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Abstract

This paper explores bond pricing implications of a stochastic endogenous growth
model with imperfect price adjustment. In this setting, the production and price-
setting decisions of firms drive low-frequency movements in macro growth and inflation
rates that are negatively related, as in the data. With recursive preferences, these en-
dogenous long-run growth and inflation dynamics are crucial for explaining a number
of stylized facts in bond markets. Notably, when calibrated to a wide range of macroe-
conomic data, the model quantitatively explains the means and volatilities of nominal
bond yields. The model also generates a sizeable equity premium and high investment

volatility.

JEL Classification: E43, E44, G12, G18

Keywords: Term structure of interest rates, asset pricing, recursive preferences, monetary

policy, endogenous growth, inflation, productivity.

*Duke University, The Fuqua School of Business, 100 Fuqua Drive, Durham, NC 27708, USA.
howard.kung82@gmail.com

TThis paper is based on chapter 2 of my Duke PhD dissertation. I am especially grateful for advice
and encouragement from my advisor, Ravi Bansal. I also thank Hengjie Ai, Pietro Peretto, Lukas Schmid,
and Lu Zhang for detailed comments. I have also benefitted from comments by Jonas Arias, Francesco
Bianchi, Michael Brandt, Craig Burnside, Marco Cagetti, Riccardo Colacito, Max Croce, Cosmin Ilut,
Nir Jaimovich, Adriano Rampini, Vish Viswanathan, and seminar participants at Boston University, Duke
University, London Business School, Ohio State University, Rice University, University of British Columbia,
University of Rochester, University of Texas at Austin, University of Texas at Dallas.



1 Introduction

Explaining the nominal yield curve is a challenge for standard economic models. Notably, Dunn
and Singleton (1986) and Backus, Gregory, and Zin (1989) highlight the difficulty of consumption-
based models with standard preferences in explaining the sign, magnitude, 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, Hollifield,
Palomino, and Zin (2007), Bansal and Shaliastovich (2009), have found success in reconciling bond
prices. However, Donaldson, Johnsen, and Mehra (1990), den Haan (1995), Rudebusch and Swan-
son (2008), Palomino (2010), van Binsbergen, Fernandez-Villaverde, Koijen, and Rubio-Ramirez
(2011), and Rudebusch and Swanson (2012), show that extending these endowment economy mod-
els to environments with endogenous production still have difficulty in explaining the term premium
jointly with key macroeconomic aggregates. This paper shows that endogenzing long-run growth
prospects in a production-based model and assuming agents have recursive preferences can help
rationalize the slope of the yield curve jointly with a broad spectrum of macroeconomic facts.
Specifically, I link nominal bond prices to firm decisions using a stochastic endogenous 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 endogenously determined by firm investments. Second, households are assumed to

have recursive preferences® so that they are sensitive towards uncertainty about long-term growth

!See e.g. Grossman and Helpman (1991a), Aghion and Howitt (1992), and Peretto (1999).
2See Woodford (2003) and Gali (2008) for textbook treatments on this class of models.
3See Epstein and Zin (1989) and Weil (1990).



prospects.

While New Keynesian DSGE models have been successful in quantitatively explaining a wide
array of empirical macroeconomic features and become the standard framework for modern mon-
etary policy analysis, these models have typically found difficulty in replicating salient features in
asset markets.* The results of this paper show that incorporating the endogenous growth margin,
in conjunction with recursive preferences, allows these models to reconcile a broad set of asset
market 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 inflation, the negative

long-run relationship between growth and inflation also implies that an increase in the slope of the

4See Smets and Wouters (2007) and Christiano, Eichenbaum, and Evans (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) and Kurmann and Otrok (2011) are examples that document
the failures of such models in replicating asset price facts.

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

6The 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.



yield curve predicts higher future growth. For example, suppose that inflation rises. The monetary
authority will respond by lowering the short rate. A temporary decline in the short rate implies
that future short rates are expected to rise, which steepens the slope of the yield curve. In addition,
a fall in inflation is associated with higher expected growth. Thus, a rise in the slope of the yield
curve forecasts higher future economic growth, as in the data.”

Given that a calibrated version of the model can rationalize a broad set of asset 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. Specif-
ically, 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, mon-
etary 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. 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 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
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 about long-term growth prospects therefore increases risk premia.

Additionally, more aggressive inflation stabilization will naturally smooth expected inflation which

"See, for example, Ang, Piazzesi, and Wei (2006) for empirical evidence of this relationship.



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.

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 persistent 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 endowment econ-
omy models of Piazzesi and Schneider (2006) and Bansal and Shaliastovich (2009). Both of these
papers extend the BY framework to a nominal setting by specifying the evolution of inflation exoge-
nously. Critically, in order to match the upward sloping nominal yield curve, both papers require
that the long-run correlation 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 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 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 endoge-
nous 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, to
analyze 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, Routledge, and Zin (2010), Croce (2008), Campanale, Castro, and Clementi
(2008), Kaltenbrunner and Lochstoer (2008), Kuehn (2008), Ai (2009), Gourio (2009), and Kuehn,
Petrosky-Nadeau, and Zhang (2011). 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 interest rates in gen-
eral equilibrium production-based models.® Donaldson, Johnsen, and Mehra (1990) and den Haan
(1995) document that variants of standard business cycle models with additively separable prefer-
ences have trouble reproducing the sizeable 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, Gregory, and Zin (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 macroeconomic 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, Fernandez-Villaverde, Koijen, and Rubio-Ramirez (2011) and Rudebusch and

8See Jermann (2011) for an example of a partial equilibrium production-based model of the term structure.



Swanson (2012) consider standard production-based models with recursive preferences and highlight
the difficulty these models have in quantitatively explaining the nominal term structure of interest
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
propagation 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 incorporating expected growth
shocks to the productivity process actually makes the nominal yield curve downward sloping. A
positive expected productivity growth shock leads to a very large wealth effect that reduces the in-
centives 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 expected
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 af-
fected 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 neo-
classical 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, the policy implications of my paper are related to a few recent papers exploring how



various policy instruments can distort the intertemporal distribution of consumption risk. Croce,
Kung, Nguyen, and Schmid (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, Nyugen, and Schmid (2011)
(henceforth, CNS) study fiscal policy design in a stochastic endogenous growth model with expand-
ing 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, 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 studies the role of monetary
policy. Hence, I view these papers as complementary.

The paper is structured as follows. Section 2 outlines the benchmark endogenous 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.

2 Model

The benchmark model embeds a endogenous growth model of vertical innovations into a fairly
standard New Keynesian model. The representative household is assumed to have recursive prefer-
ences 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 producers. The intermedi-
ate goods sector is comprised of a continuum of monopolists of unit measure. Each monopolist sets
prices subject to quadratic price adjustment 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 authority



is assumed to follow a modified Taylor rule.

Under a certain parameter configuration and exogenous R&D policy, the benchmark 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.

2.1 Endogenous Growth

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

consumption C; and leisure L — L;:

0
o 127 1—y 1T
v = {0-penT +(B|U))
C; = C(L—-Ly)"
where ~ is the coefficient of risk aversion, ) is the elasticity of intertemporal substitution,” § = %
is a parameter defined for convenience, 3 is the subjective discount rate, and L is the agent’s time

endowment. The time t budget constraint of the household is

B
PCy + 2L — D, L WL, + B,
Riv1

where P; is the nominal price of the final goods, B;y1 are nominal one-period bonds, Ry 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

9The parameters v and v are defined over the composite good Cj}.



where
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is the stochastic discount factor. The intratemporal condition is

Wt _ ’Tct

P L-L

Final Goods A representative firm produces the final (consumption) goods in a perfectly com-
petitive market. The firm uses a continuum of differentiated intermediate goods X;; as input in

the CES production technology

1 v—1 ﬁ
Y, = (J XZ.; di)
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

Pit\ "
X+ =Y, 2
. t(Pt)

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

3. The inverse demand schedule is

1
v

i
Pip = PYy" X,

Intermediate Goods The intermediate goods sector will be characterized by a continuum 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& (ZigLig)™



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

where A; represents a stationary aggregate productivity shock, Ny = Sé Njdj is the aggregate stock
of R&D and the parameter n € [0, 1] captures the degree of technological appropriability. Thus,
firm-level TFP is comprised of two aggregate components, A; and Ny, and a firm-specific component
N; . In contrast to the neoclassical production function with labor augmenting technology, TFP
contains an endogenous 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 are a standard
feature in modern endogenous growth models.!?

The law of motion for Ay, in logs, is
a; = (1 —p)a* + pay_1 + oeg

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 Kj;; is

I.
Kity1 = (1—0)Kis+ Py <Kft > K

it
o ( I ) L ( L )Hi .
k = Qg L
Ki,t 1-— é Ki,t

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

adjustment costs.!’ The parameter ¢}, represents the elasticity of new capital investments relative
to the existing stock of capital. The parameters oy and sy, are set to values so that there are no

adjustment costs in the deterministic steady state.'?

19Gee, for example, Romer (1990), Grossman and Helpman (1991b), and Aghion and Howitt (1992).
HSee, for example, Jermann (1998) and Zhang (2005) for the importance of adjustment costs for asset
prices.

128pecifically, ag x = (AZss — 1 + 5;,3)& and g j = ﬁ(l — 0 — AZ).
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The law of motion for Nj;; is

S.
Nigy1 = (1 —=060)Nig + @y (A;t) Nit

it ’
o Sit arn [ Sit -z N
2 a
n Nz‘,t 1_ Cin Ni,t 2,n

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

costs in R&D investments. The parameter (, represents the elasticity of new R&D investments
relative to the existing stock of R&D. The parameters oy, and a9, 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 ex-

pression for the nominal price for intermediate goods i

N

)

1 -«
Pir = PY” [Kzat (Ath??tNtl_nLivt) }

= PiJ (K, Nig, Lig; Ar, Ne, Yr)
Further, nominal revenues for intermediate firm ¢ can be expressed as

1 3 1%
PitXiy = PYy” {Kfét (AthT,]tNtl nLi,t) }

PiF(Kiyt, Nit, Lit; As, Ni, Yz)
For the real revenue function F'(-) to exhibit diminishing returns to scale in the factors K;;, Li,

and N;; requires the following parameter restriction:

la+ (7 + 1)(1— )] (1—1> <1

14

or

nl—a)(r—1)<1

13Specifically, oy, = (ANgs — 1 + 6n)ﬁ and as , = Cn%l(l —6n — ANg).
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The intermediate firms face a cost of adjusting the nominal price a 1la Rotemberg (1982), measured

in terms of the final goods as

P 2
G(pi,tapi,t—l;,])tv}/t) = (ZS?R <1_[7)7ttl — 1) }/;g

where Iz = 1 is the gross steady-state inflation rate and ¢p is the magnitude of the costs. The

source of funds constraint is
Diy = PiF (K, Nit, Lig; Aty Ni, Yi) = Wi Ly — Pieliy — PeSie — PeG (P, Piji—1; Pe, Yz)

where D;; and W; ; are the nominal dividend and wage rate, respectively, for intermediate firm 7.
Firm i takes the pricing kernel M; and the vector of aggregate states Xy = [Py, Ki, Ny, Yy, Ai] as
given and solves the following recursive program to maximize shareholder value V;; = V(i)(-)

D

VO(Pig1, Kig, Nig: Xe) = max
ST e Pt Li e84 K e41,Nie+1,Lit Py

+ E; [Mt+1V(i) (Pit, Ki g1, Nig+1; Tt+1)]

subject to
Pie '
? - J(K’i,taNi,tJLi,ﬁAhNt)}/;f)
t
Ly
Kipy1 = (1=0)Kiy + @ % Ky
it
Sit
Nigy1 = (1=6,)Nig + @y N Ni¢
it
Diy = PF(Kig, Nig, Lig; Ae, No, i) = WigLiy — Pilin — PiSip — PeG(Pit, Pi—1;Pr, Y1)

The corresponding first-order conditions can be found in Appendix B.

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

the lagged interest rate and output and inflation deviations:

R R 1T Y,
In < RtH) ~ pln <Rt> +(1=p) (pﬂ In (Ht) +pyln (5)) + oek,
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where Ry, 1 is the gross nominal short rate, Y, = }\% 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 Ilgs.

Symmetric Equilibrium In the symmetric equilibrium, all intermediate firms make identical
decisions: Py = Py, Xip = Xy, Kiy = Ky, Liy = Ly, Njy = Ny, iy = Iy, Siy = Sty Diy = Dy,

Vit = V. Also, By = 0. The aggregate resource constraint is

_ or (1L 2
}/%—Ct+5t+It+2 .. 1] Y,

P

Py is the gross inflation rate.

where II; =

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

n ]‘ n—
P = B, {MtHH P 1)]
t+1

where Pt(o) =1 and Pt(l) = ﬁ The yield-to-maturity on the n-period nominal bond is defined

as:
4 = ~Lrog (p17)

2.2 Exogenous Growth

This setup also nests a fairly standard New Keynesian setup with exogenous growth when the tech-
nological appropriability parameter 7 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

Xip = K{(ZiLig)™®

)

Zt AtNt
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where N, follows a stochastic process. Note that TFP is now exogenous and comprised of a
stationary component A; and a trend component N;. I consider two versions 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 NV is
Nt = €Nt

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

sion can be rewritten in log first differences as
Ang = p
where An; = In(V;) — In(Ny—1).

Stochastic Trend The log growth rate of N; is specified as

Ang = p+mr

Ty = PgTt—1 + Oz€xy

where €4 ~ 7id N(0,1), corr(e;, ex) = 0, and p, is the persistence parameter of the autoregressive

process It.

3 Equilibrium Growth and Inflation

This section will provide a qualitative description of the growth and inflation dynamics. Sustained
growth in the benchmark endogenous growth model is attributed to the R&D decisions of interme-
diate firms. In a stochastic setting, this framework generates (i) low-frequency movements in the
growth rate of real and nominal variables and (ii) a negative long-run correlation between aggre-

gate growth rates and inflation. These long-run dynamics are essential for explaining asset market

14



data. In contrast, a standard model with exogenous growth lacks a strong propagation mecha-
nism that can generate low-frequency movements in growth rates. While incorporating exogenous
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 be-
tween expected consumption growth and expected inflation. Furthermore, the endogenous growth
paradigm allows monetary policy to play an important role in influencing long-run growth dynam-
ics, and hence risk premia. This section describes the equilibrium growth and inflation dynamics
qualitatively, and contrast them with the exogenous growth setups described above. The next sec-
tion 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 bench-
mark endogenous growth model, substituting in the symmetric equilibrium conditions yields the

following the aggregate production function

Y, = K{(Z,Ly)"™

Zt = AtNt

Recall that the trend component, NV, is the equilibrium stock of aggregate R&D capital in this
setting and endogenously determined by the intermediate firms. In other words, the benchmark

model generates an endogenous stochastic trend. Furthermore, log productivity growth is

Az = Aay + Any

Since, a; is typically calibrated to be persistent shock, then Aa; = €. Using this approximation we

can rewrite the expression above as

Az = Any + ¢

15



Also, since Any is determined at ¢ — 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

Az = p+ ¢

where again, the approximation Aa; & ¢; is used. Hence, the expected growth rate is constant:

By a[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, productivity growth is

Az =+ xe-1 + €

where again, the approximation Aa; = €; is used. Thus the expected growth rate is equal to the

drift plus a persistent shock z;_1, often referred to in the literature as “long-run productivity risk” '

B a[Az] = p+ 20

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,

14Gee Croce (2010).
15Kung and Schmid (2011) also highlight this mechanism in explaining the equity premium.
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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 depend on real

marginal costs and expected inflation:

e = yimey + y2 By [T41]

1—1
where 1 = % >0, 2 = fAY;s ¥ > 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 = @ + ody — (1 — a)d, — (1 — )y
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 endogenous growth model, after a
good productivity shock, @, th, and 7; all increase after an increase in a;. 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
persistently 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.

16See Appendix C for details.
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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.

4.1 Calibration

This part presents the quarterly calibration used to assess the quantitative implications of the
benchmark growth model (ENDO 1). Table 1 reports the calibration of the benchmark model along
with the other three models that are used for comparison. Worth emphasizing, the core set of results
are robust to reasonable deviations around the benchmark calibration. Recursive preferences have
been used extensively in recent work in asset pricing.!” I follow this literature and set preference
parameters to standard values that are also supported empirically.'® Parameters in the final goods
and intermediate goods sector are set to standard values in the New Keynesian DSGE literature.
Non-standard parameters in the intermediate 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
1 is set to value of 2 and the coefficient of relative risk aversion + 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, ¢ > %, 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 0.9965 so as to be broadly consistent

17See Bansal and Yaron (2004).
18See Bansal, Kiku, and Yaron (2007) uses Euler conditions and a GMM estimator to provide empirical
support for the parameter values.
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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 3 (the agent is more patient) increases the
steady-state growth rate. Holding all else constant (including f3), 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 8 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 corresponds to a markup of 0.2.
In the intermediate goods sector, the capital share « 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 ¢p is set to 30, and is calibrated to match the impulse response of
output to a monetary policy shock. Furthermore, in a log-linear approximation, the parameter ¢r
can be mapped directly to a parameter that governs the average price duration in a Calvo pricing
framework.'® In this calibration, ¢r = 30 corresponds to an average price duration of 3 months,
which is consistent with micro evidence from Bils and Klenow (2004). The capital adjustment cost
function is standard in the production-based asset pricing literature.?’ The capital adjustment
cost parameter (i is set at 4.7 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 §,, 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 3.3 to match the relative volatility of R&D
investment growth to consumption growth. The degree of technological appropriability n 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 productivity shock a;.

Note that this shock is different than the Solow residual since measured productivity includes an

19Gee Appendix C for details.
208ee, for example, Jermann (1998), Croce (2008), Kaltenbrunner and Lochstoer (2008) or van Binsbergen,
Fernandez-Villaverde, Koijen, and Rubio-Ramirez (2011) for estimation evidence.
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endogenous component that is related to the equilibrium 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 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 py
is set to 1.5. The parameter governing the sensitivity of the interest rate to output deviations is set
to 0.10. The parameter governing the persistence of the interest rate rule rhog is set to 0.70. The
volatility parameter o¢ is set to 0.3%.23 The parameter that determines the steady-state value of
inflation Il 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 uncertainty 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 gov-
erning the exogenous 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 calibrated so that
the expected productivity growth component matches key features of the endogenously expected
growth component in EXO 1. In particular, the persistence parameter p, is set to match the first
autocorrelation of E[Az] with that of 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

u is set at 0.55% to match the average level of output growth. EXO 1 is the same as EXO 2 except

21To provide further discipline on the calibration of p, note that since the ENDO models imply the TFP
decomposition, Az; = Aa; + Ang, 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 Ada; 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.

22Gee, for example, Clarida, Gali, and Gertler (2000) and Rudebusch (2002).

28ee, for example, Smets and Wouters (2007).
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that o, is set to 0 so that the trend is deterministic.

4.2 Macroeconomic Dynamics

Table 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 shocks, helps 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 two columns of Table 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 productivity growth. This is reported in Table 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, aggregate growth rates,
such as consumption, dividends, 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 verified in tables 6 and 7, which

248ee, for example, Croce (2008) and Kaltenbrunner and Lochstoer (2008).
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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 for up to 4 years with
significant point estimates and R?’s that 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 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 2 plots the dynamic
response of expected growth rates to a one standard deviation shock to productivity for both the
endogenous and exogenous growth models. Table 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 of
32 to 200 quarters.?’ Thus, incorporating persistent expected growth shocks is needed to generate

significant low-frequency growth dynamics in the exogenous growth paradigm.

4.3 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
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 demonstrates 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 labor fluctuations. This highlights the importance of productivity shocks

258pecifically, I use the bandpass filter from Christiano and Fitzgerald (2003).
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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, the benchmark
growth model (ENDO 1) generates a low and smooth risk-free rate and a sizeable equity premium.
The equity premium is 3.67%. The volatility of the equity premium is 5.62%, 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.?6 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 persistence of the expected
productivity growth component in ENDO 1, which is reported in Table 3. In essence, incorpo-

rating this shock is a reduced-form way of capturing long-run uncertainty in productivity growth.

26In 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.
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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 a bit smaller
than in ENDO 1 and the risk-free rate is larger than ENDO 1. This is because in the endogenous
growth paradigm, short-run and long-run shocks are positively related and therefore reinforce each
other. In particular, a good productivity shock leads to an increase in factor inputs, including
R&D, which directly raises short-run output. Furthermore, an increase in R&D will boost long-run
growth, therefore implying a tight link between short-run and long-run growth dynamics.

Now I turn to the model implications for nominal yields, which are also reported in Table 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 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 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 compo-
nent is identified using a bandpass filter, where the bandwidth is from 32 to 200 quarters. Indeed,
Table 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 endogenous long-run dynamics,

2TPjazzesi and Schneider (2006) and Bansal and Shaliastovich (2009) highlight this point in endowment
economy setups where inflation and consumption growth are exogenously specified and assumed to be neg-
atively correlated. Furthermore, they find strong empirical evidence for this negative relationship.
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it is instructive to look at the impulse response functions from Figure 3. 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
productivity shock. Recall from Section 3, inflation depends 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:

T = yimcs + v By [Tiy]
me, = W+al — (1 —a)d — (1— o)y

1

where 1 = % >0, o = BAYslsiw > 0, and lowercase tilde variables denote log 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 increases more relative to the increase in physical capital.
Thus, n; also increases. Quantitatively, the increase in the terms (1 — «)a; and (1 — «)7n; dominates
the increase in w; and aE, 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 dynam-
ics. 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. 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 1 provides

visual evidence of the negative long-run relationship between R&D and inflation. The benchmark
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model exhibits similar patterns which can be seen in the top right plot of Figure 1. As before, the
low-frequency component is identified using a bandpass filter, where the bandwidth is from 32 to
200 quarters. Table 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 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 innova-
tion variable. This is verified in Table 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 years. In the data, the R?
values are sizeable and the point estimates are negative and statistically significant. 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 drop in
inflation leads the monetary authority to lower the short-term nominal rate. A temporary decline
in the short rate implies that future short rates are expected to rise, which leads to a steeper slope for
the yield curve.?? 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 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. 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 average slope is counterfactually small, as reported

in Table 4. This shortcoming is inherently related to the inability of the model to generate a

28Gee, for example, Ang, Piazzesi, and Wei (2006) for empirical evidence that find that term spread
forecasts future growth.
29Kurmann and Otrok (2011) provide empirical support for this mechanism.
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sizeable equity premium. Namely, the model lacks a strong propagation mechanism that generates
quantitatively sufficient long-run consumption uncertainty. Figures 2 and 3 highlight this point.
Note that the dashed lines correspond to the impulse response functions for EXO 1 in response to
a productivity shock and the solid lines correspond to ENDO 1. Expected inflation and expected
consumption growth are negatively related, which drive the upward sloping yield curve. While
expected productivity growth is close to constant in EXO 1, 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 persistent 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 expected consumption growth and expected inflation.3°
In particular, a positive 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 dominates the increase
in the trend-capital ratio. Thus, marginal costs and inflation increase precisely when expected
growth rates increase. These dynamics are depicted in Figure 4. To contrast, in the endogenous
growth framework labor decisions affect long-run growth rates and agents have higher incentives
to supply labor in good times to boost expected growth prospects. Thus, the incentives to work in
good times are higher (than in the exogenous growth framework), which dampens the wealth effect
of persistently higher future growth and allows the benchmark model maintain a strong negative
relationship between expected growth and inflation rates.

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 productivity growth shock increases expected consumption

growth and inflation. An increase in inflation leads the monetary authority to increase in the

30This is also documented in Rudebusch and Swanson (2012).
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nominal short rate aggressively. A temporary increase in the short rate implies that future short
rates are expected to fall. Consequently, the slope of the nominal yield curve decreases. This
intuition is verified in Table 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.

4.4 Policy Experiments

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
for a reasonable range of parameter values. 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 5 illustrates 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 volatility of expected growth rates. With less uncertainty about long-run
growth prospects, the equity risk premium declines. 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
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expected inflation makes long bonds even riskier, which increases the average slope of the nominal
yield curve.

Figure 6 illustrates 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 stabiliza-
tion 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 the equity risk premium. Additionally, more aggressive inflation sta-
bilization will naturally smooth expected inflation which lowers the average 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.

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 endogenously 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 preferences, 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
follows 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.
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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 to rationalize both high- and low-frequency dynamics of aggre-
gate 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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Appendix A. Data

Annual and quarterly data for consumption, capital investment, and GDP are from the Bureau of Economic
Analysis (BEA). Annual data on private business R&D investment is from the survey conducted by the
National Science Foundation (NSF). Annual data on the stock of private business R&D is from the Bureau
of Labor Statistics (BLS). Annual productivity data is obtained from the BLS and is measured as multifactor
productivity in the private nonfarm business sector. Quarterly total wages and salaries data are from the
BEA. Quarterly hours worked data are from the BLS. The wage rate is defined as the total wages and
salaries divided by hours worked. The sample period is for 1953-2008, since R&D data is only available
during that time period. Consumption is measured as expenditures on nondurable goods and services.
Capital investment is measured as private fixed investment. Output is measured as GDP. The variables are
converted to real using the Consumer Price Index (CPI), which is obtained from the Center for Research in
Security Prices (CRSP). The inflation rate is computed by taking the log return on the CPI index.
Monthly nominal return and yield data are from CRSP. The real market return is constructed by taking
the nominal value-weighted return on the New York Stock Exchange (NYSE) and American Stock Exchange
(AMEX) and deflating it using the CPI. The real risk-free rate is constructed by using the nominal average
one-month yields on treasury bills and taking out expected inflation.?! Nominal yield data for maturities of
4, 8,12, 16, and 20 quarters are from the CRSP Fama-Bliss discount bond file. The 1 quarter nominal yield

is from the the CRSP Fama risk-free rate file.

Appendix B. Intermediate Goods Firm Problem

The Lagrangian for intermediate firm i’s problem is

W
F(Ki g Nig Ligi A N Yo) = 25
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3'We model the monthly time series process for inflation using an AR(4).
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The first-order conditions are

i A;
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where Q; k¢, Qi n,t, and A;; are the shadow values of physical capital, R&D capital and price of intermediate

goods, respectively.?? Define the following terms from the equations above:

Pis Y:
Giny = LA
Lt ¢R (Hsspi,t—l HssPi,t—l
Pi YiPit
Gioy = —¢p|=—rt——1)—10
bt QSR <Hss73i,t—1 Hss,Piz)tfl
Lo\
K i\t k
Dyt = T <Ié ) + ag
- ka 2,t
S\
A1n it "
(o} t = : (1) + Qo
,M, 1 _ é Nl)t s

_ 1
: o (£)
ikt T 1,k
Ky

_ 1
’ Si,t o
P = « —
i,n,t 1,n N,
it
1 1

32 . — Ii ¢ ) — Sit / — it \ Sk ’ _ Sit) n
D, 1t = P (Ki,t>, D=0y (N—t), <I>i7k7t =ay (Ki,t y L =ain Nop are defined for
notational convenience.

35



o (]‘ B l) )/tqu,t !
Fire = K
1 _1
b - (- Hyix
it =
n Niy
(1—04)(1—7)}/ X,
Fii. = s
1 1
7. T (7) Y;‘/V X’L tu
ikt Ki7t
(2002) v x
Ji,n,t = Ni7t
1 1
; B _ (1;04) YrtyXi,tu
oLt = Lis

Substituting the envelope conditions and definitions above, the first-order conditions can be expressed as:

Ay Pit Y, Pit+1 Yit1Pi 41
LA . -1 — E: | M, — 1) —=—5—
Pt ¢R <Hsspi,t1 ) Hsslpi,tfl K t+1¢R Hsspi,t Hsstpzt
1
Qikt = —F—
P
1
Qint = -
1,n,t
a(l - )}/;+1X1 141 Aita ( ) Yt+1X1 t+1
e = E | M
i ! i K1 * K11
i Y
+ B | Mip1Qik,i+1 <1 — 0k — % + (I)i,k,t+1>:|
L il
Q E; | M, n(l—a)l - )Yt+1X1 t+71 + Aipen (?7( 70[)) Yt“Xl til
st ! i Nit+1 Ni 1
i B a1 Siin
+ By | Mip1Qini+1 <1 —0p — % + (I>i,n,t+l):|
L il
1** —a % 7%
Wit _ (1—a)(1~- )Y X nyy (ly )Yt Xi,t
Py L, vt L

36



Appendix C. Derivation of the New Keynesian Phillips

Curve

Define MC; = %‘Lt and MPL; = (1 — a)% for real marginal costs and the marginal product of labor,

respectively. Rewrite the price-setting equation of the firm in terms of real marginal costs

II 11 11 AY, 111
vMCy — (v —1) = ¢r (H; - 1) H; ~E [Mmm ( Hf: - 1) 7?1; t“]

Log-linearizing the equation above around the nonstochastic steady-state gives
T = y1mce + Yo B[]

1—1
where v, = %, v = SAY,s ¥, and lowercase variables with a tilde denote log deviations from the steady-
state.33
Substituting in the expression for the marginal product of labor and imposing the symmetric equilibrium

conditions, real marginal costs can be expressed as

Wy L
MC, = tl
(1 —a)K{ (AN L)1)
Define the following stationary variables: W, = % and N, = % Thus, we can rewrite the expression
above as
WL
MC; = ot

(1 — a)(AtNt)lia
Log-linearizing this expression yields

mey = Wy + aly — (1 — )dy — (1 — a)i

where lowercase variables with a tilde denote log deviations from the steady-state.

33Tn a log-linear approximation, the relationship between the price adjustment cost parameter ¢ and the
fraction of firms that resetting prices (1—6..) from a Calvo pricing framework is given by: ¢r = %.

Further, the average price duration implied by the Calvo pricing framework is ﬁ quarters.
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Table 1: Quarterly Calibration

ENDO 1 ENDO 2 EXO1 EXO 2
15} Subjective Discount Factor 0.9965 0.9965  0.9965 0.9965
Y Elasticity of Intertemporal Substitution 2.0 2.0 2.0 2.0
y Risk Aversion 10.0 10.0 10.0 10.0
! Capital Share 0.33 0.33 0.33 0.33
p Persistence of a, 0.985 0.985 0.985 0.985
o Volatility of Productivity Shock e 1.36% 1.36%  1.36% 1.36%
Or Magnitude of Price Adjustment Costs 30.0 30.0 30.0 30.0
v Price Elasticity for Intermediate Good 6.0 6.0 6.0 6.0
n Degree of Technological Appropriability 0.1 0.1 0.0 0.0
O Depreciation Rate of Capital Stock 0.02 0.02 0.02 0.02
On Depreciation Rate of R&D Stock 0.0375 0.0375 - -
C Capital Adjustment Cost Parameter 4.7 4.7 4.7 4.7
(n R&D Capital Adjustment Cost Parameter 3.3 3.3 - -
Pr Degree of Monetary Policy Inertia 0.7 0.7 0.7 0.7
Pr Sensitivity of Interest Rate to Inflation 1.5 1.5 1.5 1.5
Py Sensitivity of Interest Rate to Output 0.10 0.10 0.10 0.10
o¢ Volatility of & 0.3% 0.0% 0.3% 0.3%
U Trend Growth Rate - - 0.55%  0.55%
Pz Persistence of x - - 0.971 0.971
o Volatility of e, - - 0.00% 0.063%

This table reports the quarterly calibration for the benchmark endogenous growth model (ENDO 1), endoge-

nous growth model without monetary policy uncertainty (ENDO 2), exogenous model with a deterministic
trend (EXO 1), and exogenous growth model with a stochastic trend (EXO 2).
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Table 2: Macroeconomic Moments

Data ENDO 1 ENDO 2 EXO1 EXO 2

1st Moments

E|Ay] 2.20%  2.20% 2.20% 2.20%  2.20%
E[AT] 3.74%  3.74% 3.74% 3.74%  3.74%
2nd Moments
Oac/Tny 0.64 0.60 0.72 0.54 0.64
AL/ Ay 0.92 0.98 0.19 0.76 1.10
ONi/OAc 4.38 4.38 2.61 4.96 3.84
UAs/UAc 3.44 3.44 2.43 - -
OAc 1.42% 1.42% 1.40% 1.24%  1.42%
Or 1.64% 1.73% 1.60% 1.98%  3.01%
Ow 2.04%  2.85% 2.59% 5.05%  5.46%
AC1(Ac) 0.21 0.26 0.28 0.04 0.13
AC1(m) 0.89 0.89 0.95 0.94 0.95

This table presents first and second macroeconomic moments from the benchmark endogenous growth model
(ENDO 1), endogenous growth model without monetary policy uncertainty (ENDO 2), exogenous growth
model with a deterministic trend (EXO 1), exogenous growth model with a stochastic trend (EXO 2), and
the data. The models are calibrated at a quarterly frequency and the the reported means and volatilities
are annualized. Macro data are obtained from the BEA, BLS, and NSF. The data sample is 1953-2008.

Table 3: Expected Productivity Growth Dynamics

ENDO I ENDO 2 EXO 2
AC1(E[AZ])  0.90 0.90 0.90
o(E[AZ])  058%  0.56%  0.58%

This table reports the annualized persistence and standard deviation of the expected growth rate component
of productivity growth from the benchmark endogenous growth model (ENDO 1), the benchmark endogenous
growth model without policy uncertainty (ENDO 2), and the exogenous growth model with a stochastic
trend (EXO 2). The exogenous productivity dynamics from EXO 2 are calibrated to match the endogenous
productivity dynamics from ENDO 2.
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Table 4: Asset Pricing Moments

Data ENDO 1 ENDO 2 EXO1 EXO 2

1st Moments
Elry —r¢] 5.84% 3.67% 3.64% 0.05% 1.84%

E[ry] 1.62%  1.01% 1.02%  257%  2.06%
Ely™] 5.29%  5.15% 525%  6.23%  5.67%
Ely®)] 5.48%  5.43% 552%  6.24%  5.61%
E[y"?)] 5.66%  5.69% 5.78%  6.24%  5.50%
E[y(9)] 5.80%  5.94% 6.03%  6.24% 5.37%
E[y*0 5.80%  6.18% 6.27%  6.25%  5.10%

E[y®) —¢yM]  1.01%  1.20% 1.19%  0.02% -0.57%
2nd Moments
o(rg—ry) 17.87%  5.62% 535%  1.57%  3.99%

o(ry) 0.67%  0.68% 0.38%  0.37%  0.68%
o(y™) 2.99%  2.38% 2.33%  3.88%  5.94%
o(y®) 2.96%  2.29% 2.26%  3.80%  5.83%
o(yt?) 2.88%  2.21% 2.18%  3.72% 5.71%
o (y19) 2.83%  2.14% 211%  3.64% 5.58%
o (y20) 2.77%  2.07% 2.04%  3.56%  5.46%

o(y®) —yMy  1.00%  0.74% 0.36%  0.70%  0.93%

This table presents annual first and second asset pricing moments from the benchmark endogenous growth
model (ENDO 1), endogenous growth model without monetary policy uncertainty (ENDO 2), exogenous
growth model with a deterministic trend (EXO 1), exogenous growth model with a stochastic trend (EXO
2), and the data. The models are calibrated at a quarterly frequency and the moments are annualized. Since
the equity risk premium from the models is unlevered, we follow Boldrin, Christiano, and Fisher (2001) and
compute the levered risk premium from the model as: 77, | —rs: = (1 + &)(rge+1 — 7¢+), Where rq is the
unlevered return and « is the average aggregate debt-to-equity ratio, which is set to % Monthly return
and price data are from CRSP and the corresponding sample moments are annualized. The data sample is

1953-2008.
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Table 5: Consumption Growth Forecasts with 20QQ Yield Spread

Horizon (k) Data ENDO 1 EXO 2
3  SE R 5 R 5 R
1Q 0.762 0.188 0.095 0.699 0.034 -0.620 0.040
4Q 2.421 0.671 0.146 2.950 0.082 -1.856 0.065
8Q 2.866 1.263 0.080 8.635 0.102 -3.286 0.078

This table presents quarterly consumption growth forecasting regressions from the data and from the bench-
mark endogenous growth model (ENDO 1) and the exogenous model with a stochastic trend (EXO 2) for
horizons (k) of 1, 4, and 8 quarters. Specifically, log real consumption growth is projected on the 20 quarter
nominal yield spread, Acy 41 + - + Acipp—1,145 = @ + 5(%(20) - y(l)) + v 1+5. In the data, the regression
is estimated via OLS with Newey-West standard errors with k¥ — 1 lags. The model regression results corre-
spond to the population values. Overlapping quarterly observations are used. Consumption data are from
the BEA and nominal yield data are from CRSP.

Table 6: Productivity Growth Forecasts with R&D Growth

Horizon (k) Data ENDO 1
5 SE R 5 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

This table presents annual productivity growth forecasting regressions from the data and from the benchmark
endogenous growth model (ENDO 1) for horizons (k) of one year to four years. Specifically, log productivity
growth is projected on log R&D stock growth, Az ;y1+---+Aziy k1446 = a+LAN +14 1. In the data the
regression is estimated via OLS with Newey-West standard errors with k—1 lags. The model regression results
correspond to the population values. Overlapping annual observations are used. Multifactor productivity
and R&D stock data is from the BLS.
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Table 7: Consumption Growth Forecasts with R&D Growth

Horizon (k) Data ENDO 1
B SE. R B SE. R?
1 0.217 0.084 0.094 1.993 0.678 0.177
2 0.395 0.178 0.115 3.643 1.207 0.214
3 0.540 0.276 0.132 5.044 1.766 0.219
4 0.703 0.347 0.168 6.221 2.333 0.215

This table presents annual consumption growth forecasting regressions from the data and from the benchmark
endogenous growth model (ENDO 1) for horizons (k) of one year to four years. Specifically, real consumption
growth is projected on log R&D stock growth, Ac i1 + -+ + Aceqph—1,t4k = o + BANg + v 4. Both in
the data and in the model, the regression is estimated via OLS with Newey-West standard errors with k£ —1
lags. The model estimates correspond to 200 simulations of 56 years. Overlapping annual observations are
used. Consumption data is from the BEA and R&D stock data is from the BLS.

Table 8: Inflation Forecasts with R&D Growth

Horizon (k) Data ENDO 1

5 SE R 3 SE R
1 20543 0.168 0.156 6414 0.650 0.613
p 1065 0409 0.171  -11.757 1.454 0.582
3 1560 0.671 0177 -16.132 2407 0.530
4 22015 0927 0.177  -19.674 3.466 0.478

This table presents annual inflation growth forecasting regressions from the data and from the benchmark
endogenous growth model (EGR 1) for horizons (k) of one year to four years. Specifically, log inflation
is projected on log R&D stock growth, m¢q1 4+ + Teph—1,t4k = @ + BANg + v 11p. Both in the data
and in the model, the regression is estimated via OLS with Newey-West standard errors with &k — 1 lags.
The model estimates correspond to 200 simulations of 56 years. Overlapping annual observations are used.
Consumption data is from the BEA and R&D stock data is from the BLS.
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Table 9: Volatility of Low-Frequency Components

Data ENDO1 EXO1
o(Ac) 0.75%  0.86% 0.65%
o(Ay) 1.16%  1.19% 0.99%
o(A1) 3.06%  2.35% 2.09%
o(Al) 1.29%  0.36% 0.32%

This table reports the annualized volatilities of low-frequency components of log consumption, output, in-
vestment, and labor growth rates from the data and from the benchmark endogenous growth model (ENDO
1) and the neoclassical model with a deterministic trend (EXO 1). The bandpass filter from Christiano and
Fitzgerald (2003) is used to isolate the low frequency component. The low-frequency component is defined

as a bandwidth of 32 to 200 quarters. Quarterly macro data are from the BEA and BLS. Inflation data are
from CRSP.

Table 10: Low-Frequency Correlations

Data ENDO 1 EXO 2

corr(Ac, ) -0.77  -0.84 -0.10
corr(Ay, ) -0.74  -0.711 -0.01
corr(Az, ) -0.52  -0.64 0.08
corr(An, ) -0.63  -0.90 -
corr(E[Ac|, E[r]) - -0.97 0.49

This table reports the correlation of low-frequency components of log consumption, output, productivity, and
R&D stock growth with inflation from the data and from the benchmark endogenous growth model (ENDO
1) and the exogenous growth model with a stochastic trend (EXO 2). The bandpass filter from Christiano
and Fitzgerald (2003) is used to isolate the low-frequency component. The low-frequency component is
defined as a bandwidth of 32 to 200 quarters. Quarterly output data is from the BEA and BLS. Inflation

data are from CRSP.
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Figure 1: Long-Run Co-Movement
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The top left panel plots the low-frequency components of both log consumption growth (dashed line, scale
on left axis) and log inflation (solid line, scale on right axis) from the data. The bottom left panel plots the
low-frequency components of both log R&D stock growth (dashed line, scale on left axis) and log inflation
(solid line, scale on right axis) from the data. The top left panel plots the low-frequency components of both
log consumption growth (dashed line, scale on left axis) and log inflation (solid line, scale on right axis) from
the benchmark model. The bottom left panel plots the low-frequency components of both log R&D stock
growth (dashed line, scale on left axis) and log inflation (solid line, scale on right axis) from the benchmark
model. The low-frequency component is obtained using the bandpass filter from Christiano and Fitzgerald
(2003) and selecting a bandwidth of 32 to 200 quarters. Macro data are from the BEA and BLS. Inflation

data are from CRSP.
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Figure 2: Expected Growth Rates
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This figure shows quarterly log-deviations from the steady state for the benchmark endogenous growth model
ENDO 1 (solid line) and the exogenous growth model with a deterministic trend NCL 1 (dashed line) from

a one standard deviation shock to productivity. All deviations are in annualized percentage units.
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Figure 3: Expected Inflation and Growth Mechanisms (Productivity Shock)
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This figure shows quarterly log-deviations from the steady state for the benchmark endogenous growth
model ENDO 1 (solid line) and the neoclassical models (dashed line) from a one standard deviation shock

to technology. All deviations are in annualized percentage units.
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Figure 4: Expected Inflation and Growth Mechanisms (Expected Growth Shock)
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This figure shows quarterly log-deviations from the steady state for the exogenous growth model model
with a stochastic trend EXO 2 from a one standard deviation shock to expected productivity growth. All

deviations are in annualized percentage units.
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Figure 5: Varying Intensity of Inflation Stabilization

2.6 3
25 )
3 £
g 24 5
.(7) (2]
1
2.3
2.2 : : : 0 :
15 2 2.5 3 15 2 2.5 3
Pr Pr
0.55 3
. 05 )
ey —~
Q E
 0.45 =
Z @ q
0.4
0.35 : : : 0
15 2 25 3 15 2 25 3
Pr Pr
4 3
— 35 2 2
d g
= g
w e
3 w1l
25 : : : 0 : : :
15 2 25 3 15 2 25 3
Pr Pr

This figure plots the impact of varying the policy parameter p, on output growth volatility, inflation volatility,
volatility of expected consumption growth, volatility of expected inflation, equity premium, and average

nominal yield spread in the benchmark growth model. Values on y-axis are in annualized percentage units.
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Figure 6: Varying Intensity of Output Stabilization
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This figure plots the impact of varying the policy parameter p, on output growth volatility, inflation volatility,
volatility of expected consumption growth, volatility of expected inflation, equity premium, and average

nominal yield spread in the benchmark growth model. Values on y-axis are in annualized percentage units.
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