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ABSTRACT

High dimensional factor models have drawn attention in both empirical and theo-
retical studies. Correctly specifying the number of factors (r) is a fundamental issue
for the application of factor models. We develop an econometric method to estimate
the number of factors in factor models of large dimensions where the number of fac-
tors is allowed to increase as the two dimensions, cross-section size (V) and time
period (7') increase. Using similar information criteria as proposed by Bai and Ng
(2002), we show that the number of factors can be consistently estimated using the
criteria. We propose a new procedure that avoids overestimating the number of fac-
tors while allowing for one to search for possible number of factors over a wide range
of positive integers so that it also avoids underestimation of the number of factors.
We conduct Monte-Carlo simulation to investigate the finite sample properties of the
proposed approach.

The factor loadings are commonly estimated under the presupposition that they
do not depend on time. However, this presumption is easily challenged by struc-
tural changes or regime shifts. We investigates high dimensional factor models with
structural instability in factor loadings. Our inquiry focuses on how to estimate the
unknown common break point and derive its limiting distribution. The least squares
method is used to estimate the break point in factor loadings. Several competing
methods are compared in the simulation. The results show that our proposed ap-
proach outperforms other methods. We further propose a new framework to derive
the limiting distribution for the estimated change point. The limiting distribution of
the estimated break point is more complex than that of the conventional panel data

models, because both factors and factor loadings are unobservable. We show that the
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estimated factors and estimated factor loadings influence the limiting distribution.
Based on the limiting distribution of the estimated break point, one can construct
confidence intervals of the underlying true break point. Bootstrap method is also
studied. We apply the method to the study of structural changes in financial asset

returns and in macroeconomic data.
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1. INTRODUCTION

1.1 Increasing Number of Factors

Factor models have been widely used in economic analyses such as forecasting eco-
nomic variables, estimating variance-covariance matrices with high dimension data,
and estimating average treatment effects. In practice a few common factors may
capture the variations of a large number of economic variables. In the finance lit-
erature, the arbitrage pricing theory (APT) of Ross (1976) assumes that a small
number of factors can be used to explain a large number of asset returns. Stock
and Watson (1998, 1999) consider forecasting inflation with diffusion indices (“fac-
tors”) constructed from a large number of macroeconomic series. Gregory and Head
(1999) and Forni, Hallin, Lippi, and Reichlin (2000) find that cross country varia-
tions have common components. Fan, Liao and Mincheva (2011), and Fan, Liao and
Mincheva (2013) use factor models to estimate high dimensional variance-covariance
matrices. Factor models can also be used to evaluate the impacts of various policies
(e.g., Hsiao, Ching and Wan (2012)). By assuming that the cross-sectional correla-
tions for all the units are attributed to the presence of some (unobserved) common
factors, Hsiao, Ching and Wan (2012), Ching, Hsiao and Wan (2012) and Bai, Li
and Ouyang (2014) use panel data methods to construct the counterfactuals and
to measure average treatment effects of some policy interventions based on factor
models.

A fundamental issue of factor models is the correct specification of the number of
factors, 7. When the number of factors is fixed, Bai and Ng (2002), Onatski (2009),
Anh and Horenstein (2013), among others, have developed various approaches to

consistently estimate the number of factors. But many empirical findings suggest



that the number of factors may increase as the dimensions of the data N increases,
or T increases. For many empirical analyses, the estimated number of factors ranges
from one to more than ten, see Ludvigson and Ng (2009), Giannone, Reichlin and
Sala (2005) and Forni and Gambetti (2010). This suggests that the number of
factors may depend on sample sizes. One reason that the number of factors may
increase with sample size is structural break, new factors may emerge after economic
environments change. Using Bai and Ng’s (2002) information criteria, Ludvigson
and Ng (2007) find that the factor structure of their financial dataset comprising of
172 (N = 172) series quarterly financial indicators spanning the first quarter of 1960
through the fourth quarter of 2002 (7" = 172) can be well described by 8 (r = 8)
common factors. Jurado, Ludvigson and Ng (2013) update monthly version of the
147 financial time series used in Ludvigson and Ng (2007) and combine them with
an updated version of 132 monthly macroeconomic series used in Ludvigson and Ng
(2010). They find that 12 (r = 12) common factors can capture the variations of
this new dataset with 279 series (N = 279) spanning the period 1959:01-2011:12
(T = 636). Hence, Ludvigson and Ng’s (2013) finding supports the argument that
the number of factors may increase as sample size increases.

Assuming that the number of factors r is fixed, there are many papers in the
literature analyzing the problem of determining the number of factors. Some of them
not only fix the number of factors, but also impose restrictions on the dimensions
N and T, such as Lewbel (1991), Donald (1997), Cragg and Donald (1997), Connor
and Korajczyk (1993), Forni and Reichlin (1998) and Stock and Watson (1998).
Imposing no restriction on the relation between N and 7" except that both N and T
are assumed to be large, Bai and Ng (2002) treat the determination of the number
of factors as a model selection problem, they propose some criteria and show that

the number of factors can be consistently estimated by minimizing the proposed



criteria. Onatski (2009) develops a test of the null of ky factors against the alternative
that the number of factors r satisfies kg < r < k; for some finite positive integer
k1. Onmatski also describes the asymptotic distribution of the test statistic with
critical values tabulated. Onatski (2010) suggests to determine the number of factors
from empirical distribution of eigenvalues of sample covariance matrix. Ahn and
Horenstein (2013) exploit the fact that the r largest eigenvalues of the variance matrix
of N response variables grow unboundedly as N increases, while the other eigenvalues
remain bounded to estimate the number of factors. The main difference between
our model and the existing work is that we consider the problem of determining the
number of factors in a factor model where the number of factors is allowed to increase
as N or T' increases.

Specifically, Section 2 is designed to provide an approach which enables one to
estimate the number of factors consistently when the number of factors is allowed to
increase as N, T — oo. We extend the method of Bai and Ng (2002) to penalize the
number of factors with a penalty function which is determined by the sample sizes, N
and T', as well as the maximum possible number of factors allowed in the estimation.
As the factors are unobserved, the estimation procedure takes two steps. First,
assuming the number of factors to be an arbitrary number 1 < k < k4., we estimate
the factors (ﬁ *) using the principal components method, where k,,q, = Emaz, N T 18
the maximum number for possible number of factors, which is assumed to be greater
or equal to the true number of factors, whose value is determined by N and T
and it increases as N, T increases. Second, we select the number of factors i by
minimizing a criterion modified from Bai and Ng (2002), which is a function of k
and the estimated factors (ﬁ *). This criterion depends on the usual trade-off between
good fit and parsimony. We show that this method produces a consistent estimator of

the number of factors r. However, simulation results show that the selected number



of factor k can be sensitive to the choice of kmaz and it tends to choose a k that is
larger than r when k,,,, is large. We propose using a new (‘mode’ based) selection
procedure to overcome this problem so that the selected k is not sensitive to different

kmae values used in practice.
1.2 Structural Change in Factor Loadings

High dimensional factor models assume that a few number of common factors
can represent variation among economic variables. This method of dimension de-
duction is a powerful statistical tool that has been found useful in forecasting (Stock
and Watson, 2002), structural factor-augmented VAR analysis (Bernanke, Boivin,
and Eliasz, 2005), reducing the number of instruments (Bai and Ng, 2010), and
constructing dynamic stochastic general equilibrium (DSGE) models (Boivin and
Giannoni, 2006). Despite the wide use of factor models, factor loadings are com-
monly estimated under the presupposition that loadings do not depend on time. In
reality, however, economists often have to face instable parameters through struc-
tural changes or regime shifts, such as technology innovations, policy shift, oil price
shock, financial crisis, and so on.

Although factor models are powerful, practitioners must be cautious about the
potential structural changes in the high dimensional data sets. In theory, if breaks
in the factor loadings are ignored, then the estimated number of factors will be in-
consistent and likely overestimated when using any current methods, such as Bai
and Ng (2002), Onatski (2009, 2010), and Ahn and Horenstein (2013). For example,
in factor models where all factor loadings undergo a break (i.e., pure change case),
the estimated number of factors doubles when the break is ignored. Because the
pre-break and post-break factor loadings can be equivalently represented by stable

factor loadings with extra pseudo factors. The incorrect number of factors causes



the estimated factors and estimated factor loadings to be inconsistent. In practice,
this concern about a structural break is empirically relevant, because parameter in-
stability is a pervasive phenomenon in time series data (Stock and Watson, 1996).
Banerjee and Marcellino (2008) and Yamamoto (2014) provide simulation and em-
pirical evidence that the forecasts based on estimated factors are less accurate if the
structural break in the factor loading matrix is ignored. Thus, correctly identifying
the break point is an important issue in factor models with structural changes. In
Section 3, we assume there is a common break in factor loadings for an approximate
factor model. The objective of Section 3 is to estimate the change point and derive
its limiting distribution.

When economists investigate the problem of structural changes in factor loadings,
the first fundamental and important question is whether there is a break in factor
loadings. The theory for structural changes in traditional time series and panel data
models has been well developed. However, its application in a factor model is not
straightforward because of unobservable latent factors and high dimensionality of
the parameter space. Stock and Watson (2008) first considered structural changes
in factor loadings. With a given number of factors, they applied the standard Chow
statistics to test if the coefficients have a break in the regression of observed data
on estimated factors for every cross-section unit i. Breitung and Eickmeier (2011)
studied the theoretical properties of this approach and tested all post-break factor
loadings equal to 0, based on Wald, LM and LR test statistics. Recently, Tanaka and
Yamamoto (2015) formally proved Breitung and Eickmeier’s (2011) test is powerful
under specified conditions and proposed a modified version of the BE test. Among
studies of joint testing the break in factor loadings, Chen, Dolado, and Gonzalo
(2014) proposed a regression based test for the no change hypothesis. Han and

Inoue (2015) developed a test by comparing the second moments of pre-break and



post-break estimated factors. Whereas most papers focused on one-time abrupt
structural break in the factor loadings, Su and Wang (2015) considered the case
where the factor loadings change smoothly over time.

The rejection of the null hypothesis of no structural breaks naturally leads to
the next question of when the break occurred. In comparison to the vast literature
on testing structural changes, the corresponding literature for estimating the change
point is quite small. Cheng, Liao and Schorfheide (2015) treated the detection of
structural changes as a model selection issue. They proposed shrinkage estimation
and showed that the number of factors and factor loadings can be consistently esti-
mated in the presence of structural changes. Based on their estimation procedure,
the true break fraction can be consistently estimated as a byproduct. Chen (2015)
used a least squares estimator of break point and proved the consistency of break
fraction. Baltagi, Kao and Wang (2015) proved that estimating the break point
in factor loadings can be equivalently represented by estimating break point in the
second moment of estimated factors. Massacci (2015) studied least squares estima-
tions of structural changes in factor loadings, according to a threshold principle. The
estimator of threshold value, which can be treated as break fraction, is superconsis-
tent. Yet, none of these papers consider limiting distribution of the estimated change
point.

In Section 3, we propose using the least squares method to estimate the unknown
change point in factor loadings. For any given possible change point k, we calculate
the pre-break sum of square residuals (¢ = 1,...,k) and post-break sum of square
residuals (t = k+1,...,7). Then we sum these two sums of square residuals. The
number which can minimize the sum of two SSR is our estimated change point k.

Massacci (2015) proved that the estimated break fraction 7 = ;

k . .
7 1s superconsistent.

~

His conclusion also indicates the consistency of the estimated change point k. In



practice, however, either because the magnitude of breaks is too small or because
of the finiteness of N, we cannot expect k to coincide with ko. A simple simulation
shows that the probability of selecting the correct break point is quite low when
break size is small. To solve this problem, we propose a new framework to derive
the limiting distribution for the estimated change point. The limiting distribution of
the estimated break point is more complex than that of the conventional panel data
models, because both factors and factor loadings are unobservable. We show that the
estimated factors and estimated factor loadings influence the limiting distribution.
The random parts depend on 7.7.d. normal variables and chi square variables. Based
on the limiting distribution of the estimated break point, one can construct confidence
intervals of the underlying true break point. In the simulation, we compare our
least squares method to three competing approaches - including Baltagi, Kao and
Wang (2015), Bai (2010), and MLE method. The simulation results show that our
proposed method is the most efficient. Under the same data generating process and
same combination of N and 7', the reported result of the root mean square error by
using least squares estimation has the smallest value. Because of the complexity of
the limiting distribution, bootstrap method is studied to confirm our theory. Finally,
we use an empirical application of the model to study structural changes in financial
asset returns and in macroeconomics data.

The rest of this article is organized as follows. Section 2.1 sets up the model
and presents the assumptions associated with the model. Section 2.2 presents the
estimating procedures and the theoretical properties of the proposed estimators.
Section 2.3 reports simulation experiments to examine the finite sample performances
of our proposed method when r increases with N or T'. All the proofs of Section 2
are given in the Appendix A.

Section 3.1 introduces the factor model with structural instability in factor load-



ings and describes the least squares method. Section 3.2 considers the limiting distri-
bution of the estimated change point. Section 3.3 reports simulation results. Section
3.4 provides the empirical application. All the proofs of Section 3 are given in the
Appendix B.

Section 4 concludes.



2. DETERMINING THE NUMBER OF FACTORS WHEN THE NUMBER OF
FACTORS CAN INCREASE WITH SAMPLE SIZE

2.1 Factor Models

We consider the problem of determining the number of factors (r) in a static
approximate factor model, allowing r = ryp — 00, as N — 0o, or T" — oo, or both
N, T — oo, but with a slower rate than min{N, T}, i.e., max{r/N,r/T} — 0, as
N, T — .

Let X;; denote the response variable for unit ¢ at time t, for ¢ = 1,..., N, and
t=1,...,7. Our model is of the following form

S

X’it = \/FA?/FtO + 6it7 (21)

where F? is an r x 1 vector of common factors, A} is the r x 1 vector of factor
loadings, and e;; is the idiosyncratic error of the response variable X;;. The factors,
factor loadings and idiosyncratic errors are not observed. Without loss of generality,
we can assume that E(X;;) = 0. If this is not the case, we can de-mean the data
first.

Note that at the right-hand-side of our model (2.1), we divide AY F by /r. This
is because we allow for r to diverge when N, T — oo. If we do not divide A\ F?
by /7, then the variance of the systematic part, )\?/Fto, is proportional to r and
the variance of idiosyncratic error e; is finite , the variance of noise part over the
variance of information part will go to zero, or equivalently, the goodness-of-fit R?
will converge to one. By dividing A F? by /r, we have Var(r='2\YF?) = O(1)

and we can obtain a reasonable goodness-of-fit that is not too close to one.



Let tr(A) denote the trace of a square matrix A. The norm of a matrix A is
defined as [|A| = [tr(A’A)]'/2. We use M, to denote a generic positive constant
and use N to denote the set of natural number. We make the main assumptions as

follows:

AssuMPTION A (Factors and loadings):
1. For all t, r2E|| F?||* < My;

2. There exists a r x 7 positive definite matrix ¥ p such that |7~ FOFY —

Spl| 2 0as T — oo;
3. maxi<;<n T‘72E||)\?||4 < M < oo

4. Let A° be the N x r factor loading matrix with its i'" row given by A?. Then
there exists a X 7 positive definite matrix D such that |[N"'AYA° — D|| & 0

as N — oo;

5. Let A9 and FJ be the I components (I = 1,...,7) of \? and F?, respectively.

Then for all (7, 1),

E{[r=2 S BEQRFRI'} < My,
AssumpTION B (Idiosyncratic Components):
1. For all i and t, E(ey) = 0, Eley|® < My;

2. E(N“tele)) = E(NTV Y eie) = n(s.t), [n(s,s)] < My for all s, and

that 7' S0 S20 Jyw(s, t)| < My;

3. Eleyxejr) = 754 with |7, < |7;] for some 7;; and for all ¢; furthermore,

1N N
N7 Zj:l |7i5] < My;

10



4. E(eiejs) = Tijes and (NT)™ 300 S0 S0 ST [ Tijasl < M
5. for every (t,s), E|N~'/2 Zi]\il[eiseit — E(esen)]|* < My;

6. We assume that there exist a 7' x T matrix L, a N X N matrix R, and a T' x N

matrix € such that
e=LeR

where L (T'x T') and R (N x N) are arbitrary non-random positive definite
matrices, and € = (g4) is a 7' x N matrix consisting of independent elements

with uniformly bounded 7" moment and E(g;) = 0.

AssumpPTION C

1. Weak Dependence Between Factors and Idiosyncratic Components:

2

TN 1 &
E| = —— ) Fl < M;;

2. Weak Dependence Between Factor Loadings and Idiosyncratic Components:

2

< M.

1L 1 &
0
Fl7 2|7 2ot

Conditions in Assumption A are modified from Assumptions A-B in Bai and Ng
(2002) by taking care of the fact that r — oo as N,T — oo. It is easy to see that Al
holds true if E[(F)*] = O(1) for all t = 1,...,T and for all [ = 1,...,7. A2 imposes
a restriction on the rate of 7. For example with ¥p = E(F'FY), it can be easily

FOFG,) =

tm>

shown that A2 holds true if 7 = o(T~/2) and T~' Y], Zf# Cov(FJF)
O(1) for all I, m € {1,...,r}. Similarly, A3 holds true if E[(A\))*] = O(1) for all

11



i=1,..,N and for all [ = 1,...,r. A4 is similar to A2, it holds true if r = o(N'/?)
and N~ 327 ZJT# Cov(AGAY,, AhAY,,) = O(1) for all [, m € {1,...,7}. A5 requires
that A% F is a weakly dependent process in [ because we allow for r — co.

Conditions in Assumption B are basically the same as Assumption C in Bai and
Ng (2002) because the idiosyncratic error e;; is unrelated to r whether r is finite or
is allowed to diverge to infinity with the sample size. In particular, B5 is similar
to A5 in that it assumes that, for all (¢,s), eye;s is a weakly dependent process in
1. Assumption B6 puts a structure on the idiosyncratic components. This structure
allows heteroscedasticity in both the time and cross-section dimensions, and also
limited autocorrelation and cross-sectional correlation in the components.

Finally, assumption C is similar to assumption D in Bai and Ng (2002) except
that we modified it by dividing the quantity by /7 as r is allowed to diverge as N and
T tend to infinity. They allow for limited time-series and cross-section dependence in

idiosyncratic component and also weak dependence between factors (factor loadings)

and idiosyncratic errors.
2.2 Estimating the Common Factors and the Number of Factors

Following Bai and Ng (2002), we estimate the common factor in a large panel by
the principal components method. For k € {1,..., kpas}, Wwhere kyuq, is allowed to
increase at a slower speed than min{N, T} such that k.. = o(min{N'/3 T}). Let
MY and FF denote k x 1 vectors of the loadings and factors with the allowance of k

factors in the estimation. The method of principal components minimizes

1 e 1
V(k) = min —— (Xit — —=AV EF)? (2.2)
AR FE T i=1 t=1 t \/E t



over 1 < k < kpuz, subject to the normalization of either Ak/Ak/N = [ or
FFFR)T = I, where A¥ and F* are the N x k and T x k factor loading and
factor matrices, respectively.

Let ev(;(A) denote the i largest eigenvalue of matrix A, and EV;)(A) is the
eigenvector corresponding to the eigenvalue ev(;(A) of the matrix A. If one concen-
trates out A* and uses the normalization that F¥ F*/T = I,. The estimated factor
matrix is F* = VT(EV)(XX)', ..., EV (X X))

Given F* A¥ = /E(FFF*)"'F¥ X = /EF¥ X/T is the corresponding matrix
of factor loadings. On the other hand, if one concentrates out F* and uses the
normalization that A*¥ A¥/N = I, the solution to the above problem is given by
(F*, AF), where AF = V/N(EV(1)(X'X),...,EV()(X'X)). The normalization that
A¥AF/N = I, implies F* = VEXAF/N.

Define F¥ = F*(F¥ F*/T)'/2 a rescaled estimator of the factors. This rescaled

estimator has the asymptotic properties summarized in the following theorem.

Proposition 2.2.1 Under the assumptions A - C,
for any 1 < k < kpax = o(min{ N3, TY}) there exists a (r x k) matriz H* with
rank = min{k, r} such that

FF— HNF?

1 T
7|
t=1

2::0p(max{%¥;%j}). (2.3

Similar to the results of Bai and Ng (2002), Proposition 2.2.1 suggests that the
time average of the squared deviations between the estimated factors F* and those

that lie in the true factor space, H k/FtO, will vanish as N, T — oo. However, the

13



convergence rate depends on not only the panel structure N and T, but also the
factor structure r and k.

Given the results of Proposition 2.2.1, we can now analyze the problem of deter-
mining the number of factors. Let V(k, F*) = mina iz Sy Sory (Xie — \/LEAletk)z
be the sum of squared residuals (divided by NT'), where the residuals are from re-
gression models of regressing X; on the k factors for all ¢+ = 1,..., N, and X; =
(X1, Xio, ..., Xor)' is a T x 1 vector of time-series observations for the ith cross-
section unit. The selecting criterion modified from those suggested by Bai and Ng

(2002) has the form
PC(k) = V(k, F*) 4+ kg(N,T), (2.4)

where g(NV,T) is the penalty factor satisfying two conditions: (i) kpez - g(N,T) —

0 as N, T — oo, (ii) C’X,}T’kmmg(N,T) — o0 as N,T — oo, where Cnr1kpee =
/ ~

O, (max {ﬁ"ﬁ, %}) As V(k, F*) is decreasing in k, the criterion above penalizes

k with a penalty factor kg(N,T) to select the estimator k such that asymptotically

under and overparameterized models will not be chosen. Theorem 2.2.1 formally

establishes this result.

Theorem 2.2.1 Let 1 <7 < kypee = o(min{ NV/17 T1/16})
and k = argmin, <<, PC(k). Suppose that Assumptions A-C hold, and that (i)

kmaz - g(N,T) — 0, (i1) C;,}Tk -g(N,T) = 00 as N,T — oco. Then

max

lim Problk =r] = 1. (2.5)

N, T—o0

A formal proof of Theorem 2.2.1 is provided in the Appendix A. Conditions (i)
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and (ii) together define the type of penalty factor that should vanish at an appropriate
rate. They are sufficient conditions for estimation consistency so that they may not

always be required for consistent estimating the number of factors.

Remark 2.2.1 Since we often need to divide some quantities by r, we rule out the
case that r = 0. Allowing for r = 0 in our framework will complicate the regularity
conditions, notations and proofs. Therefore, we did not consider the case that r =0
in our paper. The r =0 case is covered in Bai and Ng’s (2002). Their procedure can
be used to select the number of factors even when the true number of factors is 0. We
also conducted some simulations which show that both Bai and Ng’s (2002) original

method and the modified method proposed in our paper work well when r = 0.

Note that the condition imposed in k. is asymmetric in (N, T'). This result is in-
duced by Proposition 2.2.1. The details can be found in the proof of Proposition 2.2.1

given in the appendix. As a referee correctly points out, if in the proof of Theorem
2

2.2.1, instead of using the result of Proposition 2.2.1 that 7= 37 ‘Ft’“ — H¥F)

2
3. 13 _ N 3 13
O, (max {k—N’", ’%}), one may use N~' >0, =0, <max {%, %}),1

where H* is a r x k matrix with rank(H*) = min{r,k}. Then the condition

A — HF N

that 1 < 7 < kpae = o(min{ N7 TY161) in Theorem 2.2.1 will be replaced by
1 <7 < kpae = o(min{ N6 TYVIT1) " The result is still asymmetric in N and 7,
but the roles of N and T are exchanged.

In fact, it is possible to obtain a symmetric result (of ke, in N and T') under
some stronger regularity conditions, i.e., one can obtain a symmetric condition for
Emaz a5 1 <7 < kpge = o(min{ N/16 T1/161) in Theorem 2.2.1 under some stronger

assumptions. We state this result in the following proposition.

IThis result can be proved similar to the proof of Proposition 2.2.1, its proof is available from
the authors upon request.
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Proposition 2.2.2 Under the same conditions as in Proposition 2.2.1 except that
we strength some conditions as follows: (i) Ny is non-random with Ay < A < 00
foralli=1,...N andl =1,...,r; (i1) E(ege;r) = 0 for all t € {1,...,T} and for
all j # i, 1,5 € {1,...,N}, E(FIF2) =0 for allt € {1,...,T} and for all m # 1,

I,me{1,...r}; (iii) ey and F? are independent with each other for all i, t and s.

L O, <k3 (% + %)) . (2.6)

Then
ﬁwtk . Hk/FtO

1 T
7|
t=1

The proof of Proposition 2.2.2 is given in the appendix. Under Proposition 2.2.2, the
condition 1 < 7 < kpar = o(min{ N*/17 T1/16}) in Theorem 2.2.1 can be replaced by
1 <7 < kpae = o(min{ NV/16 T/161) " That is, we obtain a condition on k4, that

is symmetric in N and 7.

Remark 2.2.2 The zero correlation assumption on Fy used in Proposition 2.2.2 is
quite strong. However, it can be replaced by some weakly dependence assumptions
such as p-mixing or [-mixing processes with mixing coefficients decay to zero at
certain rates. But this will make the presentation (regarding reqularity conditions)
as well as the proofs of Proposition 2.2.2 much longer. Therefore, we will not pursue

a proof of Proposition 2.2.2 under weak reqularity conditions in this paper.
Similar to Bai and Ng (2002) we have the following Corollary.

Corollary 2.2.1 Under the Assumptions of Theorem 2.2.1, if one replaces PC(k)

in Theorem 2.2.1 by the class of criterion defined by

1C(k) = n (V(k, F¥)) + kg(N, T),
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then the conclusion of Theorem 2.2.1 holds true.

Corollary 2.2.1 states that the class of criterion IC(k) can also be used to consis-
tently estimate the number of factors in factor models where the number of factors

possibly increases with the sample size.

Let 32 be a consistent estimate of (NT)"' S S77 | E(e;)?. Bai and Ng (2002)
generalize the C, criterion of Mallows (1973) and suggest three PC, criteria as fol-

lows:

~ w(N+T NT

PCpu(k) = V(k,ﬁk)+k.a2(NN+TT) In(min{N, T}),
PCu(k) = V(k, F*)+ k-5 (lngﬂ%vf}})). (2.7)

It is easy to check that these criteria satisfy the two conditions for the penalty
factor in Theorem 2.2.1 if k00 = © ([ln (NN—JFTT)} Y 6). The three criteria have different

finite-sample properties while they are asymptotically equivalent. In applications,
Bai and Ng (2002) suggest to replace 62 with V (kpag, FFmes) = (NT)2 SN ST 62
, where é; = X;; — Lf/):f;’l“f’tkm” fori=1,...,Nandt=1,...,T, the residuals for
the linear regression of X on [kmas Thus, the number of factors estimated using
these three criteria may be sensitive to the selection of k... We will propose a

method that avoids the sensitivity of selected k depending on k4.

Corollary 2.2.1 suggests the following three IC), criteria can also be used to select
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the number of factors:

ICy(k) = In (V(k,ﬁ’“)> + k- (NN+TT) In (NN+TT) ,

[C(k) = In (V(k,ﬁ’“)>+k-(NN+TT> In(min{ N, T}),
[Cy(k) = In (V(k,ﬁ'f)>+k;-(lnfnr?ig\]f\%})). (2.8)

The main advantage of the three criteria given in (2.8) is that the scaling factor
62 is automatically removed by the logarithmic transformation. We do not need to
estimate o2 before selecting the number of factors. Therefore, the number of factors
estimated using IC), criteria is insensitive to the selection of kyqy-

As the estimated k using PC), criteria may be sensitive to k.., the selection of
Kmae is an important issue in practice. Bai and Ng (2002) suggest to select k,q, by
setting kyae = 8[(min{N,T}/100)*/4] where [A] denotes the integer part of a real
number A. But their theoretical result does not cover this case as this k,,,., increases
(without bound) with N and 7". Using some ad-hoc rules to select k,,,, may lead to
kmaz < T, which will lead to an underestimation of the number of factors because if
Emaz < T, then we will have k < Epaz < r. On the other hand, if k,,., is too large
(Kmae >> 1), simulations show that the selected k tends to overestimate r (k > 7).
We propose a new procedure to resolve this problem. We propose to let k... take a
wide range of values. For each value of k.., we select a l%kmaz that minimizes the PC),
criteria. We then select the value of & that appears most times among the different
/%kmm values, i.e., we select the mode of ]%kmaz (over a wide range of k., ). We use a
specific example to illustrate this selection procedure. We generate a simulated data

of N =200,T = 60 with the true number of factors r = 7. We let k,,,, take values

from {1,2,...,40}. For each different 1 < k,,,, < 40, we select a ffkmaz by minimizing
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PC),; criterion. The result is presented in Figure A.1. From Figure A.1 we observe
that when k,,,, < r =7, we select k= kmaz < 7 as expected; when 7 < k0. < 16,
we select k = 7; when k.. > 16, the selected E>T. Moreover, k increases with
Emas. We also notice that k = 7 is selected ten times (when ke = 7,8, ..., 16),
while all the other values are chosen no more than three times. For example, when
17 < Epae < 19, the selected ffkmw = 8§, ie., ffkmm = 8 is selected three times.
According to our selection rule, k = 7 is selected because k = 7 appears most times
(10 times).

Figure A.2 plot l%—kmaz curves for different N, T and r values. We see that al-
though k increases with kyq, for most cases, our proposed procedure can select the

correct number of factors because kj,  takes value r more often than taking any

other values for all cases reported in Figure A.2. Hence, our proposed procedure of
selecting k is not sensitive to kmaz provided that one let k,,,, take a wide range of val-
ues. Therefore, we suggest letting k4. to take values in {1,2, ..., [6 log(maz (N, T))]}
where [A] denotes the integer part of a real number A. [6log(max(N,T))] is around
41, 45 and 55 when max(N,T) = 1000, 2000 and 10000. This setting is also consis-

tent with our simulation since we let r = [1.5log(max(N,T))] in our simulations in

section 1.4.
2.3  Simulations

In this section we conduct Monte Carlo simulations to investigate how our mod-
ified criteria of Bai and Ng (2002) perform when the number of factors is allowed to
increase with NV or T'. For simplicity of the comparison with the simulation results in
Bai and Ng (2002), we first fix 7" and allow N and r to increase. When 7' is fixed as 60,
we let N = 100,200, 500, 1000, 2000 and r = [1.5log(N)], where [A] denotes the inte-
ger part of a real number A; for T" = 100, we let N = 40, 60, 100, 200, 500, 1000, 2000
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and r = [1.5log(N)]. The simulation results for this case are reported in the upper
part of each table for each data generating process (DGP). Next, we check the per-
formance of the criteria when N is fixed and T keeps increasing. When N = 100,
we let T = 40, 60,100, 200, 500, 1000, 2000 and r = [1.5log(T)]; when N = 60,
we let T' = 100, 200, 500, 1000, 2000 and r = [1.51og(7T)]. The simulation results for
this case are reported in the lower part of each table for each DGP. We replicate the
suggested estimating procedure 1000 times and the reported results are the averages
of k over 1000 replications.

The data generating processes (DGP) have the following form:

T
Xy =7 ; N Fij + e,
where \;; ~ i.i.d. N(0,1), Fi; ~ i.i.d. N(0,2).

We consider three DGPs here. In the base case, we set the DGP as e; ~
i.1.d.N(0,1). This base DGP is denoted as DGP1. The simulation results for this
case are reported in Table 2.1. We see that all information criterion give precise
estimates of the number of factors.

For the heterogeneity case of DGP2, we set the idiosyncratic shocks to be het-
erogeneous. We let e;; = uy + O, where uy ~ i.0.d.N(0,1), €; ~ i.i.d.N(0,1), and
0; = 0 for even t, o; = 1 for odd t. Thus the variance of the idiosyncratic shocks is 1
when t is odd and 2 when t is even. We denote this DGP as DGP2. The estimated
values of k are reported in Table 2.2 where the boldfaced numbers indicate incorrect
selection of the number of factors. Similar to the homogeneous cases, PCp1, PC)yg,
and PC,3 perform well under all kinds of combinations of NV and T'. The other three
criteria ICpy and IC)g, and IC)3 also perform well in general, although occasionally

they may select k that is slightly smaller than the true number of factors r when
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sample size is small.

For the last case, denoted as DGP3, we allow the idiosyncratic to be autocorre-
lated. We set e;; = pej_1 + vy, where p = 0.5 and vy ~ i.1.d.N (0, 1). The estimation
results are reported in Table 2.3. The results for this case are almost the same as
those of the base case except for (N, T) = (60,200) with r =7, IC,, and IC,, select
r = 6. All other four information criteria perform quite well in accurately estimating
the number of factors for all (/V,T") combinations for DGP3.

Summarizing the results for all the DGPs we observe that PC,,, PC,s, and PC)3
have the best overall performance. IC,1, 1C,2, and ICp3 perform well when the

sample size is large (min{N,7'}>100).
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Table 2.1: Estimated Number of Factors: DGP1

N T r POpl PCp2 Pcpg ICpl [Opg Icpg
100 60 6 6 6 6 6 6 6
200 60 7 7 7 7 7 7 7
500 60 9 9 9 9 9 9 9
1000 60 10 10 10 10 10 10 10
2000 60 11 11 11 11 11 11 11
40 100 5 b} o b} b} o b}
60 100 6 6 6 6 6 6 6
100 100 6 6 6 6 6 6 6
200 100 7 7 7 7 7 7 7
500 100 9 9 9 9 9 9 9
1000 100 10 10 10 10 10 10 10
2000 100 11 11 11 11 11 11 11
100 40 5 by 5 b by 5 by
100 60 6 6 6 6 6 6 6
100 100 6 6 6 6 6 6 6
100 200 7 7 7 7 7 7 7
100 500 9 9 9 9 9 9 9
100 1000 10 10 10 10 10 10 10
100 2000 11 11 11 11 11 11 11
60 100 6 6 6 6 6 6 6
60 200 7 7 7 7 7 7 7
60 500 9 9 9 9 9 9 9
60 1000 10 10 10 10 10 10 10
60 2000 11 11 11 11 11 11 11

DGP1: X; = \/i; Z;zl XijFij + eq;r = [cxIn (N)] for the upper part of the table,
and r = [c*1In (T)] for the lower part, where c=1.5, and [A] denotes the integer part
of a real number A.
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Table 2.2: Estimated Number of Factors: Heterogeneity

N T r PCpl POpg Pcpg IOpl IOPQ ]Cpg
100 60 6 6 6 6 54 54 6
200 60 7 7 7 7 7 7 7
500 60 9 9 9 9 8 8 8
1000 60 10 10 10 10 10 10 10
2000 60 11 11 11 11 11 11 11
40 100 5 5 D ) ) D 5
60 100 6 6 6 6 6 6 6
100 100 6 6 6 6 6 6 6
200 100 7 7 7 7 7 7 7
500 100 9 9 9 9 9 9 9
1000 100 10 10 10 10 10 10 10
2000 100 11 11 11 11 11 11 11
100 40 5 5 > ) ) o b}
100 60 6 6 6 6 5 5% 6
100 100 6 6 6 6 6 6 6
100 200 7 7 7 7 7 7 7
100 500 9 9 9 9 9 9 9
100 1000 10 10 10 10 10 10 10
100 2000 11 11 11 11 11 11 11
60 100 6 6 6 6 6 6 6
60 200 7 7 7 7 7 7 7
60 500 9 9 9 9 9 9 9
60 1000 10 10 10 10 10 10 10
60 2000 11 11 11 11 11 11 11

DGP2: X = \% 25:1 NijFyj + €irs eir = wip + Or€i, where 6y = 0 for t even, and
0 =1 fort odd; r = [cIn (N)] for the upper part of the table, and r = [cIn (T')] for
the lower part, where [A] denotes taking the integer part of a real number.
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Table 2.3: Estimated Number of Factors: Autocorrelation

N T r POpl PCp2 Pcpg ICpl [Opg Icpg
100 60 6 6 6 6 6 6 6
200 60 7 7 7 7 7 7 7
500 60 9 9 9 9 9 9 9
1000 60 10 10 10 10 10 10 10
2000 60 11 11 11 11 11 11 11
40 100 5 b} o b} b} o b}
60 100 6 6 6 6 6 6 6
100 100 6 6 6 6 6 6 6
200 100 7 7 7 7 7 7 7
500 100 9 9 9 9 9 9 9
1000 100 10 10 10 10 10 10 10
2000 100 11 11 11 11 11 11 11
100 40 5 by 5 b by 5 by
100 60 6 6 6 6 6 6 6
100 100 6 6 6 6 6 6 6
100 200 7 7 7 7 7 7 7
100 500 9 9 9 9 9 9 9
100 1000 10 10 10 10 10 10 10
100 2000 11 11 11 11 11 11 11
60 100 6 6 6 6 6 6 6
60 200 7 7 7 7 6 6 7
60 500 9 9 9 9 9 9 9
60 1000 10 10 10 10 10 10 10
60 2000 11 11 11 11 11 11 11

DGP3: Xy = = 377 Nijl + eus eir = pey—y + v, p = 0.5; 7 = [cIn (N)] for the
upper part of the table, and r = [cIn (T)] for the lower part, where [A] denotes
taking the integer part of a real number.
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3. STRUCTURAL CHANGE IN HIGH DIMENSIONAL FACTOR MODELS

3.1 The Model and Estimation

We consider the model

MNofi+eq fort=1,2,... k
Tit = (3.1)
Nofi+en fort=rho+1k+2,...,T

i=1,2...,N.

where x; is the observed data, f; is an r x 1 vector of unobserved common factors,
and ey is the idiosyncratic error for variable ¢ at time ¢. In this model, each series
of factor loadings is subject to structural changes at the true break point kg, where
ko is unknown. \;; is the pre-break factor loading, and A;» is the post-break factor
loading. Both of them are r x 1 vectors. \j; = [Nt 1y ey Nitr)s Ny = [Ni21s -y Aizr)-
In matrix form, Ay = [N, ..., An1), Ao = [Nia, ..., Ane], and F = [f1, ..., fr]. The
difference between \;; and A2 represents the magnitude of break (break size). We
allow for changes in the number of factors, which can be disappearing or emerging
factors. For example, some factor loadings are allowed to equal to zero. They can
change from zero to nonzero after the break point. These new nonzero factor loadings
form the emerging factors.

The study of structural changes in factor loadings is motivated by both theoretical
and empirical research. In a standard factor model, z;; = \; f; + e;;, the factors are
commonly estimated by principal component methods (Bai and Ng, 2002). If the

number of factors r is given, then the estimated factors F equal to VT times the

eigenvectors associated with the r largest eigenvalues of matrix X X', where X is
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T x N data matrix. Given F , the factor loadings can be estimated by OLS: A= #
The pre-break and post-break factors and factor loadings in equation (3.1) are also
estimated by principal component methods. Unlike conventional time series models
or panel data models with observed regressors, the factors and factor loadings are
estimated rather than observed. When the factor loadings are subject to structural
changes, the estimation of factors is also affected, depending upon the specifications
of the change.

Ludvigson and Lettau (2001) employed an empirical test of CAPM in which
the discount factor is approximated as a linear function of the model’s fundamental
factors. Instead of assuming constant parameters over time, they used a linear factor
model with time-varying coefficients. The equation can be written as A\;; = a; + b;2;.
We have ;i f; = a; fi + bz fi, and z.f; forms the new factors. The number of factors
changes because of the unstable factor loadings. Economic events can also destabilize
factor loadings. Cheng, Liao and Schorfheide (2015) used Stock and Watson’s (2012)
data set and showed strong evidence that the factor loadings in the normalized factor
model changed because of the 2007-2009 recession, generally implying a stronger
co-movement of the series after 2007. More examples may also be given: an oil
price shock can influence the coefficients of different countries corresponding to their
output, a policy shift of China’s exchange rate can affect the investors’ strategy, a
financial crisis can impact companies’ asset returns, and so on. The fundamental
issue is to correctly find the break point.

We use the following method to estimate the change point:

k N T N 9
SSR(k Zz(m—&f £ ) + 3 Z(M— AR f- ’“>) . (32)
=k+

t=1 i=1 t 1 =1
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The least squares estimator for ky in the model is defined as
k=arg min SSR(k), (3.3)

where S\Ef) and ft(k) are estimated factor loadings and estimated factors based on
the pre-break sample X® X® = X} X, ..., X;]" is of dimension k x N. k is the
possible change point. We restrict k to be in [r, T'—r] to avoid the singular matrix in
subsequent estimation of pre-break and post-break factors and factor loadings. This
does not significantly influence the distribution of the estimated break point. 5\55 ) and
ft(T_k) are estimated factor loadings and estimated factors based on the post-break
sample XT=%) XT=k) — [X; | Xpyo,..., X7] is of dimension (T — k) x N.

When the number of factors is unknown, Chen (2015) proved that the break
point can be consistently estimated by using 7 — 1 number of factors, where 7 is
the estimated number of factors ignoring structural breaks. Baltagi et al. (2015)
and Massacci (2015) also modified Bai and Ng (2002)’s model selecting method to
estimate the number of factors. Our objective is to estimate the break point and
derive the limiting distribution of it, so we simply use Chen (2015)’s approach to

specify the number of factors.
3.2 Limiting Distribution

Chen (2015) proved the break fraction consistency that 7—7my = Op(max{\/#ﬁ, \/LT}),

where 7 = £ 75 = % Baltagi et al. (2015) showed that the change point of factor

loadings is the same as the change point of the second moments of estimated factors.
Although the estimated change point is inconsistent (O,(1)), their result remains

stronger than Chen (2015). Massacci (2015) proved the consistency of the estimated

change point that k— ko = Op(ﬁ), where 0.5 < o® < 1. He required that at least

a fraction of O(N®’) series undergo a break. Massacci’s (2015) O,( ) result is

1
N2aV—1
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a very strong convergence speed. We followed this conclusion that k— ko= 0p(1) in
our paper. In section 3.3, of the simulation part, we show that the estimated change
point equals the true change point in a large sample size. In practice, however, ei-
ther because of too small magnitudes of breaks or because of the finiteness of NV, we
cannot expect k to coincide with ky. Although Massacci (2015) gave the restriction
on the number of series that were subject to structural changes, he still followed a

potential presupposition that

N
N—oo P

When the break size is small, the estimated break point may not be reliable in finite
samples. A simple simulation can confirm our conjecture. Let factors and errors be
i.1.d. standard normal variables. The true break point kg is 7'/2. The true number
of factors is assumed as 1 and 2. The break size is A;j; — Az = 0.3 %« N(0,1). The
number of replications is 1,000.

The reported results in Table 3.1 are root mean square errors. The number in
parentheses is the percentage of obtaining the correct change point. As shown, the
RMSE is large and the probability of finding true break point is very small when
the break size is small. When N = 200 and r = 1, the estimated change point has a
60% probability to be identical to the true break point. It is therefore of interest to
study the distribution of k. Limiting distribution can be used to construct confidence
intervals for the true break point. One can select the proper change point based on the
confidence intervals. Figures 3.1-3.6 show the simulated distributions of estimated
change points. The data generating process is the same as in Table 3.1. All graphs
are calculated by 10,000 times. As shown, many estimated change points are away

from the true point when the break size is small. However, the estimated change
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Table 3.1: Small Break in Factor Loadings: ko = T'/2

N/T r=1 r=2

10,50  12.1618 (8.00%) 9.4965 (15.50%)
20,50  9.4793 (16.50%) 7.0361 (28.20%)
30,50  7.2205 (24.30%) 4.4679 (36.90%)
40,50  6.2258 (26.50%) 3.1198 (43.60%)
50,50  5.2850 (32.50%) 2.1029 (50.20%)

100,50 2.5931 (45.70%) 1.1014 (68.20%)

200,50 1.2402 (61.50%) 0.6107 (80.80%)

point follows a certain of distribution. As NN increases, the estimated change point
is more close to the true break point.

We make the main assumptions as follows:

AssuMPTION A (Factors): E||fi]|* < M. Also, there exists an r x r posi-
tive definite matrix X such that F/F/T & $p as T — oo, k—lo fil fifi & g,
T+k0 Zthkon ftft, = XF

AsSUMPTION B (Factors Loadings): For [ = 1,2, max;<;<y F|[A\]|* < C < oo,
and there exists an 7 x r positive definite matrix ¥, such that ||AjA;/N — Xy, || 2 0

as N — oo.

AssumpPTION C (Idiosyncratic Components): As N, T — oo,

1. E(ey) =0, Eleg|® < M;

o~

2. BE(53) =n(s,t), |yn(s,s)| < M forall s=1,...,T, and

N
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Figure 3.1: Distribution: N =50, T' = Figure 3.2: Distribution: N = 100,
50, r=1 T=50,r=1

Figure 3.3: Distribution: N = 200, Figure 3.4: Distribution: N =50, T' =
T=50,r=1 20, r =2

T3 Y (s, )] < M

3. E(eqejr) = 7 with |74 < |m;| for some 7;; and for all ¢; furthermore,

_ N N
N7 Zj:l 7351 < M;
_ N N T T
4. E(eiejs) = Tijes and (NT)' 3050 37000 D00 Doy | Tijas| < M;

5. for every (t,s), E|N~/? Zfil[eiseit — E(eien)]|* < M.
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AssuMpPTION D Weak Dependence Between Factors and Idiosyncratic Compo-

nents:
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]
=
<

AssumMPTION E Small magnitude of break:

/\il — )\Z‘Q = N_l/QAi, and
N 1 N
Jim. Z R R Z 1A% = Sa

Assumptions A-D are either from or natural extensions of Assumptions A-D in
Bai and Ng (2002). Assumptions A restricts the factors so that the second moments
exist. Remarkably, the multiplicative structure of F'A’ causes an identification issue.

To see the identification issue in the presence of structural changes, suppose that the
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dynamics of f; change at kg, such that the second moment of f; is doubled afterward.
We can establish an observationally equivalent model, where the second moments of
factors are constant over time, but the factor loading matrix is scaled by /T after
ko. One way to resolve this indeterminacy. Chen et al. (2014), Cheng et al (2015),
Han and Inoue (2014), Baltagi et al. (2015), and Massacci (2015) all assume the uni-
form convergence conditions that é fil fi ft/ 2 ¥p and T+k0 ZtT:kO 1 Je ft' 5 e
Assumption B ensures that each factor has a nontrivial contribution to the variance
of observed data. Both pre- and post-break factor loadings are non stochastic. As-
sumptions C-D are also similar to Assumptions C-D in Bai and Ng (2002), which
allow for limited time-series and cross-section dependence in idiosyncratic compo-
nents, and also weak dependence between factors (factor loadings) and idiosyncratic
errors. Assumption E is that the sum of magnitude of break is small, instead of infin-
ity, as N — oo. Under Assumptions A-E, we can show that k — ko = O,(1). Baltagi
et. al (2015) also showed that the estimated change point is statistically bounded
(Op(1)) based on their method. Thus, because of the small magnitude of breaks,
k does not collapse to kg, leading to a non-degenerate distribution. Nevertheless,
this condition specifies that the break fraction can be estimated, because 7 = k /T
remains 71" consistent for 7.

Following these assumptions and equations (3.2) and (3.3), we can state the

limiting distribution of the estimated change point in the following form.

Theorem 3.2.1 Assume e;; are uncorrelated overt and i. Under Assumptions A-E,
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as N, T — oo,

i — ko % arg min [[[|Cy + CoW (1) + C5U (1) (3.4)

where W(0) =0 and

s=—I+1
l
W(l) = Zs, 1=1,2,
s=1
0
U= Y G, I=-1-2
s=—I[+1
!
U =YK, =12
s=1
and Z,, s =...,—2,—1,0,1,2,... are i.i.d. standard normal random variables, y3(s)

is chi-squared random variables with degree of freedom 1.

Corollary 3.2.1: Assume ey are uncorrelated over t, under the same assumptions

in Theorem 3.2.1,
ke — ko % arg min |[1|CF + CsW (1) + C5U (1) (3.5)

A formal proof of Theorem 3.2.1 is provided in the Appendix B. The key dis-
tinction between our limiting distribution and the limiting distribution in the con-
ventional panel data models with structural changes is that the random parts in
Theorem 3.2.1 depend on i.i.d. standard normal random variables and chi square
variables. The limiting distribution of the estimated break point is more complex

than that of the conventional panel data models, because both factors and factor
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loadings are unobservable. It is affected by the estimated factors and estimated fac-
tor loadings. The normality of Z; results from the central limit theorem applied to
product of factors and errors. The chi-squared part results from the central limit
theorem applied to the square of factor loadings multiplied errors. Unlike the limit-
ing distribution of estimated change point in panel data models, we cannot obtain
the distribution through a simple variable transformation. This limiting distribution
is data dependent. For given data, we can compute C;, Cs, and C3, and we can
simulate the distribution on the right side of Theorem 3.2.1. From the simulated
distribution, confidence intervals on kg can also be constructed. Based on the confi-
dence intervals, we can select the proper change point in empirical applications. Also

note that, C', Cs, and C3 can be estimated consistently.
3.3 Simulations
3.3.1 Comparison

In this section, we conduct Monte Carlo simulation to evaluate the performance
of the least squares method in finite sample. Baltagi et al. (2015) proposed that
estimating the change point of factor loadings can be converted to estimating change
point of the second moments of estimated factors. However, this methodology does
not take full advantage of the panel data. To see the advantage of using least squares
method, we compare our approach with quasi-maximum likelihood method (QML)
from Bai (2010), second moments method from Baltagi et al. (2015), and MLE
method. The same data generating processes (DGPs) are applied for each method.

We fix T" at 50 and 100 and let N = 20, 30, 40, 50, 100, 500 and 1000. For the
true number of factors, we fix r = 1, 2 and [1.25log(max(N,T))] (let r increase with
sample size, denoted as “increasing r” in the table), where [A] denotes the integer

part of a real number A. The break point ky is assumed as [7/2], [T'/3] and [T'/4].
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The data generating processes (DGP) have the form as follows:

Noyfi+eq fort=1,2... k
Tt =
Xz‘2ft+€z’t fort =ky+1,kg+2,...,T

fi ~iid.N(0,1),

e ~ii.d.N(0,1).

Before the break point, we let \; ~ i.i.d.N(0,1). After the break point, we
consider four cases. In Case 1, we redraw \; from N(0,1) after the break point
ko. The distribution of post-break factor loadings does not change. This case is
denoted as DGP1. In Case 2, the distribution of post-break factor loadings changes
from N(0,1) to N(0,0.5). We denote this case as DGP2. For the third case,
the distribution of post-break factor loadings changes from N (0, 1) to N(0.5,1). We
denote this case as DGP3. For the last case, denoted as DGP4, we let post-break \;
keep the same with pre-break \; fori = 1,2,..., N/2. Fori = N/2+1,N/2+2,... N,
we redraw the factor loadings from N (0, 1) after break point kq. All simulations are
based on 1000 replications. The reported results are the root mean square error of

estimated change point, which

1000

RMSE = ﬁ 3 (/%0 _ kO)Q.

s=1

The number in parentheses is the percentage of obtaining correct change point.
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3.3.1.1 Least Squares Method

We denote least squares method as Method 1. Tables 3.2-3.5 show the results of
RMSE and percentages of finding correct change point for each case. All four cases
have similar properties. As N increases, the RM SFE decreases. When T' jumps from
50 to 100, RM SE slightly decreases. When the true number of factors increases, the
estimated results significantly improve. We also try r=|[1.5log(max(N,T"))] (results
not showed here), the estimated change points start to diverge when N is very large

and T is relatively small. And the percentage of finding correct break point decreases.
3.3.1.2  Unknown Number of Factors

Chen (2015) proposed a consistent estimator for the break fraction by using 7 — 1
number of factors to estimate the change point. Because the number of factors tend
to be doubled when factor loadings all change, we estimate the pre-break and post-
break factor loadings and factors with 2r — 1 number of factors when the number of
factors are unknown (denoted as r* in the table). Then we substitute these estimated
factor loadings (N by rx) and factors (T by r*) into our objective function to estimate
the change point. This method is denoted as Method 2.

Tables 3.6-3.9 show the results for Method 2. The situation is the same when
r = 1 = 7, thus we consider only » = 2 and increasing r cases. When r = 2, the
results have the same trend as in Method 1. However, Method 1’s results are more
accurate than Method 2 in many cases, because we use the true number of factors.
In the “increasing r” case, the estimated change point diverges when N is very large
(500 or 1000) and T is relatively small (50). The break point moves further from the
middle point, and the ratio of corresponding N and 7' in which the results diverge
decreases. For the following three approaches, we all assume the number of factors

is unknown. We use r+ = 2r — 1 instead of 7 to estimate factors and factor loadings.
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3.3.1.3 QML Method

QML Method is denoted as Method 3. Define

S - R
Fin ;Z Fp=g > Fe
t=1 t=k+1
Let
k T
1 R 1 ~ = 2
D= (B-ha) s W= 3 (B Fa)
t=1 t=k+1

the objective function becomes
QML(k) = k Z log 67, (k) + (T — k) Y _log 6% (k).
=1

the estimated break point is defined as k = arg min<z<; QML(k).

The QML method is used to estimate change point when there are mean or vari-
ance changes in panel data models. Tables 3.10-3.13 show the RM S E and percentage
of finding correct break points for four different cases using Method 3. Method 1
outperform Method 3 in all cases. The results are smaller in method 1, with same
combination of N and T in the same DPGs. For the results with the same N and
different T', we find that RMSFE increases when T is 100. Although the percentage
of selecting correct break point increases when T' = 100 and N are the same, it only
works when N is small. As N increases, for many cases, the percentage decreases
compared to T" = 50. In DGP4, the estimated results do not seem to converge to

the true change point.
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3.3.1.4 Baltagi, Kao and Wang (2015) Method

Baltagi, Kao and Wang (2015)’s approach is denoted as Method 4. Let

k T
~ A A ~ 1 A
El = E Ft t/7 22 = T—_k E FtFt/'
t=1

| =

Then define the sum of squared residuals as

k T
S(k) = ec( BF =) [vec( BLF = 1)+ Y [vec(FF] — o) vec( B F] — 5y)],

t=1 t=k+1

and the least squares of the change point as

k= arg min S(k)

1<k<T

Baltagi, Kao and Wang (2015) proved that estimating the break point in factor
loadings can be equivalently represented by estimating break point in the second
moment of estimated factors. However, this method doesn’t take the full advantage
of panel data. It doesn’t use the information of cross-section units.

Tables 3.14-3.17 show the results for Method 4. In the “increasing r” case, Method
4 performs good, but Method 1 remains more accurate. For r = 1 and r» = 2 cases,
it doesn’t perform very well. In some cases, the accuracy starts to decrease when N

is greater than T
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3.8.1.5 MLE Method

We denote MLE Method as Method 5. Define

so (1 is the covariance matrix of estimated factors F,. Let {2* be the pre-break
covariance matrix of ]3} forl1 <t<k. ** be the post-break covariance matrix of Ft

for k+1 <t <T. The objective function becomes

T
+ (T — k) Z log ’Q}f*
t=k+1

k
MLE(k) =k log ‘Q
t=1

where |A| denote the determinant of matrix A. The estimated break point is defined

as

Table 3.18 shows the results for Method 5 under DGP1. For r = 1 case, the
results are good but still weaker than Method 1. When r increases, the accuracy of
estimation declines quickly. The results are not good in MLE method, so we only

compute the DGP1 case.
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3.3.2  Bootstrap Method

Because of the complexity of our limiting distribution, in this section we use the
bootstrap method to verify the performance of our limiting distribution. 7T is fixed
as b0. We let N = 10, 20, 30, 40, and 50. The true number of factors is fixed as 2.
And the break should happen at T//2. The DGP is similar as in previous simulations.
We let f; ~ id.d. N(0,1) and e; ~ i.i.d. N(0,1). Before the break point, we let
i1 ~ 4.0.d.N(0,1). For the after break situation, we consider two cases. In Case
1, we let A\j2 = A\p + 0.3 % N(0,1). This case assumes the break size is small. It is
denoted as DGP B1l. In Case 2, denoted as DGP B2, we let post-break factor
loadings A\jx = A1 + \/iﬁ %« N(0,1). When N increases, the break size decreases. This
setup is consistent with our small break assumptions.

The following steps explains how we implement the bootstrap method. First,
for given simulated data, we estimate the change point k by using the least squares
method. This estimated change point allows us to obtain estimated errors, estimated
factors, estimated pre-break factor loadings, and estimated post-break factor load-
ings. Second, we treat the estimated factors and estimated factor loadings as real
data and construct the bootstrap sample based on the estimated errors. To maintain
the serial dependence of the error term, we randomly draw the whole column (7" by
1) from estimated errors by N times. The new 7' by N matrix is our bootstrap
sample. Using the estimated factors, estimated factor loadings and the bootstrap
sample errors, we obtain a new estimated change point Ky . Third, by replicating
step 2 by 1,000 times, we obtain 1,000 estimated change points. Sorting these 1,000
values from the smallest to the largest, the 25th value and 975th value represent the
lower bound and upper bound of the 95% confidence interval. If the true break point

ko is inside this confidence interval, then it is recorded as 1, otherwise it is 0. Finally,
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replicating steps 1-3 1,000 times, we obtain 1,000 values equal to 1 or 0. Then we

sum these values and divide them by 1,000. This average value is our simulated

coverage rate. We compare the actual coverage rates with the nominal rates (90%,

95%, 99%).

Table 3.19 presents the simulated coverage rates. When N = 10, the coverage rate

is lower than the nominal rate. As N increases, the results significantly improved.

The simulated coverage rate is very close to the nominal rate.

Table 3.19: Coverage Rate

N/T

DGP B1

DGP B2

90%

95%

99% 90%

95% 99%

10,50
20,50
30,50
40,50

50,50

0.7570

0.8850

0.9030

0.9090

0.9280

0.8690

0.9470

0.9430

0.9570

0.9560

0.9580 | 0.8350

0.9890 | 0.8970

0.9850 | 0.9190

0.9910 | 0.9360

0.9920 | 0.9260

0.9020 0.9760

0.9490  0.9900

0.9600 0.9910

0.9680  0.9950

0.9680 0.9910

3.4 Empirical Application

3.4.1 Financial Asset Returns

Data sets of asset returns are typically large, because thousands of companies’

stocks are traded daily in the NYSE, AMEX, and NASDAQ. Factor models are

statistical tools that can reduce the dimension of and identify representative factors
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in large data sets. Researchers can then use these representative factors to forecast
companies’ future returns or estimate the casual effect between dependable variables
and factors. Studies of factor models for analyzing asset returns, generally can be
categorized into two cases: regression analyses on observable factors, and statistical
analyses of unobservable factors. Regression analyses, focus on finding proper factors
to explain the dependent variables. For example, in finance literature, people like to
use the S&P 500 or other financial indexes to forecast asset returns. This model can
be treated as a factor model with observed factors. The financial indexes are observed
factors, and the corresponding coefficients often depend on a cross section unit 7. A
famous study of observed factors is Fama and French’s (1993) three factor model,
in which the three fundamentals are the overall market return, the performance of
small stocks relative to large stocks, and the performance of value stocks relative to
growth stocks. Statistical analyses of unobserved factors, focuses on how to estimate
the unknown factors and specify the number of factors. As shown in section 3.1, the
method of principal component is commonly used to estimate the unknown factors.
Bai and Ng (2002) provided six information criterion for selecting the number of
factors. They used asset returns of 8,436 stocks between 1994.1 and 1998.12. After
deleting all missing data and applying their information criterion, they found two
factors.

In this section, we study factor models with structural changes in factor loadings
by using financial asset returns data. Factor loadings are unstable and thus tend to
overestimate the number of factors. Inconsistency in the estimated number of factors
then leads to inconsistency in the estimated factors and estimated factor loadings.
We first analyze how the number of factors changes with different sample sizes. We
use monthly data for returns traded on the NYSE, AMEX, and NASDAQ between

1980.1 and 2012.12. The data include all live stocks from the first trading day of
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1980 to the last trading day of 2012 and are obtained from the CRSP data base.
In this 80-12 monthly data, 7' = 396 and N = 617. Bai and Ng (2002) suggested
using PCp1, PCpo, IC,1, and I1C)py information criteria to select the number of factors.
They also showed that PCy; and PC), tend to overestimate the number of factors
when N or T'is small. Here, we use IC); information criteria for the entire sample

and find 5 number of factors.

Figure 3.7: Moving Window: 7' = 60, N = 617, 80-12

IS
T

w
T

80 85 20 95 00 05

Next, we analyze how the estimated number of factors changes using different
sample size. We use samples over moving window. 7' is fixed as 60. We calculate the
number of factors for 80.1 —85.1,80.2—85.2,80.3—85.3,...,07.12—12.12. Graph 3.7
report the estimated number of factors by using /C),; information criteria. As shown,
the entire sample’s estimated number of factors (5) is the largest estimated number
of factors among the sub-samples. This result is consistent with the overestimation
ignoring structural changes. The shifts of estimated number of factors may due to
potential structural changes. The number of factors is less or equal 2 before 2007.
This result is same with Bai and Ng’s (2002) finding of two factors. When we use

sample size including 07-09 economic recession, the estimated number of factors
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increases significantly. Now we focus on how the estimated number of factors change

in 95-12 data.

Figure 3.8: Moving Window: 7' = 36, N = 1885, 95-12

We consider only live stocks from 1995.1-2012.12. The 95-12 data set has T' = 216
and NV = 1885. By using the /C),; information criteria, we have 4 number of factors.
The entire sample’s estimated number of factors still equals the largest estimated
number of factors among the sub-samples. Figure 3.8 reports the estimated number
of factors when using moving window sample where T' = 36. The volatility of the
estimated number of factors is significant after 2004. Finally, we focus on the data
between 2005.1 and 2012.12. After deleting all missing data, the sample size is
T =96 and N = 3716. The estimated number of factors without structural changes
is 2. We apply our least squares method and use 7 — 1 number of factors to estimate
the unknown break point. Table 3.20 report the result. The estimated change point
is 2009:04. This result is reasonable. In finance literature, many studies show that
there is a late effect from the 2007 financial crisis. The efficient corresponding to
the independent variables does not change immediately. The estimated result is

consistent, because N = 3716 is very large. Our confidence interval is just the
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Table 3.20: Estimated Change Point: Asset Returns, 05-12

Length of Confidence Interval

7 k 90% 95% 99%

2 2009.04 [2009.04,2009.04] [2009.04,2009.04] [2009.04,2009.04]

estimated point.
3.4.2  Macroeconomic Data

Factor models have been widely used in macroeconomics. Stock and Watson
(1998, 1999) considered forecasting inflation with diffusion indices (“factors”) con-
structed from a large number of macroeconomic series. Gregory and Head (1999) and
Forni, Hallin, Lippi, and Reichlin (2000) found common components in cross country
variations. Bernanke, Boivin, and Eliasz (2005) studied the factor-augmented VAR
(FAVAR) model. Ludvigson and Ng (2009) used the factor augmented regression
framework to analyze the relation between excess returns and the macro economy.
In this part, we study the structural changes in factor loadings using macroeconomic
data. We used Ludvigson and Ng’s (2013) data. It consists of a panel of 132 U.S.
macroeconomic variables from 1960:1 to 2011:12. Unlike the data of financial as-
set returns, we cannot use Bai and Ng’s (2002) information criterion to specify the
number of factors, because the cross section correlation is too strong among these
macroeconomic variables. Ludvigson and Ng (2013) suggested using eight factors.
Here, we follow their conclusion and focus on the structural changes between 2005
and 2011 (T = 84, N = 132). Table 3.21 shows the estimated change point and

the length of confidence intervals. The estimated change point is 2008:01. The 99%

!The detail of this data can be found at http : //www.econ.nyu.edu/user /ludvigsons/.
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Table 3.21: Estimated Change Point: Macroeconomic Data, 05-12

Length of Confidence Interval

7 k 90% 95% 99%

8 2008.01 [2008.01,2008.01] [2007.11,2008.02] [2007.05,2008,08]

~

confidence interval of true break point is [k — 8, k + 8]. Because the number of series
is not too large, our estimated change point may not coincide with the true break
point. However, our estimated change point is consistent with Cheng, Liao, and
Schorfheide’s (2015). In their application, they used an updated version of Stock
and Watson’s (2012) data, which included a set of 200 macroeconomic and finan-
cial indicators. Their model selection procedure provides strong evidence that the
loadings in the normalized factor model changes, generally implying a stronger co-
movement of the series after 2007. Thus, the estimated change point is reasonable

by using this data set.
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4. SUMMARY

Section 2 considers the problem of determining the number of factors in large
factor models where the number of factors is allowed to increase, but with a slower
rate, as N or T increases. We extend the analysis of Bai and Ng (2002) to the case
that number of factors can increase with the sample size and prove the consistency of
a modified Bai and Ng’s (2002) procedure in determining the number of factors. We
also propose a (‘mode’ based) new procedure so that our selected number of factors
is not sensitive to the choice of k,,,,. Monte Carlo simulation results suggest that the
criteria PCy;, PCpy and PCy3 all have the overall best performance. Other criteria
such as IC,1, IC) and PC)p3 can also be used to accurately estimate the number of
factors when the data dimensions are relatively large, say min{N, T} > 100. One
possible future research topic is to find alternative criteria that can improve the finite-
sample performance of Bai and Ng’s (2002) procedure and our modified procedure
such that the new criteria can accurately determine the number of factors even in
small or medium size samples.

Section 3 considers the structural change in factor loadings in high dimensional
factor models. We estimate the unknown break point by using the least squares
method. Several competing methods are compared in the simulation. The results
show that the least squares method outperforms other approaches. We further pro-
pose a new framework to derive the limiting distribution for the estimated change
point. The limiting distribution of the estimated break point is more complex than
that of the conventional panel data models, because both factors and factor loadings
are unobservable. We show that the estimated factors and estimated factor load-

ings influence the limiting distribution. The random parts depend on i.i.d. standard
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normal variables and chi square variables. Based on the limiting distribution of the
estimated break point, one can construct confidence intervals of the underlying true
break point. Bootstrap method is also studied. We apply the method to the study

of structural changes in financial asset returns and in macroeconomic data.
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APPENDIX A

SECTION 2 APPENDIX

A.1 Proofs
A.1.1 Proof of Proposition 2.2.1

We will first prove a lemma (Lemma 1) below which will be used in proving

Proposition 2.2.1.

Lemma 1 Under Assumptions A-C, we have for some positive constant 0 < M, < oo,

and for all N and T,
(1) %25:1 ZtT:1 n(s,t)* < Mo;
s 1 T 7T (1N 2
(i) B ( 70 S0 S0 (3 2 Xa X)) < My
Proof :
(i) See the proof of Lemma 1 (i) in Bai and Ng (2002).

(ii) If suffices to prove that for all (i,¢) that E(X1) < M.
Now E(X{) < 8 2E[(A'F?)"] + 8E(e};) < 16M; by assumption A5 and Bl. m
Proof of Proposition 2.2.1:

Recall that F* = ‘/WEXJNV“ and AF = ‘/TEX’F’“. From the normalization F¥ F* /T =
I, we also have (Tk)~! ZtT:1||]5tk||2 = 1. Following Bai and Ng (2002), using H* =
(F¥ FO/T)(AYA°/N), we have

L T ~ L T ~ k T ~ k T ~
Bf = HYE) = 23 (s )+ D Ff Gt D Flnat ) Fléa,
s=1 s=1 s=1 s=1

where (s = ele;/N — yn(s,t), e = FgAOlet/(N\/?), and &g = FtO/Aoles/(N\/?) =
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Mts-
Because (x4 y + z +u)? < 4(2® + 9% + 22 + u?), |F}f — HYFO||? < 4(a; +
by + ¢ + dy), where a;, = %HZL Fva(s,t)Hz, b, = éﬁ—z Zle ngst 2, ¢ =
ST B and de = £\ e 1t follows that (1) T 1 -
HY FR|1? < (4/T) Yoy (ar + b + ¢ + dy).

kQ
=

By Cauchy’s inequality,

we have ||, Pl (s, I < (ST IFSR) - (S0 (s 1)) Thus,

1 o [ B R W A,
D B~ 14 R D B DL CO
t=1 s=1 t=1 s=1
/{33
- (%)

by Lemma 1(i) and the fact that (Tk)~" 32/ || FF||> = 1
(this follows from F¥ F* )T = I).
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For b;, we have that

2

1« 2
f;bt = w2
R I rro
= 22D U FI G

IN

IA
1
3|~
]~
M'ﬂ
:\52
(3]
~
=
1
3~
™
B
—
M'ﬂ
oy
o
~__

1/2

2
where the last equality follows from [% ST <ZtT:1 CstCut> } = O,(N71)

as shown in the proof of Theorem 1 of Bai and Ng (2002).
FI'OHl E<T_1 23:1 CstCut)Q = E(T_2 z;{:l Zle CstCutCstuv) S maXs,t E’<8t|4 and

E|<st‘4

1 N
\/_— Z eztezs - eztez's))

by Assumption B5, we have
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For ¢;, we have

K || 2
C = ﬁ ZFST]St

12 |l < o
= = > FEFYAYe/Nyr
s=1

k2 ko - r =
m|\€§s/\0/\/?”2 (T_k ZHFfW) (T_r ZHFSH2>
s=1 s=1
ko 2
= qallad /POy (k)

IN

because 7 S5 [|FE[2 = 1 and 2 ST [F2)2 = 0,(1).

T’I’

It follows that

1 K1 etAO ?

130 = omity| i

t=1 =1

k3
= O (W)
Lo 112
because %ZtT:l f}% = O,(1) by assumption C2.
The term (1/7) Zle d = 0O, (%) can be proved similarly. Combining the

above results, we have shown that

T T
(1/T)Z||ﬂk—Hk,Fto||2 < (4/7) Z at + by + ¢, + dy)
t=1 1

t=
3 3
- o.(5) o (%)

Alternatively, Proposition 2.2.1 can be proved by concentrating out F;. Following
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the similar steps, we can show that

N N
(L/N)Y A= HEX? < (4/N)) (ai+ b + ¢ + dy)
1

i=1

o) als)

A.1.2  Proof of Proposition 2.2.2

Proof From the proof of Proposition 2.2.1 we know that
T
—ZHF’f HYFP|I? < (4/T)> (ar + by + ¢ + dy)
t=1

and that 7' S0 a; = O,(k*/T) and T~' Y/, d; = O,(k*/N). Therefore, we only
need to show that 713" ¢, = O,(k*/N) and T~'3°]_, d, = O,(k*/N). Since the
proofs are similar. We will only prove for the term related to c;.

For ¢;, we have

2

T
EEOAY e, IN VT
=1

21 (1= mn) [ 1 =y om0 o 1o
N7 fZHFs | WZHFS AVl
= Op(K*/N)~ <TNZHFO/AO/€ ||2>

IN

because T-2S°1_ | F¥|12 = O, (k).
Next, we show that A %/ (TN) PSS JFYAY e, |2 = O, (r).
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T
1 ! 7
B(lAD = <= > EIFYAe?
s=1

r N

T T N
- % D3N DD Eene) E(FGFD,)ALN,,

s=1 =1 m=1 i=1 j=1

1 L& 2 0121/ A 02
= WZZZE(%E((ED )(Air)

s=1 1=1 i=1

= o),

because of the zero correlation assumptions that E(e;ej;) = 0 for j # i and
E(FSF? ) =0 for m # [. This implies that A = O,(r). Hence, ¢, = O,(k*/N). This
completes the proof of Proposition 2.2.2. m

From the above proof we can see that the conclusion of Proposition 2.2.2 still
holds true if the zero correlation assumptions are replaced by some weakly depen-
dent assumptions such as N~} Zf\il Z;\;l E(eiejictijim) = O(1)
and v 37 Y00 E(FF o, catmim) = O(1),
where ¢y 5, and cg i, are some bounded sequences of non-random numbers de-

pending on i, 7,1, m.

A.1.3 Proof of Theorem 2.2.1

Lemma 2 Let Dy = F¥ F*/T and Dy = H¥ F” FOH*/T. When k < r, we have (i)

_ .. _ _ k}4 ,,,1.5 k‘4 r
|DE ) = Op(k)s (i) D5 = D3| = Oy (mav { Hhagrt Ehar 1),
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Proof : Following Bai and Ng (2002), we have

FK pk gk po’ o prk

Dy—Dy = =

[ﬁ;kﬁtk/ . Hk/ FtOFtO/ Hk]

I
N =
[]-"

~
Il

1

(Ftk - Hk/Ft0)<Ftk - Hlet(J)/ + (Ftk - Hk/FtO)FtOIHk

I

N[ =
]~
M| =
]~

o~
Il
~~
Il
—

1

T
1 k' 0 fok k' 0/
+T;H FY(FF — HY FYY'.

Hence, we have

T T 1/2
1 - / 1 - /
1Dk = Dol < fZHFtk—H'“FtOWﬂL?(fZHFf—H'“FtOHQ)
t=1

t=1

L 1/2
(530
t=1

by Proposition 2.2.1 and the fact that %ZtT:1||I-I’I“/FtO||2 = O,(kr?), which is shown
below.

From weakly dependent process of F, it is easy to show that

T
1 /
DS il R
t=1

“o,().

Also, one can easily show that ||D;'|| = O,(k). Then from D, — D;' =

1 T
S Larol
t=1

7



D (Dy — Dy) Dy, we have

1Dt =Dyl = 1D (Do — D) Dyt
< |DM - IDo — Dil - |1 D)
D' 1Dy |
_ k,ZH k i D _ D . 0
||y — Dl - S

k2T1'5 ]f27"
= k*-0,(1)-0, (max{ Wi ,ﬁ})
Er  pls g4 g
— O max , max .

Lemma 3 For 1 < k < r, and the H* defined in Proposition 2.2.1, we have

. — /{35 7‘3'5]€5 7,3
V(k,F*) =V (k, FO'H*) = O, | max { ~maz____ Tmaz .
-0 o B )

Proof : For the true factor matrix with r factors and H* defined in Proposition
2.2.1, let MY, = I — P2, denote the idempotent matrix spanned by null space
of FOH*, with Ppyo = FOH* (H¥ FYFOH*) ™" HY FY. Correspondingly, let M’ =
Iy — FR(F¥ FR)7LFY = I — Pk Then
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Following Bai and Ng (2002), let Dy, = F¥ F* /T and Dy = H¥ FY FOH* /T. Then

N

AN -1 ’ ’ -1
1. FF [k | HF FOYFOg* "oy
k 0 k k 0rrk k' 0
Pi—Py = —F ( ) J— ) <—) HYF

— [ﬁvk'Dk—lFAvk _ FOHkDo—lHk’FO']

Nl ==

[(Fk . FOHk: i FOHk)DI;I(Fk . FOHk 4 FOHk)/
—F°H*Dy H* F"]
1

— T[(Fk . FOHk)Dk—I(Fk o FOHk)/ + (ﬁvk . FOHk)Dllek/FO/

+FYH*DSY(FF — FOHYY — FOHR D HY FY).

Thus, N7'T-! ZZ]L X;(P}f — PPy) X, =T+ 11+ III+1V. We consider each

term in turn.

I = NTQZZXT: — HYFYY DY (FF — HY FO) X3 X
i1 =1 s=1
1/2
< (;2 ZZ — H¥ FYY DY (FF — H’f’Ff))
tll o . Ny
<

T

1 - / _

(T Sl - FEH?) D 0p(1)
k?) 3

Op<max Wr)/;}) k- 0O,(1)

Eir k*
= Op <maX{W,T}>

by Proposition 2.2.1, Lemma 1(iii) and Lemma 2(i).
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=
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3
2
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N

IA
~/
S| =
7
Ty

IN

VAN

where we used HD/,;1

{ 1/2 kg) })-k-kl/Qr-Op(l)
()

T
FYHA(D = Dy HY FOX X,
1

N T
TELY
i=1 t=1 s=

N

T 2
_ a1 1 p
1D =DMl Y [ = D IHY B - Xl
Nz’:l Tt:l
N

2
P L o) (e o
' "N i=1 TVkr t=1 t

IDg" = Dg [l - kr* - O,(1)

/{747”4'5 /{347”4
O, <max{—\/ﬁ 7%}) ,

- Dy =0, (max{kf/’%s, k\j;j }) by Lemma 2 (ii).
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Thus, we have

~n — kf) 7”3'5 k5 7,3
V(k,F*) = V(k,F°H") = O, | max ¢ —/*——— 1% .
(b ) = V0 P0) = 0, (s { P B )

Lemma 4 For the matrix H* defined in Proposition 2.2.1, and for each k with

k <r =ryr — 00, there exists a positive constant C such that

plimNinf inf[V (k, F°H") =V (r, F")] > C > 0.

T—oo k

Proof :

N N
1 1
V(k,FH") =V (r,F%) = —§ ggMgHL.——E X' MRX,
NT 4 NT &

N
1 1 1
= —— — FON e Y MO, (—F°N\0 + e,
NT ’L:l(\/? Z+§Z) FH(\/F Z+Ql)
1 N
——= Y e Mpe,
NT &
- 72
= A FY MR FON) M FON)
NTT; 7 FH 7 _'_NT\/F;@z FH g
1 N
+W ZQQ(PIQ Pere;
=1
= A+B+D
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Notice that PR — P2, > 0, thus I11 > 0. For the first term,

N
1 ’ /
A = AN FY MRy FON
NTT; ) FH %
1 N
0 040\’ 0 040

> (C>0

because k < r and MR, FON? £ 0.

Next,

Consider the first term

1 N
7 D e
oY

where the last equality follows from assumption C2. The second term is also o,(1),

and hence B =0,(1). m

Lemma 5 For any k with r < k < k42,

7 nia k'?naa:r k?nax,ro's)
V(k,F*) =V (r, F") = O, (max{ T })
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Proof :

V(k, F") = V(r, F7)]

IN

\V(k, F*) =V (r, FO)| + |V (r, F°) — V(r, F")|

< 2max|V(k, F*) — V(r, FY).

r<k

Thus, it is sufficient to prove for each k& with r < k < k42,

Vi, B — V(r, FY) = O (max { Fimag ™ Fimaa? ™ })
’ ) P \/N ) \/T .

Let H* be as defined in Proposition 2.2.1, with full row rank. Let the k x r matrix
H*" be the generalized inverse of H* such that H* H** = I,.. From X, = %FO)\?-FQ“

we have X, = \/L;FOH'“H’”)\? + ¢;. This implies that

J 1, -
X, = LBt - (B P e
T VT
1 -
= ——FFEFAY oy,

R

<

where u; = ¢; — =(F* — FOHF)H* )],
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Note that

Vik, FF) =

1 N
k
N D WM,
=1
1 N
_ZE;Mg'gza
NT
R 1 /
ok 07k k410 k
ﬁ; (Qz—W(F FOH"H )\i) ME
e — (P FOH%H“A?),
T
1 N
=1

1 T g .
Y N H(FF — FOHFY ME(FY — FOHF) HR )

Because I — M 1’2 is positive semi-definite, 2’ M 1’2:16 < 2'z. Thus

VAN

N
N DA HY (Y = FOHY) (FF — FOHY) H ]
-

i=1

T N
1 o / 1
=S IE B R (m ZHA?WHHW)
=1 i=1
Er k3
0, (max {Wr, ?}) - Op(kr)
k?4 2 k?4
O, (max{—]\: ,%})

by Proposition 2.2.1.
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For term b, we use the fact that [tr(A)| < r| Al for any r x r matrix A. Thus

N
2 . 1
b = tr [ H*Y(F* — FOE*Y M*® —§ 20
T\/Fr< ( J M NHQH

F FOHk
< 2. ||HM- ZQZA?
\/TTN
1 z 1 [1& A\
. z-nHHn-(—zuﬁk—FOHkn?) iy
Tt:l VN \T

= 2-(1{:7’)/ - O, (max{ﬁ,ﬁ}>-0p(l)

- oo { 555

by Proposition 2.2.1 and assumption C2. Therefore,

e
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Note that

2

=1 1 ]’i\[:l
’ N_ Z Z Fo—zt
t 1
(@)

-

N / N
1 . FY R0 1 -
NT e;Ppe; < ( 'NTZ ZQ;F Fe;

(FO’ FO

=1

= 1 0,(1) o1 Oy(1)

0520 {525

T ZZ L € Ppe; is bounded by the sum of the first k& largest eigenvalues of the
matrix Ay = ﬁe’e, where e = (ey;), T x N. Let p(A) denote the largest eigenvalue
of a matrix A. Under Assumption B6, as Bai and Ng (2005) shows, p(Anr) =
0,(Cy%), where C%, = min(N,T). Thus,

In summary, we have shown that

V(k Fk) —V(r,F) =0 <max{k72”“xr Finaa” })
) ) P \/N ) ﬁ .

[
Proof of Theorem 2.2.1
Proof : We shall prove that limy 7., P(PC(k) < PC(r)) = 0 for all k # r. Since

PC(k) — PC(r) = V(k, F*) =V (r,E") — (r — k)g(N, T),
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A

it is sufficient to prove that P[V(k,F¥) — V(r,F") < (r — k)g(N,T)] — 0 as
N, T k,r — oo.

Consider k < r. We have the identity:

V(k,F¥Y =V (r,F7") = [V(k,F*) =V (k,F°H")] + [V (k, F°H") — V(r, F°H")]

A

+ [V(r, F°H") — V(r, F")].

Lemma 3 implies that the first and the third terms are both O, (max { kj"% , ksy%z }) .

Next, we consider the second item. Because FYH" and F° span the same col-
umn space, V(r, F°H") = V(r,F°). Thus the second item can be rewritten as
V(k, FOH*) — V(r, F°), which has a positive limit by Lemma 4. Hence P[PC(k) <
PC(r)] = 0if (r — k)g(N,T) — 0 as N, T, k,r — oo.

Next, for k > r,

A

P[PC(k) — PC(r) < 0] = P[V(r,F") = V(k, F*) > (k — r)g(N, T)].

By Lemma 5, V(r, ") — V(k, F*) = O, <max {k’%ﬁ, %}) According to our
] k?naz k72nz5zz
setting, (k—r)g(V,T') converges to zero at a slower rate than O, <max { IR W}) )

Thus, for k > r, P[PC(k) < PC(r)] - 0as N,T,k,r - 0c0. =
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A.2 Figures

Figure A.1: Sensitivity of PC,; Criterion to kq.: 200/60 Case
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Note: The values ofl% estimated by PCp for N =200,T = 60 and r = 7 with
kmaz € [1,40].
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Figure A.2: Sensitivity of PC,; Criterion to kj,.,: Multiple Cases
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Note: FEach line represents k estimated by PCyy for each case of different sample
size.
The notation in the graph shows the sample size and the true number of factors for
each case.
For example, 100/60(6) means that N = 100,7 = 60 and r = 6.
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APPENDIX B

SECTION 3 APPENDIX

B.1 Proofs

B.1.1  Proof of Theorem 3.2.1

Proof
For k S k‘(),
N k& N T 5
SR =33 (= WA+ 30 3 (ra A 5)
=1 t=1 i=1 t=k+1
N k N ko )
(k) ANT—k
ZZ Tit — 11 ft > +Z <xit_>\§2 ft( ))
i=1 t=1 i=1 t=k+1
N T )
k)Y ANT—k
+Z Z (xzt 1(2 ft( )> ;
=1 t=ko+1
and
N ko N )
SSR(ko) = <xzt O ko)) £y (% B fr- k0)>
i=1 t=1 i=1 t=ko+1
N k N
=33 (e Y Y (- AR’
i=1 t=1 i=1 t=k+1
SRS { (ko) F(T—ko) )
PN (- AT
i=1 t=Fko+1
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So

SSR(k) — SSR(ko) :i:: i (= AS A ) Z Z (a - tw)

k+1 =1 t=k+1

k N k
Z <xn (k ) (:vn (ko)>
1 t=1 =1 t=1

T . . 9

S (=AY )
=ko

N T

2

X3 (AR

We first analyze the property of the following term

>3 (- AT

We have

I A ’ ~ ! A _ 2
Z Z <$” Ao k)> - Z <)\1ift+eit_/\2(12€) L k)>

i=1 t=k+1 [

N /
[(Aﬂ —Xa) fut (M = AE) S,

2

2
[ (ft (Tfk )] + G?t +2(N\i1 — )\iZ)Ifteit
+ 20N — NS frew + 205 (fr = FT)ew

+ other cross-products are negligible},
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e? is canceled out with the corresponding term from SSR(kg). The drift term is

determined by

3 {[ S A [C e A [%’Q’(ﬁ—ff”hf}

i=1 t=k+1

and the random walk part is contributed by

Z Z [ il — A2 ftezt + 2()\ XES))’fteit + 25\§§)/(ft - ft(Tik))eit]

i=1 t=k+1

Note that k is close to kg, using the results of Bai (2003) or Bai and Ng (2013) (ignore

high order term), we have

and

f— fTH <A'2A2> ! Aer

— (M500) B i Aot
j=1

Plug in the above two expressions into the random walk parts, then each of the three

random walk terms are not negligible (assuming N and T are same order magnitude).
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We first check the drift parts, let

S

-

-

N ko
=1 t=k+
N ko
i=1 t=k+
N ko
=1 t=k+

—_

—_

—_

A (f —

- , 2
(i = Aa)'fi]
r ~ 2
iz — )‘g))/ft] :

A(T—k)\ ]2
t( ))} _

Suppose e;; is homoscedasticity, i.e. E(e%) = o2, and ko — k is large, we can show

that
N ko N
:zz{ Ao ] = (ho =B (
=1 t=k ko—l
ko_ Z ftft il T )

t=k+1

= (ko — K ZA Z N

t k+1

95 N2 (ko — k) ngx;o—ZAzfA

= (ko — k)¢r,
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=1 t=k+ s=ko+1
N -1 1 ko ’ / -1 r
ko— Z Z €zsf (F Fz) <m Z ftft> <F2F2> Z fseis
i=1 s=ko+1 0 t=k+1 s=ko+1
N T / —1
N 1 1 p FF,
R =ty (R :
ko ’ -1 T
1 , FF, 1
Ly ftft) (5 ( S f>
(k_kt k+1 T = ko VT—kOSkOH
N / -1 ko / -1
N 1 o FyFy 1 , F,F,
—<’“0"“>T_kONZ@ (T_ko) (ko =D m) (T k) &
i=1 t=k+1
by LLN N 1
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so D3 should be considered with random parts together.

Now let us look at the random walk parts, define
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i=1 t= k:+1

N
Ry = QZ Z 2 — 'frea,
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where Z,; are i.1.d. standard normal random variables.

96



RQ—QZ Z i2 ftezt— QZ Z Z ezsf (FF2> 1ft€it

=1 t=k+1 1=1 t=k+1 s=ko+1

FyFy )‘1 |
\/T k() t;.uz (mS;IeZSf) (T— ]{70 ftelt
1 X ER

_ FF> .
o kz fzs (727) e

by CLT VN ( Te—1p 2 el )
, 2 N (0, BEST 2 f570,
T — ho e (€ ¥ Jeeir ]y f &i)

- _Q%til N (O, oltr <E(§i§;2;1ftft/2;1)>>

VR
— 2 Y N(o,
VT_kOt:Zk;l ( 0)

ko
— _QﬂO—*Z Z 7,

VT — ko t=k+1
ko
=6 > 7

t=k+1

97



N ko N ko 1 N
~ / AT (k) /
Ry =2 § E A (e — e = —2 E E Ay <A2A2> 2 :>‘j2€jt€it7
=1

1=1 t=k-+1 =1 t=k+1
ko N ’ -1 N
1 (kY ALAs 1
S <_ng2 ) ( S Aae
t=k+1 \/N i=1 N \/N j=1
- Qitr (1 ZX‘%)EZAEl(l i)\get)>
- T = 72 it A A J4>]
N VN 4
t=k+1 i=1 j=1
ko 1 N 1 N )/
= -2 tr | 2 [ —= Aj2€;it = S\’Ek et | Xy 2a

ko N N N
= -2 Z tr ZXI (\/LN Z>V2€jt> (\/LN Zj\z(‘s)leit) EXI(Z >‘jj2/\;j2)>

t=k+1 j=1 i=1 jj=1
ko N | X | X oy
_—20222157’ A E_1< Z)\get)a_Q(—Z/\ et>2_/\ 2)
772N ST J4%) INT 12 1 A 79I
t=k+1 jj=1 j=1 N3
by CLT ko
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thus D3 can merge into Rg,
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D3 + Rg i) —0'2 Z X%(t)
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In summary, for k < kg

ko ko
SSR(k) — SSR(ko) i> (ko — k)1 + (ko — K)o + 1 Z Zy + @ Z Zy

t=k+1 t=k+1
ko
+ Cs Z X (1)
t=k+1
ko kO
= (ko—k)C1+Cy Y Zi+C5 > Xi(t)
t=k+1 t=k+1
Similarly for k& > kg, we can show that
k k
SSR(k) — SSR(ko) = (k —k)Cy +Co Y Zi+Cs5 > X3(t)
t=ko+1 t=ko+1

B.1.2  Proof of Corollary 3.2.1

Proof

If e;; is heteroscedasticity, i.e. E(eZ) = o7, based on our previous results, we can
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show that
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In summary, for k < kg

ko ko
SSR(k) — SSR(ko) > (ko — k)vr + (ko — k)05 + 67 > Ze+ % Y Z

t=k+1 t=k+1
ko
+C5 > xi)
t=k+1
ko ko
= (ko —K)C;+C5 Y Zi+C5 > xi(t)
t=k+1 t=k+1
Similarly for k& > kg, we can show that
k k
SSR(k) — SSR(ko) = (k — ko)C7 +C5 > Z+C5 > ()
t=ko+1 t=ko+1
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