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Introduction

1 Background

A panel data set is usually characterized by repeated observations (e.g.,
countries, individuals, firms) measured over multiple time periods (e.g.,
years, months, days). In recent years, we have seen a wide availability of
such data sets, which has led to many empirical economic papers test-
ing the significance of various economic relationships. An advantage of
such a data set is the ability to pool the data, leading to more precise
estimates. However, pooling the data might not always be the best prac-
tice as economic relationships are known to be highly heterogeneous. In
other words, economic relationships could be different between different
observations.

It is well-known that researchers frequently assume slope homogeneity in
the empirical analysis of panel data. This assumption is often rejected in
practice (see, for example, Wang et al. 2018). Researchers also typically
preassume knowledge of the source of heterogeneity and then formulate
hypotheses to test these effects. However, in many applications, the
source of heterogeneity is unknown, necessitating methods for estimating
latent heterogeneity.

In panel data models, heterogeneity in the slope parameters is typic-
ally understood as heterogeneity across different cross-sectional units.
However, one can also estimate heterogeneity stemming from the time
dimension, which is typically modeled as structural breaks. Moreover,
it is also possible to have heterogeneity in both dimensions. More gen-
erally, we discuss these types of heterogeneity: random heterogeneity,
latent groups, structural breaks, and a combination thereof. This thesis
is dedicated to delving into these different types of heterogeneity and
proposing various estimators in panel data models.



1.1 Random heterogeneity

Whenever tested, the homogeneous slope restriction is almost always re-
jected (see, for example, Pesaran et al., 1999, and Baltagi et al., 2000).
Yet, in economics (and elsewhere), we are typically only interested in
the average marginal effect. This idea of averaging the effects popular-
ized modeling slope heterogeneity by assuming that the slope paramet-
ers follow a random coefficient model (see, for example, Pesaran, 2006).
This assumption states that the slope parameters are heterogeneous only
because of a random term with a mean of zero and a symmetric, non-
negative covariance matrix. Because the mean of the random term is
zero, the average of all cross-sectional estimates should be understood
as an average effect. Hence, this shows the attractiveness of this as-
sumption, which allows one to pool the data and estimate an average
effect. To that end, many papers utilize this assumption to model slope
heterogeneity in panel data models by interpreting the effects as average
marginal effects. However, this “too good to be true” assumption can
lead to biased and inconsistent estimates if one is not careful. This issue
is discussed further in Paper III. On the other hand, when the estimates
are consistent under this assumption, pooling the data is indeed the way
to go. We discuss this in Paper IV in an interactive effects panel data
model with heterogeneous slopes. If pooling is not possible, we would
require an alternative method for estimating heterogeneous effects. One
alternative would be to estimate latent group structures, which leads us
to the next subsection.

1.2 Latent groups

Recently, there has been a surge of papers tackling the estimation of
latent group structures. Estimating latent groups in a panel data model
implies that cross-sectional units need to be arranged in different groups.
The slope parameters are equal in each group, but different across groups.
Further, the fact that the groups are unknown makes the estimation
slightly more challenging but can result in more fruitful conclusions.
For example, Bonhomme and Manresa (2015) have studied the relation-
ship between income and democracy. They found that this relationship



is different across different countries. These countries can be grouped
into four categories: high democracy, low democracy, early transition,
and late transition. The slope parameters are equal for all countries in
each group but are different across groups.

As discussed in the previous section, such an estimator can be considered
more useful than a pooled one under the assumption of random hetero-
geneity in the slope parameters. The reason is that when assuming
a random coefficient model, we force all cross-sections to have a com-
mon mean, implying that they are in the same group. On the other
hand, allowing cross-sections to exhibit different slope behavior across
groups allows the researcher to learn if there are any differences between
the cross-sectional units. In Paper II, I discuss how one can estimate
panel data models with latent group structures, but also with structural
breaks.

1.3 Structural breaks

Another way of viewing heterogeneity in panel data models is by view-
ing the parameters as possibly shifting over time. This is also important
because there is strong evidence that the parameters of many macroe-
conomic models change over time, especially over longer horizons. One
way of tackling such changes over time is modeling these shifts as struc-
tural breaks. When dealing with a panel data model with structural
breaks, we need to estimate how many times the slope parameter has
changed and when.

Dealing with structural breaks is an important step in most if not all,
empirical economic research. This is particularly true in panel data
comprised of many cross-sectional units, such as individuals, firms, or
countries, which are all affected by major economic events. The worry is
that if left unattended, existing breaks will manifest themselves as omit-
ted variables, leading to inconsistent estimates of the slope coefficients
of the model. It is, therefore, important to know if and when structural
breaks have occurred. Of course, such knowledge is rarely available in
practice, which means that it has to be inferred from the data.

In recent years, there have been many attempts to tackle the problem



of estimating multiple structural breaks. One way of estimating these
breaks is by using regularization techniques. Historically, regularization
techniques have been used for variable selection (see, for example, Tib-
shirani 1996). Recent papers have taken this as inspiration, utilizing
regularization techniques to estimate the number of breaks and periods
in panel data models. In Papers I and II, we propose new estimators
for panel data models that employ such regularization techniques to
estimate the breaks.

1.4 A combination

As I have already discussed, the source of heterogeneity in panel data
models can stem from both the cross-sectional and time dimensions.
Hence, in some applications, the parameters could be heterogeneous
over cross-sections, but in others over time. However, this also raises the
following question: What if we have heterogeneity across both dimen-
sions? Take, for example, the application by Okui and Wang (2021).
They study whether the relationship between income and democracy
changes over time. This problem is similar to the one studied by Bon-
homme and Manresa (2015) but with a major difference. The difference
is that Okui and Wang (2021) allow for the breaks to be different across
different groups. This means that if the relationship between income
and democracy changed over time in a certain period in Sweden, that
does not imply that this change should occur in another country. Hence,
we have what is called “heterogeneous breaks,” implying that changes
over time can be different for different individuals.

2 Contribution

We begin with Chapter Two. Recently, Qian and Su (2016) proposed a
methodology that utilizes regularization techniques to estimate multiple
structural breaks in panel data models. Their analysis requires a large
number of time periods. Their model also incorporates cross-sectional
fixed effects, implying the allowance for some form of unobserved het-
erogeneity in the error terms. However, in certain applications, the



number of time periods can be small, and fixed effects might not suffice
as they only capture time-invariant effects. On the other hand, Li et
al. (2016) suggest a similar regularization methodology that allows for
interactive effects, which are more general than fixed effects, allowing for
time-varying effects. However, their methodology relies on estimating
principal components, which requires the number of periods to be large.

Given the above discussion, we suggest a new method that builds upon
the “adaptive group fused” Lasso approach of Qian and Su (2016) and
Li et al. (2016) to estimate multiple structural breaks in panel data
models. The idea is to apply Lasso to cross-sectionally demeaned data.
Demeaning does not affect the time-varying parameters and makes the
resulting estimator robust to interactive effects, provided they satisfy
a certain random coefficient condition. Another advantage of the sug-
gested estimator is the structure of the breaks: there can be no breaks
at all, and if breaks are present, the procedure does not make any as-
sumptions about their number. Therefore, the procedure is valid even
if some, or indeed all, regimes have a single observation, which is very
useful for detecting a break as quickly as possible. Yet another advant-
age is that the procedure does not impose any conditions on the serial
correlation properties of the data. Hence, the data can be stationary,
as required in much of the previous literature, but it is not a necessity.
We demonstrate that the suggested method consistently estimates the
break and break dates and further showcase the finite sample properties
in a Monte Carlo study.

Moving on to Chapter Three, we continue our discussion on structural
breaks, focusing on a different issue: estimating breaks for each slope
parameter. Existing econometric methods often adopt an all-or-nothing
approach when estimating structural breaks, where either all paramet-
ers change or none do. However, when faced with an unknown set of
parameters that undergo changes, identifying patterns of instability be-
comes challenging. Despite this, such knowledge is essential for both
forecasting and policy analysis.

In this chapter, we introduce the concept of “coefficient-by-coefficient
(CBC) breaks,” allowing each component of the parameter vector to
have its own set of breaks. Unlike previous methods, where we estimate



a single number of breaks along with a single set of break dates, the
idea of CBC breaks is more general as each parameter has its own set of
breaks and break dates. Allowing parameters to shift together can make
it challenging to pinpoint which parameters caused the break, especially
when many controls are included in the model. Hence, understanding
which components are shifting eases the interpretation of the results,
which can be crucial in many applications. Additionally, shifting all
parameters together unnecessarily can cause a loss of statistical power,
affecting forecasting, prediction, and the significance levels of tests. For
example, in a model with two parameters and two periods, if only the
second parameter is breaking between periods 1 and 2, then we are
forced to shift the first parameter too. On the other hand, by allowing
each coefficient to have its own set of breaks, we avoid this unnecessary
loss of power. This highlights the importance of CBC breaks: efficiency
and added interpretability.

To estimate CBC breaks, we propose an approach that utilizes regular-
ization techniques. More specifically, we suggest penalizing each para-
meter with a variation of the Lasso approach. Previous methods, such
as those by Qian and Su (2016), utilize a similar approach but penalize
the entire vector of parameters, inducing a shift in all parameters rather
than in each parameter individually. Furthermore, we propose another
estimator to estimate what we call “heterogeneous CBC breaks.” This
estimator allows the breaks to potentially vary across different latent
groups that we identify. The idea is that parameters can be the same
within a group but different across groups. We apply a variation of
the K-means algorithm, suggested by Bonhomme and Manresa (2015)
and Okui and Wang (2021), to estimate breaks that vary across dif-
ferent groups. This allows our estimator to be very general, inducing
heterogeneity across cross-sectional units and time periods.

In Chapter Four, we discuss the robustness to random breaks in panel
data models. Empirical studies leveraging panel data often benefit sig-
nificantly from pooling, despite the presence of heterogeneous paramet-
ers. The extensive information contained within large panel datasets
enhances the understanding of economic phenomena, yet the potential
for information overload is high without a mechanism for summarizing
findings in a straightforward manner. This is particularly true when



the cross-sectional unit of observation is too granular to hold intrinsic
interest. Pooling serves as a method for achieving this summarization.
Consequently, the question arises: How do we justify pooling while at the
same time not requiring homogeneous parameters? A plausible answer is
to consider the parameters as randomly distributed. Such randomization
strikes a balance between complete homogeneity and unrestricted het-
erogeneity. It permits the parameters to vary across the cross-section,
with the assumption that this variability results from a random pro-
cess, independent of the model’s other random elements. This approach
enables researchers focusing on the average parameter to proceed as if
heterogeneity were non-existent. The underlying rationale, derived from
linear models, suggests that pooling averages out the heterogeneity, thus
facilitating the precise estimation of the average parameter (see, for ex-
ample, Beck and Katz, 2007, or Wooldridge, 2019, for discussions).

In this chapter, we want to make a general point which is that random-
ization is not innocuous in the sense that estimators developed under
the assumption of homogeneous parameters are not automatically valid
under random parameters. We make this point by showing that the least
squares breakpoint estimator is not necessarily consistent under random
breakpoints. The reason why the least squares breakpoint estimator is
not necessarily consistent is the non-linearity of the estimation prob-
lem, which invalidates the usual arguments for robustness to random
heterogeneity in the linear case, a fact that seems to have been largely
overlooked in the literature.

In the previous paragraph, we discussed that nonlinearity could lead to
an inconsistent least squares estimator. In Chapter Five, we take a step
back and look at linear panel models, this time allowing the slope para-
meters to have random heterogeneity in the cross-sectional dimension.
We do this because pooling can be very attractive in the right setting.
The idea behind this chapter is to show that the Common Correlated
Effects (CCE) estimator, introduced by Pesaran (2006), is more useful
than often appreciated. It enables consistent and asymptotically normal
estimation of models with interactive effects and heterogeneous slope
coefficients when the number of time periods is fixed and the number of
cross-sectional units is large.



In a previous article, Westerlund et al. (2019) demonstrate that the CCE
estimator can be applied effectively when the number of cross-sectional
units is large, while the number of time periods remains small. How-
ever, their analysis relies on the assumption of homogeneous slopes—an
assumption that, as we have discussed, is unlikely to hold in practice.
Considering our context is a linear panel setting, we adopt a pooled es-
timator to determine an average marginal effect. This paper is the first
to consider CCE estimation of a heterogeneous panel data model with
random slope coefficients under the condition that the number of time
periods is fixed and only the number of cross-sectional units is large.
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