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Abstract

I study the link between economic growth and asset prices using stochastic endoge-
nous growth models. In these settings, long-term growth prospects are endogenously
determined by innovation and R&D. In equilibrium, R&D endogenously drives a
small, persistent component in productivity which generates long-run uncertainty
about economic growth. With recursive preferences, this growth propagation mech-
anism helps reconcile a broad spectrum of equity and bond market facts jointly with

macroeconomic fluctuations.
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1

Introduction

I study the link between economic growth and asset prices using stochastic endoge-
nous growth models. In these models, long-term growth prospects are endogenously
determined by innovation and R&D. In equilibrium, R&D endogenously drives a
small, persistent component in productivity which generates long-run uncertainty
about economic growth. With recursive preferences, this growth propagation mech-
anism helps reconcile a broad spectrum of equity and bond market facts jointly
with macroeconomic fluctuations. The two papers included in my dissertation are
(i) “Innovation, Growth, and Asset Prices,” which is joint work with Lukas Schmid
and “Equilibrium Growth, Inflation, and Bond Yields.” The first paper focuses on
the equity market implications while the second paper focuses on the bond market

implications.



2

Innovation, Growth, and Asset Prices

2.1 Introduction

Asset prices reflect anticipations of future growth. Likewise, long-term growth prospects
mirror an economy’s innovative potential. At the aggregate level, such innovation is
reflected in the sustained growth of productivity. Empirical measures of innovation,
such as R&D expenditures, are typically quite volatile and fairly persistent. Such
movements in the driving forces of growth prospects should naturally be reflected in
the dynamics of growth rates themselves. Indeed, in US post-war data productiv-
ity growth has undergone long and persistent swings.! Similarly, innovation-driven
growth waves associated with the arrival of new technologies such as television, com-
puters, the internet, to name a few, are well documented.? Asset prices naturally
reflect this low-frequency variation in growth prospects. In particular, if agents fear
that a persistent slowdown in economic growth will lower asset prices, such move-
ments will give rise to high risk premia in asset markets.

In this paper, we use a tractable model of innovation and R&D in order to link as-

1 See e.g. Gordon (2010), and Jermann and Quadrini (2007)
2 See e.g. Helpman (1998) and Jovanovic and Rousseau (2005)
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set prices and aggregate risk premia to endogenous movements in long-term growth
prospects. More specifically, our setup has two distinguishing features. First, we
embed a stochastic model of endogenous growth based on industrial innovation® into
an otherwise standard real business cycle model. Here technological progress and
sustained growth are determined endogenously by the creation of new patents and
technologies through R&D. New patents facilitate the production of a final con-
sumption good and can be thought of as intangible capital. Second, we assume that
households have recursive preferences,* so that they care about uncertainty regard-
ing long-term growth prospects.

Our results suggest that extending macroeconomic models to account for the endo-
geneity of innovation and long-term growth goes some way towards an environment
that jointly captures the dynamics of quantities and asset prices. When calibrated
to match the empirical evidence on productivity and long-run economic growth, our
model can quantitatively rationalize key features of asset returns in the data. In
particular, it generates a realistic equity premium and a low and stable risk-free in-
terest rate without relying on excessively high risk aversion. Moreover, it generates a
sizeable spread between the returns on physical capital and intangible capital, which
is commonly related to the value premium in the data.

Our model supports the notion that movements in long-term growth prospects are a
significant source of risk priced in asset markets. Such ‘long-run risks’ (in the sense
of Bansal and Yaron (2004)) arise endogenously in our production economy suggest-
ing that stochastic models of endogenous growth are a useful framework for general
equilibrium asset pricing. At the center of this framework is a strong propagation
and amplification mechanism for shocks which is tightly linked to the joint dynamics

of innovation and asset prices. High equilibrium returns provide strong incentives for

3 Following Romer (1990) and Grossman and Helpman (1991a)
4 Epstein and Zin (1989), Backus et al. (2004)



agents to engage in innovation and investing in R&D. This pricing effect reinforces
the impact of exogenous shocks, thus providing an amplification mechanism. On the
other hand, R&D leads to the development of new technologies which will persis-
tently boost aggregate growth, so that aggregate growth appears in long waves, thus
providing a propagation mechanism. Such endogenous persistence feeds back into
asset prices with recursive preferences. When prolonged slumps in economic growth
coincide with low asset valuations, households will require high risk premia in asset
markets.

Formally, we first show that in the model innovation and R&D endogenously drive a
small, but persistent component in the growth rate of measured aggregate productiv-
ity. More specifically, we decompose productivity growth into a high-frequency com-
ponent driven by an exogenous shock, as well as an endogenous component driven by
R&D. While the shock induces fluctuations at business cycle frequency comparable to
standard macroeconomic models, the innovation process in the model translates this
disturbance into an additional, slow-moving component generating macroeconomic
movements at lower frequencies. Naturally, these productivity dynamics induce per-
sistent uncertainty about the economy’s long-term growth prospects that will be
reflected in the dynamics of aggregate quantities.

Persistent variation in consumption and cash flow growth is reflected in risk premia
in asset markets given our preference specification. With recursive Epstein-Zin util-
ity with a preference for early resolution of uncertainty not only are innovations to
realized consumption and dividend growth priced, but also innovations to expected
consumption and dividend growth. The propagation mechanism in the model trans-
lates shocks to the level of technology into (i) innovations to expected consumption
growth, generating endogenous long-run risks in consumption, and (ii) innovations
to expected dividend growth, generating realistic low-frequency movements in price-
dividend ratios. Furthermore, in the model, physical capital is endogenously more

4



exposed to predictable variation in growth than intangible capital, which generates
a sizeable value spread. More broadly, our paper suggests that equilibrium growth
is risky.

Our model thus allows us to identify economic sources of long-run risks in the data.
In particular, it identifies R&D and innovation as economic sources of a predictable
component in productivity growth, sometimes referred to as long-run productivity
risk (as in Croce (2008), Gomes et al. (2008), Backus et al. (2007), Backus et al.
(2010), Favilukis and Lin (2010)). Indeed, in line with the predictions of the model,
we provide novel empirical evidence that measures of innovation have significant pre-
dictive power for aggregate growth rates including productivity, consumption, output
and cash flows at longer horizons.

Our paper is related to a number of different strands of literature in asset pric-
ing, economic growth and macroeconomics. The economic mechanisms driving the
asset pricing implications are closely related to Bansal and Yaron (2004). In a
consumption-based model, Bansal and Yaron directly specify both consumption and
dividend growth to contain a small, persistent component. This specification along
with the assumption of Epstein-Zin recursive utility with a preference for early res-
olution of uncertainty, allows them to generate high equity premia as compensation
for these long-run risks. While the empirical evidence for the long-run risk channel
is still somewhat controversial, the ensuing literature on long-run risk quantitatively
explains a wide range of patterns in asset markets, such as those in equity, govern-
ment, corporate bond, foreign exchange and derivatives markets. We contribute to
this literature by showing that predictable movements in growth prospects are an
equilibrium outcome of stochastic models of endogenous growth and by providing
novel empirical evidence identifying economic sources of long-run risks in the data.
A number of recent papers have examined the link between technological growth

and asset prices. Garleanu et al. (2009) model technological progress as the arrival
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of large, infrequent technological innovations and show that the endogenous adop-
tion of these innovations leads to predictable movements in consumption growth
and expected excess returns. Garleanu et al. (2011) examine the implications of the
arrival of new technologies for existing firms and their workers, and show that in
an overlapping-generations model innovation creates a systematic risk factor labeled
displacement risk. Pastor and Veronesi (2009) explain bubble-like behavior of stock
markets in the 1990s by the arrival of new technologies.

While our model has implications for consumption dynamics and asset returns that
are related to these models, our approach is quite different but complementary. In
these models of technology adoption, the arrival of new technologies is assumed to
be exogenous, while we examine the asset pricing and growth dynamics implications
of the endogenous creation of new technologies by means of R&D, which leads to a
distinct set of empirical predictions. Moreover, by embedding a model of endogenous
technological progress into a real business cycle model, our paper provides a straight-
forward and tractable extension of the workhorse model of modern macroeconomics.
In this respect, the paper is closer to recent attempts to address asset pricing puzzles
within versions of the canonical real business cycle model. Starting from Jermann
(1998), Boldrin et al. (2001) and Kogan (2004) recent examples include Campanale
et al. (2008), Kaltenbrunner and Lochstoer (2008), Ai (2008) and Kuehn (2008),
who explore endogenous long-run consumption risks in real business cycle models
with recursive preferences, Gourio (2009) and Gourio (2010) who examines disaster
risks. Particularly closely related are recent papers by Croce (2008), Backus et al.
(2007), Backus et al. (2010), Gomes et al. (2008) and Favilukis and Lin (2010) who
examine the implications of long-run productivity risk with recursive preferences for
the equity premium, and the cross-section of stock returns, respectively. While they
specify long-run productivity risk exogenously, our model shows how such risk arises

endogenously and can be linked to innovation. Tallarini (2000) considers the sepa-
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rate effects of risk and risk aversion on quantities with recursive preferences, while we
investigate how risk and risk premia affect growth. Much like us, Eberly and Wang
(2009) and Eberly and Wang (2010) also examine a multi-sector model of endogenous
growth with recursive preferences, but operate with an AK-framework and focus on
the effects of capital reallocation on growth. Our cross-sectional return implications
are related to Lin (2009) and Kogan and Papanikolou (2010) who examine the effects
of technological progress on the cross-section of returns.

Methodologically, our paper builds on and is closely related to recent work by Comin
and Gertler (2006) and Comin et al. (2009). Building on the seminal work by Romer
(1990) and Grossman and Helpman (1991a), these authors integrate innovation and
adoption of new technologies into a real business cycle model and show that the
resulting stochastic endogenous growth model features rich movements at lower than
business cycle frequencies, which they label medium term business cycles. We con-
tribute to this literature by linking medium term cycles to long run risks and aggre-
gate risk premia, and examining its asset pricing implications with recursive prefer-
ences. Moreover, while they consider low-frequency movements around a trend, we
focus on the low frequency movements of the trend growth rate. This is an important
distinction from an asset pricing perspective.

The paper is structured as follows. In section 2 we describe our benchmark model.
In section 3 we qualitatively explore the growth and productivity processes arising in
equilibrium and detail their links with the real business cycle model. We examine its
quantitative implications for productivity, macroeconomic quantities and asset prices

in section 4, along with a number of empirical predictions. Section 5 concludes.
2.2 Model

We start by describing our benchmark endogenous growth model. We embed a

model of industrial innovation in the tradition of Romer (1990) into a fairly stan-
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dard macroeconomic model with convex adjustment costs and recursive Epstein-Zin
preferences. In the model, rather than assuming exogenous technological progress,
growth instead arises through research and development (R&D) investment. R&D
investment leads to the creation of intermediate goods or new patents used in the pro-
duction of a final consumption good. An increasing number of intermediate goods is
the ultimate source of sustained growth, hence the model is a version of an expanding-

variety model of endogenous growth.

Household The representative household has Epstein-Zin preferences defined over

consumption:

U= {(1=B)CT +BETN 21)

where v is the coefficient of relative risk aversion, v is the elasticity of intertemporal
substitution, and 6 = 1£—_1/7¥ When ¢ # %y’ the agent cares about news regarding
long-run growth prospects. We will assume that ¢ > % so that the agent has a pref-
erence for early resolution of uncertainty and dislikes shocks to long-run expected
growth rates.

The household maximizes utility by participating in financial markets and by sup-
plying labor. Specifically, the household can take positions Z; in the stock market,
which pays an aggregate dividend D;, and in the bond market, B;. Accordingly, the

budget constraint of the household becomes
Cy+ QZi1 + By = Wiy + (Q +Dy) 2, + R By (2.2)

where O, is the stock price, R; is the gross risk free rate, W; is the wage and L;
denotes hours worked.

As described above, the production side of the economy consists of several sectors, so
that the aggregate dividend can be further decomposed into the individual payouts

8



of these sectors, in a way to be described below.
As usual, the setup implies that the stochastic discount factor in the economy is

given by

1 _ =1/
Cii1\ ¥ []Et(Ut1+17)] e
Cy U’Y—l/w

t+1

My = 5 ( (23)

where the second term, involving continuation utilities, captures preferences concern-
ing uncertainty about long-run growth prospects. Furthermore, since the agent has
no disutility for labor, she will supply her entire endowment, which we normalized

to unity.

Final Goods Sector There is a representative firm that uses capital Ky, labor L;
and a composite of intermediate goods G, to produce the final (consumption) good

according to the production technology
Yy = (K (L)' ™)' 4G (2.4)

where the composite G; is defined as

Gtz[ X;tdz'] . (2.5)

0

X is intermediate good i € [0, N;], where N; is the measure of intermediate goods
in use at date ¢, and « is the capital share, £ is the intermediate goods share, and v
is the elasticity of of substitution between the intermediate goods. Note that v > 1
is assumed so that increasing the variety of intermediate goods raises the level of
productivity in the final goods sector. This property is crucial for sustained growth.
In our quantitative work, we will think of intermediate goods as new patents or
intangible capital.

The productivity shock €); is assumed to follow a stationary Markov process. Because

9



of the stationarity of the forcing process, sustained growth will arise endogenously
from the development of new intermediate goods. We will describe the R&D policy
below.

The firm’s objective is to maximize shareholder value. Taking the stochastic discount

factor M; as given,this can be formally stated as

max Ey
{16, Lt Kit1,Xi,1}420,i6[0,N4]

i MtDt] (2.6)

t=0

The firm’s dividends are

Ny
Dt - }/t - It - WtLt - J Pi,tXi,t dl (27)
0

where [; is capital investment, W; is the wage rate, and P;; is the price per unit
of intermediate good i, which the final goods firm takes as given. The last term
captures the costs of buying intermediate goods at time t.

In line with the literature on production-based asset pricing, we assume that in-
vestment is subject to capital adjustment costs, so that the capital stock evolves
as

K= (1— 0K, + A (%) K, (2.8)

t

where § is the depreciation rate of capital and A(-) the capital adjustment cost

function®.

> A() is specified as in Jermann (1998)

1
I Qa1 Iy e
Al— )= — +
(Kt> 1-1 (Kt 2
The parameter  represents the elasticity of the investment rate. The parameters « and as are
set so that there are no adjustment costs in the deterministic steady state.

10



Denoting by ¢; the shadow value of capital, the firm’s optimality conditions are

_ 1
qg = AQ
Y,
W = (1-a)(1-97
t
1 Yiit Iiyq )}]
1 = E,| M, —{ a(l — + 1—-9)— + A
t[ Hl{%(( f)KtH Qt+1( ) K1 Ge+14\ ¢ +1

Ne 1 1 q

vé—1
i 1 1
P = (p@ueyy | [ xbha)xd

: it

0
where A; = A ([I{—tt) and A} = A (II{—tt) The last equation determines the final good
producer’s demand for intermediate input. Importantly, that demand is procyclical,

as it depends positively on 2;.

Intermediate Goods Sector Intermediate goods producers have monopoly power. Given
the demand schedules set by the final good firm, monopolists producing the inter-
mediate goods set the prices in order to maximize their profits. Intermediate goods
producers transform one unit of the final good in one unit of their respective inter-
mediate good. In this sense production is “roundabout” in that monopolists take
final good production as given as they are tiny themselves. This fixes the marginal
cost of producing one intermediate good at unity.

Focusing on symmetric equilibria, the monopolistically competitive characterization

of the intermediate goods sector implies
-Pi,t = Pt =V (29)

That is, each intermediate goods producer charges a markup v > 1 over marginal
cost. Hence, intermediate profits are
Hi,t = Ht = (l/ — 1)Xt (210)

11



1
where X;; = X; = (% (K& (L))" * Ntyg_l) "°. Consequently, the intermediate
good input and hence monopoly profits are procyclical. The value of owning exclusive

rights to produce intermediate good i is equal to the present discounted value of the

current and future monopoly profits
Vie = Vi = Il + 9B M1 Viia] (2.11)

where 1 — ¢ is the probability that an intermediate good becomes obsolete. Again,
given the procyclicality of profits, values of patents are procyclical as well. Since the
value of patents are the payoff to innovation, as described below, this implies that

the returns to innovation are procyclical and risky.

RED Sector Innovators develop new patents for intermediate goods used in the pro-
duction of final output. They do so by conducting research and development, using
the final good as input at unit cost. Patents of newly developed products can be
sold to intermediate goods producers. Assuming that this market is competitive, the
price of a new patent will equal its value to the new intermediate goods producer.
For simplicity, we assume that households can directly invest in research and devel-
opment.

We link the evolution of the measure of intermediate goods or patents N; to innova-

tion as
Nt+1 - 'lgtSt + QSNt <212)

where S; denotes R&D expenditures (in terms of the final good) and J; represents the
productivity of the R&D sector that is taken as exogenous by the R&D sector. In a
similar spirit as Comin and Gertler (2006), we assume that this technology coefficient

involves a congestion externality effect capturing decreasing returns to scale in the

12



innovation sector

X - N
Uy = W (2.13)

where y > 0 is a scale parameter and n € [0, 1] is the elasticity of new intermediate
goods with respect to R&D. Since there is free entry into the R&D sector, the

following break-even condition must hold:
Et[Mt—&-lV;f—&—l](Nt—&—l - ¢Nt) =5 (2-14)

which says that the expected sales revenues equals costs, or equivalently, at the

margin, 79% = E[Mi 1 Vi)

Resource Constraint Final output is used for consumption, investment in physical

capital, factor input used in the production of intermediate goods, and R&D:

}/;5 == Ot + [t + NtXt + St (215)

== Ot + [t + Ntl_VGt + St (216)

where the last equality exploits the optimality conditions and the term N} "G,
captures the costs of intermediate goods production. Given that v > 1 reflecting
monopolistic competition, it follows that increasing product variety increases the ef-

ficiency of intermediate goods production, as the costs fall as N, grows.

Stock Market We assume that the stock market value includes all the production
sectors, namely the final good sector, the intermediate goods sector, as well as the

research and development sector. The aggregate dividend then becomes
Dt = Dt + HtNt - St (217)

13



Defining the stock market value to be the discounted sum of future aggregate divi-

dends, exploiting the optimality conditions, this value can be rewritten as

Qi = ¢ Kpir + Ne(Ve = TI) + By | D Myi14iViiian(Niins — 6Niys) (2.18)

i=0
as in Comin et al. (2009). The stock return is defined accordingly. Therefore, the
stock market value comprises the current market value of the installed capital stock,
reflected in the first term, the market value of currently used intermediate goods
interpreted as patents or blueprints, reflected in the second term, as well as the
market value of intermediate goods to be developed in the future, as reflected in the
third term. Therefore, in addition to the tangible capital stock, the stock market

values intangible capital as well as the option value of future intangibles.

Forcing Process  We introduce uncertainty into the model by means of an exogenous
shock €); to the level of technology. We assume that 2, = e*, and a; = pa; 1 + €,
with ¢ ~ N(0,0%) and p < 1. Note first that this process is strictly stationary, so
that sustained growth in the model will not arise through exogenous trend growth
in exogenous productivity, but endogenously. Second, while formally, €2; resembles
labor augmenting technology, it does not represent measured TFP in our setting.
Rather, measured TFP in the model can be decomposed in an exogenous component,
driven by {2;, and an endogenous component which is driven by the accumulation
of intermediate goods and hence innovation, which is also the source of sustained

growth. We discuss the dynamics of productivity in detail in section 3.
2.3 Equilibrium Growth and Productivity

In our benchmark model, sustained growth is an equilibrium phenomenon resulting
from agents’ decisions. Moreover, these decisions generate growth rate and produc-
tivity dynamics contrasting with those implied by more standard macroeconomic

14



frameworks. In this section we describe these patterns qualitatively, while we will
provide supportive empirical evidence and a quantitative analysis in the next section.
First, it is convenient to represent the aggregate production function in our bench-
mark model in a form that permits straightforward comparison with specifications
used commonly in macroeconomic models where growth is given exogenously. To
that end, note that using the equilibrium conditions derived above, final output can
be rewritten as follows:

5 1§T£ vE—¢
}Q:(—) KoL) N, ¢ (2.19)

14

For sustained growth to obtain in this setting we need to impose a parametric re-
striction. Technically, to ensure balanced growth, we need the aggregate production
function to be homogeneous of degree one in the accumulating factors K; and N;.
We will thus impose the parameter restriction that o + % = 1. In this case, we
have a production function that resembles the standard neoclassical one with labor

augmenting technology Y; = K{(Z; L)'~ where total factor productivity (TFP) is

Z, = AQ,N, (2.20)

and A = (g)m > 0 is a constant. The equilibrium productivity process thus
contains a component driven by the exogenous forcing process, §2;, and an endogenous
trend component reflecting the accumulation of intermediate goods, N;.

In our quantitative work, we will contrast the implications of the benchmark with
those of a nested standard real business cycle model with exogenous growth. We can
achieve this by specifying the aggregate stock of R&D exogenously. More specifically,
in the latter model, we specify TFP as Z;, = AQ, N, and a deterministic trend N, =
ert,

Hence, the fundamental difference between our model and the canonical real business
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cycle framework is that the trend component of the TFP process, V;, is endogenous
and fluctuates in our setup but exogenous and deterministic in the RBC model. Our
benchmark model thus endogenously generates a stochastic trend, which is consistent
with the evidence for OECD countries in Cogley (1990).

This stochastic trend is naturally reflected in the dynamics of productivity growth

rates. Clearly, given a realistically persistent process for a;, we have

AZt = Ant + Aat (221)

~ Ant + & (222)

where lowercase letters denote logs. In contrast, with a deterministic trend, we
have AZ; ~ pu + ¢. Accordingly, while in the counterpart with exogenous growth,
productivity growth will be roughly i.i.d., it will inherit a second component in
the benchmark model which depends on the accumulation of patents. Therefore,
qualitatively and quantitatively, the dynamics of productivity growth reflect the
dynamics of innovation.

To see this more explicitly, rewrite the growth rate of productivity, AZ;, as AZ; =
AN, -AQ,. Given a realistically persistent calibration of {€2;} in logs, we have AQ; ~
e*. On the other hand, given the accumulation of N; as N; = ¥ - S;_1 + ¢ N;_1, the

growth rate of patents becomes AN; = ¥, - gt,l + ¢, where we set

)

I
Z|&

We will refer to §t as the R&D intensity. Accordingly, we find AZ; ~ (¥, - §t_1 +
¢)(et). Thus,

Ei[AZi] ~ E [(ﬁt-§t+¢)(eft+l)] (2.23)

9, -5+ ¢ (2.24)

2
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Our model thus exhibits variation in expected growth driven by the R&D inten-
sity. Empirically, the R&D intensity is a fairly persistent and volatile process. In
a realistic calibration of the model, we therefore expect productivity growth to ex-
hibit substantial low-frequency variation and persistent uncertainty about growth
prospects. Favorable economic conditions, as captured by a positive shock to a;, also
affect productivity and growth through their equilibrium effect on innovation and
hence NV, thus propagating shocks further. This is quite in contrast to the counter-
part with exogenous growth, where expected productivity growth is approximately
constant.

The equilibrium productivity growth dynamics implied by the model resemble closely
those specified by Croce (2008). Croce specifies productivity to contain an i.i.d.
component as well as a small, but persistent component. He refers to that latter
component as long-run productivity risk and shows that this specification allows to
generate substantial risk premia in a production economy. While he exogenously
specifies these dynamics, we show that such long-run productivity risk arises natu-
rally in a setting with endogenous growth and that it is linked to innovation. Our
model thus allows to empirically identify economic sources of long-run risk.

We can get further insights into the determinants of the stochastic trend by exploit-
ing the specification of the innovation sector. From the law of motion for patents
and the optimality condition for R&D it follows that the growth rate of the measure

of intermediate goods satisfies

N, n_
L B XM Vil (2.25)
t
1 & ) ﬁ
= o+ Ly [ xn Z Myjpd’ iy (2.26)
j=1
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where M, j, = Hi M, ¢4, is the j-step ahead stochastic discount factor and M, = 1.
This implies that growth is directly related to the discounted value of future profits
in the intermediate goods sector. This observation has two important implications.
First, growth rates will naturally inherit the procyclicality of profits. Second, the
average growth rate is endogenously related to the discount rate. Quantity dynamics
therefore reflect risk premia. With recursive preferences, equilibrium growth will also
depend on the endogenous amount of persistent long-term uncertainty. This is quite
in contrast to the real business cycle model, where, as shown by Tallarini (2000),

risk premia do not affect quantity dynamics.
2.4  Quantitative Implications

In this section we calibrate our model and explore its ability to replicate key mo-
ments of both macroeconomic quantities and asset returns. Rather than matching
standard business cycle moments, we calibrate our model of endogenous growth to
be quantitatively consistent with long-run dynamics of the aggregate economy, by
which we mean isolating appropriate frequency bands in growth rates using a band-
pass filter. On the other hand, we find it instructive to compare our benchmark
model with a version in which trend growth is given exogenously. In the following,
we refer to the benchmark endogenous growth model as ENDO, and the exogenous

growth counterpart as EXO. The models are calibrated at a quarterly frequency.
2.4.1 Parameter Choices

Our benchmark model has three main components: Recursive preferences, a technol-
ogy to produce final consumption goods, and an innovation technology. Recursive
preferences have been used extensively in recent work in asset pricing.® We follow

this literature and set preference parameters to standard values that are also sup-

6 See Bansal and Yaron (2004).
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ported empirically.” The parameters related to the final goods sector are set to match
long-run dynamics in the aggregate economy. We identify the long-run components
of growth rates with movements at frequencies between 100 and 200 quarters, that
we isolate using a bandpass filter. We follow Comin and Gertler (2006) in calibrating
the parameters related to the intermediate goods and R&D sectors. These choices
are also consistent with empirical evidence in the growth literature. Critically, satis-
fying balanced growth helps provide further restrictions on parameter values. Table
2.1 summarizes our parameter choices.

We begin with a description of the calibration of the preference parameters. The
elasticity of intertemporal substitution v is set to value of 1.85%and the coefficient
of relative risk aversion 7 is set to a value of 10, which are standard values in the
long-run risks literature. An intertemporal elasticity of substitution larger than one
is consistent with the notion that an increase in uncertainty lowers the price-dividend

%, which implies that the agent dis-

ratio. Note that in this parametrization, v >
likes shocks to expected growth rates and is particularly important for generating a
sizeable risk premium in this setting. The subjective discount factor [ is set to an
annualized value of 0.984 so as to be consistent with the level of the riskfree rate.

In the final goods sector, the capital share « is set to .35, the intermediate goods
(materials) share £ is set to 0.5, and the depreciation rate of capital J is set to 0.02.
These three standard parameters are calibrated to match steady-state evidence. The
capital adjustment cost function is standard in the production-based asset pricing

9

literature.” The adjustment cost parameter ( is set at 0.70 to match the relative

volatility of long run consumption growth to output growth.

7 See Bansal et al. (2007) uses Euler conditions and a GMM estimator to provide empirical support
for the parameter values.

8 This choice is also consistent with the estimation evidence in van Binsbergen et al. (2011).

9 See, for example, Jermann (1998), Croce (2008), Kaltenbrunner and Lochstoer (2008) or van
Binsbergen et al. (2011) for estimation evidence.
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We now turn to the calibration of the parameters relating to the stationary produc-
tivity shock a; = log(€2;). Note that this shock is different than the Solow residual
since the final goods production technology includes a composite input consisting
of an expanding variety of intermediate goods, as detailed in the previous section.
The persistence parameter p is set to an annualized value of 0.95 and is calibrated
to match the first autocorrelation of R&D intensity. Furthermore, this value for p
allows us to be consistent with the first autocorrelations of the key quantity growth
rates and productivity growth.!® The volatility parameter o is set at 1.75% to match
long-run output growth volatility.

For the remaining parameters, the markup in the intermediate goods sector v is set
to a value of 1.65 and the elasticity of new intermediate goods with respect to R&D
7 is set to a value of 0.85. While the markup of intermediate inputs is difficult to
measure, varying the parameter around a reasonable range does not change our key
quantitative results. The parameter 7 is within the range of panel and cross-sectional
estimates from Grichiles (1990). Since the variety of intermediate goods can be inter-
preted as the stock of R&D (a directly observable quantity), we can then interpret
one minus the survival rate ¢ as the depreciation rate of the R&D stock. Hence,
we set ¢ to 0.9625 which corresponds to an annualized depreciation rate 1 — ¢ of
15% which is a standard value and that assumed by the BLS in the the R&D stock
calculations. The scale parameter y is used to help match balanced growth evidence
and set at a value of 0.332.

We calibrate the exogenous growth model (EXO) to facilitate direct comparison with

our benchmark model. To do so, we set a trend growth parameter u equal to 1.90%

10 To provide further discipline on the calibration of p, note that since the ENDO model implies the
TFP decomposition, Az; = Aa; + Anyg, we can project log TFP growth on log growth of the R&D
stock to back out the residual Aa;. The autocorrelations of the extracted residual Aa; show that
we cannot reject that it is white noise. Hence, in levels, it must be the case that a; is a persistent
process to be consistent with this empirical evidence. In our benchmark calibration, the annualized
value of p is .95.
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to match average output growth and adjust the volatility of the forcing process to

match the volatility of consumption growth of the benchmark model'!.
Long-Run Dynamics

Table 2.2 reports quantitative implications of the model for long-run economic per-
formance. The benchmark model is quantitatively in line with the average growth
rate of the economy and the long-run components o’ of output, consumption and
investment volatility, as targeted by our calibration. Two observations are neverthe-
less noteworthy.

First, the exogenous growth counterpart, while similarly calibrated, generates coun-
terfactually little long-run movements in quantities. This finding reflects the lack of
a strong propagation mechanism or, equivalently, the lack of endogenous persistence
that workhorse models of macroeconomics in the real business cycle tradition are
well known to exhibit and will be discussed in more detail below, in section 4.4.
Second, while at business cycle frequencies investment growth is much more volatile
than both consumption and output growth, in the long run, it is actually smoother.
This suggests that movements at higher frequencies are driven by a different set of
shocks. Our model of endogenous growth is most readily thought of as theory of
long-run movements and therefore we focus on innovations to productivity, to which

we turn now.
2.4.2  Productivity Dynamics

Many of the key implications of the benchmark model can be understood by looking
at the endogenous dynamics of total factor productivity (TFP) growth, AZ;, which

we outlined in section 3:

EfAZ ] = 0, - §t + ¢

I Extensive robustness checks with other model specifications are available in a separate appendix
on request.
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where §t = ff_tt is the R&D intensity. Therefore, qualitatively, the dynamics of TFP
are driven by endogenous movements in R&D.

Quantitatively, the implications of the model will thus depend on the ability of our
calibration to match basic stylized facts about R&D activity and innovation. As
table 2.2 documents, the model is broadly consistent with volatilities and autocor-
relations of R&D investment, the stock of R&D and R&D intensities in the data.
Crucially, as in the data, the R&D intensity is a fairly volatile and persistent process
and we match its annual autocorrelation of 0.93.

The above decomposition of the expected growth rate of TFP therefore suggests a
highly persistent component in TFP growth. Table 2.4 confirms this prediction, both
in the data as well as in the model. While uncovering the expected growth rate of
productivity as a latent variable in the data (as in Croce (2008)) suggests an annual
persistence coefficient of 0.93, our model closely matches this number with a persis-
tence coefficient of 0.95. Moreover, the volatilities of expected TFP growth rates in
the data and in the model roughly match. Note that in contrast to our benchmark
model, the EXO specification implies that TFP growth is roughly i.i.d., inconsistent
with the empirical evidence.

Qualitatively, the above decomposition and the persistence of R&D intensity sug-
gests that R&D intensity should track productivity growth rather well. Figures 2.1
and 2.2 visualize these patterns in the model, using a simulated sample path, as
well as in the data. The plots visualize the small, but persistent component in TFP
growth induced by equilibrium R&D activity.

From an empirical point of view, these results suggest that R&D activity, and es-
pecially the R&D intensity should forecast productivity growth rather effectively.
We confirm this prediction in table 2.6, which documents results from projecting
productivity growth on R&D intensity or R&D growth, respectively, over several

horizons. In the data, R&D intensity and growth forecasts productivity growth over
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several years, significantly, and with R?’s increasing with the horizon. Qualitatively,
the model replicates this pattern rather well.

The intuition for these results comes from the endogenous R&D dynamics that the
model generates. This can be readily gleaned from the impulse responses to an
exogenous shock displayed in figure 2.4. It exhibits responses of quantities in the
patents sector. Crucially, after a shock profits rise persistently. Intuitively, a pos-
itive shock in the final goods sector raises the demand X; for intermediate goods,
and with I, = (v — 1)X;, this translates directly into higher profits. Naturally,
given persistently higher profits, the value of a patent goes up, as shown in the third
panel. Then, in turn, as the payoff to innovation is the value of patents, this triggers
a persistent increase in the R&D intensity. This yields the persistent endogenous
component in productivity growth displayed above. Crucially, the exogenous shock
has two effects. It immediately raises productivity of the final output firm temporar-
ily (due to the mean-reverting nature of the shock), leading to standard fluctuations
at business cycle frequency. In addition, it also induces more R&D which will be
reflected in the creation of more patents which has a permanent effect on the level of
productivity. Moreover, the increases in R&D are persistent, leading to fluctuations
at lower frequencies. Intuitively, in this setting, an exogenous shock to the level of
productivity endogenously generates a persistent shock to the growth rate of the

economy, or in other words, it generates growth waves.
2.4.3 Consumption Dynamics and Endogenous Long-Run Risk

In the previous section, we documented that the benchmark model has rich impli-
cations for the dynamics of measured TFP, which will naturally be reflected in the
quantity dynamics of our production economy. With a view towards asset pricing,
we focus on the implications for consumption dynamics in this section. In particular,

we examine the dynamics of expected consumption growth that the model generates.
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While Bansal and Yaron (2004) have shown in an endowment economy that persis-
tent variation in expected consumption growth coupled with recursive preferences
can generate substantial risk premia in asset markets, the empirical evidence regard-
ing this channel is still controversial. In this light, providing theoretical evidence in
production economies supporting the mechanism would be reassuring 2.

Table 2.7 documents basic properties of consumption growth in the model. While
the model matches the volatility of consumption growth, it also roughly replicates
its annual autocorrelation. This is in sharp contrast to the EXO specification, where
consumption growth is barely autocorrelated. More importantly, the table also doc-
uments that the benchmark model produces substantial variation in expected con-
sumption growth, considerably more than the EXO specification. Similarly, this is
also reflected in the substantial long-term volatilities that consumption growth ex-
hibits in the model. In line with the asset pricing literature, we will refer to the
volatility of consumption growth as business cycle or short-run risk and persistent
variation in expected consumption growth as long-run risk. This suggests that the
benchmark model generates quantitatively significant long-run risks in consumption
growth.

Note that while Bansal and Yaron (2004) (in an endowment economy setting) and
Croce (2008) (in a production economy setting) generate long-run risks by intro-
ducing independent, persistent shocks to consumption and productivity growth re-
spectively, in our model fluctuations in realized consumption growth and persistent
variation in expected consumption growth are driven by one source of exogenous
uncertainty only. Hence, the model translates this disturbance in substantial low-

frequency movements in consumption growth, or, in other words, provides a strong

12 While several papers have considered how such long run risks can arise endogenously in pro-
duction economies (Croce (2008), Kaltenbrunner and Lochstoer (2008), Campanale et al. (2008)),
these studies operate in versions of the real business cycle model (proxied by the EXO specification
here) and typically do not generate sufficient endogenous risks to match asset market statistics
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mechanism to propagate this shock. Accordingly, shocks to realized consumption
growth also act as shocks to expected consumption growth.

Table 2.8 reports long-horizon autocorrelations of consumption growth, in the data
and in the model. We restrict the empirical sample to 1953 to 2008, to ensure con-
sistence with the availability with R&D data. While our model matches the first
autocorrelation of consumption growth almost exactly, the second and third auto-
correlation are negative in the data and positive in the model, and more importantly,
outside the 95% confidence interval. On the other hand, all longer horizon autocor-
relations are within that confidence interval.

In order to quantify the persistence in consumption growth in the model, we now
compute the expected consumption growth process. We do so in two ways. In the
first method, we take the consumption growth policy function from the numerical
solution and directly take conditional expectations to obtain the expected consump-
tion growth policy. Then we can directly simulate the process using this function. In
the second method, we first simulate log consumption growth Ac; as well as the state
variables log capital-to-R&D-capital ratio @t, and log productivity shock a; from the
model and proceed by running the following regression Ac;. 1 = 8o+ ,BIEt+62at+ec7t+1
so that the fitted values from this regression give the expected consumption growth
process. Table 2.9 reports the results. The two methods yield practically the same
process. This is not surprising as consumption growth in the model is approximately
log-linear in the state variables. Also the endogenous expected consumption growth
dynamics generated from our model are roughly similar to the exogenous specifica-
tion (x;) from Bansal and Yaron (2004). In particular, our process is slightly more
persistent but slightly less volatile than the one in Bansal and Yaron.

Naturally, persistence in expected consumption growth is just a reflection of per-
sistent dynamics in productivity growth. Empirically, this suggests that measures
related to innovation, and the R&D intensity and R&D growth in particular, should
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have forecasting for consumption growth. We verify this in table 2.10, which re-
ports results from projecting future consumption growth over various horizons on
the R&D intensity and growth. Empirically, these innovation measures predict fu-
ture consumption growth over horizons up to 5 years, with significant point estimates,
and R?’s are increasing with the horizon. Qualitatively, the model reflects this pat-
tern reasonably well. This gives empirical support to the notion of innovation-driven

low-frequency variation in consumption growth.

2.4.4 Fluctuations and Propagation

While consumption dynamics are important for asset pricing, endogenous persis-
tent variation in expected productivity growth suggests a propagation mechanism
for quantities more generally, which, as alluded to above, standard macro models
typically lack. We therefore now turn to a more systematic discussion of the macroe-
conomic implications of the model.

Table 2.11 reports standard business cycle statistics implied by the model. While
the model is calibrated to replicate long-run dynamics of the aggregate economy, the
table shows that it is also reasonably consistent with basic business cycle statistics.
In particular, our benchmark model does just as well as the EXO model, which is
essentially a version of a standard real business cycle model, meaning that the ENDO
model generates high-frequency dynamics in line with the canonical real business cy-
cle model. On the other hand, all specifications predict investment to be too smooth.
This is because the model is calibrated to generate realistically smooth long-run in-
vestment dynamics, suggesting that different shocks drive investment volatility at

business cycle frequencies 3.

13 Similarly, we abstract from endogenous movements in labor supply, as those mostly drive fluc-
tuations at business cycle frequencies.
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Looking beyond the standard business cycle statistics, the macroeconomic impli-
cations of our benchmark model and the exogenous growth counterpart are quite
different, as we now explore.

Table 2.12 reports autocorrelations of basic growth rates, in the data, as well as in the
ENDO and the EXO models. Note first that while all growth rates exhibit consid-
erable positive autocorrelation at annual frequencies, the corresponding persistence
implied by the EXO models is virtually zero, and sometimes even negative. This is
one of the main weaknesses of the real business cycle model (as pointed out e.g. in
Cogley and Nason (1995)). In stark contrast, our ENDO model generates substantial
positive autocorrelation in all quantities, and in general are quantitatively close to
their data counterparts. Note that the exogenous component of productivity is the
same in both model. Accordingly, the ENDO model possesses a strong propagation
mechanism induced by the endogenous component of productivity, e.g. by R&D.
The intuition for this endogenous propagation is of course simple, and tightly linked
to the dynamics of TFP documented in the previous section. To the extent that
innovation induces a persistent component in productivity, this will be reflected in
quantity dynamics. Recall however, that the TFP dynamics implied by the model
are consistent with the empirical evidence. As for consumption growth, this sug-
gests that the drivers of expected productivity growth, namely the R&D intensity
and R&D growth, should forecast quantity growth. This is verified in table 2.13 for
output growth.

The propagation mechanism implies that macroeconomic quantities display markedly
different behavior at different frequencies, in other words, it implies a rich intertem-
poral distribution of growth rates. The results in table 2.12 also suggest that the
implied volatilities of growth rates of the EXO and ENDO models are basically
undistinguishable at short horizons, in the ENDO model they grow fairly quickly

over longer horizons. Basically, the ENDO model generates significant dynamics at
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lower frequencies, while the EXO model does not.

Another implication of the model is that it generates cash flow dynamics in line with
the empirical evidence. First of all, it generates strongly procyclical profits. This
can be seen from figure 2.4. In our setting, this is driven by the procyclical demand
for intermediate goods. Second, the model generates a persistent component in divi-
dend growth. This can be seen in table 2.15, which documents considerable volatility
in conditional expected dividend growth, which implies substantial variation in the
conditional mean of cash flow growth. This is visualized in figure 2.6. Again, this
is in stark contrast to the exogenous growth specification. This will be important
from an asset pricing perspective, as only the benchmark model generates sufficient

long-term uncertainty about dividend growth.
2.4.5 Asset Pricing Implications

The productivity dynamics in the model and the resulting endogenous persistence
in consumption and cash flows generate sizeable risk premia in asset markets, as
we now document. Endogenous persistence in growth rates affects asset prices in
our model, because when agents have Epstein-Zin utility with a preference for an
early resolution of uncertainty, not only are innovations to realized consumption and
dividend growth priced, but also innovations to expected consumption and dividend
growth.

Consistent with the multi-sector structure of our model, the stock market is a claim
to the net payout from production; equation (18) provides a decomposition of the
value of this claim into the value of physical capital and patents, hence intangible
capital. Accordingly, we can separately define the returns on physical capital, the
return on intangible capital, and the spread between the two. We will suggestively
relate that spread to the value premium, the return spread between high book-to-

market stocks (value stocks) and low book-to-market stocks (growth stocks). The

28



link is more suggestive as growth firms in the data likely are intangibles intensive
but also hold physical capital, while in our model they do not, and likewise for value
firms.

Table 2.14 reports asset market statistics, for the benchmark model and alternative
specifications. Quantitatively, the benchmark model generates a sizeable excess re-
turn on stocks of close to 3%, an premium on physical capital in excess of 4%, a
value spread close to the excess return on the aggregate stock market, plus a low and
smooth risk free rate. The volatility of the aggregate stock market returns is close
to 5%, with considerable volatilities of the return on physical capital and the value
spread as well.

While sizeable, the premia and volatilities of returns in the model do not rationalize
their empirical counterparts entirely. In line with our interpretation of the bench-
mark endogenous growth model as a model of long-run dynamics, we view the model
implied premia and volatilities as those components reflecting uncertainty about
long-term growth prospects and productivity. As documented earlier, the bench-
mark model is calibrated to match such long-run risks in the language of Bansal
and Yaron, while it does not generate realistic business cycle or short-run risks,
such as investment volatility. Indeed, Ai et al. (2010) report that empirically the
productivity-driven fraction of return volatility is just around 6%, which is roughly
consistent with our quantitative finding. On the other hand, table 2.14 also reports
the asset pricing implications of a version of the endogenous growth model which is
calibrated to match short-run consumption risk in a long-sample starting from the
great depression. This calibration produces an overall equity premium of close to
6%, and a value premium of a similar magnitude.

In order to understand these results, it is instructive to compare the asset pricing im-
plications of the benchmark model with those of the exogenous growth specification.
To facilitate comparison, we focus on the returns on physical capital in the following.
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While, as discussed previously, the quantity implications of the models are similar
at high-frequencies, the pricing implications are radically different. As can be seen
from the table, the risk free rate is counterfactually high in the exogenous growth
specifications, and the equity premium is close to zero and only a tiny fraction of
what obtains in the benchmark model. These differences are intimately connected to
differences in low-frequency dynamics that the two models generate. Intuitively, in
the settings with exogenous growth, expected growth rates are roughly constant (as
in the real business cycle model), therefore diminishing households’ precautionary
savings motive. In such a setting, households want to borrow against their future
income, which in equilibrium can only be prevented by a prohibitively high interest
rate. In the endogenous growth setting, however, taking advantage of profit op-
portunities in the intermediate goods sector leads to long and persistent swings in
aggregate growth rates, and higher volatility over longer horizons. In this context,
households optimally save for low growth episodes, leading to a lower interest rate
in equilibrium.

Moreover, in contrast to intangible capital, the claim to physical capital is very
risky in the model. This suggests that physical capital is endogenously more ex-
posed to long-run uncertainty. The reason is twofold. First, as discussed above,
the model generates endogenous long-run risks in consumption growth reflected in
the stochastic discount factor. Second, the level of the risk premium also implies
that in equilibrium, dividends on physical capital are risky. The reason is that these
dividends naturally inherit a persistent component from the endogenous component
of productivity. These cash flow dynamics not only affect risk premia, but naturally,
also asset market valuations, as documented in figure 2.6. Specifically, the figure doc-
uments that following a productivity shock expected growth rates respond strongly
in a persistent fashion in the ENDO model whereas in the EXO model expected
growth rates are virtually unresponsive to the shock. In particular, expected div-
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idend growth rates endogenously exhibit substantial persistent variation consistent
with the setup in Barsky and DeLong (1993), who show that such a process can
explain long swings in stock markets, and in Bansal and Yaron (2004).

The impulse responses also show that innovations to realized consumption and div-
idend growth are tightly linked to innovations to expected growth. Both of these
innovations are priced when agents have Epstein-Zin utility with a preference for
early resolution of uncertainty. In this case, agents fear that persistent slowdowns in
growth coincide with a fall in asset prices. Therefore bad shocks are simultaneously
bad shocks for the long run, which renders equity claims very risky.

Figure 2.7 illustrates this. In the benchmark model the response of the stochas-
tic discount factor is substantially larger on impact than in the exogenous growth
counterpart as a shock to realized consumption growth leads to a revision in growth
expectations which is picked up in the stochastic discount factor as a revision to
expected continuation utility. This is in contrast to the exogenous growth specifica-
tion, where consumption growth is essentially iid. Moreover, the benchmark model
displays stronger co-movements of returns and discount factor, leading to a higher

risk premium as the latter is E[ry — r¢] & —cov(m, ry).
2.4.6  Asset Prices and Growth

While the endogenous growth rate dynamics in the model in conjunction with re-
cursive preferences help explain large risk premia in the data, asset prices also have
important feedback effects on the macroeconomy. In particular, realistic risk pre-
mia in the model foster growth and amplify long-run movements in growth rates,
a phenomenon we label long-run amplification. This is in contrast to real business
cycle models, in which risk and risk premia do not affect quantity dynamics, a point
which was forcefully made by Tallarini (2000). Formally, these feedback effects can

be traced to equation (26) which relates the growth rate of the economy to discount
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rates and profit opportunities in the intermediate goods sector. Our model suggests
that such a feedback can be quantitatively significant.

Table 2.15 provides quantitative evidence on long-run amplification. It reports the
volatilities of conditional means, long-run risks in other words, of various quantities.
It does so for the benchmark model, the exogenous growth model, and a version of
the endogenous growth model solved with CRRA preferences by setting the IES to
the inverse of risk aversion. Not surprisingly, movements in conditional means are
much more pronounced in the benchmark model relative to the exogenous growth
model. Notably, however, the CRRA case of the endogenous growth model barely
generates movements in conditional means. Thus, in our benchmark model, real-
istic asset price implications provide long-run amplification. Recursive preferences
in conjunction with endogenous persistent fluctuations in growth rates increase the
volatility of asset prices. Incentives to innovate reflect prices however, which renders
innovation more volatile and amplifies long-run movements in growth.

We provide quantitative evidence on average growth rate effects in table 2.16, where
we report sensitivity of model implications with respect to the key preference pa-
rameters, risk aversion and intertemporal elasticity of substitution. Consider first
varying risk aversion, in the first 2 columns. Consistent with the results in Tallarini
(2000), varying risk aversion barely affects standard business cycle statistics, that
is, second moments. In other words, while varying risk aversion does not affect the
amount of risk in the economy, it affects the price of risk and risk compensation,
reflected in substantial differences in risk premia. Therefore, relative to Tallarini,
the benchmark endogenous growth model exhibits a new effect, namely sensitivity
of the average growth rate relative to the risk aversion. Specifically, raising risk
aversion fosters growth. This has a simple intuition: Higher compensation for the
same risks, or similarly, higher price for the same magnitude of risks reflected by in a

higher Sharpe ratio, makes investment in risky assets more attractive and therefore
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channels resources towards innovation and R&D. This is reflected in higher R&D
investment, as measured by the R&D intensity, and hence higher growth.

In the last two columns, we keep risk aversion fixed at the benchmark level, but
vary the intertemporal elasticity of substitution. Note that for all specifications we
have 1 > %, so that irrespective of the specification, agents have a preference for
early resolution of uncertainty. Varying the IES changes the amount of risk in the
economy, and its intertemporal distribution. Raising the IES is akin to increasing
the propensity to substitute over time, which increases the response of investment
to productivity and expected productivity growth and accordingly its volatility. In
turn this smoothes consumption growth and increases its persistence. This raises the
volatility of the conditional mean of consumption growth. Raising the IES therefore
reduces short-run risk and increases long-run risk, while lowering the IES increases
short-run risk and reduces long-run risk. With a high price of long-run risk, the net

effect is an increase of the risk premium in the first case, and a fall in the latter case.

As above, the average growth rate of the economy is increasing in the Sharpe ratio.
2.4.7 Long-Term Comovement

Our model also has realistic implications for comovement between prices and quan-
tities at lower frequencies. In the following we identify low frequency movements in
growth rates using a bandpass filter which isolates movements at frequencies between
32 and 100 quarters.

Figure 2.8 reveals that the model replicates the low-frequency comovements between
productivity and quantities in the data. This is noteworthy because it reveals the
significant variation macro data exhibit at lower frequencies and the significant co-
movement between productivity and quantities, which is mirrored by the ENDO
model.

Figure 2.9 shows the close match between the price-dividend ratio and productivity
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growth in the data and the benchmark model at low-frequencies. This strongly sug-
gests productivity-driven slow movements in asset market valuations in the data. In
the model,these movements are driven by variation in expected cash flows, induced
by time variation in R&D intensity. The long swings in price-dividend ratios are
consistent with the evidence in Barsky and Delong (1993).

At lower frequencies we also find strong cross-correlations between stock returns and
consumption growth. This is displayed in figure 2.10, indicating the lag-lead struc-
ture between returns and consumption growth. In the data and at low frequencies,
returns lead consumption growth by several quarters and the lead correlations die
away more slowly (relative to the lag correlations). In other words, lower-frequency
movements in returns contain important information regarding long-run movements
in future growth. The ENDO model replicates this feature whereas the EXO model
does not. This important divergence between the two models is due to the fact that
in the ENDO model, growth rates contain a predictable component, which is absent
in the EXO models, that is a key determinant of asset prices. In sum, the benchmark
model is able reconcile the long-term relationship between returns and growth that

the neoclassical growth model fails to produce.
2.5 Conclusion

Starting from the notion that asset prices reflect expectations about future growth,
we provide a quantitative analysis of a production economy whose long-term growth
prospects are endogenously determined by innovation and R&D. By integrating in-
novation and R&D into a real business cycle model with recursive preferences, our
model constitutes a straightforward and highly tractable extension of the workhorse
model of modern macroeconomics. In sharp contrast to the latter, however, our
baseline model jointly rationalizes key features of asset returns and long-run macroe-

conomic performance in the data.
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In the model, favorable economic conditions boost innovation and the development
of new technologies. Since technological progress fosters long-run economic growth,
endogenous innovation generates a powerful propagation mechanism for shocks re-
flected in persistent variation in long-term growth prospects. With recursive pref-
erences, innovations to expected growth are priced and lead to high risk premia in
asset markets, as agents fear that persistent slowdowns in growth coincide with low
asset valuations. Formally, we show that R&D drives an endogenous predictable
component in measured productivity, which gives an innovation-based explanation
of long-run productivity risk in the data.

Our model thus allows to empirically identify economic sources of long-run risks.
Indeed, we document novel empirical evidence that measures of innovation have sig-

nificant predictive power for aggregate growth rates at longer horizons.

35



Table 2.1: Calibration

Parameter ENDO EXO

ik 0.984 0.984
Y 1.85 1.85
y 10 10

¢ 0.5 -

v 1.65 -

« 0.35 0.35
pt 0.95 0.95
X 0.332 -

0] 0.9625 -

n 0.83 -

) 0.02 0.02

o 1.75% 0.97%

¢ 0.70 0.70
4 - 1.90%

Table 2.2: Long-Run Dynamics

Data ENDO EXO

E[Ay] 1.90% 1.90% 1.90%
oxy  0.24% 0.22% 0.13%
okd  028% 0.24% 0.15%
okt 0.18% 0.17% 0.09%

Table 2.3: Innovation Dynamics

Data ENDO

OAs 4.89% 3.82%
AC1(As) 0.21 0.06
AC1(An) 0.90 0.94
AC1(S/N) 0.93 0.93
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Table 2.4: Expected Productivity Growth Dynamics

Estimate ENDO
o 0.93 0.95
o(7) 1.10% 1.20%

Table 2.5: Productivity Growth Dynamics

Data ENDO EXO
AC1(Az) 009 011  -0.02

o(E[Az41]) 0.38%  0.15%
UAZ(B) 9.29% 4.15%
O A= (10) 15.79%  5.55%
UAZ(QO) 2524% 686%

Table 2.6: Productivity Growth Forecasts

Forecasts with R&D Intensity

Horizon (k) Data ENDO
6] SE. R? 64 R?
1 0.014 0.009 0.031 0.075 0.039
2 0.031 0.015 0.080 0.142 0.062
3 0.049 0.024 0.120 0.204 0.077
4 0.069 0.032 0.174 0.261 0.088
) 0.091 0.041 0.232 0.314 0.095
Forecasts with R&D Growth
Horizon (k) Data ENDO
g SE. R? B R?
1 0.431 0.190 0.113 0.560 0.037
2 0.820 0.315 0.192 1.070  0.060
3 1.230 0.452 0.262 1.533 0.076
4 1.707 0.522 0.376 1.948 0.084
) 2.092 0.599 0.444 2322 0.090
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Table 2.7: Consumption Dynamics

Data ENDO EXO

OAc 1.42% 1.42% 1.42%
ACL(Ac) 040 039  -0.002
o(E[Acyi1]) 0.51%  0.09%
T Ae(5) 6.63% 3.14%

O Ac(10) 1197% 430%

0 Ac(20) 2118% 558%

Table 2.8: Consumption Autocorrelations

Data ENDO 95% confidence interval

lower upper
AC1(Ac)  0.40 0.39 0.05 0.53
AC2(Ac) -0.09 026 -0.01 0.49
AC3(Ac) -0.17 021  -0.06 0.46
AC4(Ac) -0.11 017  -0.11 0.42
AC5(Ac)  0.06 0.13  -0.15 0.39
AC6(Ac) 0.10 0.11  -0.17 0.38
ACT(Ac) -0.02 0.09 -0.20 0.35
AC8(Ac) -0.16 0.05 -0.24 0.33
AC9(Ac) -0.17 0.03 -0.25 0.32
AC10(Ac¢) -0.01 0.02 -0.27 0.31

Table 2.9: Expected Consumption Growth Dynamics

BY  Method 1 Method 2
p  0.979 0.981 0.981
gr 0.12% 0.10% 0.10%
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Table 2.10: Consumption Growth Forecasts

Forecasts with R&D Intensity

Horizon (k) Data ENDO
B SE. R? B R?
1 0.217 0.084 0.094 0.779  0.305
2 0.395 0.178 0.115 1.505 0.389
3 0.540 0.276 0.132 2.180 0.418
4 0.703 0.347 0.168 2.807 0.426
) 0.842 0.401 0.198 3.390 0.424
Forecasts with R&D Growth
Horizon (k) Data ENDO
B SE R B R2
1 0.017 0.006 0.070 0.068 0.141
2 0.034 0.012 0.105 0.118 0.161
3 0.048 0.017 0.131 0.168 0.179
4 0.062 0.023 0.163 0.200 0.175
) 0.077 0.030 0.202 0.224 0.168

Table 2.11: Business Cycle Statistics

o Ac/ OAy
ONi/TAC
UAS/UAy
UAZ/UAy

Data ENDO EXO

0.61 0.61
4.38 2.23
2.10 1.64
1.22 1.52

1.13
0.79

1.54
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Table 2.12: First Autocorrelations
Data ENDO EXO
AC1(Az) 0.09 0.11  -0.020
AC1(Ac) 0.40 0.46  -0.002
AC1(Ay) 0.37 0.21 0.001
AC’l(Ai) 0.25 0.14 0.012
AC1(Q) 0.95 0.96 0.89
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Table 2.13: Output Growth Forecasts

Forecasts with R&D Intensity

Horizon (k) Data ENDO
B SE. R B R?
1 0.020 0.013 0.040 0.085 0.105
2 0.046 0.022 0.084 0.163 0.161
3 0.068 0.029 0.119 0.236 0.195
4 0.089 0.041 0.158 0.306 0.217
) 0.114 0.051 0.210 0.372 0.231
Forecasts with R&D Growth
Horizon (k) Data ENDO
I5; SE. R? g R?
1 0.267 0.130 0.061 0.635 0.120
2 0.453 0.261 0.067 1.230 0.159
3 0.572 0.387 0.073 1.780 0.193
4 0.763 0.457 0.113 2.307 0.212
5 0.940 0.499 0.159 2.792 0.222

Table 2.14: Asset Pricing Implications

ENDO ENDO-HV EXO
First Moments

Elry] 1.21% 1.21% 2.61%
Elr} —ry] 2.92% 5.76% 0.12%
E[ry —ryf] 4.10% 8.33% 0.12%

E[r —r¥] 3.27%  6.89% -

Second Moments

OAc 1.42% 2.72% 1.42%
or; 0.30% 0.38% 0.05%
Tk 4.86% 6.73% 2.27%
Tk, 7.08% 9.49% 2.27%

"a " "ic
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Table 2.15: Volatility of Expected Growth Rates

ENDO EXO ENDO-CRRA

o(E[Azn]) 0.38% 0.15% 0.06%
o(E[Ayia])  0.42%  0.08% 0.09%
o(E[Ni])  0.37%  0.05% 0.21%
o(E[Adyq])  0.92%  0.18% 0.10%

Table 2.16: Sensitivity Analysis: Preference Parameters

v=2 =15 ¢ =05 =22

First Moments

E[Ay] 1.87% 2.02%  0.86% 2.38%
Elry] 2.40% 0.50% 2.23% 0.87%
Elrk, —r¢] 0.68% 6.27% 1.28% 5.06%
E[S/N] 0.081 0.084 0.077 0.086
Other Moments
TAc/TAy 0.61 0.61 1.09 0.52
Oni/OAc 2.23 2.23 0.57 2.37
Oas/OAy 1.64 1.64 1.11 1.73
OAc 1.42% 1.42%  2.61% 1.21%
O, 0.30% 0.30%  0.38% 0.27%
Oy 4.86% 4.86% 3.41% 5.59%
AC1(Ac) 0.46 0.46 0.07 0.62

o(E[Acii1]) 0.51% 0.51%  0.19%  0.59%
Sharpe Ratio 0.10 0.88 0.38 0.69
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3

Equilibrium Growth, Inflation and Bond Yields

3.1 Introduction

Explaining the nominal yield curve is a challenge for standard economic models. No-
tably, Dunn and Singleton (1986) and Backus et al. (1989) highlight the difficulty of

1'in explaining the sign, mag-

consumption-based models with standard preferences
nitude, and volatility of the term spread. More recently, consumption-based models
with richer preference specifications and model dynamics, such as Wachter (2006),
Piazzesi and Schneider (2006), Gallmeyer et al. (2007), Bansal and Shaliastovich
(2009), have found success in reconciling bond prices. However, Donaldson et al.
(1990), den Haan (1995), Rudebusch and Swanson (2008), Rudebusch and Swanson
(2012), van Binsbergen et al. (2011) show that extending these endowment economy
models to environments with endogenous production still have difficulty in explain-
ing the term premium jointly with key macroeconomic aggregates. This paper shows

that endogenzing long-run growth prospects in a production-based model and as-

suming agents have recursive preferences can help rationalize the slope of the yield

I Standard preferences in this context refers to a power utility specification.

47



curve jointly with a broad spectrum of macroeconomic facts.

Specifically, I link nominal bond prices to firm decisions using a stochastic en-
dogenous growth model with imperfect price adjustment. Inflation is determined by
the price-setting behavior of monopolistic firms. Due to the assumption of sticky
prices, in equilibrium, inflation is equal to the present discounted value of current
and future marginal costs of the firm. Notably, marginal costs are negatively related
to productivity, which is crucial for understanding the link between inflation and
growth in the model. Long-run productivity growth is driven by R&D investments
and leads to sustained growth. In a stochastic setting, this mechanism generates
an endogenous stochastic trend and leads to substantial long-run uncertainty about
future growth. This framework has two distinguishing features. First, I embed an
endogenous growth model of vertical innovations? into a standard New Keynesian
DSGE model,® which in contrast to the latter type of models, trend growth is en-
dogenously determined by firm investments. Second, households are assumed to have
recursive preferences* so that they are sensitive towards uncertainty about long-term
growth prospects.

While New Keynesian DSGE models have been successful in quantitatively ex-
plaining a wide array of empirical macroeconomic features and become the standard
framework for modern monetary policy analysis, these models have typically found
difficulty in replicating salient features in asset markets.> The results of this pa-
per show that incorporating the endogenous growth margin, in conjunction with

recursive preferences, allows these models to reconcile a broad set of asset market

2 See e.g. 7, Aghion and Howitt (1992), and Peretto (1999).
3 See Woodford (2003) and Galf (2008) for textbook treatments on this class of models.
4 See Epstein and Zin (1989) and Weil (1990).

5 See Smets and Wouters (2007) and Christiano et al. (2005) are examples of these models that
have been able to match the impulse responses of key macroeconomic variables to nominal and real
shocks. Rudebusch and Swanson (2008), Kurmann and Otrok (2011) are examples that document
the failures of such models in replicating asset price facts.
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facts, including the average nominal yield curve and the equity premium, jointly with
macroeconomic facts.

The endogenous growth channel generates persistent low-frequency movements
in aggregate growth and inflation rates that are negatively correlated.® The intuition
for these dynamics is as follows. In good times, innovation rates increase, which lead
to a persistent rise in productivity growth and consequently, a persistent increase in
consumption and dividend growth. Furthermore, a prolonged boom in productivity
growth lowers marginal cost of firms for an extended period, which leads firms to
lower the price of their goods persistently; in the aggregate, this implies a prolonged
decline in inflation. When agents have Epstein-Zin recursive utility with a preference
for an early resolution of uncertainty, they are very averse to persistent changes in
long-run growth prospects. Hence, the innovation-driven low-frequency cycles in
consumption and dividend growth imply a high equity premium. In addition, the
long-run negative correlation between consumption growth and inflation implies that
long nominal bonds have low payoffs when long-run growth is expected to be low.
Thus, long bonds are particularly risky which lead to an upward sloping yield curve
and sizeable bond risk premium.”

When monetary policy follows a Taylor rule and is aggressive in stabilizing in-
flation, the negative long-run relationship between growth and inflation also implies
that an increase in the slope of the yield curve predicts higher future growth. In
particular, a persistent decline in inflation leads to a sharp and persistent drop in

the short-term nominal rate. Consequently, the slope of the nominal yield spread

6 There is strong empirical support for these dynamics. For example, Barksy and Sims (2009) and
Kurmann and Otrok (2011) document that anticipations of future increases in productivity growth
are associated with sharp and persistent declines in inflation.

7 The basic mechanism that long-run movements in productivity growth drive term spreads is
empirically supported. Indeed, Kurmann and Otrok (2010) use a VAR to show that news about
long-run productivity growth explain over 60% of the variation in the slope of the term structure.
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becomes steeper while expected growth increases, as in the data.®

Given that a calibrated version of the model can rationalize a broad set of as-
set pricing and macroeconomic facts, this framework serves as an ideal laboratory
to quantitatively evaluate the effect of changes in monetary policy on asset prices
in counterfactual policy experiments. Specifically, in the model, monetary policy
is characterized by a short-term nominal interest rate rule that responds to current
inflation and output deviations. Due to the presence of nominal rigidities, changes in
the short rate affect the real rate which alters real decisions, including R&D. Thus,
monetary policy can influence trend growth dynamics. Moreover, by varying the pol-
icy parameters, even such short-run stabilization policies can have substantial effects
on the level and dynamics of long-run growth, which in turn have important impli-
cations for real and nominal risks. For example, more aggressive output stabilization
implies that the short rate, and thus the real rate, will increase more in response to
an increase in output. Since R&D rates are procyclical, a larger rise in the real rate
will dampen the increase in R&D more and lower the volatility of expected growth
rates. With less uncertainty about long-run growth prospects, risk premia decline.
On the other hand, more aggressive output stabilization amplifies the volatility of ex-
pected inflation. Since expected inflation is countercyclical, a sharper rise in the real
rate depresses expected inflation even further. Greater uncertainty about expected
inflation makes long bonds even riskier which increases the slope of the nominal yield
curve.

In another example, more aggressive inflation stabilization implies that the short
rate, and thus the real rate, will increase more in response to an increase in inflation.
Since inflation and R&D rates are negatively correlated, a larger rise in the real rate
will further depress R&D and thus, amplify R&D rates. Furthermore, more volatile

R&D rates imply that expected growth rates are more volatile. Higher uncertainty

8 See, for example, Ang et al. (2006) for empirical evidence of this relationship.
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about long-term growth prospects therefore increases risk premia. Additionally, more
aggressive inflation stabilization will naturally smooth expected inflation which low-
ers the slope of the nominal yield curve. Thus, inflation and output stabilization
have opposite effects on asset markets. In short, these results suggest that monetary
policy, even when targeting short-run deviations, can have a substantial impact on
asset markets by distorting long-run growth and inflation dynamics.

My paper is related to a number of different strands of literature in asset pricing,
economic growth and macroeconomics. The basic economic mechanisms driving the
equity markets are closely related to Bansal and Yaron (2004) (henceforth, BY). In
a consumption-based model, BY specify both consumption and dividend growth to
contain a small, persistent component, which exogenously leads to long and per-
sistent swings in the dynamics of these quantities. This specification along with
the assumption of Epstein-Zin recursive utility allows them to generate high equity
premia as compensation for these long-run risks.

The economic mechanisms driving the nominal bond prices are related to the en-
dowment economy models of Piazzesi and Schneider (2006) and Bansal and Shalias-
tovich (2009). Both of these papers extend the BY framework to a nominal setting
by specifying the evolution of inflation exogenously. Critically, in order to match the
upward sloping nominal yield curve, both papers require that the long-run correla-
tion between consumption growth and inflation is negative, which they find empirical
support for. These joint consumption and inflation dynamics imply that long bonds
are particularly risky, as they have low payoffs when expected consumption growth
is low. My paper shows that these joint consumption and inflation processes are a
natural implication of a stochastic endogenous growth model.

Methodologically, my paper is most closely related to Kung and Schmid (2011)
(henceforth, KS) who show that in a standard stochastic endogenous growth model
with expanding variety, equilibrium R&D decisions generate persistent low-frequency
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movements in measured productivity growth. Naturally, these productivity dynamics
are then reflected in consumption and dividend growth. With recursive preferences,
these endogenous low-frequency cycles help to reconcile equity market data. Further,
KS documents that the model creates a strong feedback effect between asset prices
and growth, which amplifies low-frequency movements in aggregate growth rates,
which further increases risk premia. My paper relies on similar economic mechanisms
for generating a sizeable equity premium and low riskfree rate. On the other hand,
my paper differs from KS by extending these ideas to a nominal economy with
imperfect price adjustment. Specifically, I embed an endogenous growth model of
vertical innovations into a standard New Keynesian setup. These extensions allow
me to study the determination of nominal bond prices jointly with equity prices and
also, the implications of monetary policy for both growth and asset prices.

More broadly, my paper relates to a number of recent papers that study how
long-run risks arise endogenously in general equilibrium production economies. Some
examples include Tallarini (2000), Uhlig (2010), Backus et al. (2010), Croce (2008),
Campanale et al. (2008), Kaltenbrunner and Lochstoer (2008), Kuehn (2008), Ai
(2009), and Gourio (2009). These papers typically work in versions of the standard
real business cycle model, where growth is given exogenously. One conclusion from
calibrated versions of these important contributions is that while long-run risks do
arise endogenously in such settings, they are typically not quantitatively sufficient to
rationalize key asset market statistics. In contrast, the endogenous growth paradigm
does deliver quantitatively significant endogenous long-run risks through the R&D
and innovation decisions of firms.

My paper also relates to the literature examining the term structure of inter-
est rates in general equilibrium production-based models. Donaldson, Johnsen and
Mehra (1990) and den Haan (1995) document that variants of standard business cy-
cle models with additively separable preferences have trouble reproducing the size-
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able positive nominal term premium observed in the data. These shortcomings are
inherently linked to the fact that additively separable preferences cannot generate
sufficient risk premia. Indeed, Backus et al. (1989) also highlight similar issues in an
endowment economy setting.

Wachter (2006) shows that a consumption-based model with habit preferences
can explain the nominal term structure of interest rates. However, Rudebusch and
Swanson (2008) show that in production-based model with habit preferences, nominal
bond prices can only be reconciled at the expense of distorting the fit of macroeco-
nomic variables, such as real wages and inflation. In contrast, my model can explain
the nominal structure of interest rates, jointly with equity prices, in a production
setting while still maintaining a good fit to a broad set of macroeconomic variables.

van Binsbergen et al. (2011) and Rudebusch and Swanson (2012) consider stan-
dard production-based models with recursive preferences and highlight the difficulty
these models have in quantitatively explaining the nominal term structure of inter-
est rates with macro aggregates. In particular, these papers demonstrate that a
very large coefficient of relative risk aversion is required to match to the slope of
the nominal yield curve. In contrast, in my model, I explain the slope of the yield
curve with a standard calibration. This difference is again attributed to the fact
that standard neoclassical models with exogenous growth lack the strong propaga-
tion mechanism of endogenous growth models and therefore do not generate enough
long-run consumption growth volatility. So, while the neoclassical models generate
negative correlation between consumption growth and inflation to give a positively
sloping yield curve, the quantity of real long-run risks is too small; and thus, the
bond risk premium is too small.

Furthermore, Rudebusch and Swanson (2012) also document that incorporate ex-
pected growth shocks to the productivity process actually makes the nominal yield

curve downward sloping. A positive expected productivity growth shock leads to a
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very large wealth effect that reduces the incentives to work and leads to a sharp rise
in wages. The increase in wages raises marginal costs and thus, inflation increases.
In addition, expected consumption growth naturally inherits the long-run dynamics
of productivity growth. Thus, this shock leads to a positive correlation between ex-
pected consumption growth and inflation, which leads to a downward sloping average
nominal yield curve. In contrast, the movements in expected productivity growth
in my model are endogenous and affected by labor decisions. Namely, an increase
in the labor input raises the marginal productivity of R&D and therefore raises the
incentives to innovate. An increase in labor hours will raise both the level of output
and the expected growth rate of output, ceteris paribus. Put differently, the labor
input has a significantly higher marginal value in the endogenous growth model than
in the neoclassical setting, where productivity is exogenous. Consequently, in the
endogenous growth setting, agents have higher incentives to supply labor in good
times to boost expected growth prospects. Importantly, this dampens the sharp rise
in wages from the wealth effect of persistently higher future growth. Consequently,
the endogenous growth channel allows my model to maintain the strong negative
correlation between expected consumption growth and inflation that is critical for
explaining the nominal yield curve.

Finally, my paper is closely related to a few recent papers exploring how various
policy instruments can distort the intertemporal distribution of consumption risk.
In a companion paper, Kung (2011) studies monetary policy design in a similar
New Keynesian endogenous growth model. In particular, Kung (2011) examines the
welfare tradeoffs between short-run risks, long-run risks and the level of trend growth
of various interest rate policies. Croce et al. (2012) (henceforth, CKNS) demonstrate
how tax smoothing fiscal policies can amplify low-frequency movements in growth
rate in a real business cycle model with financial frictions, which can increase risk
premia significantly. Croce et al. (2011) (henceforth, CNS) study fiscal policy design

54



in a stochastic endogenous growth model with expanding variety. Similarly, they
find that fiscal policies aimed at short-run stabilization significantly amplify long-
run consumption volatility and decreases welfare. In contrast, in my paper and
Kung (2011), I find that interest rate rules targeting short-run output stabilization
decreases long-run consumption volatility while inflation stabilization increases long-
run consumption volatility. Thus, while CKNS and CNS study the role of fiscal
policy on growth dynamics, my paper and Kung (2011) study the role of monetary
policy. Hence, I view these papers as complementary.

The paper is structured as follows. Section 2 outlines the benchmark endoge-
nous growth model and the exogenous growth counterparts. Section 3 qualitatively
illustrates the growth and inflation dynamics of the model. Section 4 explores the

quantitative implications of the model. Section 5 concludes.
3.2 Model

The benchmark model embeds a endogenous growth model of vertical innovations
into a fairly standard New Keynesian model. The representative household is as-
sumed to have recursive preferences defined over consumption and leisure. These
preferences imply that the household is sensitive towards fluctuations to expected
growth rates, which is a key margin in this model. The production side is comprised
of a final goods sector and an intermediate goods sector. The final goods sector is
characterized by a representative firm that produces the consumption goods using a
bundle of intermediate goods inputs that are purchased from intermediate goods pro-
ducers. The intermediate goods sector is comprised of a continuum of monopolists
of unit measure. Each monopolist sets prices subject to quadratic price adjust-
ment costs and uses firm-specific labor, physical capital, and R&D capital inputs
to produce a particular intermediate goods. Also, each monopolist accumulates the
physical and R&D capital stocks subject to convex adjustment costs. The monetary
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authority is assumed to follow a modified Taylor rule.

Under a certain parameter configuration and exogenous R&D policy, the bench-
mark endogenous growth model collapses to a standard New Keynesian setup with
exogenous growth. Moreover, to highlight the implications of the endogenous growth
mechanism, I compare the benchmark growth model to two paradigms of exogenous

growth, one with a deterministic trend and the other with a stochastic trend.
3.2.1 Endogenous Growth

Representative Household —Assume that the household has recursive utility over streams

of consumption C; and leisure L — L;:

6

1—

vo= {0-aEnT s s EWED

Ct* - Ct(z — Lt)T

where 7 is the coefficient of risk aversion, v is the elasticity of intertemporal substi-

tution, 6 = 11:17 m is a parameter defined for convenience, [ is the subjective discount

rate, and L is the agent’s time endowment. The time ¢ budget constraint of the
household is

By

C
Pet R

- Dt +WtLt +Bt

where P; is the nominal price of the final goods, B;,; are nominal one-period bonds,
R.;y1 is the gross nominal interest rate set at time ¢ by the monetary authority, D,
is nominal dividend income received from the intermediate firms, W, is the nominal
wage rate, and L, is labor supplied by the household. The household’s intertemporal

condition is

P
1=E, [Mtﬂpt

t+1

J5..
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where

1—~ 1—l

* & /C -1 Ul—’y 0
My = ﬂ) ( t+1> Uit
t+1 5( Ct* Ct Et[UtlJ:lfy]

is the stochastic discount factor. The intratemporal condition is

Wt T Ct

P L-1I
Final Goods A representative firm produces the final (consumption) goods in a per-
fectly competitive market. The firm uses a continuum of differentiated intermediate

goods X;; as input in the CES production technology

1 v—1 ﬁ
([
0

where v is the elasticity of substitution between intermediate goods. The profit
maximization problem of the firm yields the following isoelastic demand schedule

with price elasticity v

Pis\ "~
X =Y, | =

where P, is the nominal price of the final goods and P;; is the nominal price of

intermediate goods i. The inverse demand schedule is
11
Pi = PV X,/

Intermediate Goods 'The intermediate goods sector will be characterized by a contin-
uum of monopolistic firms. Each intermediate goods firm produces X;; with physical
capital K;;, R&D capital N,,, and labor L;, inputs using the following technology,

similar to Peretto (1999),

Xiy = K& (ZiyLip)'™

)
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where total factor productivity (TFP) is
Ziy = AN N

where A; represents a stationary aggregate productivity shock, N, = Sé N,dj is the
aggregate stock of R&D and the parameter n € [0, 1] captures the degree of techno-
logical appropriability. Thus, firm-level TFP is comprised of two aggregate compo-
nents, A; and V;, and a firm-specific component N, ;. In contrast to the neoclassical
production function with labor augmenting technology, TFP contains an endoge-
nous component determined by firm decisions. In particular, the firm can upgrade
its technology directly by investing in R&D. Furthermore, there are spillover effects
from innovating; namely, firm-level investments in R&D will also improve aggregate
technology. These spillover effects are crucial for generating sustained growth in the
economy and a standard feature in modern endogenous growth models.”

The law of motion for A;, in logs, is
a; = (1 —p)a* + pas_1 + o

where a; = log(A;), ¢ ~ N(0,1) is i.i.d., and a* > 0 is the unconditional mean of a;.

The law of motion for K, is

I;
Kips1 = (1—0k)Kiy + Py (K’t ) K

it

1
Iy a1k Iy 1_5
O | — = : ’ +
g (Ki,t) 1— Cik K, Y2k

where I, ; is capital investment (using the final goods) and the function ®x(-) captures

capital adjustment costs. The parameter (i represents the elasticity of new capital

9 See, for example, Romer (1990), Grossman and Helpman (1991b), and Aghion and Howitt
(1992).
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investments relative to the existing stock of capital. The parameters o ;, and ayy, are

set to values so that there are no adjustment costs in the deterministic steady state.!”

The law of motion for V;; is

Nigy1 = (1—=96,)N;, + 0, (Lt) N; 4

1
Sit 1n Sit o
@n 5 — 5 ) n
(Ni) - L <Ni,t o,

where S;; is R&D investment (using the final goods) and the function ®,(-) cap-

tures adjustment costs in R&D investments and has the same functional form as the
capital adjustment cost equation of Jermann (1998). The parameter (, represents
the elasticity of new R&D investments relative to the existing stock of R&D. The
parameters «;, and s, are set to values so that there are no adjustment costs in

the deterministic steady state.!!

Substituting the production technology into the inverse demand function yields the

following expression for the nominal price for intermediate goods i

)

1 _ 11—« 7%
Py = PYy” [th (AtNiT,itNtl nLiﬂf) ]

PtJ(Ki,ta Ni,t; Li,t; Ay, Ny, Yt)

Further, nominal revenues for intermediate firm ¢ can be expressed as

1 e 1_%
P Xiy = PY [Kioft (AthtNtlinLi,t)l ]

= PtF(Ki,taNi,t,LLt;At»Nt,Yt)

10 Specifically, a1k = (AZSS -1+ 5]6)& and Q2L = Ckilfl(l — 0 — AZSS)'

(1 =6, — AN,,).

1 Specifically, a1 ,, = (ANgs — 1 + (5n)% and ag , = c
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For the real revenue function F(-) to exhibit diminishing returns to scale in the

factors K, L;;, and N;; requires the following parameter restriction:

v

o+ (n+1)(1 = )] (1—1) <1

nl—a)ir—1)<1

The intermediate firms face a cost of adjusting the nominal price a 14 Rotemberg

(1982), measured in terms of the final goods as

P ?
G(Pit, Pit—1; P, Y1) = %R (# - 1) Y,
sstit—1

where II;; > 1 is the steady-state inflation rate and ¢ is the magnitude of the costs.

The source of funds constraint is
Dz’,t = PtF(Ki,ta Ni,t7 Lz‘,t; Ay, Ny, Yt) - Wz',tLi,t - Ptlz',t - PtSi,t - PtG(Pi,ta Pz',t—l; Py, Yt)

where D;; and W, are the nominal dividend and wage rate, respectively, for inter-
mediate firm ¢. Firm ¢ takes the pricing kernel M; and the vector of aggregate states
Y. = [Py, Kty Ny, Yy, Ay] as exogenous and solves the following recursive program to

maximize shareholder value V;, = V(.

V(Z) (Pi,t—la Ki,t7 Ni,t; Tt) = max ot

PieLit,Si 0K 141, Niww1,Lie Py

+ B [Mt+1v(i) (Pit, Kigs1, Nigsa; Tt+1)]
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subject to

= ‘](Ki,t7Ni,t7Li,t;AtaNb}/t)

I;
Kizy1 = (1—0)Kis + @y (K’t ) Ky
it

Si,
Nigp1 = (1 —=0,)Nip + &, ( t> Ni 4
Nzt
Di,t = PtF(Ki,t> N’i,ta Li,t; Ay, Ny, Yt) - Wi,tLi,t - Pt[i,t - PtSi,t - PtG(Pi,t: ,Pi,tfl; Py, Yt)

The corresponding first order conditions are

A; ; Y, , Y. P
Y= g (L _ 1) t —E [Mt+1¢R ( Pigs1 1) t+1731,t+1]

Pt Hsspi,t—l Hsspi,t—l Hsspiﬂf HSSP'L'Z,t
1
Qikt =
D s
1
Qi,n,t =
(I);nt

a(l - )Yt+1Xz 41 n N ( )Y;-&-le til

Qi,k,t = Et Mt+1 K K.
i,t+1 i,t+1

(I)l' k.t 1[i t+1
+ by [Mt+1Qi,k,t+1 (1 — 0 — % + (I)i,k,tJrl)]
it+1

11—«
0 - elu n(1—a)(l - )YtHXz 41 n Aip (77( )) }/;+1Xz t+1
int t t+1

Nit41 Niii1

(1); n t+ISZ7t+1
+ B | MiaQipgsr |1 —0n — N— + D@ i1t
2,41

1
v

Wy _ 0-o0- WXt (5)Nx,
Pi Lis M Ly

where Q; k+, Qint, and A;, are the shadow values of physical capital, R&D capital
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and price of intermediate goods, respectively.'?

Central Bank 'The central bank follows a modified Taylor rule specification that

depends on the lagged interest rate and output and inflation deviations:
Rit1 Ry 1T, Y,
In ( R ) = prln (Rss) + pr1n (Hss + pyIn 37_33 + o¢&y

where R;.; is the gross nominal short rate, SA/t = % is detrended output, and & ~

N(0, 1) is a monetary policy shock. Variables with a ss-subscript denote steady-state

values. Given this rule, the central bank chooses p,, pr, py, and Il,.

Symmetric Equilibrium In the symmetric equilibrium, all intermediate firms make
identical decisions: P’i,t = Pt7 Xi,t = Xt, K’i,t = Kta Li,t = Lt, Ni,t = Nt7 [i,t = [ta

Sit = St, Diy = Dy, Viy = V. Also, By = 0. The aggregate resource constraint is

H 2
Yt=0t+5t+1t+@( i —1) Y,

2\

Pt
Pr—1

where II; = is the gross inflation rate.

Nominal Yields The price of a n-period nominal bond Pt(n) can be written recursively

as:
n 1 n—
Pt( ) = Ey lMtHH—Pt(H 1)]
t+1
where 7715(0) = 1 and Pt(l) = =1 The yield-to-maturity on the n-period nominal

Ri+1
bond is defined as:

m_ 1 <<n>)
Yo = n0g t

12 & . _ Lt ) _ Si,t ’ _ Lt \ Sk ’ _ Sit\ ¢n
(I)'L,k,t = (I)k) (Ki,t ) B @7,,77,715 = q)n (Ni,t ) B (I)i,k’,t = 01,k (Ki,t 3 q)iﬂht = U1n Ni: are
defined for notational convenience.




3.2.2  FExogenous Growth

This setup also nests a fairly standard New Keynesian setup with exogenous growth
when the technological appropriability parameter n is set to 0 and the aggregate
stock of R&D N is exogenously specified. Under these conditions the production

function of the intermediate firm can be expressed as

Xit = Kft(ZtLi,t)l_a

Zt = AtNt

where N, follows a stochastic process. Note that TFP is now exogenous and com-
prised of a stationary component A; and a trend component N;. I consider two ver-
sions of the exogenous growth model, one with a deterministic trend and the other
with a stochastic trend in productivity, to compare with the benchmark endogenous

growth model.

Deterministic Trend The law of motion for N, is
Nt = 6‘”

where p is parameter governing the average growth rate of the economy. Equivalently,

this expression can be rewritten in log first differences as
Ang = p

where An; = In(V;) — In(N;_1).

Stochastic Trend The log growth rate of N, is specified as
Ang = p+x4
Ty = Pzl + Og€xit

where €, €, ~ iid N(0,1), corr(e, e,¢) = 0, and p, is the persistence parameter of
the autoregressive process x;.

63



3.3 Equilibrium Growth and Inflation

This section will provide a qualitative description of the growth and inflation dynam-
ics. Sustained growth in the benchmark endogenous growth model is attributed to
the R&D decisions of intermediate firms. In a stochastic setting, this framework gen-
erates (i) low-frequency movements in the growth rate of real and nominal variables
and (ii) a negative long-run correlation between aggregate growth rates and inflation.
These long-run dynamics are essential for explaining asset market data. In contrast,
a standard model with exogenous growth lacks a strong propagation mechanism that
can generate low-frequency movements in growth rates. While incorporating exoge-
nous low-frequency shocks into productivity growth in the neoclassical model will
lead to low-frequency cycles in aggregate growth rates, this shock will consequently
drive a strong positive relation between expected consumption growth and expected
inflation. Furthermore, the endogenous growth paradigm allows monetary policy to
play an important role in influencing long-run growth dynamics, and hence risk. This
section describes the equilibrium growth and inflation dynamics qualitatively, and
contrast them with the exogenous growth setups described above. The next section
presents empirical evidence supporting these patterns and provides a quantitative

assessment of the model.

Growth Dynamics First, I will characterize the equilibrium growth dynamics. In the
benchmark endogenous growth model, substituting in the symmetric equilibrium

conditions yields the following the aggregate production function

Yi = K (ZL) "
Zt = AtNt
Recall that the trend component, Vi, is the equilibrium stock of aggregate R&D

capital in this setting and endogenously determined by the intermediate firms. In
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other words, the benchmark model generates an endogenous stochastic trend. Fur-

thermore, log productivity growth is
Az = Aa; + Any

Since, a; is typically calibrated to be persistent shock, then Aa; =~ ¢. Using this

approximation we can rewrite the expression above as
Azt = Ant + &

where Also, since An; is determined at t — 1, the expected growth rate is equal to

the stock of R&D growth:
Et—l[Azt] = Ant

Thus, low-frequency movements are driven by endogenous R&D rates, which are
fairly persistent and volatile processes in the data. Furthermore, the propagation
mechanism of endogenous growth framework implies that the single shock a; will
generate both high-frequency movements and low-frequency movements. In contrast,
in a standard neoclassical paradigm with a deterministic trend, log productivity

growth is
AZt =N + &

where again, the approximation Aa; ~ ¢ is used. Hence, the expected growth rate

is constant:
By 1[Az] = p

Hence, the exogenous growth model will only exhibit high-frequency movements
around the trend. In the exogenous growth model with a stochastic trend, produc-

tivity growth is

Azt =u+ i1+ €
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where again, the approximation Aa; =~ ¢ is used. Thus the expected growth rate is
equal to the drift plus a persistent shock x;_1, often referred to in the literature as

“long-run productivity risk”!?
Eia[Az] = p4+ x4

Thus, the endogenous growth paradigm provides a structural interpretation for this
low-frequency component by linking it to innovation rates.'* Importantly, in the
endogenous growth framework, the monetary authority can affect this low-frequency
component, or in other words, alter the distribution of long-run productivity risk. As
will be shown in the next section, monetary policy can significantly alter risk premia

through this channel.

Inflation Dynamics In the models above, the log-linearized inflation dynamics de-

pend on real marginal costs and expected inflation:
Tp = yimce + V2 By [T i41]

v

where v, = ¢;R1 > 0, 7o = 5AY;1_% > 0, and lowercase tilde variables denote
log deviations from the steady-state.!> Recursively substituting out future % terms
implies that current and expected future real marginal costs drive inflation dynamics.
Moreover, real marginal cost can be expressed as the ratio between real wages and
the marginal product of labor. Furthermore, real marginal costs, in log-linearized

form, can be expressed as:

ey = Wy + aly — (1 — o), — (1 — a)f,

13 See Croce (2010).
14 Kung and Schmid (2011) also highlight this mechanism in explaining the equity premium.

15 See appendix for details.
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where lowercase tilde variables denote log deviations from the steady-state. Thus,
inflation is driven by the relative dynamics of these aggregate variables. In the en-
dogenous growth model, after a good productivity shock, 0, Z;, and n; all increase
after an increase in @;. Notably, in a calibrated version of the benchmark model, the
magnitude of the responses of last two terms in the equation are larger than that
of the first two terms. Consequently, marginal costs and inflation decrease persis-
tently after a positive productivity shock. On the other hand, as discussed above,
expected growth rates increase persistently after a positive productivity shock. Thus,
expected inflation and expected growth rates have a strong negative relationship in
the benchmark model, as in the data. These dynamics will be examined further in

the section below.
3.4  Quantitative Results

This section explores the quantitative implications of the model using simulations.
Perturbation methods are used to solve the model. To account for risk premia and
potential time variation, a higher-order approximation around the stochastic steady
state is used. Furthermore, ENDO 1 will refer to the benchmark endogenous growth
model, ENDO 2 is the same as ENDO 1 but with no policy uncertainty, EXO 1 will
refer to the exogenous growth model with a deterministic trend, and EXO 2 will

refer to the exogenous growth model with a stochastic trend.
3.4.1 Calibration

This part presents the quarterly calibration used to assess the quantitative implica-
tions of the benchmark growth model (ENDO 1). Table 3.1 reports the calibration
of the benchmark model along with the other three models that are used for compar-
ison purposes. Worth emphasizing, the core set of results are robust to reasonable

deviations around the benchmark calibration. Recursive preferences have been used
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extensively in recent work in asset pricing.'% I follow this literature and set preference
parameters to standard values that are also supported empirically.!” Standard pa-
rameters in the final goods and intermediate goods sector are set to standard values
in the New Keynesian DSGE literature. Non-standard parameters in the intermedi-
ate goods sector are used to match R&D dynamics. Critically, satisfying balanced
growth helps provide further restrictions on parameter values.

I begin with a description of the calibration of the preference parameters. The
parameter 7 is set to match the steady-state household hours worked. The elasticity
of intertemporal substitution v is set to value of 2 and the coefficient of relative risk
aversion v is set to a value of 10, which are standard values in the long-run risks
literature. An intertemporal elasticity of substitution larger than one is consistent
with the notion that an increase in uncertainty lowers the price-dividend ratio. Note
that in this parametrization, 1 > %y’ which implies that the agent dislikes shocks
to expected growth rates and is particularly important for generating a sizeable
risk premium in this setting. The subjective discount factor ( is set to a value
of 0.9963 so as to be broadly consistent with the level of the riskfree rate. In the
endogenous growth setting [ also has important effect on the level of the growth
rate. In particular, increasing J (the agent is more patient) increases the steady-
state growth rate. Holding all else constant (including (), the direct effect of an
increase in growth is an increase in the level of the riskfree rate. On the other hand,
the direct effect of increasing  and holding the level of the growth rate fixed is a
decrease in the level of the riskfree rate.

I now move to the calibration of the standard parameters from the production-

side. In the final goods sector, the price elasticity of demand is set at 6, which

16 See Bansal and Yaron (2004).

17 See Bansal et al. (2007) uses Euler conditions and a GMM estimator to provide empirical support
for the parameter values.
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corresponds to a markup of 0.2. In the intermediate goods sector, the capital share
a is set to 0.33 and the depreciation rate of capital ¢ is set to 0.02, which are
calibrated to match steady-state evidence. The quadratic price adjustment function
was first proposed in Rotemberg (1982) and is standard in the literature. The price
adjustment cost parameter ¢g is set to 70 and is calibrated to match the impulse
response of output to a monetary policy shock.!® Table 3.11 provides sensitivity
analysis for ¢ and shows that the core results hold for a wide range of values used
in the literature. The capital adjustment cost function is standard in the production-
based asset pricing literature.'® The capital adjustment cost parameter ¢, is set at
7.8 to match the relative volatility of investment growth to consumption growth.

The nonstandard parameters are now discussed. The depreciation rate of the
R&D capital stock 4, is calibrated to a value of 0.0375 which corresponds to an
annualized depreciation rate of 15% which is a standard value and that assumed
by the BLS in the the R&D stock calculations. The R&D capital adjustment cost
parameter (, is set at 4.6 to match the relative volatility of R&D investment growth
to consumption growth. The degree of technological appropriability 7 is set at 0.1
to match the steady-state value of the R&D investment rate.

I now turn to the calibration of the parameters relating to the stationary pro-
ductivity shock a;. Note that this shock is different than the Solow residual since
measured productivity includes an endogenous component that is related to the equi-
librium stock of R&D. A decomposition of total factor productivity in our benchmark
model is provided below, which provides a mapping between the exogenous growth

model and the endogenous growth model. The persistence parameter p is set to

18 This value is also consistent with structural estimation evidence from Ireland (2001). In a log-
linear approximation, this parameter corresponds to an average price duration of 4.3 quarters in
the Calvo-pricing framework.

19 See, for example, Jermann (1998), Croce (2008), Kaltenbrunner and Lochstoer (2008) or van
Binsbergen et al. (2011) for estimation evidence.

69



0.985 and is calibrated to match the first autocorrelation of R&D intensity, which
determines the growth rate of the R&D stock (expected growth component) and in
turn, is a critical determinant of asset prices.?’ The volatility parameter o is set at
1.36% to match consumption growth volatility. The constant determining the mean
of the process a* is set to match balanced growth evidence.

The monetary policy rule parameters are within the standard range of estimated

values in the literature.?!

The parameter governing the sensitivity of the interest
rate to inflation deviations p, is set to 1.5. The parameter governing the sensitivity
of the interest rate to output deviations is set to 0.16. The volatility parameter o,;
is set to 0.3%.%2 The parameter that determines the steady-state value of inflation
I1,, is set to match the average level of inflation in the data.

I now turn to the calibration of the other three models for which the benchmark
model is compared to. ENDO 2 is the same as ENDO 1 but with no policy uncer-
tainty o = 0. Thus in ENDO 2, there is only one exogenous shock. In the two
exogenous growth models, the common parameters with the growth model are kept
the same to facilitate a direct comparison. However, since the trend component is
exogenous in those models, this will entail additional parameters governing the ex-
ogenous dynamics of the trend. In the the exogenous growth model with a stochastic
trend EXO 2, the process for the low-frequency productivity growth shock is cali-
brated so that the expected productivity growth component matches key features of

the endogenously expected growth component in EXO 1. In particular, the persis-

tence parameter p, is set to match the first autocorrelation of E[Az;] with that of

20 To provide further discipline on the calibration of p, note that since the ENDO models imply the
TFP decomposition, Az; = Aa; + Any, we can project log TFP growth on log growth of the R&D
stock to back out the residual Aa;. The autocorrelations of the extracted residual Aa; show that
we cannot reject that it is white noise. Hence, in levels, it must be the case that a; is a persistent
process to be consistent with this empirical evidence. In our benchmark calibration, the annualized
value of p is .94.

21 See, for example, Clarida et al. (2000) and Rudebusch (2002).
22 See, for example, Smets and Wouters (2007).
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ENDO 1. The volatility parameter o, is set to match the volatility of E[Az] with
that of ENDO 1. The parameter governing the average level of the trend p is set at
0.55% to match the average level of output growth. EXO 1 is the same as EXO 2
except that o, is set to 0 so that the trend is deterministic, as typically assumed in

the literature.
3.4.2  Macroeconomic Dynamics

Table 3.2 reports the key macroeconomic moments. Note that the benchmark growth
model (ENDO 1) closely fits key business cycle moments. Worth noting, the model
is able to match investment volatilities, which is a challenging feature in the data
to explain jointly with high risk premia in standard production-based models with
recursive preferences.?® In particular, when IES is high enough, small amounts of
capital adjustment costs discourage investment volatility. However, for the same
reason, small nominal interest rate shocks that induce movements in the real rate
due to nominal rigidities, lead to strong incentives to adjust labor and capital inputs.
Indeed, comparing ENDO 1 with the benchmark model without interest rate shocks
(ENDO 2), one can see that the volatility of log hours growth, physical investment
growth, and R&D investment growth are substantially larger in ENDO 1. Thus,
incorporating standard New Keynesian features, nominal rigidities and policy uncer-
tainty, help alleviate a long-standing problem in standard real business cycle (RBC)
models with recursive preferences.

At business cycle frequencies, the benchmark growth model performs at least
as well as the exogenous growth counterparts, EXO 1 and EXO 2. This can be
seen by comparing ENDO 1 with the last columns of Table 3.2. At low-frequencies,
the benchmark growth model generates substantial endogenous long-run uncertainty

in aggregate growth rates, which is reflected in the sizeable volatility of expected

23 See, for example, Croce (2008) and Kaltenbrunner and Lochstoer (2008).
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productivity growth. This is reported in Table 3.3. When firms receive a positive
productivity shock, they increase the levels of inputs persistently, including R&D.
As with standard business cycle models, increasing the level of inputs will lead to
persistent cyclical movements around the trend. However, the persistent increase in
the R&D input will also generate persistence in productivity growth, as discussed
in Section 3. Naturally, other aggregate growth rates, such as consumption, divi-
dends, and output, will inherit these long-run productivity dynamics. Hence, the
model generates both high- and low-frequency movements in quantities with a single
productivity shock. Empirically, this mechanism suggests that measures related to
innovation should have forecasting ability for aggregate growth rates. This is veri-
fied in tables 3.6 and 3.7, which report results from projecting future consumption
growth and productivity growth over various horizons on the growth rate of the
R&D capital stock. In the data, the growth rate of the R&D stock predicts future
consumption and productivity growth over horizons up to 4 years, with significant
point estimates, and R?’s are increasing with the horizon. Qualitatively, the model
reflects these patterns reasonably well. This gives empirical support to the notion of
innovation-driven low-frequency variation in growth rates. Furthermore, these low-
frequency growth dynamics are crucial for asset prices, which are discussed in detail
in the section below.

In contrast, in the exogenous growth model with a deterministic trend (EXO
1), expected productivity growth is approximately constant, as shown in section 3.
Figure 3.3 plots the dynamic response of expected growth rates to a one standard de-
viation shock to productivity for both the endogenous and exogenous growth models.
Table 3.9 further emphasizes this point by reporting the low-frequency volatilities of
consumption, output, investment, and labor hours growth for ENDO 1 and EXO 1.

The low-frequency component is identified using a bandpass filter with a bandwidth
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of 32 to 200 quarters.?* Thus, incorporating expected growth shocks is needed to gen-
erate significant low-frequency growth dynamics in the exogenous growth paradigm.

EXO 2 adds a persistent expected productivity growth shock.?® While adding
these shocks do allow for significant low-frequency movements in aggregate growth
rates, the dynamic responses of aggregate quantities to these expected growth shocks
imply a very different relationship between trend and cycle components than in the
endogenous growth framework. Notably, this difference will imply very different im-
plications for asset prices, which will be discussed below. In the endogenous growth
models, the endogenous trend and cycle components share a strong positive rela-
tionship: Increases in the level of inputs translate to both increases in the level
and growth rate of output. Increases in factor inputs will directly raise the level
of output. In addition, increases in labor and physical capital inputs will raise the
marginal product of R&D while an increase in R&D will directly raise productivity
growth. Thus, labor and physical capital will have a long-run impact on growth by
affecting the incentives to innovate. To contrast, in the exogenous growth model,
factor inputs only affect the cycle but not the trend. Consequently, in response to a
good productivity shock, firms in the endogenous growth model will increase factor
inputs more aggressively than in the exogenous growth model, which is illustrated
in Figure 3.2. In the exogenous growth model with a stochastic trend (EXO 2), a
long-run growth shock will generate a very large wealth effect that increases con-
sumption of goods and leisure initially. The fall in labor supply leads to an initial
drop in labor hours and thus, the level of output. An increase in consumption and
a fall in output then require investment in physical capital to fall. Given the strong

desire for leisure, there is an initial rise in wages to maintain the equilibrium levels

24 Specifically, I use the bandpass filter from Christiano and Fitzgerald (2003).

25 These shocks are often referred to as “news shocks” in the macro literature. See, for example,
Cochrane (1994), Beaudry and Portier (2006), and Jaimovich and Rebelo (2009). In essence, the
endogenous growth model links these “news shocks” to equilibrium innovation decisions.
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of output and consumption. These responses are depicted in Figure 3.4. Thus, in
EXO 2, the trend and cycle components are negatively related; in other words, good
news about future productivity leads to bad news today, which goes against empir-
ical evidence.?® In contrast, the economic forces of the endogenous growth model
naturally generate a positive link between low-frequency movements in productivity

growth and short-run macroeconomic aggregates.
3.4.83 Asset Prices

This section discusses the asset pricing implications of the model, which critically
hinges on the low-frequency dynamics of consumption growth and inflation that was
outlined in the previous section. Since it is assumed that the agent has Epstein-Zin
utility with a preference for an early resolution of uncertainty, this implies that not
only are innovations to realized consumption and dividend growth priced, but also
innovations to expected consumption and dividend growth. Table 3.4 reports the
first and second moments of the risk-free rate, equity returns, and nominal yields.
Quantitatively, the benchmark growth model is broadly consistent with the financial
moments from the data. Also, note that comparing ENDO 1 with ENDO 2 demon-
strates that the policy shock has a negligible impact on asset prices in this framework,
because, as documented above, these shocks do not have a significant effect on the
intertemporal distribution of risk, and primarily effect short-run investment and la-
bor fluctuations. This highlights the importance of productivity shocks in driving
low-frequency dynamics (through the endogenous growth mechanism), which in turn
is reflected in asset prices. Remarkably, the core results and rich dynamics of the
benchmark growth model are generated with a single shock.

I first begin with a discussion of the model implications for real risks. Notably,

26 See, for example, Beaudry and Portier (2006), Beaudry and Lucke (2010), and Kurmann and
Otrok (2011).
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the benchmark growth model generates a low and smooth risk-free rate and a sizeable
equity premium. The equity premium is just under 4%. The volatility of the equity
premium is 5.4%, which is a little over one-third of the historical volatility of the
market excess return. Since the model is productivity-based, this number can be
thought of as the productivity-driven fraction of historical excess return volatility.
On the other hand, it is well known that dividend-specific shocks explain a good
portion of stock return volatility. In particular, Ai, Croce and Li (2010) report
that empirically the productivity-driven fraction of return volatility is around 6%,
which is consistent with this quantitative finding. To understand these results, it
is useful to compare the benchmark endogenous growth model (ENDO 1) with the
exogenous growth model with a deterministic trend (EXO 1). First note that while
the two models have similar business cycle statistics, in EXO 1 the equity premium
is close to zero and the risk-free rate is counterfactually high. This stark contrast
between the two models is due to the fact that these two paradigms generate very
different low-frequency growth dynamics, as described above. In particular, the
strong propagation mechanism of the endogenous growth model generates substantial
long-run uncertainty in aggregate growth rates while the EXO 1 model does not. As
households with recursive preferences are very averse to uncertainty about long-run
growth prospects, this implies that households have a much higher precautionary
savings motive in the endogenous growth setting. In equilibrium, this leads to lower
real interest rates in ENDO 1 than in EXO 1. Moreover, ENDO 1 also generates
a substantial equity premium, which is due to aggregate growth rates, including
consumption and dividends, naturally inheriting the innovation-driven low-frequency
dynamics of productivity growth. Thus, the dividend claim is very risky, which is
reflected in the sizeable equity premium.

EXO 2 incorporates exogenous long-run uncertainty through productivity growth,

where the calibration of this shock is set so that it replicates the volatility and
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persistence of the expected productivity growth component in ENDO 1, which is
reported in Table 3.3. In essence, incorporating this shock is a reduced-form way of
capturing long-run uncertainty in productivity growth. Evidently, incorporating this
shock helps the exogenous growth paradigm generate a larger equity premium and
lower risk-free rate than in EXO 1. However, even though the expected productivity
dynamics share very similar properties, note that the equity premium in EXO 2 is
smaller than in ENDO 1 and the risk-free rate is larger than ENDO 1. This difference
is due to the observation above that the relationship between cycle and trend is very
different between ENDO 1 and EXO 2. In ENDO 1, recall that short-run and long-
run fluctuations are strongly positively correlated so that these shocks reinforce each
other. In EXO 2, recall that short-run and long-run fluctuations are negatively
related, and therefore hedge each other. Furthermore, the ENDO 1 and EXO 2 will
have drastically different implications for nominal yields, which is discussed below.
Now I turn to the model implications for nominal yields, which are also reported
in Table 3.4. Note that the benchmark growth model (ENDO 1) closely matches
both the means and volatilities of nominal yields for maturities of 4, 8, 12, 16, and
20 quarters in the data. Also, the average 20 quarter minus 1 quarter yield spread
is a little over 1% as in the data. In contrast, the yield spread is close to zero in
the exogenous growth model with a deterministic trend (EXO 1) and negative in
the exogenous growth model with a stochastic trend (EXO 2). These results are
intimately linked to the long-run co-movement between inflation and consumption
growth. In particular, long bonds are riskier than short bonds if they have lower
expected real payoffs (expected inflation is high) in states where marginal utility is
high (expected consumption growth is low). Thus, in this setting where the agent has
recursive preferences, expected inflation and expected consumption growth need to

be negatively related for the models to produce an upward-sloping average nominal
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yield curve and sizeable term spread.?”

I first begin with a discussion of the equilibrium inflation and growth dynamics.
Note that in the bottom row of Figure 3.1 the benchmark model (ENDO 1) replicates
the negative low-frequency patterns in consumption growth and inflation from the
data. As before, the low-frequency component is identified using a bandpass filter,
where the bandwidth is from 32 to 200 quarters. Indeed, Table 3.10 shows that
the ENDO 1 closely matches low-frequency correlations between macro growth rates
and inflation. Furthermore, expected consumption growth and expected inflation are
strongly negatively correlated. To understand the mechanics behind these endoge-
nous long-run dynamics, it is instructive to look at the impulse response functions
from Figure 3.6. First, I will focus on the IRFs for ENDO 1 which correspond to
the solid lines. When a good productivity shock is realized, expected growth rates,
including consumption growth, increase persistently as discussed above. Now, I will
also show that expected inflation declines persistently in response to a good produc-
tivity shock. Recall from Section 3, inflation depends on positively on the wage to
capital ratio and labor hours worked, and negatively on the productivity shock and

the R&D stock to physical capital stock ratio:

Ty = mme; + el T
me, = W+ ol — (1 —a)d, — (1— o),
1—1
where v, = 22 > 0, 75 = BAY. ¥ > 0, and lowercase tilde variables denote log

R
deviations from the steady-state. As discussed above, w; and th increase in response
to an increase in d;. In addition, because the firm has very high incentives to take

advantage of the good shock to increase long-run growth prospects, the stock of R&D

2T Piazzesi and Schneider (2006) and Bansal and Shaliastovich (2009) highlight this point in en-
dowment economy setups where inflation and consumption growth are exogenously specified and
assumed to be negatively correlated. Furthermore, they find strong empirical evidence for this
negative relationship.
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increases more relative to the increase in physical capital. Thus, 7, also increases.
Quantitatively, the increase in the terms (1 — «)a; and (1 — a)n; dominates the
increase in w; and olet, so that marginal costs, and therefore inflation declines. In
sum, the productivity shock drives a strong negative relationship between expected
consumption growth and expected inflation. Moreover, these dynamics are reflected
in asset markets by an upward sloping yield curve and sizeable term spread.
Importantly, there is strong empirical support for these model-implied inflation-
growth dynamics. Barksy and Sims (2009) and Kurmann and Otrok (2011) show
in a VAR that a positive shock to expected productivity growth (“news shock”)
leads to large and persistent decline in inflation. In the benchmark growth model,
fluctuations to expected productivity growth are driven by R&D rates. Specifically,
in the benchmark growth model, the expected productivity growth component is the
growth rate of the stock of R&D. As discussed above, a persistent increase in R&D
during good times lowers marginal costs and inflation persistently. Indeed, in the
data innovation rates and inflation share a strong negative relationship, as predicted
by the model. The top left plot of Figure 3.1 provides visual evidence of the negative
long-run relationship between R&D and inflation. The benchmark model exhibits
similar patterns which can be seen in the top right plot of Figure 3.1. As before, the
low-frequency component is identified using a bandpass filter, where the bandwidth
is from 32 to 200 quarters. Table 3.10 corroborates the visual evidence by showing
that the long-run correlations between inflation and macro growth rates, including
the R&D stock and measured productivity, are indeed strongly negative in the data
and the benchmark model. Furthermore, the model predicts that measures related
to innovation should forecast inflation rates with negative loadings on the innovation
variable. This is verified in Table 3.8, which reports the results from projecting

future inflation rates on the growth rate of the R&D stock for horizons of one to four
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years. In the data, the R? values are sizeable and the point estimates are negative
and statistically significant. The forecasting regressions from the model correspond
to population values. Qualitatively, the model reflects these features reasonably well.

The negative long-run relationship between expected growth and inflation rates
is also crucial for reconciling the empirical observation that increases in the term
spread predict higher future economic growth.?® In the benchmark model, a positive
productivity shock leads to a persistent increase in expected growth and a persistent
decline in inflation. Given that the monetary authority is assumed to follow a Taylor
rule and aggressively responds to inflation deviations, a persistent fall in inflation
leads to sharp and persistent drop in the short-term nominal rate. Consequently,

9 Figure 3.5 verifies this

the slope of the nominal yield spread becomes steeper.?
intuition by showing that a positive productivity shock leads to a persistent increase
in the yield spread, where the solid line corresponds to the benchmark growth model.
In sum, the model predicts that a rise in the slope of the yield curve is associated
with an increase in future growth rates. This is verified in table 3.5, which reports
consumption growth forecasts with the 20 quarter yield spread. In the data, the R?
values are sizeable and the point estimates are positive and statistically significant.
The forecasting regressions from the model correspond to population values. In
particular, the regressions from ENDO 1 produces R? that are of similar magnitude
as the ones from the data and positive point estimates.

To highlight the importance of the endogenous growth mechanism for explaining
the term structure, it is useful to compare the benchmark model (ENDO 1) with the
exogenous growth models EXO 1 (deterministic trend) and EXO 2 (stochastic trend).

In EXO 1, the average nominal yield curve is upward sloping, however, the slope is

28 See, for example, Ang et al. (2006) for empirical evidence that find that term spread forecasts
future growth.

29 Kurmann and Otrok (2011) provide empirical support for this mechanism.
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counterfactually small, as reported in Table 3.4. This shortcoming inherently related
to the inability of the model to generate a sizeable equity premium. Namely, the
model lacks an strong propagation mechanism that generates quantitatively sufficient
long-run consumption uncertainty. Figure 3.6 highlights this point. Note that the
dashed lines in Figure 3.6 correspond to the impulse response functions for EXO 1
in response to a productivity shock. Expected inflation and expected consumption
growth are negatively related, which drive the upward sloping yield curve. While
expected productivity growth is close to constant, consumption smoothing will drive
persistence in consumption growth. However, this channel is quantitatively small,
which can be readily seen in the impulse response for expected consumption growth
and comparing it with the the response from ENDO 1.

Interestingly, incorporating exogenous long-run uncertainty by adding a persis-
tent expected productivity growth shock, as in EXO 2, makes the slope of the nominal
yield curve negative. This counterfactual implication implies that incorporating this
shock to the exogenous growth framework leads to a positive relationship between

30 In particular, a positive

expected consumption growth and expected inflation.
growth shock has a large wealth effect that reduces the incentives to work. Thus,
wages need to rise sharply and persistently to induce households to supply labor in
order to maintain the equilibrium level of consumption and output. Quantitatively,
the large and persistent rise in wages along with the eventual increase in labor hours
eventually dominates the increase in the trend-capital ratio. Thus, marginal costs
and inflation eventually increase. These dynamics are depicted in Figure 3.7.

The positive relationship between expected consumption growth and inflation in
EXO 2 also implies that a decline in the slope of the yield curve forecasts higher future

economic growth, which is counterfactual. A positive long-run growth shock increases

expected consumption growth and inflation. A persistent increase in inflation leads

30 This is also documented in Rudebusch and Swanson (2012).
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to a sharp and persistent increase in the short-term nominal rate. Consequently, the
slope of the nominal yield spread decreases. This intuition is verified in table 3.5,
which reports consumption growth forecasts with the 20 quarter yield spread. In the
data, the R? values are sizeable and the point estimates are positive and statistically
significant. The forecasting regressions from the model correspond to population
values. In particular, the regressions from EXO produce negative point estimates.

In sum, the endogenous growth margin is critical for reconciling nominal bond data.
3.4.4 Policy Fxperiments

While monetary policy shocks have a negligible impact on long-run growth dynamics
and asset prices, this section demonstrates that changing the policy parameters can
have a large quantitative impact on the intertemporal distribution of risk in the
benchmark growth model. Specifically, changing the policy parameters alters the
transmission of the productivity shock. This section explores the effects of varying the
intensity of inflation and output stabilization on asset prices. In the model, monetary
policy is characterized by a short-term nominal interest rate rule that responds to
current inflation and output deviations. Due to the presence of nominal rigidities,
changes in the short rate affect the real rate which alters real decisions, including
R&D. Thus, monetary policy can influence trend growth dynamics. Moreover, by
varying the policy parameters, even such short-run stabilization policies can have
substantial effects on the level and dynamics of long-run growth, which in turn have
important implications for real and nominal risks.

Figure 3.8 reports the effects of varying the policy parameter p,, where a larger
value means a more aggressive stance on output stabilization. In particular, more
aggressive output stabilization implies that the short rate, and thus the real rate, will
increase more in response to an increase in output. Since R&D rates are procyclical,

a larger rise in the real rate will dampen the increase in R&D more and lower the
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volatility of expected growth rates. With less uncertainty about long-run growth
prospects, risk premia would decline. On the other hand, more aggressive output
stabilization amplifies the volatility of expected inflation. Since expected inflation
is countercyclical, a sharper rise in the real rate depresses expected inflation even
further. Greater uncertainty about expected inflation makes long bonds even riskier
which increases slope of the nominal yield curve.

Figure 3.9 reports the effects of varying the policy parameter p,, where a larger
value means a more aggressive stance on inflation stabilization. In particular, more
aggressive inflation stabilization implies that the short rate, and thus the real rate,
will increase more in response to an increase in inflation. Since inflation and R&D
rates are negatively correlated, a larger rise in the real rate will further depress R&D
and thus, amplify R&D rates. Furthermore, more volatile R&D rates imply that
expected growth rates are more volatile. Higher uncertainty about long-term growth
prospects therefore increases risk premia. Additionally, more aggressive inflation
stabilization will naturally smooth expected inflation which lowers the slope of the
nominal yield curve. Thus, inflation and output stabilization have opposite effects
on asset markets. In short, these results suggest that monetary policy, even when
targeting short-run deviations, can have a substantial impact on asset markets by

distorting long-run growth and inflation dynamics.

3.5 Conclusion

This paper examines the nominal yield curve implied by a stochastic endogenous
growth model with imperfect price adjustment. In good times when productivity
is high, firms increase R&D, which raises expected growth rates. In addition, the
increase in productivity and R&D lowers marginal costs persistently. As firms face
downward sloping demand curves, a fall in marginal costs leads firms to lower prices,

which in the aggregate, leads to a persistent decline in inflation. Thus, the model en-
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dogenously generates low-frequency movements in productivity growth and inflation
that are negatively related. From the perspective of a bondholder, these dynamics
imply that long bonds have lower expected payoffs than short bonds when long-run
growth prospects are expected to be grim. When households have recursive pref-
erences, this implies that long bonds have particularly low payoffs when marginal
utility is high. As a result, the model generates an upward sloping average nominal
yield curve and sizeable term spread. In addition, when the monetary authority fol-
lows a Taylor rule, the negative relationship between expected growth and inflation
implies that a rise in the slope of the yield curve predicts higher future growth.
More broadly, this paper offers a unified framework to study macroeconomics and
asset pricing. Notably, incorporating the endogenous growth margin with assumption
of recursive preferences into a standard New Keynesian DSGE framework allows this
class of models to explain a wide array of stylized facts in asset pricing. From a
macroeconomic perspective, the endogenous growth mechanism allows these models
rationalize both high- and low-frequency dynamics of aggregate variables. From a
production-based asset pricing perspective, incorporating sticky prices and nominal
interest rate shocks allow these models to explain the observed high investment

volatility.
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Table 3.1: Quarterly Calibration

ENDO1 ENDO 2 EXO1 EXO 2

3 0.9963  0.9963 0.9963 0.9963
v 2.0 2.0 2.0 2.0
v 10.0 10.0 100 10.0
a  0.33 0.33 033  0.33
p  0.985 0.985  0.985  0.985
o 136%  1.36%  1.36% 1.36%
ér  70.0 70.0 700 70.0
v 6.0 6.0 6.0 6.0
0 0.1 0.1 0.0 0.0
5 0.02 0.02 0.02  0.02
5, 0.0375  0.0375 - -

G 7.8 7.8 7.8 7.8
(o 46 4.6 - -

pr 0.7 0.7 0.7 0.7
pr L5 1.5 1.5 1.5
p,  0.16 0.16 0.16  0.16
oe  0.3% 0.0%  03%  0.3%
" : _ 0.55%  0.55%
Pu - - 0.971  0.971
o . . 0.00%  0.07%

Table 3.2: Macroeconomic Moments

Data ENDO 1 ENDO 2 EXO1 EXO 2

1st Moments

E[Ay] 2.20% 220%  220%  220% 2.20%
E[An] 3.74%  3.74%  3.74%  3.74%  3.74%
2nd Moments
N 0.64 0.60 0.68 0.54  0.56
oA/ Ay 0.92 0.77 0.19 0.76  0.72
INTL: 4.38 4.38 2.94 4.96 4.84
OAs/OAc 3.44 3.44 2.82 - -
OAc 1.42%  1.42% 1.43%  1.24%  1.32%
O 1.64%  1.51% 1.52%  1.98%  1.99%
T 2.04%  2.52%  259%  5.05%  5.35%
AC1(Ac) 0.21 0.26 0.29 0.04  0.16
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Table 3.3: Expected Productivity Growth Dynamics

ENDO 1 ENDO 2 EXO 2
ACI(E[AZ])  0.90 0.90 0.90
o(E[AZ])  0.61%  0.60%  0.61%

Table 3.4: Asset Pricing Moments

Data ENDO 1 ENDO 2 EXO1 EXO 2

1st Moments
E[r;l“ — rf] 5.84% 3.82% 3.79% 0.05% 2.15%

Elry] 1.62%  097%  0.98%  257%  2.06%
Ely™)] 529%  5.10% 510%  6.23%  5.67%
Ely®)] 5.48%  5.34% 533%  6.24% 5.61%
E[y?] 5.66%  5.60% 559%  6.24%  5.55%
E[y19] 5.80%  5.82% 582%  6.24%  5.48%
E[y®0] 5.89%  6.05% 6.05%  6.25%  5.40%

E[y®) —yM]  1.01%  1.13% 1.13%  0.02% -0.29%
2nd Moments
o(ra—ry) 17.87% 5.41% 5.35% 1.57%  4.04%

o(ry) 0.67%  0.49%  037%  0.37%  0.44%

o(y™) 2.99%  2.23% 221%  3.88%  4.02%

o(y®) 2.96%  2.16% 2.14%  3.80%  3.93%

o(y?) 2.88%  2.08% 2.07%  3.72%  3.85%

o(y19) 2.83%  2.01% 2.01%  3.64%  3.76%

o(y®) 2.77%  1.95% 1.94%  3.56%  3.67%
y

o(y@ —y®y  1.00%  0.62%  0.32%  0.70% 0.72%

Table 3.5: Consumption Growth Forecasts with 20Q Yield Spread

Horizon (k) Data ENDO 1 EXO 2
5  SE R 5 R 3 R
1Q 0.762 0.188 0.095 1.376  0.090 -0.245 0.005
4Q 2.421 0.671 0.146 4.647 0.138 -1.196  0.020
8Q 2.866 1.263 0.080 8.635 0.147 -2.524  0.031
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Table 3.6: Productivity Growth Forecasts with R&D Growth

Horizon (k) Data ENDO 1
g SE. R? 64 R?
1 0.431 0.190 0.113 2.946 0.176
2 0.820 0.315 0.192 5.606 0.243
3 1.230 0.452 0.262 8.193 0.283
4 1.707 0.522 0.376 10.588 0.302

Table 3.7: Consumption Growth Forecasts with R&D Growth

Horizon (k) Data ENDO 1

3 SE R 3 R?
0.217 0.084 0.094  2.949 0.371
0.395 0.178 0.115 5758 0.476
0.540 0276 0.132 8468 0.513
0.703 0.347 0.168  10.939 0.514

=W N =

Table 3.8: Inflation Forecasts with R&D Growth

Horizon (k) Data ENDO 1
5 SE. R? 5} R?
1 -0.543 0.168 0.156 -6.133  0.793
2 -1.065 0.409 0.171 -11.119  0.694
3 -1.560 0.671 0.177 -15.178  0.609
4 -2.015 0927 0.177 -18.299 0.530
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Table 3.9: Volatility of Low-Frequency Components

Data ENDO1 EXO I
Ac) 0.75% 0.88%  0.65%
Ay) 1.16%  1.29%  0.99%
i) 3.06% 2.78%  2.09%
) 129% 0.36%  0.32%

Table 3.10: Low-Frequency Correlations

Data ENDO 1 EXO 2

corr(Ac, ) -0.77  -0.87 -0.25
corr(Ay, ) -0.74  -0.72 -0.02
corr(Az, ) -0.52  -0.65 0.04
corr(An, ) -0.63  -0.82 -
corr(E|Acl, E|r]) - -0.96 0.23

Table 3.11: Sensitivity Analysis: Price Adjustment Costs

dorn=10 ¢r=40 ¢r=70 ¢r = 100

1st Moments

E[Ay] 2.76%  253%  2.20% @ 1.97%
Elry — 1] 4.32%  4.0T%  3.74%  2.16%
E[y® —yM]  1.25%  1.20%  1.13% 1.10%

2nd Moments

Orc/TAy 0.60 0.60 0.60 0.60
UAZ/OAy 0.42 0.64 0.77 0.80
OAi/TA 3.86 4.16 4.38 4.50
OAs/OAc 3.41 3.42 3.44 3.44
OAc 1.42%  1.42%  142%  1.42%
Ox 1.57%  1.55%  1.52%  1.49%
OE[A] 0.64%  0.63%  0.61%  0.59%
AC1(E[Az]) 0.98 0.98 0.97 0.97
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