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Abstract

The aggregate elasticity of substitution between labor and capital is central in understanding the
global decline in the labor share and the cross-country heterogeneity in productivities. Available
estimates vary substantially because of the different assumptions made about unobserved
technologies. In this paper, | develop a flexible framework to estimate the aggregate elasticity of
substitution between labor and capital for a panel of countries. In contrast to previous studies, my
framework considers country heterogeneity in the elasticity of substitution. The growth rates of
labor- and capital- augmenting technologies are also allowed to vary across countries and time while
retaining some commonalities across the panel via a dynamic factor model. Estimation is based on
posterior distributions in a Bayesian fixed effects framework. | propose a computationally
convenient procedure to compute posterior distributions in two steps that combines the Gibbs and the
Metropolis-Hasting algorithm. Using the EU KLEMS database, | find evidence of heterogeneity in
the elasticity of substitution across countries, with a mean of 0.90 and standard deviation of 0.23.
The bias in the technical change is the dominant mechanism in explaining the labor share decline in
the majority of countries. However, the increase in the capital-labor ratio (or the decline in the price
of investment goods) is also an important mechanism for some countries. Finally, | find a strong
correlation between direction of the technical change, the elasticity of substitution and the relative
endowment of capital and labor.

Resumen

La elasticidad de sustitucion entre trabajo y capital juega un papel central en modelos que explican la
disminucién global en la participacion del trabajo. Las estimaciones de esta elasticidad varian
considerablemente debido a los diferentes supuestos acerca de las tecnologias no observadas. En este
trabajo, se desarrolla un marco flexible para estimar la elasticidad de sustituciéon entre trabajo y
capital para un panel de paises. En la estimacién se permite que tanto la elasticidad de sustitucion
como las tecnologias sean especificas a cada pais. Asimismo, se permite que las tecnologias pueda
variar en el tiempo usando factores latentes dindmicos en la estimacion. Se estima un modelo de
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panel no lineal donde todos los pardmetros son especificos al pais. Debido a la no linealidad y a la
cantidad de heterogeneidad no observada considerada en el modelo, se desarrolla una estimacion
bayesiana en dos etapas donde se estima la distribucion conjunta de elasticidades y tecnologias. De
esta distribucion se calculan estadisticos relevantes para la literatura que estudia la disminucion de la
participacion del trabajo en los paises. Utilizando la base de datos EU KLEMS, se encuentra
evidencia de heterogeneidad en la elasticidad de sustitucion entre los distintos paises, con una media
de 0,90 y una desviacion estdndar de 0,23. EI cambio tecnoldgico es el mecanismo dominante para
explicar el declive en la participacion del trabajo en la mayoria de los paises. Sin embargo, el
aumento en la acumulacién de capital es también un mecanismo importante para algunos paises.



1 Introduction

The aggregate elasticity of substitution between labor and capital is central in answering several fundamental
questions in macroeconomics. It plays a crucial role, for example, in understanding the global decline in the labor
share. However, very different explanations arise depending on whether the elasticity of substitution is below
or above one. If it is higher than one, the decline in the labor share is associated either with a decrease in the
price of investment goods (Karabarbounis & Neiman 2014) or with an increase in the capital-output ratio (Piketty
& Zucman 2014). Conversely, if the elasticity of substitution is lower than one, the decline in the labor share is
associated with an increase in labor-augmenting technology (Acemoglu 2002). The elasticity of substitution is
also crucial in models of directed technical change. Such models are useful in explaining country heterogeneity
in efficiency of the factors of production and in development accounting. These models also have different im-
plications depending on the value of the elasticity of substitution. Indeed, Caselli (2005) concludes that the most
important outstanding question in development accounting is to know the value of the aggregate elasticity of
substitution.

Unfortunately, estimating the elasticity of substitution is complicated since it usually require the estimation
of a CES production function or its first order conditions (labor share or capital share equations) that also depends
on two different unobserved technologies, the capital- and the labor- augmenting technologies. These technolo-
gies might be correlated with the inputs of the production function (capital and labor), and also, with the elasticity
of substitution, generating a bias in a simple OLS regression between inputs and output.! The existing literature
has generally circumvented this problem by imposing some type of structure on the functional form of the tech-
nological change. Nevertheless, as was pointed out by Antras (2004), results of the estimation of the elasticity
of substitution might be driven by the assumptions imposed on the behavior of the technology. These different
assumptions may explain the wide range of estimates in the literature. For example, the time series approach,
which typically assumes a constant growth rate of the technology, finds an elasticity lower than one (Antras
2004, Herrendorf et al. 2013, Klump et al. 2007). Conversely, the cross-country approach finds an elasticity of
substitution higher than one under the assumption of a common elasticity of substitution and a common growth
rate of the capital- and labor- augmenting technologies across countries (Karabarbounis & Neiman 2014, Duffy
& Papageorgiou 2000).2

There are theoretical and empirical reasons to expect that there is considerable heterogeneity across countries
in both the elasticity of substitution and the growth rates of technical change. For instance, a novel contribution
by Oberfield & Raval (2014) shows that the aggregate elasticity of substitution depends on the heterogeneity in
capital intensity across firms. Hence, differences in the capital intensity distribution across countries may imply

cross-country heterogeneity in the elasticity of substitution. Moreover, models of directed technical change sug-

"The main econometric challenge in production function estimation is to deal with the endogeneity problem caused by the unobserved
technology/productivity that might be correlated with the observed inputs of the production function. For example, Ackerberg et al. (2015)
provide a review of the problem and potential solutions in the Cobb Douglas set-up. In the CES set-up with non-neutral technology the
problem is worsened by the non-linearity of the production function and the existence of two different unobserved technologies.

’Duffy & Papageorgiou (2000) also find an elasticity of substitution higher than one. They estimate the Constant Elasticity of Sub-
stitution production function for 82 countries over a 28-year period assuming homogeneity of all the parameters of the corresponding
production function and Hicks-neutral technology.



gest cross-country heterogeneity in the capital- and labor-augmenting technologies and a possible correlation
of these technologies with the elasticity of substitution and the endowment of capital and labor of the coun-
try(Caselli & Coleman 2006, Acemoglu 2002).> Therefore, the homogeneity assumptions may create some bias
in the estimation. For example, imposing homogeneity induces bias in the estimation of the average elasticity
across countries, as it occurs in the standard regression model when the random coefficient is correlated with the
regressors. Finally, the data show evidence of considerable cross-country heterogeneity in the evolution of the
labor share, even in countries with similar patterns of capital-output ratio or factor prices (see Piketty & Zucman
(2014) for an example). Such evidence suggests cross-country differences in the elasticity of substitution and/or
the path of the technical change.

In this paper, I develop a flexible framework to estimate the elasticity of substitution from a panel of coun-
tries, allowing for unobserved heterogeneity. In contrast to previous studies, my framework considers country
heterogeneity in the elasticity of substitution and the growth rates of both the labor- and capital- augmenting
technologies. Additionally, I endeavor to keep as flexible as possible the assumptions on the technology process.
In particular, the growth rates of the capital- and labor-augmenting technologies are allowed to vary over time and
across countries while retaining some commonalities across the panel via underlying factors. The factor model
may capture, in a reduced-form fashion, some important features of the structural models of directed technical
change.*

In this model, all the parameters are unit-specific and are estimated jointly. I develop a flexible framework
to estimate the joint distribution of elasticities and technologies and then I calculate, from this distribution, eco-
nomically meaningful quantities such as marginal effects and correlations that help shed light on the literature
of labor share and development accounting.

The elasticity of substitution and the technical change are jointly identified from the supply system model,
which consists of the Constant Elasticity of Substitution (CES, henceforth) production function and the price
equations (the labor share equation and the capital share equation). The supply system is a suitable model in
terms of estimation as it reflects both optimizing behavior and technology (Ledn-Ledesma et al. (2010), Klump
et al. (2007). It also incorporates additional moment conditions with respect to estimating a single equation,
which might potentially lead to an improvement in the precision of the estimates. I use the EU KLEMS database,
which is an unbalanced panel of 20 countries observed from 1970 to 2007, where the sample size of the time series
in each country ranges from 15 to 38 years.” The model is an unbalanced nonlinear panel system of equations
with random coeflicients (country-specific elasticities of substitution) and unobserved time varying-specific latent
factors that interact with country-specific loadings (growth rates of the capital- and labor-augmenting technolo-

gies). This setup is non-standard, and its estimation is challenging given the non-linearity and the amount of

3In these models, the direction of the technical investment depends on the relative factor endowment % and the elasticity of substitution
between factors.

*The factor model has been recently used as a way to control for unobserved productivity in production function estimation. In
particular, Phillips and Sul use a time-varying loading to model aggregate technology in a Cobb-Douglas function in order to study
convergence across countries. On the other hand, Cunha et al. (2010) uses dynamic factors to model the unobserved skills in the estimation
of a CES production function for children’s cognitive and noncognitive skills.

>Only 20 of the 30 countries of the EU KLEMS database have information in the variables I use for the estimation.



unobserved heterogeneity allowed, both in the cross-sectional and the time-series dimension.

One possibility to estimate the model is to follow a fixed effects approach, that is, treating each of the country-
or time- specific effects as parameters and estimate them via GMM. This approach has the advantage of generality
but has two main drawbacks. First, the (large-N and large-T) statistical properties of the fixed effects estimator
in set-ups with country- and time- specific effects have only been studied in linear models(Bai 2009, Moon &
Weidner 2015), and in some specific nonlinear models (Fernandez-Val & Weidner 2016). My model does not belong
to any of these cases. Second, the fixed effects estimator of this model is computationally problematic due to the
nonlinearity and the high dimensionality of the model. Another possibility is a random effects approach, that
is, completing the model with distributional assumptions for the country- and time-specific latent variables and
computing estimates directly from the marginal likelihood. This approach has the advantage of computational
tractability but the disadvantage of sensitivity to misspecification of the distribution of the latent variables.

In this paper I adopt an alternative approach, known as the Bayesian fixed effects estimator (BFE), which also
specifies distributions for the latent variables but they are used as priors in a Bayesian fashion. These priors are
combined with data to form posterior distributions which are then used in obtaining estimates of average effects
in my model. This is in contrast to the random effects approach where priors are not updated since they are taken
as the truth. The BFE can be expected to have similar asymptotic properties to the standard fixed effects when N
and T go to infinity, but the use of priors may lead the BFE estimator to have better properties in small samples.®
In addition, the Bayesian fixed effects approach provides a computationally tractable way of estimating the model
by using Markov Chain Monte Carlo (MCMC) methods. Given the non-linearity of the supply system model, I
construct the Markov chain using the Metropolis-Hasting (M-H) within Gibbs algorithm. The computational
challenge in this algorithm is to choose an adequate starting value for each latent variable, and more importantly,
to set proposal distributions for each of them (more than 200 in my model). To this end, I propose a feasible and
computationally efficient procedure to obtain posterior distributions, by dividing the estimation in a two-step
procedure. The over-identification of the model allows me to compute the posterior distribution of all the latent
variables of the model by working either with the price equations, the nonlinear CES or both. Given that the price
equations have a linear structure, in the first step I derive closed form solutions for each conditional posterior
distribution and compute the posterior distributions by using a Gibbs sampling algorithm.” In the second step, I
use the distributions simulated in the first step to set the proposal distributions in the M-H within Gibbs algorithm
to estimate the complete supply system model.

This paper makes two contributions. The first contribution is methodological, since I provide a feasible and
computationally efficient way of estimating a richer production function framework that incorporates unobserved
heterogeneity, non-linearities, and factor models. More importantly, I show that considering all these aspects
matters for the estimation. For example, when I estimate just the labor share equation without heterogeneity I

find an average elasticity higher than one as in Karabarbounis & Neiman (2014), but when I estimate the complete

6 Arellano & Bonhomme (2009) prove the consistency of the Bayesian fixed estimator (BFE) of average effects when T goes to infinity
in nonlinear models with just individual specific effects, even when the parametric model of the individual effect is misspecified. The BFE
will be also consistent in my setup as N and T go jointly to infinity.

"In the Gibbs sampler, I do not need to set any proposal distribution, given that I can draw directly from the known conditional
distributions of the latent variables.



model allowing for heterogeneity, I find that the mean of the joint distribution of elasticities is lower than one.

The second contribution are the new findings. This framework allows to quantify the extent of cross-country
heterogeneity in the elasticity of substitution and the pattern of technological change. The results show substan-
tial heterogeneity in the elasticity of substitution with a mean of the cross-country distribution equal to 0.90, a
median equal to 0.87 and a standard deviation of 0.23. Most countries have an elasticity of substitution below
one, but some countries (e.g., Spain or Portugal ) have an elasticity higher than one. It also enable to recover new
interesting results that help shed light on the literature of labor share and development accounting that can not
be uncovered without heterogeneity. First, it allows me to assess, for each country, the contribution of each of
the two competing mechanisms that explain the evolution of the labor share.® I show that both mechanisms play
a role, but the bias in technical change is the dominant mechanism in the majority of countries. For instance, I
find that the bias in the technical change has been the driving force behind the decline in labor share for the US,
whereas the capital accumulation (or the decline in the price of investment goods) has played an important role
in the decline of the labor share in Spain.” The model also does a good job in predicting the the average annual
growth rate of aggregate productivity. More interestingly, the model finds substantial country heterogeneity in
the composition of the productivity. For example, the US has experienced a positive average growth rate of the
labor-augmenting technology but a negative average growth rate of the capital-augmenting technology (a similar
result is documented in Herrendorf et al. (2015)), whereas Spain has experienced a decrease in the growth rate
of labor-augmenting technology but an increase in the capital-augmenting technology. Given that I can recover
both technology processes with my factor model, I am the first one in testing the implications of the models of
directed technical change. I find a strong correlation between the direction of the technical change, the elasticity
of substitution and the relative endowment of capital and labor. This correlation might be interpreted as evidence
in favor of the models of direct technical change. Finally, my framework provides a flexible manner of controlling
for unobserved heterogeneity both in the cross-section and the time series dimensions, which helps in identifying
the elasticity of substitution.

The rest of the paper is organized as follows. Section 2 introduces the CES framework and its relation with the
literature of labor share and development accounting and briefly summarizes the previous literature to motivate
my contribution. Section 3 presents the panel model with unobserved heterogeneity. Section 4 discusses the
methodological approach. Section 5 proposes a method of computation of the posterior distributions and section

6 shows the results. In section 7 I conclude.

2 Preliminaries

I start by describing the CES model and its relation with the literature of labor share and directed technical
change. I also describe the main identification problems in the estimation of the elasticity of substitution. In the

next section I present the panel model with unobserved heterogeneity.

8The elasticity of substitution governs how aggregate factors react to changes in factor prices.
The predictions of my model for the U.S. are very similar to the results found by Oberfield & Raval (2014).



2.1 The aggregate CES production function with factor augmenting technology

Consider an aggregate constant elasticity of substitution (CES) production function that relates the total amount
of income Y in a economy with the the total amount of some measure of aggregate capital K and the total amount

of some measure of aggregate labor L.

Y = [8(AgK)” + (1 - ) (A L)) » (1)

where Ag and Ay are two separate technology terms, § € (0,1) is a distribution parameter which determines
how important the two factors are, and o = ﬁ is the elasticity of substitution between capital and labor, the
factors of production.!” When p > 0 (¢ > 1) the two factors are gross substitutes and when p < 0 (¢ < 1) they are
gross complements. When p = 0 (0 = 1), the production function is Cobb-Douglas. The terms Ag and Aj capture
capital and labor augmenting progress, respectively. The factor augmenting technology is a specific technical
change that complements one of the factors. If Ag > Aj, we say that the economy uses capital more efficiently
and if A; > Ag the economy uses labor more efficiently. J is the distribution parameter and ensures that the labor

share and the capital share are different from zero when p = 0.

2.1.1 Non constant factor shares

The CES production function allows for time varying evolution of the capital and the labor share. Under the
assumption of competitive markets and denoting r as the user cost of capital and w as the market price of a unit

of human capital, the following equations hold in equilibrium:

p
shg = % = 5A§ (5) (2)
p
shy = WTL —(1-8)AL (i) (3)
_ rK _ § AK P KNP

where shi is the capital share, sh; is the labor share and shg;; is the relative share. In the case of p > 0, the
relative capital share shx;, depends positively on the capital-labor ratio (%) and on the bias of technical change
(%IL() Instead when p < 0 the relation is the opposite. In contrast, the Cobb-Douglas function features constant
shares.

Several papers have documented a decline in the labor share in many countries for the last thirty years (e.g;
Jones (2005), Karabarbounis & Neiman (2014), Piketty & Zucman (2014)).!! There are two main competing mech-

anisms for explaining the declining labor share. However, each of these mechanisms relies on different values of

The distribution parameter § is the capital share in case of a Cobb Douglas production function, i.e p = 0.

HKarabarbounis & Neiman (2014) document a 5 percentage point decline in the share of global corporate gross value added paid to
labor over the past 35 years. They also show that 38 out of the 56 countries analyzed, exhibited downward trends in their labor share.
Piketty & Zucman (2014) show that capital shares did rise in rich countries during the 1970-2010 period, from about 15%-25% in the 1970s
to 25%-35% in the 2000s-2010s, with large variations over time and across countries.



the aggregate elasticity of substitution. One mechanism works through changes in factor prices. Example of this
are Piketty & Zucman (2014), who suggest that the increase in capital accumulation leads the decline of the labor
share, and Karabarbounis & Neiman (2014), in which the decline in the relative price of investment generates the
decline in the labor share. These explanations rely on p > 0. The other mechanism works through a change in
technology. For example, Acemoglu (2002) developed a model of directed technical change in which the bias of
the technical change explains the decline in the labor share. This explanation relies on a p < 0.

Since my framework allows for country-specific elasticity of substitution and country-specific factor bias in
the technical change, I can study which of the competing mechanisms in explaining the evolution of the labor

share is most relevant in a particular country:.

2.1.2 Non-neutral technical change and structural models of technical change.

The CES framework with factor augmenting technology allows for non-neutral technical change, which means
that shifts in production technologies could favor the marginal productivity of a specific factor. The later is in
contrast to the most conventional Cobb-Douglas case where technical change is factor-neutral. Importantly, how
each factor’s marginal productivities are affected with a specific change in technology depends on the value of

the elasticity of substitution. To see this, consider the relative marginal product of the two factors:

MPe _r_ 8 (Ac)" (K\™ )
MP, — w 1-6 \ A L

If p > 0 (p < 0), an increase in the capital augmenting technology relative to the labor augmenting technology
(T %) is capital (labor) biased since it favors more the marginal productivity of capital (labor). Note that in the
Cobb Douglas case (p = 0) , the technical change is neutral since it does not affect the relative marginal product

of the factors.

Since the CES production function allows for the possibility of non-neutral technical change, it plays a central role
in explaining the direction of technical change. Acemoglu (2002), Acemoglu & Zilbotti (2001) and Caselli & Cole-
man (2006) use the CES framework with factor- augmenting technology to develop models of endogenous tech-
nical change. In these models, the direction of the technical investment, whether to invest on capital-augmenting
technology or labor-augmenting technology, depends on the relative factor endowment % and the elasticity of
substitution between factors p. If the elasticity of substitution is low enough (high enough), countries invest in
technologies that increase the efficiency of the scarce factor (abundant factor). These models have been used to
explain efficiency differences across countries and play an important role in development accounting.
Acemoglu & Zilbotti (2001) developed a model where new technologies used by the less developed economies
are originated in developed economies and are designed to make optimal use of their factors. Given the difference
in factor endowment between less developed economies and developed economies , the new technologies are not
“appropriate for the less developed ones”. Therefore, even when all countries have equal access to new technolo-
gies (ideas can flow rapidly across countries and machines that incorporate better technologies can be imported

by less developed countries), the technology-skill mismatch leads to sizable differences in factor productivity.



Conversely, Caselli & Coleman (2006) developed a model in which each country can choose their own “appropri-
ate” technology from a distribution of technologies determined by the technology frontier in each country. As
in Acemoglu & Zilbotti (2001), the direction of the technical change depends on the factor endowment and the
elasticity of substitution between the factors. Therefore, rich countries might be more efficient in the use of one
factor, whereas poor countries might be more efficient in the use of the other factor.'?

The models of directed technical change suggest some commonalities but also time and country heterogenity
in the evolution of the capital- and labor- augmenting technologies. These features motivate the use of dynamic
factor models. Moreover, since my framework allows to recover the process of the capital and the labor augment-

ing technology, I am able to test the hypothesis of these structural models of directed technical change.

2.2 Identification and Estimation Issues

Estimation of the aggregate elasticity of substitution often requires the estimation of either the production func-
tion 1 or the share equations 2-4. As in every production function estimation, the main econometric challenge is
to deal with the endogeneity problem caused by the unobserved technology/productivity that might be correlated
with the observed inputs of the production function. For example, Ackerberg et al. (2015) provide a review of
the problem and potential solutions in the Cobb Douglas set-up. In the CES set-up with non-neutral technology
the problem is worsened by the non-linearity of the production function and the existence of two different un-
observed technologies, the capital- and the labor- augmenting technologies. These two productivities might be
correlated with the inputs of the production function (capital and labor), and also, with the elasticity of substitu-
tion, generating a bias in a simple OLS regression between inputs and output. '3

The literature on CES estimation has generally circumvented this problem by imposing some type of structure
on the functional form of the technological change. Nevertheless, as was pointed out by Antras (2004), results
of the estimation of the elasticity of substitution might be driven by the assumptions imposed on the behavior

of the technology. '“These different assumptions may explain the wide range of estimates in the literature.

2\Working a CES framework with non-neutral technology as in 1 and using data on output, physical capital and human capital for many
countries in 1996, Caselli (2005) finds that poorer countries use physical capital more efficiently whereas richer countries use human capital
more efficiently. In particular, Caselli (2005) assumes that there is no measurement error in the labor share and capital share equation (3
and 2) and recover directly Ax and Ay for a given value of p that is assumed to be common for all the countries.

3The state of the art to deal with this endogeneity problem is to use observed input decisions to recover the unobserved productivity and
control for it in the production function equation, (see Olley and Pakes (1996), (Levinsohn & Petrin 2003, Doraszelski & Jaumandreu 2013).
This control function approach has been applied in a large number of recent empirical papers that estimate Cobb Douglas production at
the firm level.

Aside from the collinearity problem and the timing assumptions stressed by (Ackerberg et al. 2015), the presence of factor augmenting
technology, the non-linearity of the CES and the measurement error in the labor and capital compensation at the aggregate level prevent
the use of the control function approach, given that the dimensionality assumption of the first stage is violated. Therefore, is not possible
to recover Ag and A from the input decisions as in Olley and Pakes (1996), Levinsohn & Petrin (2003) and Doraszelski & Jaumandreu
(2013).

4The elasticity of substitution can not be identified from time series data on output, inputs, and prices, unless we impose assumptions
on the path of the technical change (Diamond & McFadden 1965).

15To stress the last point, consider, for instance, the U.S. case for the period 1970 to 2005, a period in which the labor share has
remained somehow stable, whereas the capital-labor ratio has increased dramatically. Under the assumption of Hicks neutrality i.e.

P
Ag = A => sh'* = (%) , the only value for the elasticity of substitution that is consistent with the previous facts is one (p = 0), which



For example, the time series approach, which typically assumes a constant growth rate of the technology, finds
an elasticity lower than one (Antras 2004, Herrendorf et al. 2013). Conversely, the cross-country approach finds
an elasticity of substitution higher than one under the assumption of a common elasticity of substitution and
a common growth rate of the capital- and labor- augmenting technologies across countries (Karabarbounis &
Neiman 2014, Duffy & Papageorgiou 2000).

For instance, Karabarbounis & Neiman (2014) estimate an elasticity of substitution above one using a very
carefully constructed database of corporate labor compensation and price of investment goods in 57 countries.
They assume a common growth rate of capital-augmenting technology and a common elasticity of substitution
across countries. Two sources of bias may affect the estimation. First, models of directed technical change suggest
that less developed countries have a higher capital augmenting technology. This might create an upward bias in
the estimation as long as less developed countries have experienced a lower decrease in the price of investment
goods than developed countries.'® Second, in the case of heterogeneous elasticities of substitution, estimating a
common parameter might be interpreted as an estimator of the cross-country average of the elasticity of substi-
tution. This estimator might present an upward bias if the countries with lower elasticity of substitution are the

ones which experienced a higher decrease in the price of investment goods.

A simple example of bias under country-heterogenity and directed technical change.

Here I discuss a simple example of the estimation of the elasticty of substitution using cross sectional variation
and impossing homogeneity in the elasticity and in the capital- and labor- augmenting technologies. The purpose
is to show a possible bias that might arise under heterogeneity and a simple model of directed technical change.

Let’s assume a framework where there is heterogeneity in both the elasticity of substitution and the direc-
tion of technical change; and technical change evolve according to a model of directed technical change as in
(Acemoglu & Zilbotti 2001, Acemoglu 2002, 2003, Caselli & Coleman 2006, Caselli 2005)

Ak, K;
A <p” Ll-)

Typically the estimation of the elasticity of substitution comes from the share equations because after taking

logs the equations become lineal:

logshxy, i = pi (logK; — logLy) + pi (logAk ; — logAL;) + €i

pi=p+tv

P P
is delivered by a Cobb Douglas function. If we allow for bias in the technical change Ax # A = sh't = (’g—f) (%) we can

replicate the same stable path of labor share and increasing capital-labor ratio with an elasticity of substitution lower than 1 (p < 0) and
predominant labor augmenting technical change.

16The argument works for an elasticity of substitution less than one. When the elasticity of substitution is higher than one, the models
of directed technical change imply a higher capital-augmenting technology in developed countries. In this case, an upward bias is possible
if less developed countries have experienced a lower decrease in the price of investment goods than developed countries, otherwise the
bias will be downward. Caselli (2005) shows that poor countries have higher Ag and rich countries have higher A;.



logAg i — logAr i = a+ A;

Imposing homogeneity in the elasticity and in the technologies yield to the following estimated equation:

logshky, i = p (logK; — logL;) + 1 + €; (6)
where p = pay, €; = €; + v; (logK; — logL;) + pi\i + av;
This equation is usually estimated using OLS exploiting the following moment condition.
E [(logK; - logLi) €i] = 0 (7)
Is this moment condition valid? This will depend on the joint distribution of elasticities, technologies and
endowment of capital and labor.
E[(logKi - logLi) piA;] = 0?

If these three variables were independent then estimating model 6 will deliver a consistent estimator of the
average elasticity of substitution p. However, models of directed technical change implies a conection between

this three variables. For simplicity, lets assume a model of directed techical change as in Acemoglu (2002):

Pi
Ak i

()
:’]7 _—
Api L;

logAk i — logAr,; = logn + (1 Pi > (logK; - logL;)
=P

i

1-pi
Under this model, the moment condition in 7will be different from zero:

under this formulation A; = ( b ) (logK; - logL;) and o = logn

E[((logK; - logL;) pi) (E[A; | (logK; — logL;) pi])]

pi 2
1 A .
E [(1 - Pi) (logK; - logL;) ]

Lets assume independence between the elasticity and the endowment of capital and labor. Then the OLS

estimator of p will deliver :

2
pm$=p+E< i >
1-pj

Since —00 < p < 1(0 < 0 < ), the estimation of 6 will always has positive bias, no matter if the average

elasticity of substituion is lower or higher than one.



2
E(P;) >0
1-pi

Estimation model. The estimation of the parameters of a CES production function typically has proceeded by
estimating the price equations (equations 2 and 3). The advantage of using the price equations is that after taking
logs, they become linear in the inputs. However, a drawback of the estimation based on the price equations is the
lack of long time series data on labor share and capital share, which introduce small sample bias. In addition, ob-
servations on compensation of inputs, such as interest rate and wages, tend to present considerable measurement
error, rendering the variance of the estimates a first-order concern.

The supply system which consists of the joint estimation of the production function and the price equations
is a suitable model in terms of estimation as it helps with all these empirical issues. The incorporation of more
moment conditions via the CES as well as the lower variance of the measurement error of output data in relation
to prices, potentially lead to an improvement in the precision of the estimates. Le6n-Ledesma et al. (2010) show
the superiority of the supply system model over the prices equations by Monte Carlo simulations. Moreover,
the estimation of the CES is particularly important in the case of misspecification of the price equations due to

imperfect competition.

3 Empirical Panel Data Framework with Unobserved Heterogeneity

Consider the supply system model for a panel of countries i = 1,..., N in the period t = 1,..., T.

1 ) .
log(Yit) = Elog [6i (Ak itKit) 77+ (1= 6) (ApieLit) 7] + ey ir (8)
1

L.
log(shr,ir) = pilog (1-6;) pi + log (AL ) + pilog (;Z) +Ew it 9)

1

] B Kit
og(shkit) = pilog (6;) + pilog (Ak it) + pilog Y, )t Rt (10)

4

where equation 8 is the log of the CES production functionin 1, and 9 and 10 are the log of the labor share equation
in 3 and the log of the capital share equation in 2, respectively. p; is a country-specific elasticity of substitution
and §; is a country-specific distribution parameter.'” The variables Ar, it and Ak j; are the level of labor and capital
augmenting technology of country i in period t. Finally €y j;, e j; and ep ;; represents the measurement errors

of the log of the output, the log of the labor share and the log of the capital share respectively.

Heterogeneity in elasticity of substitution. The heterogeneity in the elasticity of substitution p; is the first

departure from previous studies and is a key feature of my model. In a novel contribution Oberfield & Raval

17 A country-specific 6; allows for a country-specific labor share in the case of p; = 0.
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(2014) show how to derive the aggregate elasticity of substitution from the firm-level elasticity of substitution, by
allowing for reallocation of capital and labor across firms. They show that the aggregate elasticity of substitution
depends on the firm-level elasticity of substitution and the heterogeneity in capital intensity among firms. They
also find heterogeneity in the estimates of the aggregate elasticity of substitution among the U.S, Chile, Colombia
and India, mainly due to differences in the capital intensity distribution in these countries. Oberfield & Raval
(2014) is the first attempt that studies cross-country heterogeneity in the elasticity of substitution. My paper
differ from them in various aspects. First, I estimate the elasticity of substitution for a larger number of countries,
allowing for common dynamic fluctuations in the technology patterns across countries rather than estimating
each of the countries separately. Second, while Oberfield & Raval (2014) estimate the price equations from a firm-
level perspective, I estimate the complete supply system model using aggregate data. Third, I model the capital-
and labor- augmenting technology using a factor structure while they recover the technology as a residual. Finally,
the estimation approach is also different.

The country-specific elasticity is also motivated by the considerable heterogeneity in the path of the labor
share across countries. Despite the well documented global decline in the labor share, the data shows considerable
evidence of country heterogeneity in the pattern of the labor share, even in countries with similar patterns in the
capital output ratio and in the factor prices. The former suggests cross-country differences in the elasticity of
substitution and/or the path of the bias in the technical change.

The country-specific elasticity of substitution is assumed to be time-invariant, as changes in technologies
that might change the way countries substitutes capital and labor will be captured by the variables Ax ;; and Ay j;
which are allowed to change over time. Moreover, one reason that might explain heterogeneity in the capital
intensity across firms is misallocation of resources which is associated to quality of institutions, labor market

policies, financial constraints, and other sources of social infrastructure that might change slowly over time.'®

The Factor model as a reduced form model of the labor and capital augmenting technology. Given that
the assumptions imposed over the technology process are crucial to identify the elasticity of substitution, I keep
the technology process as flexible as possible. The second feature of my framework is to consider a growth rate
of the capital- and labor- augmenting technology that is allowed to be different in every period of time and in

every country, while retaining some commonalities across the panel via underlying factors.'”

t
Ak it = AK,ioexp (Z '7K,is> (11)

s=0

B0Oberfield & Raval (2014) find that the elasticity of substitution has been stable over the past forty years. They show that the aggregate
elasticity of substitution has risen slightly from 0.67 in 1972 to 0.75 in 2007

9The factor model is a way to reduce the dimensionality of a two dimensional variable +;; into a few number of underlying factors f;
with a country specific loading \;. A sufficiently large number of factors can approximate any two dimensional variable. Obviously, there
is a tradeoff between number of factors and accurate estimation. Nevertheless, as emphasized by Acemoglu & Zilbotti (2001) there are
few countries that develop new technology, so a small number of factors can do a good job in capturing the behavior of the technological
process.
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t
Apie = Apioexp | Y YLis (12)
s=0

The initial level of capital and labor augmenting technology Ak jo and Ay ;o are allowed to be heterogeneous
across countries. The annual growth rate of technology is modeled as a country fixed effect plus one underlying

factor.

VKit = OK,i + AK,ifK.t (13)

YLit = QL+ ALifLt (14)

The terms ok ; and o ; capture a country-specific growth rate of technology. The terms fx ; and f7 ; capture
a growth rate of technology that might change over time and affect all countries with different intensities \g ;
and A ;.

The factor model may capture, in a reduced-form fashion, some important features of the structural models
of directed technical change. For example, a common factor is consistent with the idea of Acemoglu & Zilbotti
(2001) where technologies are created in developed economies and acquired by the rest of countries. The load-
ings in the factor, A1 ; and g ;, imply a heterogeneous acquisition of technology across countries. This could be
interpreted as heterogeneous barriers in countries that prevent the immediate adoption of technologies; or as
different incentives in the adoption of new technologies. The terms ag ; and oy ; capture country specific tech-
nologies, consistent with the story of Caselli & Coleman (2006) where countries develop their “own appropriate
technology”.?!

The technology structure in equations 13-14 provides more flexible patterns of the evolution of technology
with a wide range of possible time paths and country heterogeneity. This has two main advantages. On the
one hand, it allows me to test models of directed technical change.22 On the other hand, the reduced form model
allows me to control for unobserved heterogeneity in the cross-section and the time-series, in the same fashion as
in Bai (2009).%* The latter helps with the identification concerns in the estimation of the elasticity of substitution

in comparison to previous studies.

2Hall & Jones (1999)and Lagos (2006) emphasized that the quality of institutions, labor market policies, financial constraints, and others
sources of social infrastructure might work as barrier that prevent the immediate adoption of the technology process. All these features
are quite stable or vary slowly through time, so they might be well captured by country-specific loadings.

21To see the latter, let us consider the technology of country i : Apy = Gan’Ff‘ i and Ak = GIZKI;FI?’;’ as a combination of two different
complementary technologies. Two country-specific technologies Gy ;; and Gk ;; that grow at a constant rate gy ; , gx,; and two common
technologies F,; and Fx ; which are allowed to grow at a non constant rate f7 ; and fx ;. The growth rate of labor and capital augmenting
technology can be written as in (11) and (12), where o ; = 1,;81,; and ak i = Nk,igK.i-

22Note that I do not consider the structural models of directed technical change to impose a parametric structure over the technology,
but the reduced form model is flexible enough to capture features of these models that can be tested after the estimation.

ZThere are two differences from the panel model in Bai (2009). The first one is that in Bai (2009), the model is linear whereas in my
model the factor enters in a nonlinear way inside the CES. The second difference is that Bai (2009) focuses on a common coefficient,
whereas in my model I have random coefficients (the elasticity of substitution is heterogeneous across countries).
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Objects of interest. The elasticity of substitution in each country p; is the primary objective of interest in this
study. Nevertheless, in my model, some other objects of interest are averages over individual (countries) effects,
such as marginal average effects. As a first example, consider an object that summarizes the effect of the capital
accumulation across the world on the global decline in the labor share. This average marginal effect is just the

mean of the elasticity of substitution across countries. (see equation 10)

N O log(shK) 1
— = — ; 15
Nzl > niog (K”> N;m] (15)

Another object of interest is the world average effect of a change in the growth rate of the world labor- augment-
ing technology relative to the world capital- augmenting technology on the global decline of the labor share.

Combining equations 9, 10, 11,12, 13 and 14 I can expressed this effect by:

N
0 A log( sh 1) 1
*Z NZ [pi ()\Li_)\Ki)]
9 (fre - fx, t) —
As in Oberfield & Raval (2014), I can assess the cumulative contribution of the bias in the technical change
Ag/A; and the cumulative contribution of the increase in the capital-labor ratio K/L to the evolution of the labor
share for every country in the sample. Combining equations 9, 10, 11,12, 13 and 14, the cumulative contribution

of the bias in the technical change between the years tp; and Tj, holding the capital-labor ratio as constant, can

be express as:

Ti
shrit, = shrio; | 1 shkio; | pi (aki—op;) + pi Z AKifK,s = ALifLs (16)

s=1
where shy jo, is the value of the labor share in country iin the initial year available in the database and ;hL,iT,- is
the counterfactual value of the labor share generated by the increase in the bias in the technical change. Note that
the object in 16 is an average effect in the time series dimension. In the same way, I can calculate the cumulative

contribution of the increase in the capital-labor ratio to the labor share, holding the technology as constant.

7 K'T[ - K'Oi L.Ti - L'Oi
ShL,iTi = ShL,itOi (1 - ShK,itOi [Pi < l e 0; Li - i
i0; i0;

where 371L,iTi is the counterfactual value of the labor share generated by the increase in the capital-labor ratio.

Other objects of interest are the ones related to the models of directed technical change. These models sug-
gest that the direction of the technical change A;/Ag depends on the relative endowment of human capital and
physical capital L/K and the elasticity of substitution. Using the ingredients of my model, I can carry out two
different type of regressions in order to test the implications of these models. The first regression exploits the

time series variation in the growth rate of the capital- and labor- augmenting technologies.
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N
fui-fxr=8 [;] Z pi (Lt - 'YK,it)] + €t (17)

i=1
where f] ; - fx ; is the difference between the common factor of the labor- augmenting technology and the com-
mon factor of the capital- augmenting technology in period t. {% Z{il p’l (’YL,it - ’YK,it)} is the average across
countries of the cross product of p; and the difference between the observed growth rate of the human capital
and the observed growth rate of the physical capital in country i for period t. The object of interest is the OLS

estimator of equation 17:

ZtT=1 (fL,t _fK,t) (% Z£1 Pi ('YL,it - 'YK,it))
POy [% SN pi (v - ’YK,it)} :

The second regression exploits the cross-country variation of the growth rate of the capital- and labor- augment-

B =

ing technology:

YaL: ~ Vag: = Bpi (GLi = TK.i) +€i (18)

where Y4, — YAy, = (OéL,i - aK,,-) + VYT (ZtT=1 ALiftr— /\K,LfK)t) is the difference between the average annual
growth rate of labor augmenting technology and the average annual growth rate capital augmenting technology
in country i. 41 ; - Yk ; is the difference between the average annual growth rate of the human capital and the
average annual growth rate of the physical capital growth rate in country i. The object of interest is the OLS

estimator of equation 18:

S (G~ Tag,) (o1 i =)

B=
Zﬁl (Pi ['7L,i - 71(,1‘])2

4 Estimation

The empirical model I bring to the data is the supply system with country-specific elasticity of substitution with a
factor model structure for the growth rate of the capital- and the labor- augmenting technical change, as described

in section 3.

t
1 ,
log(Yit) = ;lOg [51‘ (AK,iOexP (Z aKi + AK,JK,t) Kit) pi (19)
! s=0
t
+(1-93) <AL,io€xP <Z o+ AL,LfL,t) Lit) pi] +Ey,it
s=0
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t

L.

log(shr,ir) = pilog (1 - &;) + pilog (AL i) + pi < E ar;+ AL,ifL,t) + pilog <Yli> +EW, it (20)
s=0 !

t
K.
log(shx i) = pilog (6;) + pilog (Ak.i0) + pi ( E ag,i+ AK,JK,t) + pilog (Yl:> +ER it (21)
s=0 !

Equations 19-21 is an unbalanced nonlinear panel system with unobserved heterogeneity in both the time
series and the cross sectional dimensions. Equation 19, the log of the CES production function, is a non-standard
panel equation with two unobserved factors and country fixed effects, both entering non-linearly. Equation 20
-the log of the labor share- and equation 21 -the log of the capital share- are linear regression models with country
fixed effects, a one factor model and a random coefficient. Note that equations 20 and 21 in first differences are
similar to the linear panel model with interactive fixed effects studied in Bai (2009) and Moon & Weidner (2010a).

The difference is the presence of random coefficients in my model.

Normalization. As was emphasized in Klump & de La Grandville (2000) and de La Grandville & Solow (2005) it
is necessary to fix benchmark values for the level of production, factor inputs and factor income shares in order
to have a meaningful interpretation of the elasticity of substitution and the growth rate of the capital- and labor-
augmenting technology.>* Moreover, Le6n-Ledesma et al. (2010) show the superiority of estimates a normalized
supply system as opposed to estimate a non-normalized one. Following Le6n-Ledesma et al. (2010), I set values
for the distribution parameter in each country to be equal to the capital share in a reference point in time tggf , i.e
0i = Shi jtper- The labor- augmenting technology and the capital- augmenting technologies for the reference year

. . . . L;
are set to be equal to the labor-output ratio and the capital-output ratio in the reference year, i.e Af s, = YzREF
REF

(AKitggr = I;Z—I}:g) Hence, the elasticity of substitution and the growth rate of the capital- and labor- augmenting
technology are identified from the growth rate of the labor share, output, physical capital and human capital. I
use tgrpr = 1995 for two reasons . First, given that the factor fx ; and f} ; are identified from the cross sectional
variation, the reference point has to be common for all the countries in the panel (my panel is unbalanced and
for many countries the year 1995 is the first year of the sample). Second, the data on output, physical capital and
human capital in the EU KLEMS database is constructed using the year 1995 as the reference point.

Before explaining the estimation procedure, I define three groups of variables:

« Endogenous observable variables:

Xir = {log(Yit), log(shg i), log(shL,it)} i=1.N, t=1.T

2The importance of explicitly normalizing CES functions was discovered by La Grandville (1989), further ex-
plored by Klump and La Grandville (2000), La Grandville and Solow (2006), and first implemented empiri-
cally by Klump, McAdam and Willman (2007). Normalization starts from the observation that a family of CES functions whose mem-
bers are distinguished only by different elasticities of substitution need a common benchmark point. Since the elasticity of sub-
stitution is originally defined as point elasticity, one needs to fix benchmark values for the level of production, factor in-
puts and for the marginal rate of substitution, or equivalently for per capita production, capital deepening and factor income shares.
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+ Exogenous observable variables:

Wit ={Ki, Liy} i=1.N, t =1..T

« Country-specific latent variables:
Zi= {pi, SO OK s AKis /\L,i} i=1.N

« Time-specific latent variables:

F = {fi,t, fK,t} t=1.T

4.1 Identification issues

In this subsection I discuss the identification of the relevant parameters of the model. For simplicity I do the
analysis focusing on the labor share equation, since this equation is linear in logs. Taking first differences in

equation 9 yields:

L.
Alog(shy i) = pia i + pidLifee + pililog (Yli) + New. it (22)
1

Equation 22 is a linear panel model with country fixed effects p;ar ;, a factor model structure p;Ar ;f7 ; and
random coefficients p;/\log (%) The country-specific latent variables (i.e., ar ;, Ar; and p;) are identified from
the time series dimension, while the time-specific latent variable (i.e., f7 ;) is identified from the cross sectional
dimension. An important assumption for identification is that once we control for the unobserved process of the
technology by <y ;s = ar; + AL ifr there is only classical measurement error in ey ;; that is uncorrelated with

Alog (I{,—Z) 25 Deviations of the growth rate of technology from the process YLit = L+ ALifL.: are considered

to be orthogonal to Alog <I{,—Z>

To identify p; I only require sufficient time series variation in Alog <I{,—Z> beyond the variation in the factor

f1.t for each country. For simplicity, consider the case where f7 ; were observable. In this case each p; will be

identified from a time series regression of Alog(shy ;) on Alog (%) controlling by f; ; and an intercept, under

the usual condition X] (ITi -F(F F)_1 F ) X; is full rank, where X; is the Tjx1 vector that contains all the time

series of Alog (%) and F is the T;x1 vector that contains the values of f ; in the period for which I have available
information on Alog(shy, ;;) and Alog (%)m country .26

Once I identify p; the identification of each of the other components requires the same conditions as in a
standard factor model. In this particular case with only one unobserved factor and fixed effects, the model needs

two restrictions. Under large N and large T, the cross-sectional covariance matrix of Aeyy ;; or the time series

2>The case of measurement error in the inputs (labor and capital) are consider in other version of the paper in a parametric way.
%6 A is emphasized in Bai (2009), since f1,+ is not observable and is estimated, a stronger condition is required.
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covariance matrix can be of an unknown form. However, the correlation—either cross sectional or serial—must

be weak, which we assume to hold.

4.2 Estimation

The estimation of the supply system in model 19-21 is challenging given the non-linearity and the amount of
unobserved heterogeneity allowed, both in the cross-section and the time series dimensions. One possibility to
estimate the model is to follow a fixed effects approach, that is, treating each of the country- or time- specific
effects as parameters and estimate them via GMM. Another possibility is a correlated random effects approach,
that is, completing the model with distributional assumptions for the country- and time-specific latent variables
and computing estimates directly from the marginal likelihood. Each of these two approaches offers different

advantages but also suffer from some drawbacks in a setup like my model.

Statistical properties. The fixed effects approach has the advantage of generality as it is expected to be consistent
as N and T go to infinity. Nevertheless the large- N and large- T statistical properties of the fixed effects estimator
in set-ups with country- and time- specific effects have only been studied in linear models with additive effects
and interactive effects (Bai 2009, Moon & Weidner 20105), and in some specific nonlinear models (Fernandez-
Val & Weidner 2013). My model does not belong to any of these cases, therefore I neither know how well the
estimator will behave in this particular case, nor do I know how to do inference in this set-up. On the other
hand, the correlated random effects approach provides a parsimonious way to do inference by relying directly
on the likelihood. However, the classical random effects estimator is based on the parametric distribution of the
latent variables. If the distributional assumptions of the latent variables do not hold, the classical random effects
estimator of average effects is not consistent, even when N and T go to infinity, contrary to the classical fixed

effects estimator.

Computation. The fixed effects estimator of this model is computationally problematic due to the non-linearity
and the high dimensionality of the model.?” The correlated random effects approach provides a computationally

tractable way of estimating the model by using Markov Chain Monte Carlo with data augmentation.

4.3 Bayesian Fixed Effects Approach

Alternatively, I consider an approach that lies in between the two approaches discussed above, known as the
Bayesian fixed effects approach (BFE). The BFE also specifies distributions for the latent variables, as in the random
effects approach, but they are used as priors in a Bayesian fashion. These priors are combined with data to
form posterior distributions which are then used in obtaining estimates of average effects in my model. This

is in contrast to the random effects approach where priors are not updated since they are taken as the truth.

2"1n fact, I extend the iterated OLS proposed by (Bai 2009) to a model with random coefficients and estimate equations 20 and 21 in first
differences. However, when I introduce the CES production function, I obtain numerous local minima for the optimal parameter values,
as the nonlinear OLS in this setup is very sensitive to initial values.
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For example, consider the BFE estimator of the average of the elasticities of substitution across countries M =

% Zfil pi, discussed in section 3.

N

. 1

MBFEZ/"'/ <N§ Pi>P(P1,'--,lex)dﬂl“'dPN
P i=1

PN
where the vector X = {Xj1,------ , XNT> W11, - .., WNT} contains all the observable data for the cross section and
the time series and p (p1, - - - , pny | X) is the joint posterior distribution of the elasticity of substitution given the data.
Let me define the vectors p¥ = {p1,-- -, pn} a% = {ak1, - AgN} af = {ar1,- - arnh )\I}(I = {\k1, - AkND

XY = Awtand £ = i firh A = Ao o)

T

N
p(pN %) - p(p":0)) // [HHp(X,-t, Wiel prope Mg fir) - (29)

i=1 t=1

Xp (a%; @aK) X p (af; 9aL) X p ()\N; @AK) xXp (AIIY; @)\L)

<p (fl:05) x p (f:04) | dhkr -+ dFur

where Hﬁl Hthl p(Xit, Wit | p1. p2, -+ A1, - - - fur) is the likelihood function of the supply system model and p (pN; 0))
is a joint parametric distribution for the elasticities of substitution, which is fully characterized by the parameter
vector ©,. The functions p (a%;@aK), P (af;@aL), P (A%;@AK), P ()JLV;GAL), P (fg;QfK) and p (fLT;GfL) are the
parametric distributions of the rest of the latent variables.

The posterior distribution in 23 takes the distributions of the latent variables as prior information and updates
them with the data. The likelihood contributes to the posterior with NT elements. In the case of independent
priors in the cross section and a Markov process in the prior of the factors, the contribution of the priors will
be 5N + 2T elements. Therefore, as the sample size increases in both dimensions, the posterior will learn from
the data and the contribution of the priors will become negligible. As a result, the estimator will be consistent
when both N and T go to infinity even when the priors are misspecified. The intuition follows the work by
Arellano & Bonhomme (2009) for a nonlinear panel model with individual unobserved heterogeneity. They prove
the consistency of the BFE of average effects when T goes to infinity in non linear models with individual specific
effects, even when the parametric model of the individual effects is misspecified. It is possible to extend the same
analysis for consistency in setups with only time effects when N goes to infinity, assuming a Markov process
for the time effects. If the sample size is small and the priors are misspecified, there will be a bias which will
disappear as the sample size increases, as in the pure fixed effects approach. The BFE estimator has similar
asymptotic properties as the fixed effects estimator but may perform better in estimation in small samples, as

long as the parametric distributions of the latent variables are well specified.
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Distributional assumptions

The setup here is that of a middle-sized unbalanced panel where N and T are of similar magnitude. Despite
the fact that the time series and the cross section are potentially informative, neither of the two dimensions is
very large. For example, there are some countries with just 15 years of data. As a consequence, a fixed effects
estimation approach will suffer from incidental parameter bias and finite sample variances.?® In contrast the BFE

can be expected to reduce sampling variability thanks to using informative priors.?’

Time-specific latent variables. The factors follow an AR(1) process with a stationary Normal distribution,
allowing for possible dynamics in the growth rate of the technology. As in the correlated random effect of Mundlak
(1978) and Chamberlain (1982), I also condition the factors on the observable explanatory variables of the model.
Given the theoretical relationship between technologies and factor endowment discussed in section 2.4, I allow
for possible correlation between the factors and the cross-country average of the growth rate of physical capital

and human capital.

fKt ~ N (50,fK + ﬁl,fK’_YK,t + (befKt—l’ U]%() (24)
f. ~ N (/BOfL + ﬁl,ﬁﬁL,t + ¢foLt—1’ U]%:)

where g ; = % Z{\] [logKi; — logKj—1] and 7r; = % Z{\] [logLit — logLit-1]. The hyper-parameters in O =
{ﬁo,fK’ Bl,fK’ gbe, UJ%K} and ®fL = {ﬂo,ﬁ, /Bl,fL’ qZ)fL, O'chL} are estimated.

Country-specific latent variables. The priors of the country-specific latent variables of the capital- and labor-
augmenting technology follow a Normal distribution and are allowed to be correlated with the growth rate of
physical capital and human capital, for the same reason discussed above. The prior of p; follow a Normal dis-

tribution with mean f , and variance Jg. The mean and the variance of this distribution will be estimated.

8This problem is augmented by the interaction of the country- and time- specific effects and the nonlinearity of the model. Hence,
the bias in the estimation of each latent variable contaminates the estimation of the other latent variables. Given that I am working with
an unbalanced panel, the fixed effects estimators is affected by a bias of order min(Tygn, Nyn), where Tygn is the number of time series
observations of the country with the smallest sample size, whereas Ny is the number of countries for the year with less countries.

2In a Bayesian normal linear model set-up, the fixed effects estimator uses uninformative priors that can be thought of as a limiting
case of a informative prior whose precision goes to zero.
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N (50,AL * P UiL)

N (50,)« + B Kb 0—?\K> #)
ai ~ N (Bom + Bra VL UéL)

v (

— 2
agi ~ Bo.ax + Brag VK, is UQK)

pi ~ N (Bo,p, O'E)

where g ; = ﬁ Zthz [logKit — logKi—1] and 7y; = ﬁ Zthz [logLi; — logLis—1]. The hyper-parameters in
Oy, = {%,AL’ Biap O oiL}, O = {ﬁo,AK, Biags Pags oiK}, Oa; = {Boay Brap ay» 05, > Oay =
{BO,aK, Brag> Paks agK}, O, = {50,@ B1,p» Dps ag} are estimated.

The normality assumption is very useful for computation, since it allows to derive closed form solutions for the
posterior distributions as it is discusses in the next section. As a robustness check I try with normal distributions
without conditioning on the explanatory variables and also using uninformative priors. I also estimate equations
20 and 21 using a fixed effects approach by extending the iterated OLS algorithm proposed by Bai (2009) to a

model with random coeflicients.

Measurement errors. The measurement errors in equations 19-21 are assumed to follow a normal distribution
N (O, a%,), N (O, a%,v) and N (0, U%). I start assuming that the three measurement errors are uncorrelated across
time and across countries. Additionally, I also assume independence across the disturbances in the three equa-
tions. All of these assumptions could be relaxed , including the possibility of spatial correlation in the error terms
but in a parametric way (correlation across some countries beyond the ones captured by the factors), and country

specific variances for all the shocks O'%i, O'%V-i and O'IZU .

5 Computation

In this section I show how to compute the posterior distributions of the latent variables of my model. The
objects of interest are moments of the posterior distribution of the latent variables in ZN = {Z;,...Zy} and
FT = {F1, ..., Fr}, given the model in 19-21 and the data in X:

» (zN FT | X) (26)

By Bayes rule:

» (zN, FT | x) x L (X | ZN, FT) « H(ZN)xH(FT) (27)
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where L(X | Z1,...2ZN, F, ..., Fr) denotes the likelihood function of the observables variables given the latent
variables. The distributions #(ZN) and H(FT) are the join marginal distribution of the country-specific latent
variables and the time-specific latent variable, respectively. Equation 27 can be expressed in terms of the (i) supply

system model 19-21 and (ii) the priors for the latent variables defined in the previous section.

N T
p(2NFT %) o TTTTpCta| Wa i F)
i=1 t=1

xp (Zi | WiT>@Z> xp (Ft | Fre1, WYY, 9F>

where W}V ={Wit, ... Wah, WiT ={Wit,... Wir}and Hﬁl Hthl p(Xit | Wi, Z;, Fy) is the conditional likelihood of
the endogenous variables in the supply system model given the exogenous observable variables in Wj; and the
latent variables in {Z;} and {F;}. The distributions p (Z; | W], ©7) and p (F; | Fi-1, WY, OF) are the prior distributions
for the latent variables given the exogenous variables in Wj;.>

In order to sample from the target distribution p (ZV, FT | X) we first need to estimate the value of the hyper

parameters in © 7 and O. Then, we can sample from the distribution of the latent variable p (Zi | wl,e Z) and

P (Ft | Fr-1, W;V .6 F) and update the information in a Bayesian fashion, evaluating the values of the latent variables
drawn in the likelihood Hfil Hle p(Xit | Wi, Zi, Fy). A classical approach to estimate the parameters in ©y, and
Or is to maximize the average likelihood function. In my setup we have to take into account that I am working
with a “double random effect model” because we have prior distributions in both dimensions, therefore we have

to maximize a double log-average likelihood function:

N T
{@Z, @F} = argmax {Z log/ [/ e / Hp (logshg, logshiLt, logYi; | Kit, Lit, Zi, Ft>
t=1

©z0r (i1

X p(Ft | Fi1,Kn,... ’KtN’ Ly,... LtN’ @F)dFl NN dFT:| (28)

X P(Zi | Ki,... ’KiT,Lils .. -LiT’ @Z)dZ}

Solving equation 28 requires computing integrals with respect to each of the elements in Z; and the elements
in F;. There is no closed form solution for this equation so it has to be approximated numerically. A simulation
method such as importance sampling could be used to compute the integrals.

An alternative computationally efficient way of getting draws from the target distribution of the model is

Markov Chain Monte Carlo (MCMC), which does not involves the maximization of the likelihood. As emphasize

30 I assume that the inputs are exogenous once I have controlled for the labor- and capital- augmenting technologies using the factor

model.
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by Arellano & Bonhomme (2011) there is a connection between the classical random effect estimation approach
and the Bayesian approach, as I am estimating the posterior distribution of the unobservables. The difference in
estimation comes from the way I treat © 7 and ©F. To turn Bayesian and apply MCMC methods I define prior
distributions for the hyper parameters in © ;7 and O. 3!

5.1 MCMC and Two Step Estimation

Blocking. The MCMC deal with the simulation of high dimensional probability distributions. The idea behind
this method is to sample from a given distribution, by constructing a suitable Markov chain with the property that
its limiting, invariant distribution is the target distribution. Since in this application the dimension of the target
distribution p (ZN,FT,0,,0F | X) is quite large, I construct the Markov Chain simulation by sampling from the

conditional posterior distribution of each latent variable:

31 use independent flat priors for the hyper parameter vector © and O in order to obtain similar results for the posterior distribution
as I had estimated by maximizing the double integrated likelihood in 28. The conditional posterior of ©7 and O will be a Normal
distribution, just as in the linear Bayesian normal model.
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Algorithm 1 Multiple-block MCMC

1. Specify an initial value {ZO, o ZI%,F{), .. F%}
2. Repeatforj=1,2...... M
« Block Z;: Repeat fori=1,2,...N
— Sub-block p;
» Sample pi ~p (pi | X, F{_l, ... ,ijl, )\JI: /\JL_I1 04:[.1, O/I: @Iz_l)
— Sub-block A ;
o sample N, ~ p (ps | X Fo FEL gl 6oL of ol ©F7)
— Sub-block for the other elements in Z;

« Block F;: Repeatfort=2,... T
— Sub-block f7 ;

« Sample ], ~p (fue | X oy flin - 2o ©F7)
— Sub-block fx ;

. . L S
« Sample i~ p (fice |15 fpors fli 2o 2 OF)
» Block ©7 and OF
— Sample from @JZ ~p (@Z X, Z,.. Z{\I)

— Sample from G)’F ~p (@F X, F,.. FIJV)

In the algorithm 1, the country-specific latent variables in Z; do not depend on the country-specific latent
variables in Zj, because given the time-latent variables and observable variables, they are independent across
countries. Within each country-specific block, there are 5 sub-blocks. There is one sub-block for each of the
latent variable in Z; = {p;, ,ar;, ok i Ak ALi}-

The time-specific latent variables in F; depends on F;_; and Fy,1 given the Markov process of the factors (see
equation 24). Within each time-specific block, there are two sub-blocks for the conditional posterior distribution
of each of the elements in F; = {fi ;. fi:}-

Given that I can not derive close form solutions for each of the conditional posterior distributions, I will draw
samples from each sub-block using the Metropolis Hasting algorithm (M-H).>? In the M-H, to sample from the
conditional distribution in each block I need to define (i) a starting value for the unknowns in each block and (ii)
a proposal distribution for each of the blocks. In each block, I draw from the proposal distribution and compare
the posterior distribution evaluated at this draw against the posterior distribution evaluated at the value of the

parameter in the previous iteration.

32The decision to use a specific algorithm -Gibbs sampler or Metropolis Hasting (M-H)- depends on the specificity of the problem. I
can use the Gibbs sampling if I can derive a close form solution for the conditional distributions in each block. This is not the case in the
supply system model, since the non linearity of the CES prevents from deriving a known conditional posterior distribution in each block.
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Example: sub-block p;

In order to sample p in each iteration j from the conditional posterior distribution:

j j-1 J-1 yj-1 -1 -1 j-1 4j-1
PIi”P(Pi|X’F1 oo B ’)‘K,i’)‘L,i’alL,i’a]K,i’@]Z )
which do not have a closed form expression, I do the following procedure:

1. Sample from a proposal distribution:

) -1 j-1 J-1 yj-1 \j-1 _j-1 _j-1 ~j-1
PiN‘I<Pl|PIi X B . F ’)‘K,i’AL,i’aJL,i’O‘JK,i’GJZ >’

2. Calculate

Qp = min{ p(pil"')q(/)ilp’fl,...) 1}

p(pi_l\) q(p§_1|pli,...> ’

3. Set:

pé = p/i if Unif (0,1) < oy or pi = pi:_l, otherwise.

where g (p,- | pé_l, X, F{_l, ... ,Fé;_l, /\jK_ll )\JL_ll , ocfll , O/Ix G’Z_ 1) is a “proposal distribution” for p;. This distribu-
tion may depend (or not) on the previous value of the “owner” of the block, (i.e., p]l:_l), the other latent variables
and the data.

Essentially, the M-H algorithm is evaluating each of the proposal values p’i drawn from ¢ (.), using the con-
ditional posterior distribution p(.). Hence, the challenge in Metropolis Hasting is to define suitable proposal
distributions to evaluate the conditional posterior distribution in each block. In order to estimate the supply sys-
tem model with M-H, I need to set 5N + 2T + dim (0 z) + dim (©F) proposal distributions and starting values. To
that end, I propose to divide the estimation in two steps and use the prices equations to define suitable proposal

distributions and initial conditions for the M-H algorithm.

5.2 Two step approach

Step 1: Gibbs sampling from the price equations. The supply system model in 19-21 is an overidentified
model, since all the latent variables in Z; and F; can be identified from either the price equations, or the nonlinear
CES or both. Given that the price equations have a linear structure, I can derive closed form solutions for the
conditional distribution in each block, as in the Bayesian Normal Linear Model (see Hirano (2002) and Kose et al.
(2003)). The first step is to simulate from an “incomplete” model with a Gibbs sampling algorithm using only the
price equations and get draws from the posterior distribution without setting any “proposal distribution”. The

target distribution in the first step is specified as:

24



T
Hp (logsh{f, logshl; | logYir, Wi, Zi, Ft)
t=1

=

pprice (2N FT,07,07 | X)

~.
Il

X
v =

7z WiT,®Z> x p(Ft | Frey, W§V,9F>
(©2) X p(OF)

X

Hﬁl Hthl p (logshX, logshk, | Kit, Lit, Z;, ;) is the likelihood of the model of the price equations (the labor share and
capital share equations). Here I provide an example of how to construct the conditional posterior distribution
of one of the sub-blocks for the Gibbs sampler algorithm. In an appendix, I derive the conditional posterior

distribution for each block.

Example: Block of f7 ;

p (fL,t | X,fL,t—l,thn,ZN, @F> x p (th | lOgShﬁp lOthN, Wiv,ZN)

1 (fur | it Wi O8) % p (fie | freer, Wiy, O )

where logshﬁt = {logshL,lt,. .. logshL’Nt}, logY{V = {logYit, ... logYn:}). Given that the prior of f} ; is an AR(1)
process, the conditional posterior of f7 ; will depend on the likelihood of the labor share model, the prior of f7 ;
p (fL,t | fL.i-1> W}V, @F) and the prior of f 141 : p (fL,t+1 | fL.t> Wﬁl, @F) which also contains information of fj ;.

Hence, there are three equations that provide information about f7 ;

1. Labor Share Equation

L:
AlOgShL,it = piOéL,i + Pi)\L,LfL,t + piAlOg (Ylt> + AEW,iZ’
it

In the block of f; ; all the other latent variables are known:

N 1N N -1
L;
fie~N <§ jp?A%,l-) > (pm,i (AlogshL,it—piaL,i—plAlog (;;)))zazw (§ :p%A%,i) (29)
i=1 i=1

i=1

2. The prior distribution of f;

fLi~N <5o,fL + BLpALe + O fLe-1, O-]%L)

3. The prior distribution of f7;,;
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fie1~N <5o,fL + Bl,fL’_YL,tn + O fLe UJZ"L)

Re-arranging:

fi~N Jree1 = Bofy = Br L ‘77]23
t on ; 925]23

The conditional posterior is a combination of three normal distributions:

fie ~ N(ng H') (30)
where
N 2
1 1 (bfL
Hy, = <22p% gt 2>
207, P o d)fL
and

N
_ 1 L;
'ufl = Hle [2 5 E <pi)\L,i <AlOgShL,l't = PiQL i~ piAlOg <Ylt)>>] +
O'W 3 it

i=1
2 _
1| 1 _ -1 ﬁfL,tﬂ ~Bofi = BLA L
Hp Lz . (Bo,fL + B Le + ¢foL,t—1)] +Hy LSJZ‘L o5

i

The conditional posterior distribution of f ; in 30 can be seen as a panel data version of the standard Kalman
filter. An important advantage of 30 over the time-series Kalman filter is that it does not rely solely on the
parametric distribution of the latent variable, since the cross-sectional dimension is also informative. If N is

large, the contribution of 29 to 30 will be more important than the prior.
Step 2: M-H from the complete supply system model. In the second step I will use the distributions

simulated in the first step in order to set the proposal distributions used in the M-H in the estimation of the

complete supply system model. The target distribution of the supply system is specified as
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N
Pupply (Z1, - Zn. Fr, . F1,072,0p | X) o [ ][] plogYu | Wit Zi, Fr)
i=1 t=

Xp logsh{f, logsh{‘t | logYis, Wis, Zi, Ft>

T
t=1

Xp (Z,- | WiT, @Z) X p (Ft | Fr-1, Wiv @F)
xp(©z) X p(OF)

where Hllil Hthl p(logYis | Wi, Zi, Fy) is the likelihood of the CES production function. I consider two alter-

native proposal distributions that comes from the price equations:

5.3

1. The first alternative is to use directly the posterior distributions of the first step as the proposal distributions

for the M-H in the second step. Doing this is exactly the same as using only the likelihood of the CES
production function in the posterior distribution to evaluate the values from the proposal distribution,
which comes from the price equations. The drawback of this approach is that in the case of departure
from perfect competition, it could be the case that the proposals that come from the prices equations do
not contain the real support of the latent variables, which implies that there will be regions of the latent

variables that will not be explored by the algorithm in the second step.

. The second possibility is to use a random walk M-H chain, the one used by Metropolis et al. (1953), and

arguably the most popular in applications (Chib 2001). In a random walk M-H, the candidate value for
each parameter is drawn according to the process: ¢/ = v + £ , where ¢’ is the value of the parameter of
the block draw from the random walk proposal distribution, ¢ is the value of the parameter of the block
in the previous iteration and ¢ is an innovation that follows a N (0, ¢). With this proposal we reduce the
problem of determining a proposal distribution to one in which we only have to determine the variance
of the proposal in each block. As usual one has to be careful in setting the variance of ¢. If it is too large
it is possible that the chain may remain stuck at a particular value for many iterations while if it is too
small the chain will tend to make small moves and move inefficiently through the support of the target
distribution. I will use the variance of the posterior distribution of each parameter simulated in the first

step as the variance of the proposal distribution in each block.

Performance and Convergence of the algorithm

Geweke test of posterior simulations. The implementation of the algorithm discussed above requires both

analytical derivation of conditional posterior distributions and computational coding. As emphasized by Geweke

(2004) the data, the priors and other densities must correspond exactly to the model; the conditional distributions

must be derived correctly; and the computer code that incorporates all the inputs of the algorithm must be free of

error. In order to verify all these points, I implement a simple test of posterior simulations proposed by Geweke

(2004) to detect coding and analytical errors in the algorithm. The idea of the test is to compare two simulation
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approximations of E [g (Z, X)] by using two different ways of constructing the joint distribution p (Z, X) of un-
observables Z = {Z1,...ZN, Fi,...,Fr, Oz, Of} and observable variables X. The first approximation employs
the marginal-conditional simulator of the joint distribution, simulating the unobservables from the prior p(Z)
and then simulating the observables using the likelihood function of the model p (X | Z). The second one uses the
successive-conditional simulator which simulates values for the observables using the likelihood of the model but
simulates values for the unobservables using the posterior distribution of the model p (Z | X). If both simulators

are error free, then as Mjand M, go to infinity:

LGeweke = (g(Ml)_g(MZ))/(Mfl&g+Mgl7ig)i N(0, 1)

where g(Ml) = M% Z],\n/h:l & (Z(m), X(m)) is the sample analogue of E [g (Z, X)], constructed using the M; sim-

ulations of Z and X that comes from the marginal-conditional simulator and g(Mz) = Miz 2%2:1 g (Z(m), X(m))
is the sample analogue of E g (Z, X)], constructed using the M, simulations of Z and X that comes from the

(M) and g(Mz), respectively. For sim-

successive-conditional simulator. 6 and 7 are the estimated variances of g
plicity I define the function g (Z, X) to be equal to the sum of all the unobservables in Z and all the observables
in X. Using this function I get a tgeke €qual to 0.12 and accept the null hypothesis of g(Ml) = g(M2>. In the

calculation of the test I use one thousand iterations of each simulator M; = My = 10000.

Convergence. In this subsection, I assess the performance of the sampling algorithm described above, using a
carefully simulated data generating process. I use the real value of the level of capital Kj; and labor L;; for a panel
of 22 countries from the EU KLEMS database and I simulate values for the factor augmenting technologies and the
elasticity of substitution using the factor model and the priors of the latent variables. With all these ingredients, I
finally simulated the values for the dependent variables of the three equations of the supply system. Figure 1 and
Figure 2 show the convergence to the stationary posterior distribution for one of the elasticity of substitutions p,

starting from different arbitrary initial conditions.
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6 Results

6.1 Data description

I use the EU KLEMS database, which is collected by the Groningen Growth and Development Center. The EU
KLEMS is a cross-country database which contains industry-level measures of output, inputs and productivity for
25 European countries and Australia, Canada, Japan, Korea and the US from 1970 onwards. There are two main
advantages of working with this database. First, it provides carefully constructed data on labor compensation,
human capital and physical capital. The labor compensation considers the labor income of the self-employed,
which is important to study the evolution of the labor share (see (Gollin 2002)). The index of human capital takes
into account heterogeneity across countries in levels of education, whereas the capital services index takes into
account differences in the assets type. Second, EU KLEMS is a standardized database that allows comparability
across a larger set of countries. The variables I use are: (i) aggregate real value added, (ii) an index of human
capital, (iii) an index of physical capital, and (iv) labor share. Only 20 of the 30 countries have information on
all the above variables. The database is an unbalanced panel with different time series length between countries.

The shortest time series is 14 years, whereas the largest is 37.

6.2 Objects of interest

Elasticity of substitution. I start by commenting on the empirical estimates of the elasticity of substitution.
Figure 3 shows the joint posterior distribution of the elasticity of substitution among countries. The posterior
mean and median of the joint posterior distribution of the elasticity of substitution across countries is 0.92 and
0.87, respectively. The joint distribution has a standard deviation of 0.23.%3

My framework also allows me to recover the posterior distribution of the elasticity of substitution for each coun-
try. Ifind considerable heterogeneity in the posterior distributions of the elasticity of substitution across countries.
Table 1 shows moments of the posterior distribution for each of the 20 countries analyzed. Column 2 and 3 show
the posterior mean and posterior median of all the countries in the database. Of the 20 countries used in the
estimation, 14 have a posterior mean of the elasticity of substitution below one, whereas 6 have a posterior mean
above one. The posterior median of the elasticity of substitution is below one for 15 countries while it is above
one for the other 5 countries. The difference between the number of countries with a posterior mean below one
and a posterior median below one is due to Denmark, which has a mean of 1.07 but a median of 0.99. Column
5 reports the probability that the elasticity of substitution is below one. There are 12 countries in which this
probability is higher than 80%. These countries are Austria, Canada, Czech Republic, France, Germany, Hungry,
Italy, Japan, Korea, Luxembourg, UK and U.S. There are 6 countries in which the probability is lower than 20%.
These countries are Australia, Ireland, Netherlands, Spain, Portugal and Sweden. Finally, the probability is 71%

331 also estimate the model using the database of Karabarbounis & Neiman (2014), which is a very carefully constructed database on
labor share for 82 countries between 1975 and 2010. However, using this database I can only estimate the prices equations, given that
this database does not provide data on output, physical capital and human capital. Figure 8 shows more heterogeneity in the elasticity of
substitution with a higher number of countries with an elasticity higher than one. Nevertheless, the posterior mean is still situated below
one (0.95). This higher heterogeneity is due to the inclusion of developing countries which have an elasticity higher than one.
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in Belgium and 50% in Denmark.

Figures 6 and 7 show the posterior distribution of the elasticity of substitution for each country. For many of
the countries the posterior distribution is very informative about whether the elasticity of substitution is below
or above one. For example, almost all the mass of the posterior distributions of the U.S. lies below one, while
a considerable mass of the posterior distribution of Spain, lies above one. Nevertheless in some countries the
posterior distribution is not so informative about whether the elasticity of substitution is below or above one, as

in the case of Denmark.

Capital- and labor-augmenting technology. Columns 2 and 3 of table 2 show the average annual growth
rate of the labor- and capital-augmenting technology, respectively. There is considerable heterogeneity in the
growth rate of the two types of technologies. Of the 20 countries in the sample, 7 of them have experienced
a positive annual growth rate of the capital-augmenting technology but a negative annual growth rate of the
labor-augmenting technology. Conversely, 10 other countries have experienced a positive annual growth rate
of the labor-augmenting technology but a negative annual growth rate of the capital-augmenting technology.
Finally, there are 3 other countries where both the labor- and the capital-augmenting technology present a positive
average annual growth rate. Column 4 shows a weighted average of the growth rate of both technologies as a
measure of total efficiency. Korea and Germany are the countries with the highest growth in total efficiency,
with an average annual growth rate of 2.5% and 1.3%, respectively. On the other hand, Spain and Portugal are
the countries with the lowest growth in total efficiency, with an average annual growth rate of -0.2% and -0.7%,
respectively. The weighted average of the factor-augmenting technologies growth rates produced by my model
is very similar to the average annual growth rate of the Total Factor Productivity reported by EU KLEMS (column
5).

Table 3 shows the R-squared of a regression between the output growth rate over the common factor of the
capital-augmenting technology growth rate and the common factor of the labor-augmenting technology growth
rate for each country. Each regression was done inside the MCMC. Therefore, the results reported in table 3,
are the posterior means of the R-squared of each country-regression produced in the chain. The result shows
that the common factors of the capital-augmenting technology and the labor-augmenting technology explain a
significant fraction of the fluctuations in the growth rate of output in the majority of countries in the sample. The
common factors are consistent with the idea of Acemoglu & Zilbotti (2001) in which technologies are created in

only a small number of countries and acquired by others.

Directed technical change. The results suggest different paths for the labor-augmenting technology and the
capital-augmenting technology across countries. With these estimates of the technology process is possible to
test the implications of the models of directed technical change in Acemoglu (2002) and Caselli & Coleman (2006).
These models suggest that the direction of the technical change A;/Ag depends on the relative endowment of
human capital and physical capital L/K and the elasticity of substitution. In particular, these models imply a
negative (positive) relation between A;/Ag and L/K if the elasticity of substitution is lower (higher) than one. If

the elasticity of substitution is lower than one, countries that experience a faster capital accumulation, are the
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ones that invest more in labor-augmenting technology relative to the capital-augmenting technology. In order to

test this hypothesis, I carry out two different exercises:

Exercise 1: Cross-country regression. For each iteration j of the Markov Chain, I compute the OLS estimator

of a and S of the following cross-country regression :

ﬂL,i B ’_Yi\K,i =l + ijé (Vi - K.i) + 6’,

where 5{4” - :Y{‘\K,i is the difference between the average annual growth rate of labor augmenting technology
and the average annual growth rate capital augmenting technology in country i, for the iteration j of the chain.
AL.i— ki is the difference between the human capital growth rate and the physical capital growth rate in country
i. Table 5, shows the posterior mean of &prg and BOLS- The coefficient BOLS is positive and significant. This is in
line with directed technical change models, where countries with an elasticity of substitution lower (higher) than

one, i.e: p < 0 (p > 0) prefer to invest in technologies that increase the efficiency of their scarce (abundant) factor.

Exercise 2: Time-series regression. Second, for each iteration j of the Markov Chain, I compute the OLS

estimator of o and [ of the following time series regression of the aggregate economy:

N
; ; . 1 : .
fi,t _fIJ(,t =d + 7 N E p], (’YL,it - ’YK,it)] + 5Jt
i=1

where fi - fIJ< , is the difference between the common factor of the labor augmenting technology and the common
factor of the capital augmenting technology in period t, for the iteration j of the chain. [% Zi\il p]l (’yL,,-t - ’YK,it)]

is the average across countries of the cross product of p; and the difference between the observed growth rate of
the human capital and the observed growth rate of the physical capital in country i for period t. Table 6 show the

posterior mean of the OLS estimator of 3. The coefficient is positive and significant.

Contribution in the labor share. The labor share of income could change in response to (i) channels that affect
the relative factor prices, such as changes in the capital-labor ratio K/L or (ii) changes in the bias of technical
change Ag/A;. Using my model, I can assess the contribution of these two channels to the decline in the labor
share for each country in the database. Column 2 of Table 4 shows the cumulative change in percentage points of
the labor share. Column 3 shows the posterior mean of the cumulative change of the labor share predicted by my
model (in percentage points). Column 4 shows the posterior mean of the cumulative change, in percentage points,
of the labor share generated by the increase in the capital-labor ratio . Column 5 shows the posterior mean of
the cumulative change in the labor share generated by a bias in the technical change. There are several findings.
First, the bias in technical change has been the dominant mechanism in leading the decline in the labor share for
most of the countries analyzed. In all the countries the change in the bias of the technical change has generated
a decline in the labor share. For example, in the U.S. the observed labor share has fallen since 1970 from 0.670 to

0.606 in 2005, a cumulative decrease of 6.4 percentage points. My model predicts a cumulative decrease of 6.32

31



percentage points in which the bias in the technical change produces a decline of -8.71 whereas the increase in
the capital-labor ratio produces an increase of 2.39.* My model predicts a similar decomposition of the decline
in the labor share for Austria, Belgium, France, German, Italy and Luxemburg. On the other hand, the increase
in the capital-labor ratio has generated a significant decline in the labor share in the 6 countries with elasticity of
substitution higher than one (Australia, Spain, Ireland, Netherlands, Portugal and Sweden). In these countries the
increase in the capital-labor ratio represents between 16% and 36% of the cumulative decline in the labor share.
Moreover the increase in the capital-labor ratio has been the dominant effect in countries where the labor share

has increased, or has not decreased too much, such as in Czech Republic, Japan, Korea or UK

34The predictions of my model for the U.S. are in line with the results found by Oberfield & Raval (2014). They show a cumulative
decline of 16.76 percentage points in the labor share for manufacturing. Of this decline, -19.96 was explained by the bias in the technical
change whereas the factor prices contributes with an increase of 3.20.

35The evolution of the labor share explained in my model by changes in the capital-labor ratio can be also explained by a decrease in
the price of investment goods as in Karabarbounis & Neiman (2014), who use a two-goods model in which there is a decline in the relative
price of investment. As a result, firms shift away from labor toward capital, and with an elasticity of substitution larger than 1 the capital
share increases.
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7 Conclusion

In this paper I estimate in a flexible manner the parameters of the aggregate CES production function for many
countries, using a panel model approach with unobserved heterogeneity. In contrast to previous studies, my
framework considers country heterogeneity in the elasticity of substitution and in the growth rates of the labor-
and capital- augmenting technologies. Additionally, the country specific growth rates of the labor- and capital-
augmenting technologies are allowed to vary over time while retaining some commonalities across the panel via
a dynamic factor model.

My framework contributes to the literature in three aspects. First, it is the first paper that estimates the
elasticity of substitution for a wide range of countries, allowing for heterogeneity in the elasticity of substitution.
Estimating a country specific elasticity of substitution is useful to understand which of the competing mechanisms
in explaining the evolution of the labor share is most relevant in a particular country. Second, it is the first
paper that estimates the supply system model using a factor model structure as a proxy for the underlying labor-
and capital- augmenting technologies. The factor model captures, in a reduced-form fashion, some important
features of structural models of aggregate technology that are helpful in understanding country heterogeneity and
commonalities in productivities across countries. Finally, my framework provides a flexible manner of controlling
for unobserved heterogeneity in the cross-section and the time series, which helps in identifying the elasticity of
substitution.

The model I propose to estimate is a nonlinear panel system of equations with random coefficients (the
country-specific elasticity of substitution) and unobserved factors (the growth rates of the labor- and capital-
augmenting technologies). Estimation is challenging given the non-linearity and the amount of unobserved het-
erogeneity allowed both in the cross sectional and the time series dimensions. I complete my framework with
distributional assumptions for the country- and time- specific latent variables and estimate the model using a
Bayesian fixed effects approach (BFE). The BFE uses the parametric distributions of the latent variables as priors
in a Bayesian fashion. These priors are combined with data to form posterior distributions which are then used
in obtaining estimates of average effects in my model. This is in contrast to the random effects approach where
priors are not updated since they are taken as the truth. The BFE can be expected to have similar asymptotic
properties to the standard fixed effects when N and T go to infinity, but the use of priors may lead the BFE esti-
mator to have better properties in small samples. In addition, the Bayesian fixed effects approach also provides a
computationally tractable way of estimating the model by using Markov Chain Monte Carlo (MCMC).

Given the non-linearity of my model, I construct the Markov chain using the Metropolis-Hasting algorithm
(M-H). The computational challenge in this algorithm is to set proposal distributions for each unobservable vari-
able in the model (more than 200 in my model). To that end, I propose a feasible and computationally efficient
procedure for obtaining posterior distributions of the parameters of the supply system model. I do this by di-
viding the estimation in two steps, using the price equations to define suitable proposal distributions and initial
conditions for the M-H algorithm.

The results show heterogeneity in the elasticity of substitution with a mean of the cross-country distribution

equal to 0.92, a median of 0.87 and a standard deviation of 0.23. My framework also allows me to recover the
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posterior distribution of the elasticity of substitution for each country. Of the 20 countries used in the estimation,
14 have a posterior mean of the elasticity of substitution below one, whereas 6 have a posterior mean above
one. This implies that the increase in technical change has been the dominant mechanism in leading the decline
in the labor share for most of the countries analyzed. However, the the capital accumulation (or the decline in
the price of investment goods) has played a significant role in the labor share decline in the 6 countries with
elasticity of substitution higher than one. Moreover, the capital accumulation has been the dominant effect in
countries where the labor share has increased, or has not decreased too much. Finally, I find that the growth rate
of the labor- augmenting technology relative to the growth rate of the capital- augmenting technology correlates
negatively with the growth rate of the capital-labor ratio. These result is in line with the directed technical change
models of Acemoglu & Zilbotti (2001) , Acemoglu (2002) and Caselli & Coleman (2006) in which countries invest

in technologies that increase the efficiency of the scarcity factor.
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Appendix 1: Implementation of the algorithm: Gibbs sampling from the price

equations

Under the perfect competition assumption I can recover the posterior distribution of all the latent variables just

working with the prices equations.

» (Z, 0 Y, shk, sht, K, L> & L (shK, shh | Y, K, L, Z) »(Z K, L, ©)p(©)

To construct the conditional posterior distribution in each block, I extend the methodology in (Hirano 2002)
to a framework with a factor model and random coefficients. With the intention of simplifying the model, by

working with stationary variables and reducing the dimensionality of the problem, I work with the model in first

differences>°:

L.
Nlog (sh{-}) = piALiFL; + pilNlog (}/’Z) + Nel
1

K.
Alog(sh{f) = pidgiFxi + pillog (th> + N\el
it
In each block, the only “unknown” is the unobservable corresponding to this block, the other parameters
and latent variables will play the role of observed variables, i.e. data. Before starting with the derivation of the
posterior distribution for each block, let me define, for the sake of simplicity, the vector Z_, as a vector that

contains all the latent variables in Z but not the latent variable o and let me rename the variables of the model:
yLit = Alog (shlLt), VK.it = Alog(shg), xp.i1 = Alog (%)JK,il = Alog <I§—l‘;), Aew it = ew,jpand Aeg iy = ep .

I use normal priors for the latent variables to obtained closed form expressions for the conditional distribution
in each block and be able to draw from the model using a Gibbs sampling algorithm as in Hirano (2002), Kose et al.
(2003). Given the concern of the endogeneity of the explanatory variables I will allow for correlation between the
latent variables and the explanatory variables as in the correlated random effect of Mundlak (1978), Chamberlain
(1984)

Note that the log of the prices equations in first difference fit perfectly in the Bai (2009) setup with the only

difference of a random coefficient rather than a common one. In the next section, I will estimate the prices

36 As a robustness check, I have also solved the model in levels.
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equations, using the estimator proposed by Bai (2009) but with random coeficients in order to have a comparison

between a pure fixed effect estimator and the Bayesian fixed effect.?’”

7.1 Elasticity of Substitution:

First I estimate the conditional distribution for each p; assuming that all the other parameters are known. Each
p; comes from separate blocks, because given the other parameters, latent variables and observable variables they
are independent across countries.

Using Bayes theorem and recalling that all the unknowns variables in this block as treated as data, the condi-

tional distribution of p;:

plpi | X, Li—p;, O)ox L (X, ZLep;, O | Pi) P (pi)

(i | X, Zp,, ©) = L (yrit - yiit | pi Lpys Xpi1 -+ XLiT) X
L (ykit - VKT | pis Lo pys XK i1+ XKT) X

p(pi | ©, Xgi, XLi)

There are three models that give me information about p;: (1) the labor share equation , (2) the capital share
equation and (3) the prior. As in the optimal GMM estimation, the conditional distribution for p;is just a Normal

distribution which combines ,in an optimal way, the information from each of the three equations.

1. The labor share equation:

yLit = pi (ALiFLe + XLit) + ew,it

In this block the only unknown is p;, so we can estimate it using the time series information of country i. I
will use the GLS estimator, because working with first difference generate a known serial correlation in the error

terms.

37 1t is difficult to do the same exercise with the supply system model, because of the computational challenge involved in the estimation
by "fixed effect” of the nonlinear CES with a high degree of heterogeneity. The extremum estimators are known to be difficult to compute

due to highly non-convex criterion functions with many local optima
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Let define the following (T; — 1)x1 vectors: Wy ; = A ;F + X1,; and Y1 ; , where T; is the sample size in country i,
Fy is a vector that contains the (T; - 1) growth rates of labor augmenting technology (from 2 to T), Xy ; is a vector

that contains all the time series of the variable x7 ;; , the same for Y7 ;.

Following Lancaster(1997) the likelihood of the data could be written as that of a Normal distribution

pi ~ N (pLi, Var(pi,))

_ 1 _
where pf; = (WL’JI‘ (o3)) ! WL,,-) wy T (o%y) ! Yy ; is the GLS estimator of p; and
_ -1
Var(pl.;) = (Wﬁ I (0%) ! WL,i) is the variance of the GLS estimator.

2. The capital share equation:

yi.it = pi (Ak,iFKk + XK it) + €rit
Following the same procedure as in the labor share equation: p; ~ N (pk,;, Var(pk ;).
where pic; = (Wi,I' (%) Wiei) Wi T (%) Yk jand
Var(pk ;) = (WI’QF (012<)71 WK,i)_l

3. Prior of p;

pi~ N (npyi, op)

where 1, = ¢p + ¢p kXK, + PpLXLi

The final conditional posterior distribution of the block of p; will be a weighted average of the three models:

1 1 1
N | H! Bi+ i+ —shp |, H!
& ( g (Var(x»z,i)”“ Var(pic) " a,%“P> P’)

_ 1 1 1) _ 2)~1 27! !
where H, = (W * Yoo 75) = (Wi’iI‘ (oF) wp;+ Wi T (0%)" Wk,i+ %)

_ - - 1 _ _ _
pi~N (Hpil [(Wi,ir (e}) YL,i) + <WI/<,iF (o%)™ YK,i) * <Uz> (6p + GpkTi + %LXLJ)]  H ,-1>

p
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7.2 Loading of the labor augmenting parameter:

PALII X Zoy,, ©) o L (X, Zoy,, © | ALi) p (ML)

PALI X Zoy,,, ©) = L (yri -~ YLt | ALis Zoxg, XLt -+ XLiT) X

p(ALi|©, x1;)

There are two models that give me information about Az ;: (1) the labor share equation ,and (2) the prior.
1. The labor share
YLit = PixXLit = PiALiFLL + ew it

ALi~ N ()\i,i’ Var(/\;,i)>

N _ 1 _
where A ; = % (FH‘ (0%‘,) ! FL> FH‘ (U%‘,) ! Qr.;is the GLS estimator of A1 ; and Qy ;isa (T; — 1) x 1 vector

that contains the all time series of the variable yy ;; — pixy ;s

. _ -1
Var(\L;) = # <F£F (o%) ! FL> is the variance of the GLS estimator.

2. The prior:

ALi~ N ('U’)\L,i’ O-iL)

where 1), . = ¢o \, + P1A XL

The final conditional posterior distribution of the block of A7 ; will be a weighted average of the two models:
A~ N H [ — A H;!
Li"™ . ~ L,i il .
! AL Var(h) o3, o A
- 1 1) _ (20 2 \~1 1
where Hy, = (Var()fL,i) + UZAL> = (piFLF (0%,)  Fp+ Uf\L)'

— - 1 . -
ALi~N (H,\Lly,. [(Pz‘Fif (o%) 1QL,i) + <02> (dor, + ¢1,>\LXL,1')] ; HALI,,)

AL
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7.3 Loading of the capital augmenting parameter:

PALII X Zoy,, ©) o L (X, Zoy,, © | ALi) p (ML)

PALI X Zoy,,, ©) = L (yri -~ YLt | ALis Zoxg, XLt -+ XLiT) X

p(ALi|©, x1;)

There are two models that give me information about Ak ;: (1) the labor share equation ,and (2) the prior.
1. The labor share
VK.it — PiXK.it = PiAK,iFK .t + €er.it

Ak,i~ N (/\I},i’ Var()\I},i))

~ -1 \! -1 . . .
where A\ ; = é (FIQF (JIZQ) FK> F}(F (J%V) Ok, is the GLS estimator of A\g; and Qg ;isa (T; - 1) x 1
vector that contains the all time series of the variable yx ;; — pixg i
. _ -1
Var(\g.i) = pi% (F;(I‘ (o) ! FK) is the variance of the GLS estimator.
2. The prior:

Aki~ N ('U’)\K,i’ UiK)

where fiy ;= Porg + P1LAK,i

The final conditional posterior distribution of the block of Ak ; will be a weighted average of the two models:

1 A 1
Mci~ N HDY | ———Xki+ =5 | Hb
51 ( )\K,x <Var()\K,i) )L O_iK K,i )\K,l

- 1 1 _ [ 2r 2\~1 1
where Hy, , = <Var(/\}<,,~) + ‘72A> = (piFKF (UR) Fg + 02>\K)

—_ - 1 v -
)\K,i ~ N (H)\,l(ﬁi [(Pif‘}/(r (01%) 1QK,i> + <02> (¢0,)\K + ¢1,>\KXK,1‘)1 > HAIl(),)

Ak
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7.4 Growth rate of the labor augmenting technical factor:

When estimating the posterior distribution of Fg; and F;; we have to take into account that they follow a

Markov process.

PP | X, Zpy,, ©) x L (X, Z_p,,. O | ML) p (FLi)

PPy | X, Zog, ©) = L (yoae- yiNe | Frp Zopy, Xpae -+ XLNe) X

P (FLe|©, X1p Frem1) X p (Frpen | ©, Xpper, Fryp)

Given that the prior is an AR(1) process, the conditional posterior of the capital augmenting technology in
period t will depend on the likelihood of the capital share model, the prior of F; : p (FL,t | ©, x4, FL,t—l) and the

prior of Fiyy1 : p (FL,t+1 | ©, X1441s FL’t) which also contains information of F;.

1. Labor Share Equation

YLit = PiXLit = PiALiFL: + ew it

1N N -1
Z (pidLi (YLt — pixLit)) s 205, (Z Pzz)\%,z)
i-1

N
Fip~N (Z p%A%,,)
i=1 i i=1
2. The prior distribution of Fj;
Frp~N (¢0,FL + QLR XL+ P2, F FLe-1s U%)
3. The prior distribution of Fy;,,

P (Frest | ©, Xpper, Frp) =N <¢0,FL + Q1R XL el + ¢2,FLF£J, O’%L) — p (Fre | ©, Xppe1, Fren)

— 2
Fi,~N (.FL,t+1—¢0,FL+¢1,FLth+1 F >

2
P2, b

Again the conditional posterior is a combination of three normal distributions

Fi; ~ N (ur,, H,)
where
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N
_ 1 _
pr, = Hg' [ E (pidLi (yLit = pixcic) ) + o (¢0,r, + 1F XLt + D25 FLe-1)
=1 F

. ¢2,FL FL,t+1 - Qo + (bl,FL;CLHl}

of, P2.F,

and

N 2
1 <Z)Z,FL
- (e %
i=1

F

7.5 Growth rate of the capital augmenting technical factor:

Follow the same procedure as the growth rate of the labor augmenting technical factor.

Fge~N (MFK’HI;KI)

where
N 1
KEe = HEK[ Z pirk.i (VK.it = PixK.it)) + 2 (Go.rc + P1.E XKt + P2 F K 1-1)
=1 Fx
. q[’z,FK FK,t+1 - Qo + ¢1,FK5CKt+1}
U%K ¢2,FK
and

L N . i%F
242 >
Hpe = (E:PMKﬁz* 2K>

2
20K =1 Fe O
7.6 Hyper-parameters.

In order to estimate the posterior distribution for the remaining parameters, I will assume a flat prior dis-
tribution, thus, the conditional posterior of these parameters will be a Normal distribution, just as in the linear

Bayesian normal model.
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Appendix 2: Tables and Figures

Figure 1: Convergence to the stationary distribution of a particular p;
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Figure 3: Distribution of the elasticity of substitution across countries

Note: The graph is the joint posterior distribution of all the countries in the sample. The straight line indicates the mean of the
distribution, which is 0.92. The distribution of the elasticity lies both below and above one.

Figure 4: Posterior distribution of the elasticity of substitution

7

—Uus
Cobb Douglas
—— Spain

Note: The graph shows the posterior distribution of the elasticity of substitution for the U.S. (the blue line) and for Spain (the red
line). The dotted green line indicates the Cobb-Douglas case when the elasticity of substitution is one. Almost all the mass of the
posterior distribution in the U.S. lies below one. Conversely, most of the mass of the posterior distribution for Spain is situated
above one.
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Figure 5: Posterior distribution of Denmark

Note: The graph shows the posterior distribution of the elasticity of substitution in Denmark. The green line indicates the posterior
mean of the distribution and the red line is the Cobb-Douglas case, when the elasticity of substitution is equal to one. The posterior
distribution is not so informative about whether the elasticity of substitution is lower or higher than one since there is a similar
mass of the distribution located below and above one. The probability of the elasticity of substitution of being less than one is
51%.

Figure 6: Posterior distribution of the elasticity of substitution
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Note: The graph shows the posterior distribution of each country in the sample. The straight line indicates the Cobb-
Douglas case, when the elasticity of substitution is one.
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Figure 7: Posterior distribution of the elasticity of substitution
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Note: The graph shows the posterior distribution of each country in the sample. The straight line indicates the Cobb-
Douglas case, when the elasticity of substitution is one.

Figure 8: Distribution of the elasticity of substitution across countries. Karabarbounis and Neiman database

ELASTICITY OF SUBSTITUTION
25
T

Note: I perform a similar exercise with the database of Karabarbounis & Neiman (2014). This is a very carefully constructed
database on labor share for 82 countries between 1975 and 2010. However, using this database I can only estimate the prices
equations, given that this database does not provide data on output, physical capital and human capital. Figure 8 shows
more heterogeneity in the elasticity of substitution with a more number of countries with elasticities higher than one.
Nevertheless, the posterior mean is still situated below one (0.95). This higher heterogeneity is due to the inclusion of
developing countries that tends to have an elasticity higher than one.
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Table 1: Elasticity of Substitution

Country Mean Median Std Prob(ES<1)

AUS 1.18 1.17 0.09 0.8%
AUT 0.84 0.84 0.07 96%
BEL 0.94 0.93 0.12 71%
CZE 0.80 0.78 0.14 92%
DNK 1.07 0.99 0.35 51%
ESP 1.13 1.12 0.11 10%
FRA 0.83 0.82 0.10 93%
GER 0.88 0.87 0.10 88%
HUN 0.80 0.77 0.15 91%
IRL 1.16 1.14 0.17 19%
ITA 0.63 0.61 0.08 100%
JPN 0.90 0.89 0.09 88%
KOR 0.78 0.78 0.02 100%
LUX 0.78 0.77 0.09 98%
NLD 1.37 1.22 2.18 18%
PRT 1.12 1.10 0.22 30%
SWE 1.16 1.13 0.07 0.5%
UK 0.84 0.84 0.06 99%
us 0.86 0.85 0.07 97%
Joint distribution 0.92 0.87 0.23 40%

Note: The second column shows the posterior mean of the elasticity of substitution for each country. The third column shows
the posterior median of the elasticity of substitution for each country. The fourth column shows the standard deviation
of the posterior distribution for each country. The last column is the probability of the elasticity of substitution being
lower than one. This probability is the empirical probability calculated from the posterior distribution of the elasticity of

substitution in each country.
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Table 2: Average annual growth rate of the technology 1970-2005

Labor- Capital- Weighted TEP
Country Augmenting Augmenting Productivity
VAL VAx: (1-06)ya, +6v4,; EUKLEMS

AUS -0.3% 2.1% 0.5% 0.5%
AUT 4,6% -7,1% 1.1% 0.9%
BEL -3.2% 6.6% -0.1% 0.1%
CZE -0.1% 0.4% 0.1% 0.1%
DNK 0.5% 0.1% 0.4% 0.3%
ESP -1.1% 1.7% -0.2% -0.1%
FRA 4.6% -8.1% 1.0% 0.9%
GER 3.5% -3.8% 1.3% 1.2%
HUN 2.2% 3.8% 2.7% 2.7%

IRL 0.6% 2.7% 1.3% -
ITA 1.4% -1.9% 0.4% 0.5%
JPN 2.7% -1.7% 0.9% 0.9%
KOR 3.6% -0.8% 2.5% 2.7%
LUX 2.3% -3.8% 0.0% -0.1%
NLD -0.1% 1.7% 0.4% 0.4%

PRT -1.4% 1.3% -0.7% -
SWE -2.3% 6.5% 0.1% 0.9%
UK 1.2% -2.0% 0.3% 0.3%
us 2.8% -3.4% 0.5% 0.7%

Note: Columns 2 and 3 of table 2 show the posterior means of the average annual growth rate of the labor- and capital-
augmenting technology, respectively. Column 4 shows the posterior mean of a weighted average of the growth rate of both
technologies. Column 5 shows the Total Factor Productivity reported by EU KLEMS .
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Table 3: Country regressions of the growth rate of the output on common factors of the capital and labor aug-
menting technology

Country R-squared

AUS 0.12
AUT 0.10
BEL 0.36
CZE 0.70
DNK 0.32
ESP 0.26
FRA 0.24
GER 0.33
HUN 0.59
IRL 0.17
ITA 0.69
JPN 0.20
KOR 0.74
LUX 0.32
NLD 0.34
PRT 0.30
SWE 0.48
UK 0.44
USA 0.34

Note: The table shows the posterior mean of the R-squared for each country. The R-squared is calculated from a regression
of the output growth rate over the common factor of the labor-augmenting technology growth rate and the common factor
of the capital-augmenting technology growth rate.
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Table 4: Contribution to the labor share change.

Labor Cumulative

c ¢ Period Share Contribution
ountr €r1o
Y Capital-labor  Bias technical

Real Model
ratio (%) change (%f)

AUT 1980-2005  -8.98 -7.97 1.97 -9.95
BEL 1980-2005  -4.92 -4.63 1.36 -5.99
CZE 1995-2005 2.85 2,29 3.47 -1.18
DNK 1980-2005  -3.89 -3.75 -0.18 -3.57
ESP 1980-2005  -4.86 -4.58 -1.28 -3.30
FRA 1980-2005  -9.17 -8.16 1.84 -10.00
GER 1970-2005  -5.60 -5.30 3.87 -9.18
HUN 1995-2005 0.39 0.04 -0.10 0.14
IRL 1988-2005  -4.81 -4.87 -1.51 -3.35
ITA 1970-2005  -6.91 -6.53 18.46 -24.99
JPN 1973-2005  -0.35 -0.39 4.07 -4.46
KOR 1977-2005 0.81 0.72 6.13 -5.41
LUX 1992-2005  -2.42 -2.74 0.43 -3.18
NLD 1979-2005  -10.09 -8.88 -1.71 -7.16
PRT 1992-2005  -6.50 -6.08 -1.19 -4.90
SWE 1993-2005  -1.74 -2.99 -1.05 -1.94
UK 1970-2005 2.23 2.36 5.32 -2.97
us 1970-2005  -6.40 -6.32 2.39 -8.71

Note: Cumulative changes are in percentage points and represent the change in percentage points of the labor share between
the period indicated by column 2. The values reported in column 3,4, and 5 come from the MCMC algorithm. Column
3 is the posterior mean of the labor share generated by the model. Column 4 is the posterior mean of the cumulative
contribution of the changes in the capital-labor ratio to the labor share. Column 5 is the posterior mean of the cumulative

contribution of the bias in technical change to the labor share.

Table 5: Directed technical change: Cross-country regression

Mean Std
QoLs 0.013***  0.003
BoLs  0.400*** 0.076
R-squared  0.200  0.010

Note: The table show the posterior mean and the posterior standard deviation of Gors , BOLS and the R-squared of the
following regression: Ya, ;=Y ay,; = a+Bpi (f’yL,i - ’71(,1') +¢;. The dependent variable Y4, ,—7y , is the posterior mean of the
difference between the average annual growth rate of labor augmenting technology and the average annual growth rate
capital augmenting technology in country i. The regressor yr ; — Yk ; is the difference between the human capital growth
rate and the physical capital growth rate in country i. This regressions is calculated for each iteration of the MCMC.
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Table 6: Directed technical change: Cross-country regression

Mean Std
dors  0.010"*  0.001
BoLs  0.500%** 0.027

R-squared  0.300  0.030

Note: The table show the posterior mean and the posterior standard deviation of Gors , BOLS and the R-squared of the
following regression: fi ;- fgr = o+ 8 [% Zfil Di (’YL,it - ”YK,it)] +¢t. The dependent variableij’t _fl-é,t is the difference
between the common factor of the labor- augmenting technology and the common factor of the capital- augmenting
technology in period t. The regressor [% Zﬁ 1 pi (’YL,it - WK,”)] is the average across countries of the cross product of p;
and the difference between the observed growth rate of the human capital and the observed growth rate of the physical
capital in country i for period t. This regressions is calculated for each iteration of the MCMC.
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