Dy p — (H) 4+ 0y L/ALD, ¢

© Op(n™1?10g%W n),

where (i) bolds by 17| LAy Dyl < 07 21 - [ - | Dyl = Orln 2 10g" W )
(Lemma B.2.4) and the first claim: X H; D, p = (H})~ 'DZ o+ Op(n='/? log®M n)
with D? , = I,,,. This proves the second claim. O

Lemma B.2.6. Let Assumption 3 hold. Then (1) ||ALls = Op(n=/?10g®Y n)
and (2) || ALlse = Op(log®V n), where Ay, is defined in Lemma B.2.4(1).

Proof. To see part (1), notice that by the definition of Ay and Y = LF' + e, we

have

1ALl < (nyT) ™ [HLF’e’mIQHoo + leFL'LOY oo + llee L2 o

0 A . .
< (nyT)™! [HLF’e’LHLQl‘QHOO +|LF' ¢ AL oo + leF L' LOT? o

—~

e L05?

< D) [Pl P Ll H O o+ L AL
VIl | LT + flee’ LO5 2]

< D) [Nl F Ll 52+ LI el 1A 1952
VBl F e LI - IE - 1972+ el 21 - 19252

(g) OP(n—1/2 logO(l) TL),

where (i) and (i7) follow by and the elementary inequality ||A|l» < ||A||, Lemmas
B.2.4 and B.2.1; (zi) follows by the sub-multiplicity of the spectral norm; finally,
(iv) follows by Lemmas B.2.2, B.2.4 and B.2.3. We have proved part (1).

The argument for part (2) is similar. By the definition of A and Y = LF"+e,
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we have

ALl = [[(RyT) e/ (LF'e' + eFL' + e€') LOT?||
< (D)7 [ LF €L + l€eF L LT o + [le'ec’ LOT oo

—~
/\s.
N2

< (nyT)™! [\/PYHG'LHooHF'e'iQIQH + /Dy |le'eFl| o] L' LOT|
+ Hdee'ﬁﬂﬁ“]
(i) ) o
< (nyT)™! |:\/pYHe/LHooHF|| el - 1L - 12
+ oyl eF ||l LI - 1LY - 19272 + el PILL - 192,72
(i

i) Op(logo(l) n),

where (i) follows by Lemma B.2.1 and the elementary inequality || Al < ||A]|, (i7)
holds by the sub-multiplicity of the spectral norm and (iii) follows by Lemmas
B.2.2, B.2.4 and B.2.3. This proves part (2). The proof is complete. ]

Lemma B.2.7. Under Assumption 3, the following hold:

(1) & = AHy + Ay, where [Hall = Op(1), sl = Os(log®V ), [|As]lae =
Op(n=210g°Y n) and ||v'Ap||se = Op(log®® n)

(2) Z =ZHy + Ay and |H;|| = Op(1), where Hy = N'A/n and Ay = n~"v'A.
(3) Z =7+ Ay, where Z = ZH," and Ay = Az H," .

(4) 1Az = n7WAS e < Op(n'10g”n), |Azlle = Op(n~/210g%" n),
IAZ]| = Op(log®Yn), [|Z'As|lse = Op(log®P n), £, — Sy = Op(n~"1og®V n),
where Yy = Z'Z|T.

Proof. Part (1) and part (2) follow by the same argument as in Lemmas B.2.4 and
B.2.6, except that (L, F, e, py) is replaced by (A, Z,v,r). Part (3) follows by part
(2).

It remains to show part (4). By Lemma B.2.1,

1A, —n_lv'AZXIHOO
<Az —n WAS Hyl|oo | H lsor

DA — o ASY Hyl|oo | Hy oo
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(@) In "' Ay — n TPV AS N Aol [ H | oo
< (070 Balloe + 7720 Al 2 o IATNI AN I1FZ e

(&) Op(n™* logO(l) n),

where (i) and (i) follow by the expressions for A, H; and Ay from parts (1)-(2)
and (7it) follows by parts (1)-(2), together with Lemmas B.2.2 and B.2.3.

By Lemmas B.2.1 and B.2.3, [[n " "WAS e < V7 WA ||| Z1 =
Op(n~"210g°M n), we have ||Azllee = Op(n"21og®M n). Notice that ||[Az|| <
VTr||Az oo = Op(log®? n). By parts (1)-(2) and Lemma B.2.1, we have

1Z' Azloe = In" Z"0" (AHy 4+ Ay
< |n TP ZVAH) || oo + |7 20 AL
<M Z'W Aol [HAl[VT + 07| Z]] - o] - [ Al

© Op(log®V n),
where (7) holds by part (1) and Lemmas B.2.2 and B.2.3. Notice that
Ny=N, =T N Z+A)(Z+A,)~T'2'Z =T 'Z Ay +T'A,Z+T'A,A.

Since [ A, Z ]l = Op(log® n) and [Az]) < ViT|A ]l = O:(log”Vn),
it follows that ¥, — X, = Op(n~! logP™ n). We have proved all the claims in part
(4). O

Lemma B.2.8. Let Assumption 3 hold. Then ||(I1; —11z)Z — n~ W AY o =
Op(n~! logo(l) n).

Proof. We adopt all the notations introduced in Lemma B.2.7. Notice that I, = ITz

and
(I —12)Z —n~ 'W'AS

= \||T7" (22,2 — 25,'Z") Z —n WASY|
=|T7'Z5,' 27 — Z — n "AY o
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<\\T7'Z8,'2'Z — Z — Ayl + Ay — 0 WAST oo

ONT128,'2'Z — Z||oe + Op(n~"10g®W n), (B.2.6)
where (i) holds by Lemma B.2.7(4) and Z = Z + Ay (Lemma B.2.7(3)). Thus,

N\ T 25,1 27 — Z)|oo = 1T 25,1 2 (Z — Ay) — 7| (B.2.7)
= T2, 7' Ayl s
@ -
ST HZ 12 0ol 2" Az |l
ST (1 2] + 18 2Zl100) 127 sl 2" Azl 0T
D O0p(n " 10g°D )| Z' Ay |
(i) _ _
< Op(n'1og”Mn) (|| 2/ Azl + 1A, A 7] )

(iv) _ _
< Op(n ' log”Vn) (12" Azl + TN AzI2)

© Op(ntlog®M n),

where (7) holds by Lemma B.2.1, (i7) holds by Lemmas B.2.2 and B.2.7(4), (éi)
holds by Z = Z 4+ Ay, (iv) holds by Lemma B.2.1 and finally (v) follows by Lemma
B.2.7(4). The desired result follows by (B.2.6) and (B.2.7). O

Lemma B.2.9. Let Assumption 3 hold. Then ||(II; — Hz)Ap|le =
Op(n~! logP™W n), where Ap is defined in Lemma B.2.4.

Proof. We adopt all the notations introduced in Lemma B.2.7. Notice that I, = IT

and

(y — ) Ap = T A5 2 Ap + TV Z[85" = 8,112/ Ap + T7' 255 Ny A

J1 Jo J3

(B.2.8)
By Lemmas B.2.1, B.2.2 and B.2.4(4), that

15l < T Z]llIB2' AZ ARV < THIZ] 25" - 1221 - 1AFIVT
= Op(n~'log®W n).
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Similarly, by Lemmas B.2.1, B.2.2, B.2.4 and B.2.7, we have
_ = _ = () _
[alloe < T 207" = S50 121 182 IVF 2 Op(n=2106°0) ),

where in (i), we invoke ||Z]|oe < | Z]loc + [|A%]loc and ' — X1 = -5 12, —

22)221, together with bounds in Lemma B.2.7. Similar argument also yields
1 illse < T A2l S - 1211 - [AFIVF = Op(n" 10g%0 ).

The result follows by (B.2.8) together with the bounds for ||Ji]|c, ||/2]|c
and || J3||oo- O

Lemma B.2.10. Under Assumption 3, ||é — e|loc = Op(n~'10g®V n) and || —
ol = Op(n~ 10820 1)

Proof. First notice that

ILL = LE7 L [l
ON(LH, + AL (HLL + A7) — LS L
< ||L(HLH, =S ||+ 2[[ILHLAT | o + [[ALA]

[ oo

(? L H H, —S7HL 2py || L Hil[||A Arll?
< pyl|Llloo | Hy = X7 Llloo + 2py [ Llloo [ H L ALlloo + Py [ ALIS

“ Op(n™?10g”M n), (B.2.9)

where (i) follows by Lemma B.2.4, (i7) follows by Lemma B.2.1 and (éi7) follows by
Lemmas B.2.4(4), B.2.6 and B.2.2. Moreover,

e — el

— |LE — L.
DN LL — 1, )LF' + ny'Li/e||o

(i) . . a

< g (L = LE; L) LF | + g (L — LY D )ell + [y LS Le o

(i)

< nyt | LL = LE L oo Lllso | Fllssnypy + 0yt | LL = LE L |sony [lelloc
+ny [ Lol L - 1L ellcpy
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(iv)

< Op(n1/210g%0 ),

where (i) follows by the definition in (2.2.6) F = Y'L/ny = (LF' + e)'L/ny, (i)

follows by the triangular inequality, (iii) follows by Lemma B.2.1 and (iv) follows

by (B.2.9) and Lemmas B.2.2 and B.2.3(1). We have proved the result for ||é — e]| .
The result for ||0—v||s follows by the same arguments (including in auxiliary

lemmas), except that (F, L, e, py) is replaced by (Z,A,v,r). ]

B.2.3 Proof of Theorems 2.3.1 and 2.3.2

We introduce/recall the following definitions, which will be used in the rest

of this section.

n =ny + ny (B.2.10)
F, =o—algebra generated by L, F, X, R, A and Z
G, =o—algebra generated by L, F, X, R, A, Z and v

{& 1}, =an i.i.d sequence of N(0,1) independent of G,

Qr =(2'2)"'Z'F
Qx =(Z'2)'7'X
Qr =(2'2)"1(Z'F)
Qx =(7'2)1(Z'X)
(
. v [(ytn) LIS L () — A’ZXIQF(FI’L)*} for 1 < i < ny
(Fi =9 - .
—u NS Qr(HY) forny +1<i<n
( -
. vi [(nyyn) RIS (HE) ™! — A;ZXlQX(H}%)_l] for 1 <i<ny
()i =9 -

\—viA;EleX(H}%)_I forny +1<i<n

\I;Z. — |:\I/(F),z‘ \I/(X),z‘i| c RTX(PYerW)
(

o [(ny ) B — MQi | for 1 <i <y
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i —ﬁif\;@x for 1 <i<ny

(X)yi
o [(ntn) B = KQx ] for my +1 < <

S:(F) =n /2 Z VY (r),i
i=1

S X =12y Z W (xy.i
i=1

A

V; = [@(F),i \il(X)n} e RT* (v +rw)

SY = [SE(F) S;P(X)}

i=1 =1
=1 i=1

We also use the following partitions :
gg’ — [SS(F) gg’(x)} with gg’(F) e RT*py gnd gg“) c RT*rw
gg = [SS’(F) g;i’(m} with S‘E(F) € R™*PY and SSI(X) € R »w

J =[T] % [py + pw]

\I]ivj :L;1,T\Ilibj2,k fOI‘ j = (jlajZ) c J
W5 =t pWily,, for j = (j1,72) € J
S;Ij,j :L;LTS’:E]'L]'ZJ@- for j = (j1,j2) € J

Lemma B.2.11. Consider the notations in (B.2.10). Let Assumption 3 and Hy

hold. Then

= Op(n™?10g°W n),

o0

H\/EMZAFDn,F _ gy

where D, p is defined in Lemma B.2.5.

Proof. First notice that Sy " = LYY (HY) N/ /ny = AL Qp(HL) /0. By

Lemma B.2.4, we have

VNMyF D, p = /nMy(F — FHp)D, p +/n(My — Mz)FD, p
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= V/nMzApDyp 4+ vn(Ily — U, (ZQpHp Dy p + ApDy p).
Hence,

VnMyFD, p — Sy
= \/ﬁ <MZAFDn7F - n;lelLZzl(H'L)_l> + \/E(HZ - HZ)AFDn,F

I J2
+vn ((HZ —,)ZQpHr Dy r + n’lv’AleQF(fI'L)’1>. (B.2.11)
Ts

We show that [|.Ji]|sc, ||/2]lee and ||.Js]|ec are all Op(n=?1log® n). By
Lemma B.2.9 and the fact that ||(Ilz; — I1;)ArD, pllec = ||(I1z — 1) Ap||s, We

have
1 /2]loe = Op(n~"/*10g%M n). (B.2.12)

The bound for ||.J1]|« is based on the following observation:

[Hlloe © VAIARDw — g e LS ) oo + VAT AR Dy
< g 2 LDy — 0y LS () o + Vg T E
& O )L Do — S () oo + O AL Dy ]
O V) T,e
O ) Ll HL Do — S5 () ooy + 00 2) €A o

+O0(n™?)|Mze' L]
© Op(n™210g°M n) + n~ V2|14 L o
W 0p(n 2 10g%M n) + VAT Z8; 2"/ (LHL + AL oo
(vit)
< Op(n10g%Y n) + 72T 7Y Z)| 0|5 oo/l Z'€/ L oo | He | oy
) Op(n210g°0) m),

12 . (
+ 0 PT Y Z oo |25 o121 - €' ALlloopt VT
(B.2.13)

where (7) holds by Mz = Iy — I and the triangular inequality; (¢7) and (#47) hold
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by Ap = n;le’f, and L = LH; + Af (Lemma B.2.4) together with the fact that
D, r is diagonal with diagonal entries taking values in {—1,1} (Lemma B.2.5);
(iv) follows by Lemmas B.2.1 and B.2.5; (v) follows by Lemmas B.2.3(1), B.2.6(2)
and H.D, p — 7 (H')™' = Op(n="?10g°M n) (due to the first claim of Lemma
B.2.5); (vi) follows by L = LH;, + A, (Lemma B.2.4); (vii) follows by Lemma
B.2.1; finally, (viii) follows by Lemmas B.2.2, B.2.3(2) and B.2.6(2). Also notice
that

15l < Vall[(Iz = T15)Z + 0~ W' AS ) Qr Hp Do pll oo
+n V2 WAS Qr((HL) ™ — HrDayrllloc
(@)
< Vn|(z =15 Z +n~ WAS oo|QrHp Dn e[l sopy
+ 020 A ool 23 Qrlloo | () ™! = Hp Dy llocpy
w Op(n ™2 10g”W n), (B.2.14)
where (i) follows by Lemma B.2.1 and (éi) follows by Lemmas B.2.3(1) and B.2.8,

together with the second claim of Lemma B.2.5. The desired result follows by
(B.2.11), together with (B.2.12), (B.2.13) and (B.2.14). O

Lemma B.2.12. Let Assumption 3 and Hy hold. Then there exists a diagonal

matriz D, x whose diagonal elements are either -1 or 1 such that

H\/EMZA)A(DmX — ST?(X) H = Op(n~1/? log®® n).

o0

Proof. The proof is analogous to that of Lemma B.2.11. O

Lemma B.2.13. Let Assumption 3 hold. Recall J, V; ;’s and F,, defined in (B.2.10)
and let max;; denote max; jyem)xs- Then ¥q > 2, there exists an F,-measurable
random variable B, = Op(n**1og®M n) such that almost surely (1) max; ; (|, ;| |

Proof. Define

Ar = 1+ |ASQr(HL) Moo + [ASK Qx (Hp) s
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+H(n’1n)LZ’1(ﬁ’ ) Moo + H(n’ln)RZfl(ﬁ’ ) oo (B.2.15)
Y L g o0 w r (Hg 0o

Notice that A = Op(logo(l) n) by Lemma B.2.2. For j = (j1,72) € J and
i € [n], let p;; =V, ;/A. Notice that , |u; ;| < |v;j,|. By the exponential-type tail
condition in Assumption 3, we have that V(i,7) € [n] x J and p;; € Z(8, 7, Fn)-
Hence, by Lemma B.3.5 (applied to the conditional probability measure P(- | F,,)),
max; j B(|pi,|* | F) < Cr, maxi; E(|pig|! | Fo) < Cr and E(maxy; |pig|? | Fo) <
CinT, where C; > 0 is a constant depending only on ¢ and the constants in

Assumption 3. The desired result holds with B, = Cy(nT)7A43. O

Lemma B.2.14. Let Assumption 3 hold. Recall V, ;, J and F,, defined in (B.2.10).
Then

(1) There exists a constant b > 0 such that P (minje; n=' Y7 E[W? | F] > b) —
1.

(2) masses |0t S, (92, BV, | F)]| = o(L).

(3) maxjes [n= 320, Wi = o0p(1).

Proof. Let Jp = [T] X [py| and Jx = J\Jr. Notice that Vj = (j1,j2) € Jr

vig, [y ) LS () = A Qu(H) | 1y Vi <y

Vij =Y(r)ij = .
035, NiSy ' Qp(HY) ™ ey, Vi > ny
and
. 2
]E(\I'?g | ) = E(U?,jl) NS Qr(HL) My, forny +1<i<n. (B.2.16)

We first show part (1). Let Ap) = (Apy 11, ,An)" € R™ . Notice that
A@oyZ' = RX'. Thus, Aoy = RX'Z(Z'Z)™" = RQx. Therefore,

n

inn L 2 =1 2
min n E[W:. | F,] > minn EVim, . | Fn
jein ; [ ,J | ] = jeim i§+1 [ (F),i,5 | ]

(4) 1 n Ayt - 2

> n Kp min [ S oy, ]

o U <a<py . ZH i2n Qr(HL) ™ tapy
=Ny
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~ 2
Ay Xy Qr(HL)  tapy ,

= nlk; min
1<d<py

2

> 07l [ (ROXSTQe(EL) )]

where (i) follows by (B.2.16) and min,; Ev?, > k1 (by Assumption 3) and (i)
follows by A(p) = RQx and the fact that for matrix A € R™*™ and vector x € R",
|Az|ly > s,,(A)|z]|2. Since the singular values of X, Qx, ¥a, Qr and Hy are
bounded away from infinity and zero, we have that the right-hand size of the above
display is bounded away from zero. Similarly, we can show the same result for
minje s, n~ ' Y0 E[W7, | Fu]. We have proved part (1).

To show part (2), recall the random variable A defined in (B.2.15) in the
proof of Lemma B.2.13. Let y; ; = ¥7;/A? for (i,5) € [n] x J. By the definition of
W, ; in (B.2.10), we have |u; ;| < v7;. By Lemma B.3.5 and Assumption 3, there
exist a constant C; > 0 such that vij € =2(C1,2v, F,). Thus, p;; € Z2(C, 27y, F).
Since {p;;}jes is independent across ¢ conditional on F,,, it follows, by Lemma
B.3.8, that maxje; | 20 [wi; — E(uij | Fu)]| = Op(v/nlog®® n). Therefore, part
(2) follows by noticing that

n

max [n~ " Z (U7, —E(V7, | Fo)]

e J
! i=1

n

S [y — By | o)

i=1

= A% max
jeJd

— A0:(n?10°" n) 2 0p(1),

where (i) holds by A = Op(log®" n) as argued in the proof of Lemma B.2.13.

To show part (3), we use a similar argument. Let d; ; = ¥, ;/A. Then |d; ;| <
|v; j]. Since v; ; € Z(8,7, F,) (Assumption 3), we have d; ; € Z(5,~, F,,). Hence, by
Lemma B.3.8 and E(d, ; | F,), we have that max;cs | 321, d; ;| = Op(v/nlog®® n).
Then part (3) follows by

max = AOp(n"Y?10g%Y n) = 0p(1).

jed

n
n_l E \Iji’j
=1

= Amax
jeJ

n
n_l E di,j
i=1

The proof is complete. 0

Lemma B.2.15. Recall the definitions in (B.2.10) and D, p in Lemma B.2.5.
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Under Assumption 3 and Hy, |AQp Dy p—AYT Qp(H}) oo = Op(n?10g®W n).

Proof. We adopt all the notations in Lemma B.2.7. Notice that

IAQrDyr — AL Qp(HL) ™ oo
(%) N - .
< NAHAQrDyp — S Qr(HL) oo + |AAQF D p |l

(i1 . - .
< [AloclHaQr D p — S5 Qr(HL) " IV + [ Aallw | QFIvP

(i

w Op(log® M n) | HA\Qp Dy p — X3 Qp(H}) Y| + Op(n~?10g°V n), (B.2.17)

where (i) holds by Lemma B.2.7(1), (i7) holds by Lemma B.2.1 and (¢4¢) holds by
Lemmas B.2.2 and B.2.7.
By Lemmas B.2.7 and B.2.4, we have that under Hy,

T12'Z = HySzHy = HyYzHy + Op(n~ ' 1og®W n)
TZ'F =T Y (HyZ + N))(ZQrHp + Ap) = HySzQrHp + Op(n~/210g%W n)

Hyz = N(AH)N + Ap)/n =X Hp + Op(n—l/Q logou) n)

Hp = L'(LH + Ap)/ny = S Hp + Op(n™/210g%W n).

Thus,
Or = (T7'2'2) (T 2'F) = H{'S7 \QpE L Hy, + Op(n™Y?10g%W n).
It follows, by Lemma B.2.5, that

HQr Dy i — 53 Qr(Hp) ™
= 5Qr (ELHLDn,F - (ﬁ’L)‘l) + Op(n~?10g°" n)

= Op(n_l/2 logo(l) n).

We finish the proof by combining this and (B.2.17). O

Lemma B.2.16. Recall the definitions in (B.2.10). Let D, =
Blockdiag(D,, r, Dy, x), where D, p and D, x are defined in Lemmas B.2.5
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and B.2.12, respectively. Let Assumption 3 and Hy hold. Then

max n_l Z(\i]i’an’jQ — \I/Lj)z = OP(TL_l logo(l) n)
i=1

J=(j1,52)€J

Proof. Recall, from the definitions in (B.2.10),

. @Z[n_lnﬁ;—f&;@} for1<i<n
Vir)i = (A " ) ) ' (B.2.18)
—0; NiQp forny +1<i<n
and
‘I/ v; (n;ln)LgZzl(fI’L)_l - A;EXlQF(FI’L)_l for 1 <i<ny
(F)i — -
—v,-A;EXIQF(H’L)*l for ny +1 <i<n.

(B.2.19)

Thus, by the triangular inequality, we have

max H\ij(F),iDn,F - ‘I’(F),z‘Hoo

1<i<ny
< 1l = vlloo, max [[(n'n) L} = AQEI D pl
—Gh
#llolloe, max ||(oytn) [£iDnr — £z (L) |
SISNY o)
—Go

NQrD,r — NS Qp(Hy) ™

(B.2.20)

o0
J/

+ ||v]| o max ‘
1<i<ny
N

~~
=:G3

Notice that

Gy = (ny'n)| LDy r — LS (HL) o

)

—
=

(ny'n)[(LHy + Ap)Dnp — LY (HL) oo
< (5" (I1LLHL Do = 2 (L) oo + 182D 1)

(47) -
< (ny'n) (Il H2. Do = S5 (L) IVBY + 181D rl)
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(g) OP(nfl/Q logO(l) n)’

where (7) holds by Lemma B.2.4(1), (¢i) holds by Lemma B.2.1(1) and (i7) holds by
the bounds for |H.D,, » — X7 (H})~ Y| (Lemma B.2.5), || Lo (Lemma B.2.2) and
IALD, pllso = |AL s (Lemma B.2.6). By Lemma B.2.15, G5 = Op(n~"/?10g”™® n).
By the triangular inequality,

Cr < Got Gyt |[(ny ) LIS, (H}) ™ = NS Qe () |2 Op(log”®m),

where (7) holds by Lemma B.2.2. By (B.2.20), together with the bounds for Gy,

G5 and G3, we have

max || W) Dnr — ¥iryilloo < 10— 0]lacOp(10g°™ n) + [[0]| o Op(n /2 10g®M n)

1<i<ny

© Op(n™1?10g°M n), (B.2.21)
where (i) holds by Lemmas B.2.10 and B.2.2. From (B.2.18) and (B.2.19), we have

nYI-EllaSJ}gSn H\II(F)’ZDR’F - \IJ(F)JHOO

<o =l max JAQrDnrloc

vl max_[AQrDur — AT Qr(HL) |

ny +1<i<n
< 0= vlloo (IAZR'Qr(HL) oo + [AQr D — ASK' Qr(H}) 1)

+ ”UHOOHAQFDnF - AZ/_\IQF(H,L)_lnoo
()
< 0r(n™ 10690 ) (IAZ3 Qe () o + Opln™ 102”0 m) )

+ Op(10g°Y n)Op(n~210g°M n)

(i1 N
< Op(n™?1og? ) [ Alloe - |23 Qr(HL) M IV/By + Op(n™"/?1og® n)

(zzz

= Op(n1?10g°W n), (B.2.22)

where (7) holds by Lemmas B.2.10, B.2.2 and B.2.15 and (i7) holds by Lemma B.2.1
and (7i7) holds by Lemma B.2.2.
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By (B221) and (B222), maX1§i§n|’¢I(F)7iDn7F — ‘I](F),z“oo =
Op(nfl/ZlogO(l) n). By an analogous argument, we can show that
maxi<i<p H\i[(X)7rL'Dn7X — Yixyillee = O]p(n_l/2 logo(l) n) with D, x defined in
Lemma B.2.12. Therefore,

1<i<n

= (ggag; 1) D = ‘P(F),i\loo> v (maX 1) D x = ‘1’<X>,i\|oo)

1<i<n

= Op(n~Y?10g®W n).

Thus, the desired result follows by

2
Y]

n
max nil E (@17]Dn7]2 — \Di,j)2 < max max v Dn,jg -
1

e = ¢ e i,J
j=01,52)eJ 1<i<n j=(j1,j2)€J

— max ||¥;D, — U, ||, = Op(n " 1og®® n).

1<i<n

[]

Proof of Theorem 2.3.1. Recall the definitions in (B.2.10). We define

(

A

S, =n?M;[FD, r, XD, x|

Yi = i’iBIOdeiag(Dn,Fa DTMX)

SE=n"12%0 (T - T)g with T =n"' 0, T,

\

where {&;}7, are i.i.d N(0,1) random variables independent of the data (defined
in (B.2.10)), D, r and D,, x are defined in Lemmas B.2.5 and B.2.12, respectively.

Since D, p and D, x are diagonal matrices with diagonal entries taking
values in {—1,1}, we have |[Sp oo = [|Sulloo and [|ST [loo = ||S29]|s, where S, and

SBS are defined in Algorithm 3. Therefore, we only need to show the following
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claim:

limsup sup
n—oo  ne(0,1)

P (I8l > @ (1= 7. 15Tl ) | =] = 0, (B.2.23)

where G, is the o-algebra defined in (B.2.10) and Q (1 -, ||§g||oo> =
inf {x ER|P <||§ff||OO > x| gn> < a}. By Proposition B.1.1, it suffices to verify

the following conditions:

(i) There exist constants ¢,q > 0 such that ||S, — SY|le = Op(n~%) and
maxij<;<p n_l Z?:l(Yi,j — Ti’j)g = Op(n_@), where Sg = n_1/2 Z?:l Tz and
Tiyj and T; denote the jth component of T, and T;, respectively.

(ii) There exist a constant r > 2 and an F,-measurable positive random
variable B, such that, almost surely, n= 'Y " E(|T,;]* | F.) < Bn,
n L BTt | Fa) < By and E(maxigj<p [Yig|" | Fu) < 2B;.

(iii) There exists a constant b > 0 such that
P (mini<jcpn ™t 30 B(TZ, | Fo) >0) — 1, maxigjepn' D0 (Y7, —
E(TZ; | Fo)ll = op(1) and maxi <<, [n7" 320, Tl = o0p(1).

(iv) n?7"1B2log*(pVvn) = op(1), n ' B2log" (pV n) = op(1), n%/log* p — oo and

n?? /logp — 0.

To see Condition (i), we notice that, by Lemmas B.2.11 and B.2.12, we have

15, — Sl = H [nl/QMZFDn,F — SYP MM, X Dy — S <X)]

.

= Op(n™?10g°M n).

Hence, [IS, — SY¥lle = Op(n'/?). By Lemma B.2.16,
max;<j<p,n S0 (Ti; — Yiy)? = Op(n~'log®Pn) = Op(n=/3).  Thus,
Condition (i) holds with ¢, = g2 = 1/3.

Applying Lemma B.2.13 with ¢ = 8, we have that Condition (ii) holds with
r =8 and B, = Op(n'/*1og®" n). Condition (iii) holds by Lemma B.2.14. Since
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p=T(py +pw) = O(n), Condition (iv) follows by simple computations. The proof

is complete. O

Proof of Theorem 2.3.2. The proof consists of two steps. First, we show that,
under Hy, the test statistic diverges at the rate \/n. In the second step, we show
that the critical value diverges at the rate logo(l) n.
Step 1: show /n|M,[F, X]||s diverges at the rate /n under Hj.
Recall ( = [F, X] and ¥, = ('¢/T and let ro := py + pw — ko and a,, :=
sr(AZ"). By Lemma 2.2.1, under Hy, r = py + pw — k1 > ro. Hence,

an = 5,(ZN") = s, ([FL', XR']) = s, {(Blockdiag(L’, R')}

@
> Sy (C) Spy +pw —r+1 {BIOdeiag(le R/)}

= 5, (€) $po+1 {Blockdiag(L', R")},  (B.2.24)

where (7) holds by Lemma B.3.1(2). By Assumption 3, with probability approaching

one, 5,(¢) = /T - 5,(X¢) > \/T/k. Notice that

Spe+1 {Blockdiag(L', R")} = \/spcﬂ [Blockdiag(ny X, nywXg)]

(4)

> \/k~t(ny Anw) with probability approaching one,
where () holds by the fact that the eigenvalues of ¥, and g are bounded below
by £~ (Assumption 3). These observations, together with (B.2.24), imply that

there exists a constant C; > 0 such that
P(a, > Cin) — 1. (B.2.25)

By the definition of SVD, [|Myx/|| = sro+1(X’). It follows, by Lemma B.3.1(1)
and r > r¢ (thus r > o+ 1)), that

IMaX TVl = sro41 (X)) +51(=0") = $npa (X' =) = srp1(AZ") = 5,(AZ') = an.
(B.2.26)
By x’ = (Blockdiag(L’, R') + v" and the sub-multiplicative property of the
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spectral norm,
[MzX || < [|M5[F, X]|| - || Blockdiag (L', R')|| + [lv]]. (B.2.27)

It follows, by (B.2.26) and (B.2.27), that

> an — 2|0 _ an — 2||v||
B ||B10dela‘g(L/7 R,)H \/||Blockd1ag(ny§],;,nWER)H
® an — 2|0
> ,
vmax {ny [|Sc[|, nw|| Sk}

M [F, X]|

(B.2.28)

where (i) holds by Lemma B.3.1(5). Since |[v]|oc = Op(log®" n) (Lemma B.2.2)
and the eigenvalues of ¥, and Yi are bounded, it follows by (B.2.25) and (B.2.28),
that there exists a constant Cy > 0 such that

P (||[M4[F, X]|| > v/nCs) — 1. (B.2.29)

By Lemma B.2.4(2) and (4), F = FHp + Ap, where Hp € RPY*PY is a
(random) matrix with singular values bounded below by a positive constant with
probability approaching one and ||Ap| = Op(log”" n). By a similar argument
(omitted), X = XHy 4+ Ax, where Hx € RPW*PW and ||Ax|| = Op(log®Y n) have
the same property as Hp and Ay, respectively. By Lemma B.3.1(5), there exists a
constant C'5 > 0 such that

P (Spy+py [Blockdiag(Hp, Hx)] > C3) — 1. (B.2.30)
Moreover,
IM[F, Xl = | My ([F, X]Blockdiag(Hp, Hx) + [Ap, Ax]) |
> || My[F, X|Blockdiag(Hr, Hx)|| — | My[Ar, A]]|

(4) .
> | M[F. X]|| - $py-4pyy [Blockding(Hr, Hx)] — [ M[Ar, Ax]]

(i)
> ||M[F, X]|| - $py -y [Blockdiag(Hp, Hx)] — Oz(log?" n),
(B.2.31)
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where (i) holds by Lemma B.3.1 and the fact that | M [F, X]|| = si{M,[F, X]}
and (i7) follows by |[M4;[Ar, Ax]|| < ||[Ar, Ax]|| (M, being a projection matrix).
By the sub-additivity of probability measures, we have

P (| M[F, X]|| > 20/mCy/Cs )
> P (|| My[F, X]|/Cs — Os(10g°W n) > 24/nC»/Cs)
— P (8py4pw [Blockdiag(Hr, Hx)] < Cs)

Yy, (B.2.32)

where (i) holds by (B.2.29), (B.2.30) and (B.2.31).
Recall the elementary inequalty ||A|| < ||vecAlls < /dim(vecA)||A|lo for

any matrix A. Hence, |My[F, X]|| < T(py +pw)|[|M;[F, X]||. This and
(B.2.32) imply that there exists a constant C; > 0 such that

P (HMZ[F,X]HOO > 04) 1. (B.2.33)

Step 2: show that the critical value diverges at the rate logo(l) n.
Recall ¥;, S¥ and G, defined in (B.2.10). Notice that S¥ = SB5 where

SBS5 is defined in Algorithm 3. Notice that 5’3’ , conditional on G, is a zero mean
Gaussian vector with its entries having a maximal variance bounded above by
maxi<i<p | ;]|%. In other words, ST/ maxi<i<, [ ¥i]le € Z(1,2,Gn). By Lemma
B.3.6, || ST ||os/ maxy<icn || Uil = Op(v/Iogn). From the proofs of Lemmas B.2.4
and B.2.7, it is not hard to show that, under H;, maxj<;<p ||\ifl||OO = Op(logo(l) n).
Therefore, ||ST||s = Op(log® n).

By (B.2.33), the test statistic v/n|M4[F, X]||s diverges at the rate /n.
Since the critical value only diverges at the rate logo(l) n, the probability that the

test rejects the null hypothesis converges to one. The proof is complete. O
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B.3 Technical tools

Lemma B.3.1. The following hold.

(1) Let A,B € R™*"™ pe two matrices. If i + j — 1 < min{ny,ns}, then
Sivj—1(A+ B) < si(A) + 5;(B).

(2) Let A € R"*™ gnd B € R"™0*™ . [f1 < i < ny, then s;(AB) > s;(A)Sn,—i+1(B).
(3) Let A, B € R™*" be two matrices. If rankB < k and 1 < j < min{ny,ns} — k,
then s;(A) > sj1,(A+ B) > sopi(A).

(4) Let A € R™*"2 Suppose that B € R™*™ consists of the first m columns of A
with m < ny. Then for 1 < j <mAny, s;(B) < s;(A4).

(5) Let A € R™*™ qand B € R"™*".  Then S, ,4n,[Blockdiag(A, B)] >
min {s,, (A), sp,(B)} and s;[Blockdiag(A, B)] < max{s1(A),s1(B)}.

Proof. Part (1) and (4) are Fact 6(b) and Fact 3, respectively, in Chapter 17.4
of Hogben (2006). Part (2) follows by Lemma 3 of Wang and Xi (1997). Part
(3) follows by applying part (1): s;(A) = s;(A) + sk+1(B) > sj4x(A + B) and
Sj+k(A+ B) = sjii(A+ B) + spp1(—=B) 2 s (A).

To see part (5), let Apax and Ayin(+) denote the maximum and minimum

eigenvalues, respectively. Notice that

(S, 4ny[Blockdiag(A, B)])* = Amin (Blockdiag(A’A, B'B))
= min 2/A' Az, + 2, B'Bx,

zix1+xhre=1

> min Ami(AA)||21]|2 + Amin(B'B)||22|2

> min {Apin(A’A), Anin(B'B) }
= min {(Snl <A>)2 ) <8n2(B>>2} :

This proves the first claim in part (5). Notice that

(s1[Blockdiag(A, B)])* = Amax (Blockdiag(A’A, B'B))

= max xA'Ar, + 2,B'Bx,
zjx1+rhre=1

/ !
TiT1troTe=1

> max  Amax(AA)||21]12 + Anax(B'B)||2|2
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> max { Apax (A’ A), Amax (B'B) }
= max {(s1(4))*, (s1(B))’} .

This proves the second claim in part (5). The proof is complete. O

Lemma B.3.2. Let X and Y be two random wvectors. Then Vt,e > 0,
P ([ Xl > 1) =P (Y ]lc > )] SP (| X =Yoo > &) + P(|[Y]|loc € (t —&,t +¢]).

Proof. The result holds by the following observations using the triangular inequality:
(1) P([ Xl > 8) S P(|X =Yoo > &) + P(IY[oc >t =) = P(|X = V] >
&) +P([Ylle > ) + P(|[Y ]l € (£ —&,t]) and (2) P(| X[l > 1) = P([[Y [l > ¢ +
e)=P([X =Yl > &) = P([[Y [lc > t)=P([[Y [loc € (t,t+e]) =P(| X =Y [|loc > &). O

Lemma B.3.3. Let X and Y be two random wvectors and F and G
two o-algebras. Define Fx(z) = P(|X||oo<z]|F) and Fy(z) =
P(IY |l < |G). Then Ve > 0, sup,eon |P ([ Xl > Fy (1 =) | F) —a| <
£ + P (sup,eq | Fx () — Fy(z)| > | F).

Proof. For simplicity, we use IP|z(-) to denote P(- | F). Fix a € (0,1) and notice
that

Bir (Xl > Fr'(1 - a))

< Bir (X0 > B0 - ) and sup | File) ~ Fio)] < )
z€R

+ Py (Sup |Fx(z) — Fy(z)| > g)

zeR

< Pir (| X[lo > Fx'(1—a—¢)) + Pz <SUP |Fx(2) = By(2)] > 6)

z€eR

=a+e+Pr (sup|FX(:c)—Fy(x)\ >5) , (B.3.1)
T€R

where (i) follows from Lemma A.1(ii) in Romano and Shaikh (2012) (if
sup,ep|Fy (r) — Fx(2)] < ¢ then F'(1 —a —¢) < Fy''(1 — ). Also notice
that

Pir (Xl > Fr'(1 - a))
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z€R

> Bur (X > F7(1 ~ ) and sup | File) — Firo)] < ¢
(

(4)
> Pir D
xe

| X oo > F;l(l —a+e¢)and sup |Fy(z) — Fy(x)| < 5)

> Pir (| X]loe > Fl(l—a+e)) — P (Sup |Fx(z) — Fy(z)| > g)

z€R

—a—e—Pps (Sup |Fx(z) — Fy(z)] > g> (B.3.2)

zeR

where (i) follows from Lemma A.1(ii) in Romano and Shaikh (2012) (if
sup,ep|Fx (1) — Fy(z)] < e then Fy'(1 —a) < Fi'(1 — a +¢)). The desired
result follows by (B.3.1) and (B.3.2). O

Lemma B.3.4. Let Y = (Y3, --,Y,) be a random vector and F a o-algebra. If
E(Y | F)=0,Y | F is Gaussian and minE(Y? | F) > b a.s. for some constant
b > 0, then there exists a constant C, > 0 depending only on b such that Ve > 0.

supP (||Y|oo € (x — e,z 4+¢] | F) < Che/logp a.s.

z€eR

Proof. By Nazarov’s anti-concentration inequality (Lemma A.1 in Chernozhukov,
Chetverikov, and Kato (2014)), there exists a constant C; depending only on b such
that almost surely, sup, g P(maxi<j<,Y; € (x —e,x +¢| | F) < 2Cjey/logp and
SUP,ep P(maxi<j<,(—Y)) € (z — e,z +¢] | F) < 2Cpev/logp.

Since ||| = max{max;<;<, Y}, max;<;<,(—Y;)}, the desired result follows
by supger P([|Y ][0 € (x —&,2 4+ €] | F) < sup,ep P(maxic;<, Y; € (z —e,2 +¢] |
F) + sup,er P(maxi<j<p(—Y;) € (x — e,z + €] | F) < 4Cpe/logp. O

Lemma B.3.5. The following hold.

(1) Let X € R™X be a random vector whose jth entry is denoted by X;. Suppose that
there exist constants b,y > 0 such that Vj € {1,--- ,mx}, X; has an exponential-
type tail with parameter (b,v). Then for any nonrandom vector a € R, a’X has
an exponential-type tail with parameter (bHaH1 log'([lallo + 2), fy).

(2) Let {Xj};n:)j be a sequence of random variables. Suppose that constants b, > 0
satisfy thatVj € {1,--- ,mx}, X; has an exponential-type tail with parameter (b, 7).

Let ¢ > 0 be any nonrandom number. Then there exists a constant C, , > 0 depend-
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ing only on v and q such that Emax;<j<m, | X;|? < C, mxb? and E|X;|? < C, b
Vie{l,--- ,mx}.

(3) Let X7 and Xs be two random variables having exponential-type tails with pa-
rameters (by,v1) and (by,ys), Tespectively. Then X1Xs5 has an exponential-type tail
with parameter (21/701911)2, Vo), where vo = yy2(1 +72) 7"

(4) Let X have an exponential-type tail with parameter (bx,vx). Then Va € R,
X — a has an exponential-type tail with parameter (bx + |a|,vx).

(5) Let Ky, Ky, K3, K > 0 be constants such that ¥d > K, P(|X| > d) <
Kyexp(—(d/K3)X). Then X has an exponential-type tail with parameter (c, K),
where ¢ > 0 is a constant depending only on Ky, Ko, K3 and K.

Proof. Proof of part (1). Let Ay := {i | a; # 0}. Then by Holder’s in-
equality and the union bound, P(|¢'X| > z) < P(||lal|; max;eq, | X;| > ) <
>ica, P(llall1]Xi| > z) < |lalloexp [1 — (zb7Y(al|;")7]. If [Jallo = 1, then the result
follows by b|lall; < bl|al|;log"?(3). For |lallo > 1, we let ¢ = b||al|; log"" ||allo <
bllallilog"(Jlallo + 2). For z < ¢, P(|la/X| > z) < 1 < exp(l — (z/e)).
Since P(ld’X| > z) < |laljoexp [1 — (zb*|all7")?], it suffices to show that
Vo > ¢, log|lallo — (xb7Y|al|;")” < 1 — (wxc¢7!)Y. This is to say that z7 >
(logllallo — 1)/((b]lally)™™ — ¢7) Yz > ¢. By simple computations, one can show
that ¢ = (log ||allo — 1)/((b]|a||;)™" — ¢ 7). Part (1) follows.

Proof of part (2). Notice that, by the union bound, P(maxi<j<m, |X;| >
z) < YA P(1XG| > x) <mxexp[l— (z/b)"]. Then

E max \Xj]q(;)/ IP’( max ]Xj‘q>$>d$:/ p( . \Xj]>x1/q)d:zc
0 0

1<j<mx 1<j<mx 1<j<mx

(@) *© iii *©
< mX/ exp [1 — (xl/q/b)w] dx (&) mxb? (qyl/ elddq/Vldd) ,
0 0
where (4) follows by the identity EX = [ P(X > z)dx for any non-negative random
variable X, (i7) follows by P(maxi<j<m, |X;| > 2) < mxexp[l — (2/b)?] and (i)
follows by a change of variable d = (2'/4/b)". The bound for Emaxi<j<m, |X;|?
follows with C., , = ¢y~* fooo e!=4d9/7=1dd. The bound for E|X;|? follows by the

same reasoning with maxi<;j<,, |X;| replaced by |X;|. This completes the proof
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for part (2).

Proof of part (3). The proof of Lemma A.2 of Fan, Liao, and Mincheva
(2011) implies that Vv € (0,70), X7 X2 has an exponential-type tail with parameter
(bs,7y) Vbs > by max{(7/70)"°, (1+log 2)/70}, where 79 = Y172(11+72) " and by =
biby. Tt is easy to check that 20147212 by > by max{(7/7)", (1 +log2)'/°}.
Part (3) follows.

Proof of part (4). Let ¢ = bx + |a|. Notice that P(|X —a| > t) < P(|.X]| +
la| > t) =P(|X| >t —|a]). Fort € (0,¢], P(|X| >t —a|]) <1 <exp[l — (t/c)"].
For t > ¢, t — |a] > 0 and P(|X| >t — |a]) < exp[l — ((t — |a|)/bs)™]. Tt is easy
to check that (¢ — |a|)/b, > t/c Vt > c. Part (4) follows.

Proof of part (5). It is easy to see that there exist constants ¢;,cy > 0
such that ¢; > K, ¢c; > K3 V¢, and log Ky — 1 < (K35 — ¢;%)cK. Now we verify
that we can take ¢ = cy. For d € (0, ¢, P(|X| > d) <1 < exp(l — (x/c)¥); for
d > co, P(|X] > d) < Kyexp(—(d/K3)") and it is straight-forward to check that
Vd > ¢y, Kyexp(—(d/K3)X) < exp(l — (d/cy)®). Part (5) follows. O

Lemma B.3.6. Let {W;};c; be random variables. If there exist constant b,y > 0
such that ¥j € J, W, has an exponential-type tail with parameter (b,7), then
max;e; |W;| = Op(log" ™ |J|), where |J| is the cardinality of J.

Proof. By the union bound, we have

) 1/~ ) 1/v
P (a3 > (08 1)) < ST (1W5] > (g 7))

Jj€J

< |Jlexp [1= ((og )" 2/b) | = exp L+ (1= (x/6)") log |].

Hence, for any € > 0, one can choose large enough x such that the right-hand side

of the above display is smaller than €. The result follows. O

Lemma B.3.7. Let F, be a o-algebra and {W,}L_, be random variables with
E(W: | F.) = 0. Suppose that the following hold:

(i) There exist constants v1,by > 0 such that vt € [T], W; € Z(b1, 71, Fn)

(1) There exist constants vy2,ba > 0 such that o, (t | F,) < exp(—bot™?) and
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vi= [+ 72_1}_1 <1 a.s, where

an@\]z)::mm{h%A|]%ﬂ%B\]@)—P1A(]B\]%):

Aca({(Wy,- W) | s <),
Beaqan,~ﬁunszb+@)mmLeN}

Then T—1/? Zthl W, € Z(by, v, Fpn), where b, > 0 is a constant depending only on
Y15 V2, bl and b2-

Proof. Let K > 0 be a constant to be chosen later. By Theorem 1 in Merlevéde,
Peligrad, and Rio (2011) (applied to the conditional probability measure P(- | F,)),
there exist constants C, Cy, C3, Cy, Cs > 0 depending only on 71, 72, by and by,
such that Vd > K,

g

T
>w
t=1

14 C5T

(. S

2T
> dTY? | fn> < Texp (—OlTV/QdV) + exp (— Cyd )

izl o (d)

T2\ (1=7)
+ exp [—Cz;dz exp (05 ([1Og<T)1/2d)]7 )] a.s.

J3,7(d)

It is not hard to see that one can choose a large enough K such that Vd >
K, Jir(d) < exp(=Cid"), J3r(d) < Jir(d) and Jor(d) < exp(—Ced?), where
Cs = C3/(1 4+ C5). Hence, Vd > K, Ji7(d) + Jor(d) + Jsr(d) < 2exp(—Cid") +
exp(—Cgd?). Since v < 1, we can enlarge K, if necessary, such that Vd > K,
exp(—Csd?) < exp(—C1d").

Hence, Vd > K, P (T_1/2 ST Wy >d| fn) < 3exp (—C1d") a.s. Thus,
the desired result follows by Lemma B.3.5. O]

Lemma B.3.8. Let {%;;}j)emxs be an array of random variables and F, be a
o-algebra. Suppose the following hold:

(1) Condition on F,, x; is independent across i, where x; = {x;; | j € J}.

(11) E(z;; | Fn) =0V(i,j) € [n] x J.

(iii) There exist constants b,y > 0 such that ¥(i,j) € [n] x J and Yz > 0, P(|z; ;| >
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z | Fn) < exp(l—(x/b)) a.s
(iv) YO < ¢ < oo, n~¢log |J| — 0, where |J| denotes the cardinality of J.

Then maxjes [0y [xi; — E(xi; | Fu)ll = Op(y/nlog|J]).

Proof. Fix an arbitrary € > 0. Let #; ; = x;; — E(z;; | 7). By Lemma B.3.5(2)
and (4) applied to the conditional probability measure P(- | F,,), we have that there
exists a constant b; > 0 depending only on b and 7 such that Vd > 0V(i, j) € [n|x J,
B(\dy] > o | Fa) < exp (1 — (a/b)7) aus

Then by Theorem 1 in Merlevéde, Peligrad, and Rio (2011) (applied to the
conditional probability measure P(- | F,,)), there exist positive constants C;, Cs,

Cs, Cy, C5 and r depending only on bM, and ~ such that r < 1 and Vd > 0,

(% )

< nexp [—C’l (d\/my“} + exp {—M}

1+nC'3

nlog |J|

r/(1=r)
+ exp {—C4d2 log | J| exp {05 log™" <d\/nlog|J|) <d\/nlog|J|> 1 }} a.s.

Then, by the union bound, we have that

(r?eaJx wa > dv/nlog|J]| |.7:>
SZIP’(maX

Zx” > d\/m || F )
JE€J
2
< lnexp [~Cy (dy/mloalJ]) | + 17 exp [_Cnd_log!ﬂ]

1+nC’3

# lexp { ~Cuog | exp | Cator ™ (a/mtog 1) (av/tog 1) 7] } s

By assumption (iv), the first and third terms in the above display go to zero for
any d > 0. Hence, we can choose a large constant d, > 0 and n, € X such that

Vn > n,, P <man6J 1> T | > diy/nlogl|J] | ]-"n> < ¢ a.s. The result follows by

the law of iterated expectations. O
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B.4 An example of difficult low-dimensional
asymptotics

By Lemma 2.2.1, H in (2.2.3) holds if and only if rank[F, X| = py +pw — ko,
which is equivalent to the condition rank}: = py + pw — ko. Hence, one way of
testing Hy is to test the rank of a low-dimensional matrix ¥, € RP*P, where
p = py +pw. Let A\, (+) denote the sum of the smallest & eigenvalues. We can test
whether A, (3¢) = 0.

For simplicity, assume that (F, X, L, R) is nonrandom with ¥, = I,, and
Y g = I, so the normalization imposed in PCA is correct. A natural estimator for
S is B¢ = T71¢'C, where ¢ = [F, X]. It is not hard to show that Tvec(3, — X¢) —¢
N(a, Q) for some vector a € RP and matrix Q € RP*P. Tt is well known that, under
Hy, M\ (+) is a smooth function in a neighborhood of ¥.

The first difficulty is that a is nonzero and is not straight-forward to estimate.
It is not hard to show that a = vec(Blockdiag(ny' L'E(ee’) L, ny; R'E(uu')R)). Let
¢ =Y — LF" and @ = W — RX’. Notice that by construction, L'¢ = 0 and Rt = 0.
This means that n;,lf/ é¢'L = 0 and ny R'ad' R = 0. Therefore, it is not clear how
to consistently estimate a.

The second difficulty is more problematic and arises due to the singularity
of €2, which requires us to take into account the asymptotic distribution of the error
in approximating the distribution of Tvec(% — ¥¢) with N(a, ). To see this, let
A, (+) denote the derivative of Ay, (-). By the first order Taylor’s expansion,

T (3¢) = Ao (S¢)] = T, (B¢ vee(Se — S¢) + Op(T71).

Hence, the limiting distribution of T'[Ax, (2¢) — A, (3¢)] is Gaussian with variance
[N, (SO QN, (Z¢). Since under Hy, Ay (X¢) > 0 = Mgy (E¢), the limiting distribu-
tion of T'[ Ak, (3¢) — Mgy (E¢)] cannot be Gaussian with nonzero variance. Therefore,
Ay (2¢)Q = 0. Since A}, (X¢) can be shown to be nonzero, 2 is singular.

Since A, (X¢)a # 0, we need to remove the bias in 3¢ and consider

T3 [Ny (B¢ — T71a) — M (S0)] = T2\, (Be)vec(Xe — B¢ — T~ 1a) + Op(T3),
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where @ is an estimate for a. Suppose that we have strong approximation Tvec(ic —
X)) =a+ Ji + Jor, where J; ~ N(0,9) and Jo7 = op(1l). Then, by the above
display and \j (3¢)Q2 = 0, we have

T2 My (S = T71) = Ay (B0)] = My (5) [VT(a = @) + VT o | + 0p(1).

Although we might be able to find an estimator a such that it is possible to
derive the asymptotics of /T (@ — a), dealing with VT Jor, which does not vanish,
is much harder. This is because J, r contains the error of approximating terms such
as ny! S SOF | e,G L with Gaussian distributions. Consequently, we need to
resort to higher order Edgeworth expansions. Due to the intertemporal dependence
in e;;, these expansions could be very complicated; see Gotze and Hipp (1994) and
Lahiri (2010). In addition, we have to take into account the dependence between
\/T(a —a) and \/TJZT.

The third difficulty is that since €2 is singular with A} (3¢)Q2 = 0, we have
reasons to suspect that the product of A} (3;) and some higher order terms in the
Edgeworth expansion is also degenerate. For some estimators @, A}, (S¢)vT(a — a)
might also be degenerate in the limit. In some cases, we also need to include higher
order terms in the Taylor expansion of the function A, (+). Hence, quite complicated
arguments and possibly additional assumptions are required to determine which
orders in expansions are needed.

These difficulties still arise even if one replaces Ay, (+) with other functions,

such as canonical correlations.



Appendix C

Proofs for Chapter 3

In the rest of the article, we use A\yin(+) and Apax(+) to denote the minimal
and maximal eigenvalues of a matrix, respectively. For a random variable, let

1/7“

| - |lzr(py denote the L"(P)-norm, i.e., ||z|lzrp) = [E7]] For a vector x =

Ty, ,x,) € RP, let M(z) denotes its support {i | z; # 0}.
p

C.1 Proof Theorems 3.2.1 and 3.2.2

Proof of Theorem 3.2.1. Under Hy in (3.1.2), l;(g0) = 2i(g; + w,; B8.). Notice
that

o} = Eli(go)* = 0202 + Ez}(w] B.)* > 002
Hence, s2 :=> """ | E(li(g0))* > noZc?. It follows that

iy Elli(g0) < Elzile +w,; B,

3 = /25343
s3 nl/2g3g3

o I B e+ 0Bl
- ni/2c3 = o(1),

where (i) follows by Holder’s inequality and (ii) follows by Assumption 4 and
Minkowski’s inequality ||e; + w;' Bil|zop) < ll€illzor) + W) Billzor) = O(1). By
Lyapunov’s CLT (Theorem 11.1.4 of Athreya and Lahiri (2006)), >, 1;(g0)/$n —*
N(0,1).

214
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By Slutsky’s lemma, it suffices to show that s,//n=1> i li(go)? =P 1.

Notice that this is equivalent to the condition

RS li(g0)” _ —0
n Z(Eli(go)Q 1)— p(1). (C.1.1)

=1

By Markov’s inequality, we have that, for any M > 0,

P <n—1 Zn: (Ell(?zz; - 1))2 > M| <M 'n'E (ElizE?O)z - 1)2 (C.1.2)
z

i=1 90)?
© ~1,-1 E i<90)4
<2M {—[Eli(go)2]2 + 11 , (C.1.3)

where (i) holds by the elementary inequality (a + b)?* < 2a? + 20°.
By Holder’s inequality and Assumption 4,

Bli(g0)'07* < \[llz07 [3s pylei + w] Bull3s ) < Co

for some constant Cy > 0, depending only on C. Since El;(gy)? > 0202 > 02c?, we
have

El1<go)4/ [Elz(go)2]2 < C()C74 < Q.
This, together with (C.1.3), implies (C.1.1). The proof is complete. O

Proof of Theorem 3.2.2. Since the eigenvalues of Y x are bounded away from
zero and infinity, we have 02 = E2? = b Sxb = (a"Qxa)™! < ||al|32. It follows, by
Vnlhn|/llallz = oo, that

Vn|h,lo, — . (C.1.4)

It should be noted that when a' 3, = gy + h,, we have l;(gy) = zi(e; +
w;' B.) + 22h,,. Also note that (C.1.3) in the proof of Theorem 3.2.1 still holds, in
that for all M > 0,

-1 - li(90)° i -1, —1 Eli(90)4
P <n Z(Eli(go)2_1>) > M| <2M'n {WJJ}. (C.1.5)

i=1
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Observe that, by Assumption 4,

Li(90) ziei+ wi B L Eh (C.1.6)
o,(0h,| V1) Lapy 0,(0.hy| V1) LA(P) 0.(0:|hn| V 1) LA(P)
Zz‘(éi + wTﬁ*) —~1112 Jz|hn|

< | == e PR i — (C.1.7

- o L4(P) ! HZ 7 HLg(P) o |hn| V1 ( )

< o7 a4 T 52

ram TO(1) =0(1). (C.1.8)
Observe that

Eli(g0)* = E (zi + z:(w] Bu + 2hn))" = E(222) + E(22(w] Bu + zihn)?) > 0202,

Also, we have El;(go)? > [Eli(g0)]* = o2h?. Hence,

Eli(g0)* > (03hy, V 0202) = 02(02hy, V 0?2).

£

This, together with (C.1.8) and Assumption 4, implies that

Bli(go)' _ O() o (0[] v ]* _

otht v »
[EBli(90)?)” —  [02(o2h2V o2)]? o) <Oo()(ave™). (C19)

Apa N A =
oih} V¢

It follows, by (C.1.5) and (C.1.9), that n ™'Y | (Li(90)?/Eli(g0)* — 1) = op(1),

which means that .
n~t Zi:l li(90)2
Eli(g0)?

By Markov’s inequality, we have that, VM > 0,

=1+ op(1). (C.1.10)

P (n—1/2 Sy (Li(go) — Eli(QO))>2 > M| < M—lE [Li(g0) — Eli(go)]Q

El;(g0)? Eli(g0)?
Mt Elz(90)2 — [Eli<90)] Mt
El;(g0)? N
Hence,
n71/2 Z?:l (ll(go) Ell(go)) _ OP(]-) (C]_]_l)
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Lastly, we observe that

Eli(0)? = E [z + w] B.) + 22h,)’

(@)
< 2Ez-2(5i +w; Ba)? + 2Ez}h2

< 20 \/E (zio7D)AE(g; + w/ B)* + 2E(zi0, Htoln?

ZZZ

< O(1) + O(1)azh;

ZTL7

where (7) follows according to the elementary inequality (a + b)? < 2a® + 2b?, (i)
follows by Holder’s inequality and (iii) is determined by Assumption 4. Since
FEli(go) = 02h,,, we have

n~/? > i1 Eli(g0)

fa2|h | O(1) W\
Dol =\ 2 +0(n™") — 00,

>
NGIDY

Eli(g0)?
(C.1.12)
where the last step follows by (C.1.4). The desired result follows by (C.1.12),
(C.1.11) and (C.1.10), together with Slutsky’s lemma. O

C.2 Proof of Theorem 3.3.1

In the rest of the article, we recall the definitions from Section 3.3: z; =
a'x;i/(a"a), w; = (I, —aa" /(a"a))x;, 7. = U] B, and w; = U] w;.

We need to derive some auxiliary results before we can prove Theorem 3.3.1.
The proof of the following lemma is similar to that of Theorem 7.1 of Bickel, Ritov,
and Tsybakov (2009) and thus is omitted.

Lemma C.2.1. Let Y € R" and X € R™P, Leté be any vector satisfying
In ' XT(Y — X&)l < 1. Suppose that there exists €, such that |[n"'XT(Y —
X&) oo <1 and €]y < [1Ellr- If 52 = |IEllo and

1X 1l

e C.2.1
JoC{1, p}uo|<s*6¢o||6JCH1<||6JOH1 Villdslle — ( )

~

then ||6]]; < 8ns.k2 and 6" X T X6 /n < 161?s,k72, where § = € —&,.
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Lemma C.2.2. Suppose that Assumption 5 and Hy in (3.1.2) hold. Consider

the optimization problem (3.3.6). Let v; = y; — zi9o, 02 = Ev? and p. = 0./0,.
There exists a constant C' > 0, such that for any n,A > Cy/n~tlogp, py <

[T+ coe; (3t — 1)]7Y2, we have
P ((m., p«) and 7, are in the feasible region in (3.3.6)) — 1.

Proof. Let V =Y — Zgo and notice that under Assumption 5, Z — W’y* = u and
Ewu; = 0. Since w;o;' ~ N(0,1) is independent of w; ~ N(0,%};,) with the
eigenvalues of X5, = EWTW/ n bounded away from zero and infinity, it follows
that there exists a constant that upper bounds the sub-exponential norm of each

entry of w;u;o,'. To see this, note that, by the moment generating function of
N(0,1), for t > 0,

Eexp(tﬁ)i,juia;l) = E[E(exp(ttbi7jui<7;1) ’ ”LDL]')] = Eexp(u?ith/Q)

Since w7 ; has bounded sub-exponential norm (by Lemma 5.14 of Vershynin (2010)),
Lemma 5.15 of Vershynin (2010) implies that for small enough ¢, F exp(tw; ju;o, ) =
E exp(w;;t*/2) is bounded by some constant. Hence, Equation (5.16) in Vershynin
(2010) implies that w; ju;0, ' has bounded the sub-exponential norm.

By Proposition 5.16 of Vershynin (2010) and the union bound, we have that
Vitg > 0,

it 21 t I
P (1o W70 >t/ TTogp) < 2pesp i (105, oD ) |

where K > 0 is a constant depending only on the constants in Assumption 5. Hence,
there exists a constant M; > 0, such that P (||7’F1VT/TU||OO > Myo,/n1 10gp> —
0. It follows that

P (I WT(Z = Wyl > 265 20y /T Togpn 21 2]
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I —-1/2 A ;
<P (HnﬂWWHoo > Mo \/n! 10g_p> L P (2\/6_3% S | Hz) 0 o(1),
0z

Oz

(C.2.2)

where (i) follows by 2,/c30, /0, > 2 (Assumption 5) and n=V/?||Zo; |2 = 1+ 0p(1).

By the Law of Large Numbers : n~!||Zo!||3 is the average of n independent x?(1)
random variables.
Notice that under Hy in (3.1.2), V — W, = e. By an analogous argument,

there exists a constant M3 > 0 such that

P (Hn—le(v W) |l > Maypar/n— logpn_1/2“VH2) 0. (C.23)

Since V = W, + & = Wg, + ¢, we have that 02 = B YwpB. + o2 Assumption 5
implies that
B ExBi+ 0l = o) <olfes

and thus 3] Yx 3, < (c3' — 1)o?. Therefore,
18115 < (B 2xB.) Amin(Bx) < €' B DxBe < ey ' (1= e T)o?.

Observe that Yy = M,YxM,, where M, = I, —aa' /(a"a) is a projection matrix.
Hence, Apax(Ew) < Amax(Xx) and thus

0y = B Swhi + 02 < Anax(Sx) B3 + 02 < [L+ cacy (5" — D))o

Since po < [1 + cacy ' (c3' — 1)]7Y2 < 0. /0, we have that 02 = p,0,0. > 02p.po.

By the Law of Large Numbers ,
n WV W) =n"VTe = (14 o0p(1))o?,

n V|5 = (1 +o0p(1))o? and thus

n WV -Wr,) _ 1 ( 02(1+ op(1)) 1)
P >—-| =P . > -] =1 C.2.4
( pr TV~ 2) "\ G0+ op o, 7 2 .
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The desired result follows by (C.2.2), (C.2.3), (C.2.4) and the fact that
pe = 0e0, >[I+ coct (¢! = 172 = po.

]

Lemma C.2.3. If n”'VT(V — W#) > 7, then n~\(V — Wa)"(V — W#) >
7?2/ (n~tVTV).

Proof. Since n= 'V (V — W) > 7, we have that, for any ¢t > 0,

n YV - Wr)" (V- Wr)
>0 (V= W) (V= Wa) + 4 (= n VTV = WR))
(12) min {n_l(V — W)V = W) +t (77 —n VIV - W7)>}

Y

1
= tij — Z—lt%fl\ﬂv,

where (i) follows by the first-order condition of quadratic optimizations. The
desired result follows by maximizing the last line with respect to ¢ with ¢t =

2/ (n'VTV). O
We now proceed to prove Theorem 3.3.1.

Proof of Theorem 3.3.1. Let V =Y — Zgo, s. = ||%xllo, 7= = mn~Y2||V||5 and
A, = M~Y2| Z||5. Notice that

n V2V - Wi (Z - W?3)
_ n—l/Q(V N Wﬁ)Tu + n*1/2<v _ Wﬁ)TW(fy* — ’Ay) . (C25)

J/

-~ -~

11 12

Since the eigenvalues of EWTW/n is bounded away from zero and infinity, it
follows, as a simple consequence of Theorem 6 in Rudelson and Zhou (2013), that

there exists a constant £ > 0, such that P(D, (s, k)) — 1, where

We
D, (S, k) = min min ol > K. (C.2.6)
JoS{L P}l Jol<sx 570,18 s¢ 11 <1355 Il v/T2|6 g5 |2
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Define the event M = {(ﬂ'*, p«) and 7. are in the feasible region in (3.3.6)}. By
Lemma C.2.2, with appropriate choice of tuning parameters as specified in the

theorem, we have P (M) — 1 and thus
P(MO\Dlsu)) = 1 (C.2.7)

We apply Lemma C.2.1 with (Y, X, &,) replaced by (Z, W, ~,) and obtain that, on
the event M (D, (sx, K),

19 — Yull1 < 8M\ys.67% and n ™2 W (5 — 7)|l2 < 4Myy/5ak (C.2.8)
Thus, on M (D, (S«, k), we have the bound
|I] < 02" WV = W) [laollF = 2l < 812X iprsn ™,
where in the last step we utilized
I~ WV = W) [l < npn™ 2 V]a < 1

with p < 1, from the constraints in optimization problem (3.3.6). Moreover, by

constraints in (3.3.6) and Lemma C.2.3, on M (| D, (s, k), we have that
Ge = popn™ 2|V 12/2 = pin™ V2|V ||2/2

and thus, by o, > c30.,

I

00y

16nA 1, Suk 2 164/ NANS k2 12\ 715
el s e s 1 R TSNS TR Y
e300V |2 3Py 0.

where (i) follows by py! = O(1) and \,n < /n~Tlogp with s, = o(y/n/logp)
and n~Y2||Z||y/0. = 1 + op(1). Observe that by the Law of Large Numbers :
n=|Zo ;1|3 is the average of n independent x?(1) random variables.

For I, notice that under Hy in (3.1.2), u is independent of {V, W}. Since #
and . are computed using {V W}, it follows that u is independent of V — W#
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and .. Thus, under Hy,
Lot [ (V,W) ~ N(0,1)
and thus I,6- "o, ' ~ N(0,1). This, together with (C.2.9), implies that, under Hy,
n V2V - W) (Z - W7)

Sn@ = -4 N(0,1). (C.2.10)

oy, 00y,

By (C.2.8) and s, = o(y/n/logp),

b =1 ula] = [0 212 = WA = 072 full
< V2| Z = WA — ull
= w2 = )l

= Op(An~"2|1Z||2y/52) = op(n ™| Z])5). (C.2.11)
Therefore,
Ty — Gu —n V2| |u
ol | ] ey —
O-’LL O-U
) op(n=34|Z
(:) P( || ||2)+0P(1)
O-'LL
9 op(1), (C.2.12)

where (i) follows by the Law of Large Numbers (n~!|luc; |3 is the average of n
independent x2(1) random variables) and (i) follows by o, /0, < c;' (Assumption
5) and nV2||Z||/0. = 1 + 0p(1) (as argued in (C.2.9)).

By (C.2.12), 6,/0, = 1 4+ op(1) and the desired result follows by (C.2.10)
and Slutsky’s lemma. O

C.3 Proof of Theorem 3.3.2

We need the some auxiliary results before we prove Theorem 3.3.2.

Lemma C.3.1. Let Assumption 5 hold. In (3.5.3), 0, = (a"Qxa)~'/2.
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Proof. We define 7, = U7, € R? and observe that z; = @, v, + u; = w; ¥, + w;
and Fw;u; = UaTEtbiui = 0. Thus, 02 = Ez2? — ijEwiwiTi*.

Let M, = I, —aa'/(a"a). Recall that z; = a'x;/(a"a) and w; = M,z;.
Since Fw;z; = Bw;w, 7.,

Bww, = M,YXx M,

and Fw;z; = M,Yxal al|5?, we have
M, Sx M7, = MY xalall;?

and thus, M,Yx(M,%. — al|al|5?) = 0. Since M, is the projection matrix onto the

(p — 1)-dimensional linear space orthogonal to a, there exists k; € R with
ZX(Ma:V* - GHGH52) = kla?

implying that M,9, = k1Qxa + ||al|;%a. Next we aim to identify k;. Observe that

FTMSx Mo, 2 (M3 T (Mo S x Mo,
D (kyQxa+ [al;%a) Sxalall;>

= kl + ||a||2_4aTEXa.

where (i) and (i4) follow by M2 = M, and M, x M7y, = M,Yxal|al|;?, respectively.
Together with

T MoSx Mo = (MoFs) " Sx (Mos)
= (k1Qxa + |lal|3%a) " Sx (k1Qxa + |lal|3?a),

we can solve for the unknown k;. The above display allows us to obtain k; =

—(a"Qxa)"! and thus

I MY xMA, = |lallz*a" Sxa — (a" Qxa) ™.



Since

o = B2 — 7] Bww,] 4, = Bz} — 7] M, Y x M7,

and Ez? = |la|;*a"Yxa, we have 02 = (a"Xxa)™. The proof is complete.
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]

Lemma C.3.2. Let Assumption 5 hold. Suppose that at least one of the following

conditions holds:

(1) llallo V [|Billo = o(v/n/log p) or

(2) M(a) YM(B.) =0 and ||B.]lo = o(v/n/logp).
Then, ||m.|lo = o(v/n/log p).

Proof. We denote s, = ||al|o and sz = || B.||o. Without loss of generality, we assume

that a = (ag,0)" € RP with [lag|lo = sa. Let Uy, € Ro*Ge=V satisty U, U,,
and U, U] = I, — apa] /(aj ap). Tt is easy to verify that

ao ™~ ag
I,, — apag /(ad 0
I,—aa' /(a"a) = . — aoag /(ag ao)
0 Ip_sa

and

It then follows that

T =U) . = (Uc;ﬁ*,wa))
B M)

Take note that

H'/T*HO = HU;—)ﬂ*,M(a)HO + Hﬂ*,[/\/l(a)]C 0 S (sa - 1) + Hﬁ*“ﬂ

- Isa—l

(C.3.1)

This proves the result under condition (1). Under condition (2), 8 a(q) = 0 and

thus [|m.[lo = || B« m(a)cllo = || B<llo- This proves the result under condition (2). [

Lemma C.3.3. Let Assumption 5 and Hy,, in (3.3.10) hold. Let v; = y; — z;go,
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02 = Ev?, py = [1 + cocy ezt — 1D)]7Y2 and hy, = n=Y?(a" Qxa)?0.d. Then,
o, = O(1).

Moreover, there exists a constant C > 0, such that ¥Yn,A\ > Cy/n~llogp and
Voo < [1+ coci (et — 1)]7V2, we have

P ((me + Vil ps, 7s) is feasible in (3.3.6)) — 1.

Proof. Under H, ,,, v; = W, T, + &; + 2ih,. Consequently,

Hw — ’LT)ZTﬂ'* — EiHLQ(p) = Hzihn”LQ(P) = \/Ez?h%.

Observe that

Ethi = ||a||2_4aTZXahi

= |lall;*(a"Sxa)(a" Qxa)(a Qxa) " R,

(2)
< (cchl)(aTQXa)’th

n = (cacy)nloZd” = o(1),

where (i) holds by Assumption 5. Hence, by the triangular inequality applied
to L*(P)-norm, we have o, = ||v;||r2(p) = ||@] 7 + &l 12(p) + 0(1). By the same
argument as in the proof of Lemma C.2.2,

@] 7 + €ill72(p) = 7. B m + 02 = B Swhi + 07 < [L+ cacy ez — 1)]o?.

The first claim follows by o, < [1 + cacy ' (c3! — 1)]Y20. + 0o(1) = O(1).
Notice that under H; ,, the analysis for the feasibility of v, is the same as
under Hy. Thus, by the argument in the proof of Lemma C.2.2, for some constant

My > 0, we have

P (||n—1WT(Z W)l > My/n logpn_1/2||Z||2> 0. (C.3.2)

(3.3.3) implies that, under Hy ,, v; = @, T\ + &; + zih,, = @, (74 + yuhyn) +
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& + ulhn Thus,
7’L—1WT(V — W(Tf* + ’}/*hn)) = n_l Z 11)1-5@- + n_l Z @Zulhn
=1 =1

By a similar argument as in the proof of Lemma C.2.2, entries of w;e; and w;u;0;, "
have bounded sub-exponential norms. As in the proof of Lemma C.2.2, we can
use Proposition 5.16 of Vershynin (2010) and the union bound to conclude that
for some constant My > 0 we have P(|[n"'W Tuo, s > May/n~1logp) — 0 and
P(|[n" "W Te|loe > Myy/n~1logp) — 0. Tt follows that

P (Hn—lﬁﬂ(v W (s + b)) > 2M2m) (C.3.3)
- P (Hn’le(e + uhy) oo > 21@/@)
P (Hn—lVVTsHOO > Mg\/@)
+ P (Hn’leuangoo\auhA > MQW) 9 (1),

IN

where (i) holds by |o,h,| = n~20.|d| = o(1) (by Lemma C.3.1 and the definition
of hy).
Notice that

Bvi(uihy 4+ €)o? = E(ughy, +¢)%072 = 1+ 0 202h2 =14+ n"'d? = 1+ o(1).
By the Law of Large Numbers ,
n"WV IV = W(m, + uhn))o2 = E(ushy, + €)%072 + 0p(1) = 1+ 0p(1).

In the display above, the first op(1) term is equal to n 1o =2(m, +7.hp) "W T (e+hyu).
Since W is uncorrelated with (e, u), this term is the partial sum of zero-mean
independent random variables. Since 7, + h,7. has bounded L?-norm by Bernstein’s

inequality, we have that this term is op(1). The Law of Large Numbers also implies



227

that n=||V||36,2 = 1+ op(1). Hence,

» <n1vT(v —W(m +vha)) 1 >

nTVIB 7 gt
_p(tor®) 1
_P(UZ(HO()) 2’ p)
Y (1+0p(1)) 1\ G
=7 ([1 Y e (G — D1+ op(1) §p0p*) > 1+4o0(1), (C.3.4)

where (4) follows by o, < [1 4 cac; ' (c3' — 1)]Y20. 4 0o(1) (shown at the beginning
of the proof) and (i) follows by py < p. = [1 + cac; (c3t — 1)]71/2. According to
(C.3.2), (C.3.3) and (C.3.4), P ((m« + Vahun, P, Vs) is feasible in (3.3.6)) — 1. The

proof is complete. n
Now we are ready to prove Theorem 3.3.2.

Proof of Theorem 3.3.2. Let V. =Y — Zgo, s« = ||%llo + ||7llo, hn =
n2(a"Qxa)?o.d, N, = InTV2||Z]|2, ne = gnT V2| V| and 02 = EVTV/n .
Notice that ||7.]|o < s« and |7 + Yhnllo < s.. By Lemmas C.3.1 and C.3.2,

= o(v/n/logp) and h, =n"Y%0; o.d. (C.3.5)
Under Hy,,, V = Zh,, + W, + &= uh, + W(V*hn + 7,.) + ¢ and thus

n Y2V - Wi (Z - W7) (C.3.6)
= VXV - W) Wy —4) +n V2V —Wi)Tu

~~

n I
+ y’l/thuTq—i— n’l/Z(W* — 7+ fy*hn)TWTu )

~~
13 I4

We next treat each of the four terms in the decomposition above separately.
As argued in the proof of Theorem 3.3.1, there exists a constant

k > 0 such that P(D,(s.,x)) — 1. Define the event M = {(m +
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Yln, Ps, V) 18 feasible in (3.3.6)}. By Lemma C.3.3, P(M) — 1 and thus
P (M ﬂDn(s*,ﬁ)> Sl (C.3.7)

Since 4 does not depend on whether h,, = 0, we conclude, as argued in the

proof of Theorem 3.3.1, that 6, /0, = 14+0p(1) and that on the event M (D, (4, k),
19 — Yelli < 8\ys.67% and n V2| W (5 — 7.l < 4\ /50k (C.3.8)
By the definition of 7,
I~ WV = W)l < mpn™ (Vo < s
thus, by (C.3.8),

L] _ VAl WV = W) faolld =l

Ou0e

0u0s
8/ Ay St
o Uu(l + OP(l))05
n 2] Op(o,0,) (i
(@) (87 0g p)Op(0v0%) (i) op(1), (C.3.9)

0u0¢

—~
.
=

where (i) follows by n™!||Z]|30.% = 1+ 0p(1) and n ||V ||30,2 = 14 0p(1) (by the
Law of Large Numbers since both n™||Z]|30;2 and n™!||V||30,2 are averages of n
independent x?(1) random variables) and (i) holds by (C.3.5),0, /0, > c3, 0- > ¢
and o, = O(1) (Lemma C.3.3).
By CLT, I/a, —+* N(0,02). Since 6,/0, = 1+ op(1), the Slutsky’s lemma
implies that
Ai —4N(0,1). (C.3.10)

0u0e

By (C.3.5),
nY2huu/(6,00) = d(oy/G,) (n"u uo ?).

Notice that n='u"uo,? is the average of n independent x?(1) random variables. Tt
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follows, by the Law of Large Numbers and o,/6, = 1 + op(1), that

2 4+ op(1). (C.3.11)

On the event M () D, (s«, k), we have that
17y < [l + Y1,

In ='WV = W)l < npn 2| V]2 < 11

and
Hn—lw—r(v — W(’/T* + ’Y*hn))”oo < 770*71_1/2|WH2 < Nx-

We apply Lemma C.2.1 with (Y, X, £,), replaced by (V, W, 7w, 4+ ~,hy), and obtain

Wirt — (7 + Yha)]

—-1/2

|, < e/
2
(C.3.12)

Observe that, on the event M Dy (54, 5), |07 W |l = [0 "W T(Z —
W) lloe < A, and thus

|7 — (e + ’Y*hn)Hl < 8?77“9*/(2 and n

Ll _ Vol W ullooI7 = (7 + yeh)lls 0w

a-uo-s Uuo-g &u
(1) 8/ NN Sk ™2
@BV (4 op(1)
0u0e
-12\\v 120 Z1ly G
_ OP(S*n—l logp)n H H2 . n H H2 (:) 0P<1), (C?)l?))
o Ou

where (i) follows by (C.3.12) and 6,/0, = 1 + 0p(1) and (ii) follows by the same
argument as (C.3.9). By Slutszky’s lemma, together with (C.3.6), (C.3.9), (C.3.10),
(C.3.11), (C.3.13), we have
A -1/2 —WAHT(Z — WA
g, 0 TV = WE) (Z=WA) _a g 1), (C.3.14)

O¢ oA-u O¢

Since o is bounded away from zero, it remains to show that 6. = . +op(1).
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Note that

o — V2] = [V — Wl - 2 e,
<n VRV Wi —ells
(@) =
< 0 W (m 4 vl — 7)o+ 072 o o] ol

D 0p(nev/5n) + Op(n 20 ]d] 2 op (1),

where (i) holds by V' = W(m, + v.h,) + uh, + ¢, (it) holds by (C.3.12) and
n~Y2||uo; s = Op(1) (by the Law of Large Numbers ) and (iii) holds by 7,/5, =
n~2||V]|2y/s.n Togp, (C.3.5), n='/2||V ||y = Op(1) (argued in (C.3.9)).

Law of Large Numbers also implies that n='/?||¢||2 = 02 + op(1). This,
together with the above display, implies that 6. = 0. + op(1). Hence, by Slutszky’s
lemma and (C.3.14), S,, =4 N(d,1). Tt follows that

P(\Sn|><1><1—%)> _ P(Sn<—<1>*1<1—%))+P(Sn><1>*1<1—%>)
- P(Sn—d<—¢*1<1—%>—d)
+P<Sn—d>®*1<1—%)—d)
» e(-e (1-5) - d)

+1—<I>(<I>‘1<1—%>—d>.

The desired result follows by noticing that

1—<I><<I>‘1<1—%>—d>:¢<—¢‘1<1—%>+d>.
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