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Abstract

We examine the implications of introducing anticipated productivity shocks for

the ability of a real-business-cycle model to explain asset prices. Our theoretical

framework is a real-business-cycle model in which agents receive news about future

productivity shocks. We show that incorporating anticipated shocks, or news, cre-

ates a persistent predictable component in consumption growth, often referred to

as long-run risk in the �nance literature (Bansal and Yaron, 2004). Thus, in con-

junction with Epstein and Zin (1989) preferences and under plausible parameter

calibrations, news shocks help explain key observed asset pricing facts. Further-

more, we show that news shocks improve our prediction for the co-movement of

macroeconomic and �nancial variables, and explain the asset returns� lead over

the business cycle. We also model time-varying economic uncertainty (stochastic

volatility), and show how under certain conditions this could lead to lower premia

in a model where consumption is endogenous. Finally, we discuss how a class of

dynamic stochastic general equilibrium models with recursive preferences can be

solved using perturbation methods, which are more computationally e¢ cient than

the usual numerical techniques.
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1 Introduction

Anticipated shocks are an important source of economic �uctuations. A strong intuition,

con�rmed by vast evidence, suggests that agents receive news about the future economic

fundamentals. These changes in expectations have recently been incorporated in real

business cycle models to explain macroeconomic co-movements. In this paper we extend

the analysis to the asset pricing implications of news.

We start with a standard real business cycle model driven by productivity shocks and

augment it along two dimensions. First, we incorporate anticipated shocks or shocks that

a¤ect productivity one or several quarters after they enter agents�information set. In our

model shocks have an unanticipated component, as is often assumed in macroeconomic

literature, but also an anticipated component. Anticipated shocks are news about move-

ments in the productivity process that materialize in the future. Our second departure

is to assume recursive preferences as suggested by Epstein and Zin (1989), Epstein and

Zin (1991) and Weil (1989). Investors with Epstein-Zin preferences demand a premium

for holding assets correlated with shocks to expected consumption growth, as well as the

shocks to realized consumption growth.

Incorporating news improves macroeconomic �t. Our contribution is to show that

news shocks are also important to match asset pricing facts. A strand of the consumption-

based asset pricing literature, pioneered by Bansal and Yaron (2004), relies on assump-

tions about the persistence of consumption growth, referred to as long-run risk, which,

combined with Epstein-Zin preferences, allow to match the key asset pricing facts. A

natural question is whether a standard production economy model can give rise to such

dynamics in consumption growth and subsequently to the corresponding asset pricing

results. News are important in the long-run risk context because they only a¤ect the

expected production possibilities of the economy. Following news about higher future

productivity consumption responds both immediately and after the eventual productiv-

ity increase, generating persistence. The relative importance of substitution and income

e¤ects will determine the relative sizes of the responses. We show that anticipated shocks

are an important channel to generate long-run risk in consumption without compro-

mising the model�s ability to �t the key macroeconomic variables and macro-�nance

co-movements. In particular, unlike the other mechanisms creating long-run risk - en-

dogenous consumption smoothing and productivity growth persistence, news replicate

the hump-shape in the auto-correlation function of quarterly consumption growth.

Our benchmark model with news matches important macro indicators such as con-

sumption growth level, volatility and persistence, investment and output volatilities. The

model matches the �nancial data well. The implied level of risk free rate and its volatility
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are in line with the data. We are able to generate signi�cant risk premia for low values

of relative risk aversion parameter.

Signi�cantly, the model matches the lead of excess asset returns over the output

growth very closely. This con�rms that news are important to explain both macroeco-

nomic and asset market dynamics. Anticipated shocks are a natural channel to account

for the lead of asset prices over the business cycle. Prices are forward looking and incor-

porate news that will a¤ect the productivity only in the future. Backus, Routledge, and

Zin (2007), Backus, Routledge, and Zin (2008) and Garleanu, Panageas, and Yu (2009)

point out that the lead of prices over quantities is an empirical fact unaccounted for by

standard endowment and production economy models. In the latter paper the pattern is

explained by the slow adoption of technological growth options. Our mechanism is purely

informational and produces results quantitatively close to the data.

We extend the model by introducing time-variation in the volatility of productivity

shocks. Extensive and detailed evidence in Bloom, Floetotto, and Jaimovich (2009) sug-

gests that changes in macroeconomic uncertainty are another important driver of the

business cycle �uctuations. We �nd that, unlike in endowment economies, incorporat-

ing stochastic volatility may fail to improve on asset pricing results. The changes in

the volatility of productivity a¤ect consumption volatility, but also create a persistent

component in expected consumption growth. The endogenous correlation of stochastic

volatility and long-run risk in consumption may reduce the risk premia and the predictive

power of price-dividend ratios. This �nding highlights the importance of real business

cycle models that provide a theoretical justi�cation for the assumptions made in endow-

ment economy analysis. This is particularly relevant when the assumed properties of

consumption dynamics are hard to establish empirically.

We solve the model by perturbing it around the non-stochastic steady state and using

up to fourth order approximations in order to capture the e¤ect of risk on asset prices.

Our approach draws on Schmitt-Grohe and Uribe (2004) methodology for approximating

a general class of dynamic stochastic general equilibrium (DSGE) models. Alternative

methods, such as value function iteration, are infeasible because of the dimensionality

problem. Our approach is well adapted for the problems with a large number of state

variables, as the one we are dealing with in this paper, and is computationally e¢ cient.

Several recent papers, including Rudebusch and Swanson (2008a), Swanson, Anderson,

and Levin (2006), Binsbergen van, Fernández-Villaverde, Koijen, and Rubio-Ramírez

(2008) address the speci�c issue of using perturbation methods in the context of models

with recursive preferences. In contrast, our paper shows how the usual framework can

be applied. A companion note to this paper shows that the log-linearisation approach

widely used in �nance is a special case of second order perturbation.
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The importance of anticipated shocks has been documented in several recent papers

that stimulated the interest in this line of research. In a VAR study Beaudry and Portier

(2006) �nd that long-run movements in productivity explain a large fraction of business

cycle �uctuations and cause standard business cycle co-movements. Moreover, these

authors argue that anticipated shocks are highly correlated with the component in the

innovations to stock prices which are orthogonal to productivity shocks. Schmitt-Grohe

and Uribe (2008) estimate the importance of anticipated shocks using a structural model.

We borrow the authors suggested shock structure and their quantitative estimates for

the sizes of these shocks. Beaudry and Portier (2007) and Jaimovich and Rebelo (2009)

explore how news about future productivity can generate a simultaneous increase in

consumption, investment and working hours in a real business cycle model with real

frictions. This strand of literature has not addressed the question of the impact of news

on the prices of assets. We work in a simpler real business cycle framework and study

both macroeconomics and asset pricing implications of anticipated shocks.

Tallarini (2000) is among the �rst to separate the relative risk aversion from the

elasticity of intertemporal substitution in a real business cycle model in order to reconcile

macroeconomic and asset pricing facts. The intuition is that the two parameters play

distinct roles - the elasticity of intertemporal substitution allows to match macro dynamics

while risk aversion determines the level of risk premia. This idea was further developed

in Campanale, Castro, and Clementi (2009). In our work we show that elasticity of

intertemporal substitution a¤ects consumption dynamics, creating long run risk, and

therefore can have an impact on asset prices.

We know of two previous attempts to understand whether long-run consumption risk

is a realistic and reasonable feature in a production economy with endogenous consump-

tion. Kaltenbrunner and Lochstoer (2007) answer in the a¢ rmative by pointing out that

in the simple real business cycle model i.i.d. shocks to productivity growth generate

predictable movements in consumption growth provided the elasticity of intertemporal

substitution is high enough. Croce (2008) introduces long run productivity risk and stud-

ies its implications for the endogenous consumption dynamics and asset prices. Relative

to these papers we propose an additional source of persistence in consumption growth,

namely anticipated shocks, which in addition to asset pricing facts matches several key

macroeconomic and macro-�nance co-movements.

Shocks to uncertainty have been advanced as an important impulse driving business

cycles. Sim (2006), Justiniano and Primiceri (2008) and Fernández-Villaverde, Guerron-

Quintana, Rubio-Ramírez, and Uribe (2009) show the importance of volatility shocks for

macroeconomic quantities using real business cycle models. To our knowledge Bloom
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(2009) presents the most comprehensive evidence on the uncertainty across the business

cycle. This literature highlights the importance of capital adjustment costs and invest-

ment irreversibility to match macroeconomic responses to uncertainty shocks. While

these papers argue that changes in uncertainty are most easily observable in �nancial

markets they do not address the issue of asset pricing implications.

The importance of stochastic volatility for asset pricing in endowment economies has

been highlighted by a series of papers including Bansal and Yaron (2004), Bansal, Kiku,

and Yaron (2006), Bansal, Kiku, and Yaron (2007), Backus, Routledge, and Zin (2008),

Beeler and Campbell (2009) to mention just some. Stochastic volatility is important for

several distinct reasons. In Bansal and Yaron (2004) a persistent stochastic volatility

process helps to explain returns predictability and also increases the level of risk premia.

In Bansal, Kiku, and Yaron (2007) calibration the contribution of stochastic volatil-

ity relative to long-run risk to the volatility of stochastic discount factor is even more

important. Backus, Routledge, and Zin (2008) point out that the correlation between

stochastic volatility and long-run risk can help explaining the empirically documented

lead of asset returns over consumption growth. Our contribution is to analyse which

of the assumptions made in endowment economy models mentioned above are likely to

emerge in general equilibrium with production.

The rest of the paper is organized as follows. Section 2 introduces the model. Section

3 brie�y discusses our solution technique. Section 4 describes the structure of anticipated

shocks Section 5 discusses our main results. Section 6 introduces stochastic volatility. In

Section 7 we discuss the role of elasticity of intertemporal substitution, the modeling of

equity and alternative preferences. Section 8 concludes.

2 Model

Our setup is a variant of a standard real business cycle model with one good, physical

capital, endogenous labor input, and shocks to productivity. We extend the standard

model by assuming recursive preferences, adding frictions in the form of adjustment costs

to investment and allowing for news shocks. We exploit the second welfare theorem and

�nd the equilibrium allocations by solving the social planner problem.

2.1 Preferences

The representative consumer maximizes a utility function de�ned recursively:
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Max
Ct;Nt

Ut

where

Ut =
�
u
1�1= 
t + �(Et(U

1�
t+1 ))

1�1= 
1�

� 1
1�1= 

(1)

ut = (1�Nt)
�Ct

The period utility ut is multiplicative in consumption (Ct) and leisure (1 � Nt); re�ect-

ing the complementarity of leisure (see for example Eichenbaum, Hansen, and Singleton

(1988)). This speci�cation has two advantages over a utility separable in consumption

and leisure. First, it ensures that period utility is always positive. Second, as emphasized

by Rudebusch and Swanson (2008a), under separable utility the value function is not

proportional to wealth, and therefore,  could not be interpreted as the coe¢ cient of rel-

ative risk aversion. Whereas our speci�cation ensures that the household�s value function

Vt =MaxUt is proportional to W
1�
t ; making  a direct measure of risk of aversion.

Unlike CRRA utility function, Epstein-Zin preferences allow us to separate the elastic-

ity of intertemporal substitution from the coe¢ cient of relative risk aversion (see Epstein

and Zin (1989)). The parameter  stands for the agent�s relative risk aversion and  , for

his elastcity of intertemporal substitution. This separation has an important implication

for the agent�s preferences towards the early resolution of uncertainty. In the power util-

ity case investor is indi¤erent towards the timing of resolution of uncertainty, if  > 1= 

( < 1= ) the investor prefers early (late) resolution of uncertainty. Intuitively, with

 > 1= the agent�s propensity to smooth consumption across states is greater than his

propensity to smooth consumption across time.

2.2 Technology

The consumption good is produced according to a constant returns to scale neoclassical

production function

Yt = Zt (AtNt)
1��K�

t (2)

where Kt is the stock of capital, Nt is the labor hours and Yt is the output. Zt and At
represent the stationary and non-stationary components of the total factor productivity

respectively. We will describe their dynamics below.

6



The law of motion of capital is given by

Kt+1 = Kt [(1� �) + �(It=Kt)] (3)

where It = Yt � Ct and � is a positive, concave function, capturing the fact that capital

adjustments are costly. We follow Jermann (1998) in specifying � as below:

� (It=Kt) =
�
�1 (It=Kt)

1�1=� + �2

�
(4)

The parameters �1 and �2 are set such that the adjustment cost is zero on the balanced

growth path; i.e. � (I=K) = I=K and �0 (I=K) = 1 1: Note that qt = 1=�0
�
It
Kt

�
is

the marginal rate of transformation between new capital and consumption, or Tobin�s q.

Since qt = (I=K)
�1=� (It=Kt)

1=� we can interpret � as the elasticity of investment-capital

ratio with respect to Tobin�s q:

We now introduce our speci�cation for the technology shocks. The stationary (Zt)

and non-stationary (At) components of the productivity follow:

lnAt+1 � lnAt = x1t+1

lnZt+1 = x2t+1

We let x1 and x2t to be the �rst two elements of a �rst order auto-regressive vector xt.

xt+1 = H0 +H1xt +H2�t+1 (5)

where H0 is (n�1); H1 is (n�n), H2 is (n�n�) and �t is a vector of normally distributed
innovations, �t � N(0; In�). We assume all innovations are perfectly observable. This

general speci�cation nests several models as special cases: the standard growth model,

the long-run productivity risk model (Croce (2008)), a model with anticipated shocks

(Schmitt-Grohe and Uribe (2008)) as well as models with transitory shocks around a

time trend in productivity growth (Kaltenbrunner and Lochstoer (2007)). We postpone

the modeling of stochastic volatility until Section 6.

1In particular, we set �1 = 1
1�1=�

�
I
K

�1=�
and �2 = 1

1��
�
I
K

�
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2.3 Equilibrium

The social planner�s problem can be summarized by the Bellman equation

V (Kt; xt) = max
Ct;Nt

(Ut) or

Vt = max
Ct;Nt

�
((1�Nt)

�Ct)
1�1= + �(Et(V

1�
t+1 ))

1�1= 
1�

� 1
1�1= 

(6)

where Vt is the problem�s continuation value or simply the value function. The max-

imization problem is subject to the production function (2), law of motion of capital

(3) and the exogenous dynamics (5). It follows that the Euler equation and the opti-

mal consumption-leisure trade-o¤ can be written as (7) and (8) (see Appendix A for the

derivation):

Et

"
Mt+1

�
@Kt+2

@Ct+1

��1
@Kt+1

@Ct

@Kt+2

@Kt+1

#
= 1 (7)

�(1�Nt)
@Kt+1

@Nt

� �Ct
@Kt+1

@Ct
= 0 (8)

where Mt+1 is the stochastic discount factor, de�ned as:

Mt+1 = �

0@ Vt+1

Et
�
V 1�
t+1

� 1
1�

1A1= � �
Ct+1
Ct

��1= �
1�Nt+1

1�Nt

��(1�1= )

We assume perfect labor markets, and therefore wages are equal to the marginal product

of labor. Hence, it is optimal for the representative �rm to employ the level of labor

chosen by the social planner and supplied by the representative agent.

2.4 Asset Prices

The focus of our analysis are equilibrium asset prices. In equilibrium the return on any

asset i, Ri
t+1; satis�es

Et
�
Mt+1R

i
t+1

�
= 1 (9)

We de�ne the one-period risk-free rate as

Rf
t = Et (Mt+1)

�1

8



Following Alvarez and Jermann (2005) we choose to measure the volatility of the sto-

chastic discount factor by its "entropy"

Lt(Mt+1) = logEt(Mt+1)� Et log(Mt+1)

The authors show that Lt(Mt+1) places a bound similar to Hansen and Jagannathan

(1991) on expected excess returns.

We also consider two particular assets. First, a claim on the aggregate consumption

stream and second, a claim on the dividends paid out by the �rms who own the capital

stock. The dividend stream at time t is de�ned as output net of investment and wages

Dt = Yt �WtNt � It

The total returns - the sum of period �ow and capital gain - on these two assets Rc
t and

Rd
t substituted in the asset pricing equation (9) provide us with a recursive de�nition of

the asset price or price-dividend ratio.

P c
t

Ct
= Et

�
Mt+1

Ct+1
Ct

�
P c
t+1

Ct+1
+ 1

��
P d
t

Ct
= Et

�
Mt+1

Dt+1

Dt

�
P d
t+1

Dt+1

+ 1

��
It can be easily dealt with using perturbation methods. Alternatively, the return on

�rm equity could have been computed from the pro�t maximization problem of the

representative �rm (see Restoy and Rockinger (1994))2.

Finally, we look at the real term premium. This provides us with an additional model

implication and can be informative about the properties of the pricing kernel (see Alvarez

and Jermann (2005)). We follow Rudebusch and Swanson (2008a) and model a real consol

bond that pays a geometrically decreasing coupon every period. Again, its price can be

written recursively

P b
t = 1 + �Et

�
Mt+1P

b
t+1

�
where � is the rate of coupon decay. By varying � we can vary the duration of the bond3.

The term premium is de�ned as the di¤erence between the yield on the bond and its

2Explicitly, Rdt+1 =
1=�0

�
It+1
Kt+1

�
+dt+1

1=�0( ItKt
)

; where dt+1 = �
Yt+1
Kt+1

� �

�0
�
It+1
Kt+1

� � It+1
Kt+1

+
�
�
It+1
Kt+1

�
�0
�
It+1
Kt+1

�
3Explicitly, the duration of this bond is 1� �e�y + �e�y=(1� �e�y); where y is the bond yield.
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yield under risk neutrality

TPt = log

�
�P b

t

P b
t � 1

�
� log

 
� ~P b

t

~P b
t � 1

!

3 Perturbation Methods Solution

We solve the model introduced in the previous section by expanding the value function,

policy functions, and the laws of motion for the state variables around the non-stochastic

steady state. This is the standard practice in macroeconomic literature since the closed

form solution of the model is known at this particular point in the state-space. We

opt for perturbation methods as opposed to numerical methods such as value function

iteration or projection for two reasons: First, we would like to investigate a problem with a

large number of state variables. The high dimensionality of the problem makes numerical

methods computationally infeasible. Furthermore, perturbation methods are attractive as

they obtain (approximate) analytical expressions for state-evolution equations and policy

functions. Caldara, Fernández-Villaverde, Rubio-Ramírez, and Yao (2008) document the

accuracy of perturbation methods in the context of models with recursive preferences and

compare them with alternative computational approaches.

We follow the procedure suggested by Schmitt-Grohe and Uribe (2004) for �nding

a second-order approximation to the solution of a general class of discrete-time rational

expectations models. Let the set of equilibrium conditions of the model we wish to

approximate be written as

Etf (yt+1; yt; xt+1; xt) = 0 (10)

where yt is the vector of control variables and xt is a vector containing state variables.

The solution to the recursively de�ned model is given by the equilibrium policy function

for yt and the laws of motion for xt:

yt = g(xt; �) (11)

xt+1 = h(xt; �) + ���t+1 (12)

where � is a parameter scaling the size of uncertainty. Without loss of generality we can

assume that � is either 0, at the non-stochastic steady state, or equal to 1 otherwise. In

general we don�t need to specify the exact distribution of the vector of shocks. For each

order of approximation we need to specify the corresponding moment
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We wish to approximate the functions g and h around the non-stochastic steady state,

where � = 0 and xt = �x: We de�ne the non-stochastic steady state as vectors (�x; �y) such

that

f (�y; �y; �x; �x) = 0

Finding a second order approximation to the solution equations (11) and (12) involves

solving for elements of the (matrix) derivatives of g and h with respect to x and �

evaluated at the steady state. They are found by di¤erentiating (10) and evaluating the

result at the steady state. This gives us a system of equations in the desired approximation

coe¢ cients. Schmitt-Grohe and Uribe (2004) provide an algorithm for solving this system.

The resulting approximation is

[g(xt; �)]
i = [g(�x; 0)]i + [gx(�x; 0)]

i (x� �x) +
1

2
(x� �x)T [gxx(�x; 0)]i (x� �x) +

1

2
[g��(�x; 0)]

i [�] [�]

[h(xt; �)]
i = [h(�x; 0)]i + [hx(�x; 0)]

i (x� �x) +
1

2
(x� �x)T [hxx(�x; 0)]i (x� �x) +

1

2
[h��(�x; 0)]

i [�] [�]

The authors show that the remaining terms of the Taylor expansion are zero g� = h� =

g�x = h�x = 0
4: The fact that g� = h� = 0 implies that the �rst order approximation is

not a¤ected by the volatility of the shock and produces no adjustment for risk. g�x =

h�x = 0 implies that a second-order approximation can only produce constant risk premia.

Furthermore, it can be shown that the risk aversion parameter  does not a¤ect the non-

stochastic steady state values. Neither does it enter the expressions for hx or hxx evaluated

at the non-stochastic steady-state.  only enters in the term h��: This means that, to

the second order, risk aversion only a¤ects the di¤erence between the stochastic steady

state and the non-stochastic steady states but not the dynamics of the variables. Our

benchmark is the second order approximation. As explained in the following sections we

aslo do higher order robustness checks.

We can apply perturbation to any transformation of the variables. As it is standard in

macroeconomics, we obtain a second order approximation in the logarithms of variables.

Since labour augmenting productivity process At has a unit root our economy is

growing. In order to �nd local approximations of state variables transition and policy

functions around a particular point we need to transform the problem into a stationary

one. For all the variables Xt inheriting the unit root de�ne ~Xt as the variable normalized

4The general conjecture is that the derivatives of the policy function with respect to x any number of
times and with respect to � odd number of times evaluated at the non-stochastic steady state are zero
provided the distribution of �t+1 has corresponding odd moments equal to zero. We can explicitly show
this up to the third order.
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by the unit-root technology shock, so that ~Xt = Xt=At�1: De�ne the stationary version

of the value function to be ~Vt = V ( ~Kt; ~At; Zt; �t): Note that (2), (3), (5) and (1) are

all homogeneous of degree one in Kt and At: As a consequence Vt is also homogeneous

of degree one. We can rewrite the set of equations de�ning the equilibrium in terms of

stationary variables. See Appendix B for details.

As compared to models with time-additive preferences the value function ~Vt and the

expression Et
�
~V 1�
t+1

�
appear in the Euler equation and therefore have to be approxi-

mated. This posed problem for several previous attempts to apply standard perturbation

techniques to models with recursive preferences. We treat the two variables as two addi-

tional controls and add two additional equations to the system of equilibrium conditions

- one is the stationarised version of the de�nition of the value function, the other the

de�nition of Et
�
~V 1�
t+1

�
itself. See Appendix B for details.

In a companion note to this paper. Malkhozov and Shamloo (2009) show the exact

relation of perturbation methods to log-linearisation techniques widely used in �nance

(see for example Bansal and Yaron (2004)). Exploiting the log-normality is equivalent

to using all the �rst order and selectively some second order terms of the perturbation

solution5.

4 Anticipated Shocks

4.1 Introducing anticipated shocks

We introduce news shocks in the real business cycle setting in order to account for the

strong empirical evidence that most of the changes to productivity are anticipated one or

several quarters in advance. The motivation for allowing news shocks is twofold. First, it

is a reasonable generalization, especially when studying asset prices, that the information

set of the agents contains more information than the current and the past realizations of

the productivity shocks. Furthermore, there is strong empirical evidence which shows that

anticipated shocks are important in explaining macroeconomic and �nancial variables. In

a VAR study Beaudry and Portier (2006) �nd that technology shocks are �rst captured

by stock prices before they a¤ect productivity. Schmitt-Grohe and Uribe (2008) �nd that

anticipated (stationary and non-stationary) shocks explain close to 70% of the variance

of output growth, over 80% of the variance in consumption growth, and close to 50%

of the variance in investment growth. As explained in detail further in this section, the

5Backus, Routledge and Zin (2007) apply log-linearisation to a real business cycle model. However,
Malkhozov and Shamloo (2009) argue that their choice of equilibrium conditions to approximate is
inconsistent.
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authors estimate the relative importance of di¤erent shocks within a real business cycle

model. In this paper we take their suggested estimates on the relative importance of

these shocks and ask how introducing anticipation (or enlarging the agents�information

set) in an otherwise simple real business cycle framework a¤ects quantities, prices and

prices-quantities co-movements.

Schmitt-Grohe and Uribe (2008) and Jaimovich and Rebelo (2009) build models in

which they include news shocks. The focus of these papers is to reproduce the correct

macro dynamics and in particular neither paper studies the asset pricing implications

and the macro-�nance co-movements.

We study the hypothesis that news increase long-run risk in consumption. Antic-

ipated shocks are not the only way to create long-run risk in consumption. Indeed,

Kaltenbrunner and Lochstoer (2007) show that persistent time variation in expected

consumption growth is a salient feature of real business cycle models even with unantic-

ipated i.i.d. productivity shocks provided the propensity to smooth consumption is not

too high (elasticity of intertemporal substitution not too low). In other words consump-

tion long-run risk arises endogenously. An obvious way to amplify the e¤ect is to increase

the persistence in productivity shocks, which gives rise to persistent future movements in

consumption.

Our framework allows for persistence in productivity shocks. The main contribution of

our paper is to introduce shocks that will increase productivity not immediately but only

one or several periods in the future. They lead to an expected increase in consumption

at the period when technology improvement is realized. The relative importance of

substitution and income e¤ects will determine the sizes of the immediate response of

consumption to the shock and the response after the eventual productivity increase.

Anticipated shocks are a natural channel through which we can explain the asset

prices lead of the business cycle. This pattern has been reported in a number of empirical

studies. Most recently this has been documented by Backus, Routledge, and Zin (2007)

and Backus, Routledge, and Zin (2008) who show that both equity prices and term spreads

lead the business cycle. Because asset prices are forward-looking, news about the future

are incorporated in them but might not be re�ected in the macroeconomic quantities

as the anticipated shocks are yet to realize. Prices may contain more information than

the history of macro variables. This is the simplest theoretical way to account for the

predictive power of �nancial variables.
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4.2 Structure of shocks

The stationary and non-stationary productivity shocks are autoregressive and subject

to anticipated ("1; "2; "3) and unanticipated ("0) innovations. This speci�cation is taken

from Schmitt-Grohe and Uribe (2008).

x1t = (1� �A)�A + �Ax
1
t�1 + "0A;t + "1A;t�1 + "2A;t�2 + "3A;t�3

x2t = (1� �Z)�Z + �Zx
2
t�1 + "0Z;t + "1Z;t�1 + "2Z;t�2 + "3Z;t�3

The agent learns about innovation "t at date t and it a¤ects the productivity at the

same date. Innovations "1t�1; "
2
t�2; "

3
t�3 are anticipated one, two and three periods ahead -

they a¤ect date-t productivity, but are period t� 1; t� 2; t� 3 information respectively.
Therefore, at date t the agent learns about 4 shocks "0t ; "

1
t ; "

2
t and "

3
t ; a¤ecting produc-

tivity immediately and in one, two and three periods ahead. We assume all shocks are

independent.

Additional lagged innovations can easily be incorporated in to the recursive formula-

tion of the problem by increasing the number of state variables. The matrices H0; H1,

and H2 of the VAR(1) representation of the shocks are given in the Appendix D.

4.3 Calibration

Table 1 reports the values of the parameters which are constant across all models. All

the parameters are calibrated at quarterly frequency. This is the frequency often used in

analyzing the business cycle properties of macroeconomic aggregates. We set �; the share

of capital in the production function and depreciation rate of capital to standard values

in business cycle literature (see Christiano, Eichenbaum, and Evans (2005)). The mean

technology growth rate is set such that the output growth of the economy is around 2%

annually. In this version of the paper, we assume a perfectly inelastic labor supply, i.e.

we set � = 0 and �x the size of the labor force at 1. We will discuss this assumption and

intend to release it in the future extensions of this paper.

We choose  = 5 for our benchmark calibration. We show that this value is enough

to produce prices of risk in line with the data. We also discuss the results for  = 10:

Changing the risk aversion only a¤ects premia and the level of the risk free rate (which can

changed by re-calibrating the discount factor), and essentially nothing else. This is exactly

true in the second order approximation and is veri�ed in higher order robustness checks.

The fact that macroeconomic time series are essentially una¤ected by the coe¢ cient of

relative risk aversion has been pointed out by Tallarini (2000). We calibrate � to match

the level of the risk free rate.
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We borrow our shock structure and the relative sizes of the anticipated and unantic-

ipated innovations from the estimates by Schmitt-Grohe and Uribe (2008). It is worth-

while to emphasize that there are important di¤erences between the model we consider

and their estimated model6. Despite these modeling di¤erences, their exercise is uniquely

useful to us for disciplining our calibration of anticipated shocks. Table 3 reproduces the

estimated variances for all of the components of the shocks, reported in Schmitt-Grohe

and Uribe (2008). We weight all the variances by a factor � to achieve the level of

consumption volatility observed in the data.

Perturbation solution allows for easy estimation of the model. This is one of the most

interesting potential extensions to our paper. The �rst Bayesian estimation results for

our model suggest that Schmitt-Grohe and Uribe (2008) identi�cation of shocks is a good

approximation. For this exercise we have used macroeconomic data on consumption, out-

put and investment only. Our aim is the identi�cation of anticipated and non-anticipated

shocks, along with the key parameters of the model, using both macroeconomic and

�nancial data.

5 Results

In this section we present the results of four calibrations of our model. Model I is

our benchmark. It includes anticipated and non-anticipated non-stationary productivity

shocks. Model II is identical to model one except for all the uncertainty is coming from

unanticipated innovations. The comparison of the two models allows us to isolate the

anticipation e¤ects. Model III includes stationary in addition to non-stationary news

shocks. Finally in Model IV we increase the relative risk aversion coe¢ cient from 5 to

10.

5.1 Macro responses

Macroeconomic literature on news in real business cycles focuses on generating a "boom"

in consumption, investment and hours worked following a news shock. This is the

6First, we di¤er in our preference speci�cations. We assume Epstein-Zin preferences to study the
e¤ects of long-run risk, whereas Schmitt-Grohe and Uribe (2008) assume habit formation in consump-
tion and leisure. Second, the authors introduce capacity utilization, which plays an important role in
creating the correct co-movements of macro aggregates. Third, (in the current version of the paper) we
ignore labor supply decisions by assuming a perfectly inelastic labor supply . The authors also include
investment speci�c productivity shocks and government shocks in their model. However, after estimating
the full information model, they show that productivity shocks (stationary and non-stationary) account
for 98% of output growth volatility and 100% consumption growth volatility. This suggests that ignoring
investment speci�c and government shocks in our model should have little e¤ect on our predictions about
business cycle properties of macroeconomic time-series.
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main issue in for example Beaudry and Portier (2007), Schmitt-Grohe and Uribe (2008),

Jaimovich and Rebelo (2009). A standard real business cycle model generates a big fall

in investment and an increase in consumption in response to a positive change in expec-

tations about productivity. This result is not supported by the data. We do not include

any of the real rigidities or habits the above papers use to change this outcome. Instead,

Epstein-Zin preferences allow us to set elasticity of intertemporal substitution to a value

greater than 1, thus mitigating the wealth e¤ect which is the cause of the standard model

responses.

Figure 1 displays the impulse responses to two types of non-stationary productivity

shock, namely an unanticipated and a one-quarter anticipated shock to the non-stationary

component of total factor productivity ("0A; shown in solid and "1A, shown in crossed

line respectively). All variables are measured in percent deviation from the de-trended

non-stochastic steady state. Responses to unanticipated component are standard. In

response to the 1-quarter anticipated non-stationary shock productivity remains at the

steady state level until period 2 and stays high thereafter. Consumption increases in

anticipation of the increase in productivity next period. However this increase is smaller

if the elasticity of intertemporal substitution is larger. For values of elasticity higher

than in our calibration ( � 2:5) consumption actually falls. Note that output does

not increase. This is because productivity has not changed and capital is �xed. We

also assume constant labor7. Because of this resource constraint there are less resources

available for investment. Therefore, capital stock falls slightly and then rises (this pattern

will be re�ected in dividend �ows, as we will observe later). Endogenous labor choice

could potentially generate a simultaneous increase in consumption, investment and hours

worked. But the preferences over consumption and labor we assume in the general case

of the model do not allow for labor supply elastic enough.

Figure 2 shows the response to a three-quarter anticipated stationary productivity

shock (crossed line) and the response to an unanticipated stationary productivity shock

(solid line). In response to the anticipated shock, consumption rises immediately, even

though the productivity increase has not materialized. Between the announcement and

the actual increase in productivity, output is roughly constant, decreasing only slightly

due to the decreasing capital stock and capital decreases for the same reason as above:

The absence of adjustment costs do not bring forward future needs to increase investment.

But higher consumption, without an increase in output results in a temporary reduction

in investment and capital stock levels. The capital stock rises slowly after the shock is

materialized. Note that this model does not produce the hump-shaped response of output

7And no time-varying capital utilisation.
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in response to stationary shocks, which is typically found in VAR studies (but it does

create a hump-shaped response in consumption).

Looking at the macro statistics in Table 4, we observe that the benchmark model

with news (Model I) matches the volatilities of consumption, output and investment,

improving on the performance of the model without anticipation e¤ect (Model II). We do

not need to include adjustment costs or any other real frictions in order to obtain accurate

volatilities. In general we believe that real frictions such as capital adjustment costs are

a realistic feature of the economy and are necessary to explain a number macroeconomic

stylized facts. However, in this paper we show that some of the implications of including

real frictions in a real business cycle model can also be achieved by assuming a richer

shock structure instead.

As expected, news naturally increase consumption auto-correlation. See Figure 3.

Lower order autocorrelations are in line with the data, however higher order autocor-

relations do not decrease as rapidly. News help to reproduce the hump shape in the

autocorrelation function.

In the standard real business cycle models all the aggregate quantities co-move to-

gether (Model II). Introducing news allows to decouple the movements in consumption,

output and investment. Model II performance is not satisfactory enough. In particular,

correlation of consumption and investment growth is negative. As was noted before it

is not possible to increase both consumption and investment in response to the news

shock if working hours stay constant. Endogenous labor choice with homothetic prefer-

ences over consumption and leisure cannot generate the desired hours response. Including

stationary shocks (Model III) improves on the explanation of the co-movements of macro-

economic time series. This �nding is consistent with Schmitt-Grohe and Uribe (2008)

who argue that both stationary and non-stationary news shocks are important to explain

macroeconomic dynamics.

5.2 Asset prices

The benchmark calibration of the model (Model I) produces the level of the risk free

rate and its volatility that are in line with the data and at the same time generates high

prices of risk. News increase the volatility of the stochastic discount factor as measured

by its entropy. Indeed, anticipated shocks created more persistence, or long-run risk, in

consumption growth which translated into higher pricing of risk. Compared to the model

without anticipation (Model II) the premium and the Sharpe ratio of the consumption

claim also increase. For instance the Sharpe ratio is 0.46. If stock-market is modeled as
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a levered claim on consumption stream or aggregate dividends as a process more volatile

with consumption but highly correlated with it, the model will match the equity premium

observed in the data.

In Model III we add stationary news shocks, which as we have seen in previous sub-

section are important for macroeconomic dynamics, to our benchmark. Consistent with

Kaltenbrunner and Lochstoer (2007) we also �nd that only non-stationary shocks matter

for asset pricng. Stationary shocks create additional volatility in macro variables. Keep-

ing consumption volatility constant at the level observed in the data, the volatility of the

stochastic discount factor decreases. However, the Sharpe ratio of the consumption claim

is still in line with the one of the stock-market.

We have achieved the results above with a conservative assumption about the coe¢ -

cient of relative risk aversion, namely  = 5: In Model IV we set this parameter to 10:

Changing the risk aversion only a¤ects the risk free rate level and the pricing of risks.

The volatility of the stochastic discount factor and the Sharpe ratio of the consumption

claim rise dramatically.

Real term premium is negative in all calibrations. In our setup, as interest rates

fall in a recession, long term real bonds are a hedge and therefore command a negative

premium. The observed positive nominal term premium is therefore a purely monetary

phenomenon. While data on real rates are not easily available and complete, Rudebusch

and Swanson (2008a) argue that real term premium is indeed negative.

While the pricing of risks in the economy is satisfactory all the calibrations fail to

price the dividend claim correctly. This paradox is documented in Kaltenbrunner and

Lochstoer (2007). The Sharpe ratio of the dividend process in the calibration without

news (Model II) is equal to the ratio of the consumption claim. This is not surprising as

all the aggregate variables move togehter. However, the volatility of excess returns and

the level of risk premium are to low to be consistent with the data even when magni�ed by

any reasonable leverage. In the models that include news Sharpe ratio actually falls, even

though the stochastic discount factor is more volatile. Clearly, the dividend process that

arises endogenously in our model is counterfactual. Table 6 summarises the properties of

the aggregate dividends and con�rms this. In Model II dividends are strongly negatively

correlated to consumption growth. In Model I they co-move positively with consumption

but are negatively auto-correlated. Let us analyse the intuition. Dividends can be written

as

Dt = �Yt � It

In Model II consumption, output and investment move together in response to an un-

anticipated shock. With higher elasticity of intertemporal substitution investment is
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higher. Dividends sensitivity to the output increase is only �; therefore dividend can

actually become negative after the shock. This result is in line with Kaltenbrunner and

Lochstoer (2007). In Model I dividends rise after the news shock at the same time as

consumption. However, as investment starts to increase after the e¤ective increase in

productivity, dividends drop. An increase in output due to higher working hours could

improve on the properties of dividends.

Results, not reported in this version of the paper, suggest that increasing signi�cantly

the capital adjustment costs increases the premia for the dividend claim to the levels

compatible with the data. Capital stock becomes costly to change and is therefore more

risky. The solution goes back to Jermann (1998) and essentially does not rely on long run

risks or news. However, introducing adjustment costs changes dramatically the internal

mechanisms of the model. In Section 7 we discuss the shortcomings of real business cycle

models that lead to the poor results on the pricing of the dividend claim.

5.3 Macro-�nance co-movements

Our model is able to match the lead of the asset prices over the business cycle. This

empirical �nding was one of the main motivations for introducing news in a real business

cycle model and the results suggest that news are indeed important to explain asset

returns and macroeconomic �uctuations jointly.

We focus on the leads and lags structure of excess returns on consumption claim and

output. Figure 4 shows that the model without news (Model II) imply a pattern where

contamporaneous (quarterly) excess returns and output growth are strongly correlated

while leads and lags are very close to zero. In the data excess returns with one to three

quarters lag are correlated with the output growth, while contamporaneous correlation

is low. This pattern is reproduced by our model. Figures 4 and 5 show that the lead and

lag correlation structure generated by news Models I and III is very close to the data.

5.4 Time variation in risk premia

The risk premia reported in the previous section - aggregate consumption claim premium,

aggregate dividend claim premium and real term premium - are exactly constant. This

is the result of limiting ourselves to the second order approximation of the soltion rather

than a feature of the model itself. Rudebusch and Swanson (2008a) study the nominal

term premium in a related DSGE setup. They approximate their model to the third

order and �nd non-negligible time variation in the term premium. Furthermore, allowing
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for elasticity of intertemporal substitution to be greater than the inverse of the coe¢ cient

of the relative risk aversion increases the volatility of the term premium compared to the

CRRA case.

Approximating our benchmark model to the third order makes the risk premia time-

varying. Yet their volatility is negligible and they are not correlated with macro variables.

The standard deviations of consumption and dividend claims premia are of the order of

10�3 percents. This can be compared to their levels reported in this section.

We can think of two reasons explaining the di¤erence in results with Rudebusch and

Swanson (2008a). First, we study di¤erent phenomena within di¤erent albeit related

frameworks. Second, the authors introduce non-homogeneous preferences over consump-

tion and leisure. Their model is naturally non-homothetic and heteroscedastic leading to

time-varying premia. We assume homothetic preferences which allow us to have a unit

root productivity process.

6 Stochastic Volatility

6.1 Introducing stochastic volatility

A literature going back to Campbell and Shiller (1988) �nds that excess returns are

predicted by a host of state variables. In particular vast evidence suggests that high

dividend yields predict a rise in future expected returns. The idea of time-varying premia

has the appealing interpretation that risk and/or risk aversion vary across the business

cycle. It is also standard empirical �nding that the conditional variance of the market

return �uctuates across time and is very persistent (see, for instance Bollerslev, Engle,

and Wooldridge (1988)). The model in Section 2 is bu¤eted by homoscedastic produc-

tivity shocks and we show that endogenous dynamics of quantities and prices are also

essentially homoscedastic. Our preferences structure only allows for constant relative risk

aversion. In order to capture the time-variation in economic uncertainty we will relax the

homoscedasticity assumption.

In the endowment economy literature, a common way for capturing time-varying risk

premia is to introduce time variation in the conditional volatility of consumption and

dividend growth. It is important to separate two distinct roles for stochastic volatility in

such models. On the one hand, introducing stochastic volatility in consumption growth

gives rise to time-varying premia. Moreover, as changes in volatility a¤ect the price-

dividend ratio, it will predict the variation in risk premia. The second e¤ect of introducing

stochastic volatility, combined with Epstein-Zin preferences, is its impact on the level of
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the premia. In Bansal and Yaron (2004) it accounts for 39% of the volatility of the

stochastic discount factor (compared to 47% for the long-run and 14 % for the short-run

risks) and results in the market compensation for changing economic uncertainty of about

1.2% per annum. Beeler and Campbell (2009) argue that this contribution is even more

important in other calibrations such as Bansal, Kiku, and Yaron (2007).

In this section we aim to understand whether introducing time-varying uncertainty

in a general equilibrium model with production allows us to replicate the two results

achieved in the endowment economy model. Our model is driven by productivity shocks.

Therefore we introduce time-varying economic uncertainty by assuming that the produc-

tivity growth has a time varying volatility.

Evidence supports the stochastic volatility in productivity growth assumption. Croce

(2008) reports the results of a GARCH study that show the variations in the volatility

of productivity growth. Justiniano and Primiceri (2008) provide evidence on the time

variation of productivity shocks volatility based on a structural estimation of a DSGE

model. Bloom, Floetotto, and Jaimovich (2009) provide extensive aggregate, industry

and �rm-level empirical evidence on the time variation of macroeconomic uncertainty

and claim it is an important source of macroeconomic �uctuations. The authors build a

model in which investment and labor market frictions allow them to match the responses

of macroeconomic quantities to a change in the volatility of productivity shocks. We study

stochastic volatility in a simpler, no-frictions setup and derive asset pricing implications.

Intuitively, we expect that introducing time-varying variance of productivity growth,

will result in time-varying variance of consumption growth. However, changes in uncer-

tainty will also a¤ect the optimal consumption choice creating joint consumption growth

and consumption volatility dynamics. We look at the asset pricing implications of this

interaction which is usually assumed to be zero in endowment economy models. For

analytical and computational tractability in this section we abstract from anticipated

shocks.

6.2 Speci�cation and calibration

In this section we would like to focus on the e¤ects of stochastic volatility. We assume

a simple growth model with no anticipated shocks as well as no endogenous labor choice

or real frictions.

x1t+1 = �A + �t"t+1

x2t+1 = 0
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We depart from the general model in 2 and specify the productivity growth variance as

a process

�2t+1 = (1� ') � + '�2t + !�t+1 (13)

where �t+1 � N(0; 1). This is the form used in �nance literature discussed above. For

simplicity, we assume that innovations to productivity growth and its volatility are un-

correlated Et
�
"t+1�t+1

�
= 0.

Our calibration of productivity stochastic volatility is guided by the Bansal and Yaron

(2004) calibration of stochastic volatility in consumption. In other words, our benchmark

calibration for monthly productivity is such that the resulting consumption volatility is

the same as in Bansal and Yaron (2004). In particular, we match the long-term volatility

level, volatility persistence and the volatility of volatility assumed by the authors.

Table 8 presents the parameter values used in the Bansal and Yaron (2004) calibra-

tion for consumption variance with the corresponding implied calibration for productivity

variance parameter. We back-engineering the productivity parameters using an analytical

log-linearisation of the model from Malkhozov and Shamloo (2009). Appendix E shows

the form of the consumption variance process implied by the log-linearisation. Note

that for the same stochastic volatility in consumption, the implied productivity volatil-

ity parameters vary with the other parameters in the model, notably the elasticity of

intertemporal substitution. These parameters, consistent with Bansal and Yaron (2004),

are reported in Table 7.

To capture the dynamics e¤ects of stochastic volatility with perturbation methods,

we use the fourth order expansion8.

6.3 Stochastic volatility results

Our results can be summarised in two points. First, stochastic volatility does not sig-

ni�cantly a¤ect macroeconomic moments. Our calibration of the productivity variance

creates very persistent but low magnitude movements in volatility which a¤ect asset

prices but not macroeconomic quantities. Table 9 compares the key macro moments in

a model with heteroscedastic productivity shocks, and an identical model where we shut

o¤ the stochastic volatility9.
8One intuition is that stochastic volatility a¤ects the skewness and the kurtosis of the distribution of

the variables in the model, while each order of approximation allows to capture an additional moment.
However the former statement is about the unconditional distribution, the latter about conditional one.
Our preferred interpretation is related to the mechanics of how uncertainty is scaled in perturbation
methods and has no obvious economic intuition behind.

9Note that this is not the same as the model in Section 4, because we are abstracting from news and
change the calibration frequency.
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The second important result is related to the asset pricing implications of optimal

consumption responses to variance shocks. We �nd that changes in volatility of produc-

tivity a¤ect both consumption volatility and expected consumption growth: an increase

in uncertainty increases consumption growth volatility but is also associated with higher

expected future consumption.

As can be seen on Figure 6, a positive variance shock leads to an immediate drop in

consumption as agents increase their bu¤er stock savings. As there is no change in the

actual productivity of the economy, this leads to an increase in investment, future output

and, importantly, future consumption. Moreover, as the volatility reverts to its long-term

mean consumption converges to the steady state.

In Bloom, Floetotto, and Jaimovich (2009) an increase in uncertainty �rst leads to a

short recession, followed by the response similar to the one produced in our model. In

their model higher volatility forces the �rms to delay investment projects in the short run

because they face labor and capital adjustment costs. Unlike the authors we assume no

labor market and investment frictions in this version of the model.

An increase in uncertainty leads to a drop in the price of the consumption claim (see

Figure 6). Optimal consumption falls immediately after the shock but is expected to go

up. With relative risk aversion greater than the inverse of the elasticity of intertermporal

substitution the correlation of the asset returns with changes in expected consumption

growth is more important than the correlation with contemporaneous consumption drop.

This explains the asset pricing results reported in Table 10. The risk premium and the

Sharpe ratio of the consumption claim decrease as compared to the benchmark without

stochastic volatility.

What are the endogenous consumption dynamics? Stochastic volatility of productivity

has two e¤ects. First, the volatility of consumption growth is stochastic. Second, the level

of volatility positively a¤ects expected consumption growth creating endogenously a long-

run risk component. The two are positively correlated and work in opposite directions

in a¤ecting asset prices. Moreover, the volatility of consumption growth is endogenously

negatively correlated to the consumption growth itself (corr(�c;��2c) = �0:24) creating
negative correlation between innovations to expected consumption growth and realised

consumption growth. See Appendix E for a representation of these dynamics.

Risk premia are time varying. Indeed they vary exactly with the level of variance.

However, as the price-dividend ratio is a¤ected both by the persistent variations in volatil-

ity and the corresponding long run risk component, which work in opposite directions,

the predictive power of dividend yields over returns is reduced.
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It is interesting to contrast these results with the assumptions made in endowment

economy models. We show that consumption dynamics obtained endogenously in general

equilibrium are unlikely to have the properties assumed by the authors and therefore will

not support the corresponding asset pricing results. We �nd that shocks to consumption

growth variance and realised consumption growth are correlated, while they are assumed

to be independent in Bansal and Yaron (2004)10. Of crucial importance for asset pricing

is the �nding that in equilibrium consumption growth variance and expected consumption

growth are driven by the same latent factor.

Backus, Routledge, and Zin (2008) show that assuming expected consumption growth

to be positively related to volatility helps to match the lead-lag of asset prices over the

business cycle. This particular feature of volatility process arises endogenously in our

model. We would like to explore the implications of our model for the macro-�nance

co-movements in future extensions of this paper.

7 Discussion

7.1 Role of the elasticity of intertemporal substitution

The pricing of long run risks in endowment and production economies can be under-

stood by looking at assets as both intertemporal and interstate consumption smoothing

devices. Bhamra and Uppal (2006) provide a good intuition for the respective role of rel-

ative risk aversion and elasticity of intertemporal substitution in portfolio-consumption

choice. Consumption and portfolio decisions depend on both risk aversion and elasticity

of intertemporal substitution. However, the sign of the intertemporal hedging component

in the optimal portfolio depends only on the size of the risk aversion relative to unity,

while only the magnitude of the hedging portfolio depends on the elasticity of intertem-

poral substitution. The role of the parameters is reversed for the optimal consumption

rule.

Lets �rst consider a Lucas-tree economy. A positive shock to expected consumption

growth (or a negative shock to uncertainty) increases wealth to consumption ratio, which

adjusts through movements in wealth since consumption is exogenous. This adjustment

depends on the size of the elasticity of intertemporal substitution. If the substitution

e¤ect dominates the wealth e¤ect, i.e. elasticity of intertemporal substitution is greater

10This can be reverted by assuming that innovations to productivity growth and its volatility are
correlated, for example that Et

�
"t+1�t+1

�
< 0. The discussion of the correlation between uncertainty

and productivity growth is beyond the scope of this paper. We refer the readers to specialised literature,
e.g. Ramey and Ramey (1995).
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than one, the agent would like to hold more of the asset, thus driving prices up. Otherwise

(when elasticity of intertemporal substitution is less than 1) the agent prefers bringing

the increase in consumption forward, depressing prices.

How does this matter for risk premia? Shocks to expected consumption growth a¤ect

expected future returns to wealth. The agent with relative risk aversion greater than 1

wants to hedge against these changes in the investment opportunity set (and bet on them

if relative risk aversion is less than one). Notice that relative risk aversion and inverse

of the elasticity of intertemporal substitution are comparable measures of propensity to

smooth consumption across states and time respectively. Therefore if the two are equal

(CRRA case) the changes in wealth-consumption ratio exactly o¤set the hedging demand.

With Epstein-Zin preferences there can be a wedge between relative risk aversion and the

inverse of the elasticity of intertemporal substitution which will translate into premia.

As an example, consider an agent with both elasticity of intertemporal substitution and

relative risk aversion greater than 1, exposed to a positive shock to expected consumption

growth. The intertemporal substitution e¤ect drives up asset prices. The hedging demand

e¤ect would imply that the agent wants his portfolio to depreciate. Therefore a premium

is required for the agent to hold the asset in equilibrium. If consumption and dividends are

correlated the results for the pricing of aggregate risk carry forward to the risk premium

for the claim on aggregate dividends. Recursive preferences are crucial for this mechanism.

In production economies the analysis is slightly di¤erent as we cannot take consump-

tion as given but have match it give our assumptions about the preferences. Increasing

the elasticity of intertemporal substitution decreases the volatility of consumption growth

and increases its autocorrelation. The intuition is the following. With low values of elas-

ticity of intertemporal substitution the wealth e¤ect dominates and the agent increaseases

his consumption immediately rather than invest to take advantage of the positive tech-

nology shock. Consumption growth is not spread through time but occurs (close to)

instantaneously with a volatility close to that of the productivity shock. Therefore the

unconditional volatility of consumption is high and the persistence of consumption growth

is low. Raising elasticity of intertemporal substitution decreases the short-run component

of risk and increases the long-run component. Moreover, the importance of the long-run

risk increases with increased wedge between relative risk aversion and the inverse of the

elasticity of intertemporal substitution as the agent is willing to resolve intertemporal

risk sooner. Overall the two e¤ects do not cancel each other, the risk premium for the

consumption claim (aggregate wealth) goes up. See the comparative statics of the model

with respect to the elasticity of intertemporal substitution on Figure 7.

Things might be di¤erent with stationary shocks. In an AK production economy

subject to time-varying mean and variance of productivity Malkhozov (2009) show that
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the elasticity of intertemporal substitution is irrelavant for the prices of risk. Endoge-

nous consumption choices make the Better asset pricing results can be obtained only by

decreasing the volatility of consumption given the shocks size by varying the elasticity of

intertemporal substitution.

7.2 De�nition of equity

As explained in Section 5 the endogenous dividend dynamics are counter-factual. We

also suggested that one way to deal with this issue is to introduce capital adjustment

costs as in Jermann (1998).

One of the conceptual di¢ culties of studying equity premia in a real business cycle

framework is the de�nition of a counterpart for equity in the model. The common ap-

proach is to look at the marginal product of capital or the return on the dividend claim.

We argue that this has some undesirable implications. Most importantly, it does not

allow us to separate the asset pricing part of the model from the employment and wages

part (which are usually not the focus of such papers). This comes about because divi-

dends are de�ned as consumption minus wages, and therefore a model generating realistic

consumption dynamics but failing on employment and wages, will inevitably produce un-

realistic dividends and thus asset pricing implications. In this paper, we circumvent the

imperfect modeling of the labor market by focusing on the most generic asset i.e. the

consumption claim.

Another issue is leverage. Literature has usually assumed constant leverage which

preserves the Sharpe ratio but magni�es the level of return volatility and premia. A good

alternative approach is to explicitly model equity and debt as in Gomes and Schmid

(2009) so that equilibrium dividend process is determined in a more realistic way. The

authors embed an endogenous capital structure model in a simpli�ed production economy

in order to study the lead of asset prices and spreads over the business cycle. We aim to

incorporating capital structure in our framework as a future extension.

7.3 Alternative preferences

Habit formation has been advanced as an important alternative to the standard pref-

erences speci�cation in both endowment and real business cycle models. We take the

view that the Epstein-Zin utility speci�cation imposes less structure on the preferences

of the agent than the habit formation speci�cation, as it only assumes constant elasticity

of intertemporal substitution and relative risk aversion coe¢ cients. Models with habit
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formation claim a partial success in the Lucas-tree setup: they achieve high equity risk

premia at the cost of volatile interest rates. However, simply introducing habit formation

in a production economy does not generate the desired asset pricing implications. The

agent has a strong desire for smoothing consumption yet he can achieve this without

generating �uctuations in equity returns (see Boldrin, Christiano, and Fisher (2001)).

In the context of a news-driven business cycle Schmitt-Grohe and Uribe (2008) and

Jaimovich and Rebelo (2009) both assume habit formation utility functions (albeit with

some di¤erences) in order to match the macro-economic co-movements. In particular the

preferences are designed in such a way to mitigate the wealth e¤ects of an anticipated

productivity shock and generate a boom in investment in response to it. The Epstein-

Zin preferences address this issue, at least partially, since the elasticity of intertemporal

substitution coe¢ cient is set to be greater than 1.

A related work by Rudebusch and Swanson (2008a), Rudebusch and Swanson (2008b)

compares the performance of DSGEmodels with habit formation vs. recursive preferences

and nominal long-run risks for the pricing of bonds. The authors �nd that the model with

Epstein-Zin preferences produces better joint results for the macroeconomic variables and

the bond yields.

8 Conclusion

In this paper we study the asset pricing implications of a stochastic growth model with

recursive preferences and a general shock structure, which allows for news shocks. The

aim is to investigate whether asset prices obtained in an endowment economy with long-

run risks can be replicated in a production economy framework, while at the same time

matching key macroeconomic variables. Schmitt-Grohe and Uribe (2008) show that news

shocks are important in explaining business cycle movements of the main macroeconomic

variables. In this paper, we discuss their asset pricing implications.

The model is subject to stationary and non-stationary productivity shocks, each of

which have an unanticipated component as well as anticipated components at 1, 2, and 3

quarter horizons. We solve the model by a second order perturbation technique and show

how standard perturbation methods can be applied to models with recursive preferences.

Our benchmark calibration can match the main macroeconomic moments in the data

such as volatility of consumption, output, and investment growth. It also produces �nan-

cial moments in line with those observed in the data: low level and low volatility risk free

rates and high risk premia and Sharpe ratios. We achieve these results without resorting
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to unusual parameter values for elasticity of intertemporal substitution or risk aversion.

In our benchmark calibration, we choose an elasticity of intertemporal substitution of 1:5

and a relative risk aversion coe¢ cient of 5. Importantly, our model is able to match the

lead-lag structure of asset excess returns and macroeconomic variables.

Independently we consider the problem of stochastic volatility in the production econ-

omy. We �nd that consumption growth volatility dynamics assumed in several popular

long-run risk model calibration are unlikely to arise in general equilibrium.

Solving DSGE models with perturbation methods has an important advantage over

other numerical procedures which has not been explored in this thesis. Perturbation so-

lution allows us to easily estimate the model. Taking the model directly to the data and

estimating the importance of the news shocks at various horizons using jointly macroeco-

nomic and asset prices time series is an interesting direction of future research.
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A Equilibrium Conditions

The �rst order conditions with respect to consumption and labor are respectively:
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Combining �rst order conditions (14) and (15), we obtain the condition for optimal

consumption-leisure trade-o¤
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Finally, the Euler equation can be derived by combining �rst order conditions (14) and

(15), and transversality conditions
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B Stationary Form and the Steady State

De�ning the stationary version of a variable Xt as ~Xt, where ~Xt =
Xt

At�1
and de�ning

the stationary version of the value function as ~Vt, where ~Vt = V ( ~Kt; ~At; Zt; �t) we can

re-de�ne the equilibrium of the model in terms of the stationary variables. Since the

value function is homogeneous of degree one in Kt and At
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The optimality conditions can be rewritten as
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The capital evolution equation and investment become
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Finally, the non-stationary technology shock is normalized as below, whereas the other

33



stationary state variables remain unchanged.

ln ~At+1 = x1t+1

lnZt+1 = x2t+1

xt+1 = H0 +H1xt +H2�t+1

The solution for the non-stochastic steady state can be expressed in closed form
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C Scaling the Value Function

In practice value function can take very large or very small values. These would be

magni�ed when evaluating the term Et

�
~V 1�
t+1

�
which appears in the Euler equation.

This can be problematic when numerically evaluating the model. To avoid this issue, we

scale the value function such that ~V takes a reasonable value in the non-stochastic steady

state. We note that pre-multiplying u
1� 1

 

t by a constant � scales the value function by

�
1

1� 1
 : Moreover this does not have any e¤ect on equilibrium quantities or prices.
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Therefore, we choose � such that at the steady state ~V = ~V 1� = 1:
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D The Structure for Anticipated Shocks

Anticipated productivity shocks can be represented as a VAR(1). We present only the

non-stationary shocks, as is the case in our benchmark calibration. Adding the stationary

shocks is very similar, but are omitted for parsimonious presentation.

lnAt+1 � lnAt = x1t+1

xt+1 = H0 +H1xt +H2�t+1

where

xt =

0BBBBBBBBBBB@
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2
A;t;and "

3
A;t are respectively the 1-quarter-, 2-quarter- and 3-quarter-ahead

anticipated component of the non-stationary TFP shock. Also, the autoregressive ma-

trixes are de�ned as:
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E Endogenous Variance Dynamics

This appendix illustrates the results of Section 6 using �rst order approximated dynamics.

Let the zy denote various coe¢ cients of the state variables transition and optimal control

equations. xt is the vector of state variables other than the volatility. To the �rst order

consumption growth and volatility of consumption growth are

�ct+1 = �c+ cxxxxt + ('� 1)c��2t ++cx�t"t+1 + c�!�t+1

�2c;t+1 = (1� ')
�
c2x� + c2�!

2
�
+ '�2c;t + c2x!�t+1

Our results show that c� < 0: Therefore

('� 1)c� > 0

and

Covt(�ct+1; �
2
c;t+1) = c�c

2
x!

2 < 0
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Table (1): Common Parameters

Parameter Description Value

� Capital share in production function 0:34

� Depreciation of capital 0:025

� Mean technology growth rate 0:41%

� Curvature on leisure 0

N Size of labor supply 1

This table presents the parameters which are kept constant across models I, II, III and IV. They
are calibrated at quarterly frequency.

Table (2): Model-speci�c Parameters

Model I Model II Model III Model IV

Shocks "0A; "
i
A "0A "0A; "

i
A; "

0
Z ; "

i
Z "0A; "

i
A

� 1:52 1:35 1:21 1:21

� 0:9972 0:9972 0:9972 0:995

� 1 1 1 1

 5 5 5 10

 1:5 1:5 1:5 1:5

This table shows parameter values speci�c to each news model calibration. They are calibrated
at quarterly frequency.
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Table (3): Productivity Shocks Calibration

Non-stationary Stationary

�A 0:14 �
Z

0:89

�0A (%) 0:59 �0Z (%) 2:7

�1A (%) 2:3 �1Z (%) 0:56

�2A (%) 1:3 �2Z (%) 0:56

�3A (%) 1:1 �3Z (%) 3:0

This table shows the volatilities and persistence of the stationary and non-stationary components
of quarterly productivity news shocks as estimated by Schmitt-Grohe and Uribe (2008).
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Table (4): Macro Results for Models I-IV

Data Model I Model II Model III Model IV

Average consumption growth
E (�c)% 1:90 1:90 1:90 1:90 1:90

Vol. of consumption growth
� (�c)% 2:72 2:83 2:81 2:74 2:78

Relative vol. of cons. to output
� (�c) =� (�y) 0:52 0:48 0:53 0:24 0:47

Relative vol. of inv. to output
� (�i) =� (�y) 3:00 3:04 2:00 2:92 3:24

Correl. of cons. and output growth
corr (�c;�y) 0:49 0:19 0:97 0:35 0:20

Correl. of cons. and inv. growth
corr (�c;�i) 0:40 -0:14 0:93 0:19 -0:12

Correl. of output and inv. growth
corr (�y;�i) 0:67 0:95 0:99 0:99 0:95

This table presents key annualised macroeconomic moments for news Models I-IV. Data are
1947Q1-2008Q4.
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Table (5): Asset Pricing Results for Models I-IV

Data Model I Model ll Model llI Model lV

Average risk free rate
E (rf )% 0:97 0:88 1:12 1:42 0:25
Volatility of risk free rate
� (rf )% 0:86 0:75 0:62 0:82 0:78

Entropy of the SDF
L(M)% 10:36 8:11 6:58 42:96

Consumption claim risk premium
E (rc � rf )% � 2:32 1:90 1:48 4:57
Cons. claim excess returns vol.
� (rc � rf )% � 5:10 4:73 4:16 4:93
Consumption claim Sharpe ratio
E (rc � rf ) =� (rc � rf ) � 0:46 0:40 0:36 0:93

Dividend claim risk premium
E (rd � rf )% 6:33 0:00 0:06 0:00 0:10
Dividend claim excess returns vol.
� (rd � rf )% 19:42 0:04 0:16 0:20 0:40
Dividend claim Sharpe ratio
E (rd � rf ) =� (rd � rf ) 0:33 0:09 0:40 0:02 0:19

Real term premium (� 30 year)
E (y � ~y)% � �1:84 �1:36 �1:17 �3:68

This table presents key annualised asset pricing results for news Models I-IV. Data are 1947Q1-
2008Q4.
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Table (6): Aggregate Dividends for Models I and II

Model I Model II

Correlation of dividend and consumption growth
corr (�d;�c) 0:29 �0:87

Correlation of dividend and output growth
corr (�d;�y) �0:88 �0:96

Correlation of dividend and investment growth
corr (�d;�i) �0:99 �0:99

Autocorrelation of dividend growth
corr (�d;�d�1) �0:15 0:24
corr (�d;�d�2) �0:11 0:00
corr (�d;�d�3) �0:07 �0:03
corr (�d;�d�4) �0:02 �0:03
corr (�d;�d�5) �0:01 �0:03
corr (�d;�d�6) �0:01 �0:03
corr (�d;�d�7) �0:01 �0:03

This table summarises the properties of aggregate dividends for Model I and II.
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Table (7): Models V and VI Parameters

� � �A �   

0:333 1� 0:9 1
12

0:02
12

0:98
1
12 5:00 1:50

This table presents the calibration of parameters for Models V (stochastic volatility) and VI.
The frequency is monthly.

Table (8): Stochastic Volatility Calibration

Productivity (implied) Consumption - Bansal and Yaron (2004)

� 6:6� 10�4 6:1� 10�5
' 0:987 0:987
! 2:6� 10�5 2:3� 10�6

This table presents the Bansal and Yaron (2004) calibration for stochastic volatility of consump-
tion growth and the corresponding back-engineered parameters of the variance of productivity
growth used to calibrate Model V. In Model VI (benchmark growth model without stochstic
volatility) we set the variance of the shock equal to the long term mean �:The frequency is
monthly.
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Table (9): Macro Results for Model V and VI

Data Model V Model VI

Average consumption growth
E (�c)% 1:90 2:04 2:03

Volatility of consumption growth
� (�c)% 2:72 2:71 2:58

Relative volatility of consumption to output
� (�c) =� (�y) 0:52 0:46 0:44

Relative volatility of investment to output
� (�i) =� (�y) 3:00 2:17 2:55

Correlation of consumption and output growth
corr (�c;�y) 0:49 0:98 0:99

Correlation of consumption and investment growth
corr (�c;�i) 0:40 0:90 0:98

Correlation of output and investment growth
corr (�y;�i) 0:67 0:96 0:99

This table presents key annualised macroeconomic moments for the model with stochastic
volatility (Model V) and the no-stochastic volatility benchmark (Model VI).
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Table (10): Asset Pricing Results for Models V and VI

Data Model V Model VI

Average risk free rate
E (rf )% 0:97 2:25 2:21
Volatility of risk free rate
� (rf )% 0:86 0:46 0:30

Consumption claim risk premium
E (rc � rf )% � 1:58 1:64
Consumption claim excess returns volatility
� (rc � rf )% � 4:56 4:52
Consumption claim Sharpe ratio
E (rc � rf ) =� (rc � rf ) � 0:35 0:36

Dividend claim risk premium
E (rd � rf )% 6:33 0:02 0:03
Dividend claim excess returns volatility
� (rd � rf )% 19:42 0:30 0:30
Dividend claim Sharpe ratio
E (rd � rf ) =� (rd � rf ) 0:33 0:07 0:10

This table presents key annualised asset pricing results for the model with stochastic volatility
(Model V) and the no-stochastic volatility benchmark (Model VI).
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Figure (1): Impulse responses to the non-stationary productivity shocks
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Impulse responses to a one-standard-deviation innovation in the anticipated and unanticipated
component of the non-stationary productivity ("0A: Solid line and "

1
A: Crossed line).
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Figure (2): Impulse responses to the stationary productivity shocks
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Figure (3): Autocorrelation of Quarterly Consumption Growth
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Autocorrelation of quarterly consumption growth. The (�) line is Model I (news), the (N) line
is Model II and the simple line is the data 1947Q1-2008Q4.
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Figure (4): Lead and lag correlations of quarterly returns and output growth
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Lead and lag correlation structure of quarterly consumption claim excess returns and output
growth. The (�) line is Model I (news), the (N) line is Model II and the simple line is the data
1947Q1-2008Q4.

Figure (5): Lead and lag correlations of quarterly returns and output growth with stationary
shocks
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Lead and lag correlation structure of quarterly consumption claim excess returns and output
growth. The (�) line is Model I (non-sationary shocks), the (�) line is Model III (both stationary
and non-stationary shocks) and the simple line is the data 1947Q1-2008Q4.
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Figure (6): Impulse responses to a productivity variance shock
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Impulse responses of quantities and prices to a one-standard-deviation shock to the variance of
productivity growth in Model V.
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Figure (7): The role of the elasticity of intertemporal substitution
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2) Average risk free rate
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4) Autocorrelation of consumption grow th
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7) Correlation of output and consumption grow th
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6) Investment volatility/ Output volatility
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Variation of macroeconomic and �nancial variables with the elasticity of intertemporal substi-
tution in Model I
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