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1 Introduction

Understanding the economic drivers of long-term real bond yields and risk premia is a fundamental
concern in financial economics. This understanding is critical, for instance, to explain the dynamics
of the real pricing kernel, the diversification benefits of real bonds, or the transmission of monetary
policy. Its importance, however, radically contrasts with our knowledge of the subject. Insights
from the empirical analysis of inflation-linked government bonds are, at best, incomplete. These
bonds have been traded only recently in developed economies, are imperfect substitutes of real
bonds, and are potentially affected by illiquidity and mispricing.! In addition, the available
evidence from the United Kingdom and United States inflation-linked bonds does not present
a clear picture of their risk properties and link to the economy. Common risk measures such as
the average slope of the yield curve, realized excess returns, or the bond return correlations with
macroeconomic variables and stock returns provide mixed results across countries and sub-periods.
For instance, the average inflation-linked U.K. and U.S. yield curves during 1999-2008 are sharply
downward and upward sloping, respectively. The same curve in the U.K. is slightly upward sloping
for 1985-2008. Thus, the limited evidence can be highly benefited from the theoretical analysis of
real yields and risk premia. This paper provides such an analysis by developing and estimating
a New Keynesian model that delivers equilibrium real and nominal yield curves. It focuses on
understanding (i) the effect of nominal rigidities, several fundamental shocks, and monetary policy
on real term and inflation risk premia in real and nominal bonds, respectively, and (ii) the link
imposed by endogenous inflation on these two types of premia.

The theoretical framework is motivated by two reasons. First, New Keynesian models have
become the workhorse model for understanding economic dynamics, and are widely used for pol-
icy analysis. Second, the framework generates endogenous inflation dynamics that depend on

economic fundamentals, linking the properties of real term and inflation risk premia. This link

1See Garcia and van Rixtel (2007) for recent history on inflation-linked bond markets, D’Amico, Kim and
Wei (2014) for evidence on significant time-varying liquidity premia in U.S. and U.K. inflation-linked bonds, and
Fleckenstein, Longstaff and Lustig (2014) for evidence on mispricing in the TIPS market.



acts as an additional restriction relative to term structure models with exogenous inflation. Rude-
busch and Swanson (2012), and Andreasen (2012), among others, study bond risk premia in this
framework with relative quantitative success. It is not well known, however, what frictions and
shocks are essential or quantitatively important in explaining yield dynamics, the decomposition
and link between real term and inflation risk premia, and the economic mechanisms driving the
results. This paper contributes to fill this gap.

The model contains the standard elements of the New Keynesian framework, and recursive
preferences on consumption and labor for the representative household. These preferences have
the ability to simultaneously capture macroeconomic and term structure dynamics.? The analysis
is focused on understanding the contribution of the following key elements to real and nomi-
nal bond risk premia. First, nominal price and wage rigidities. Both frictions generate real ef-
fects in monetary policy, but have different implications for economic dynamics, as highlighted in
Christiano, Eichenbaum and Evans (2005). Second, productivity, monetary policy, and inflation-
target shocks. Productivity is modeled to contain permanent (difference-stationary) and transitory
(trend-stationary) components. As shown by Campbell (1986) and Labadie (1994), these two com-
ponents have different implications for bond risk premia. They also have different effects on the
permanent component of the marginal utility of wealth, and then in their ability to price other
financial assets such as stocks, as demonstrated by Alvarez and Jermann (2005). Monetary policy
and inflation-target shocks are standard in this framework but their implications for bond risk
premia have been less studied. Third, a nominal interest-rate policy rule. The response to eco-
nomic conditions in this rule has important implications for the joint dynamics of real variables
and inflation, and then the link between real term and inflation risk premia.?

The model is estimated via the Generalized Method of Moments (GMM) to match a series

2See Rudebusch and Swanson (2008, 2012) for differences in this ability between habit formation and recursive
preferences, respectively.

3 Alternatively, a more structural approach to monetary policy is to consider the monetary authority as a social
planner that maximizes welfare, as in Palomino (2012). This approach may have different implications and is not
explored in this paper.



of key U.S. macroeconomic moments. The baseline estimation captures the nominal price and
wage rigidities in the data, and is affected by the four shocks described above. It simultaneously
captures macroeconomic and nominal bond return dynamics better than all the tested estimations
with alternative rigidity and shock specifications. It matches the Sharpe ratio of the 5-year nominal
bond with a risk aversion in the range of values reported in the term structure literature. It implies
upward sloping real and nominal yield curves, with average 5-year real and nominal bond spreads
of 82 and 112 bps., respectively. This is the result of positive real term and inflation risk premia.

Explaining the economic drivers of positive real term and inflation risk premia in the baseline
model is central to the analysis. It relies on comparisons with alternative model specifications,
and complemented with approximate closed-form solutions for these premia. In particular, two
properties of the pricing kernel are useful to describe the main findings: Real term and inflation
risk premia are positive when the real pricing kernel is negatively autocorrelated and positively
correlated with inflation, respectively. Consumption growth is the main driver of the pricing kernel
in the baseline model, and these two conditions become a negative autocorrelation of consumption
growth, and a negative correlation of it with inflation, respectively.*

There are three main findings. First, permanent productivity shocks, in combination with
wage rigidities, are crucial to generate large and positive real term and inflation risk premia.
Permanent productivity shocks contribute with almost all the variability in the pricing kernel, and
thus bond risk premia are mainly a compensation for this risk. Wage rigidities, in the presence
of these shocks, generate a consumption growth process that is both negatively autocorrelated
and negatively correlated with inflation. This is explained by the impact of labor dynamics on
consumption with and without rigidities. In the absence of rigidities, prices and wages freely
adjust after permanent shocks to preserve product and labor markups, keeping labor constant.

Since consumption depends on productivity and labor, consumption growth inherits the positive

4As discussed below, Section 5 presents a model extension that breaks the strong link between consumption
growth and the pricing kernel in the baseline model. It allows us to capture a positive autocorrelation of consumption
growth without affecting the main term structure implications of the model.
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autocorrelation of the permanent shocks. After a negative shock, expected consumption growth
and inflation decline, as well as real and nominal yields. Bond returns are thus high, implying
negative real and nominal term premia. On the contrary, nominal rigidities generate procyclical
and mean-reverting labor that affects consumption growth. After a negative shock, prices and
wages are higher than in the frictionless case, depressing labor and reducing consumption further.
However, expected future labor and consumption increase since prices and wages gradually adjust
downwards. In the baseline model, the effect of wage rigidities on labor is strong enough to
generate a negative autocorrelation in consumption growth, and a negative correlation of it with
inflation. Therefore, real term and inflation risk premia become positive under wage rigidities.

Second, responses to economic conditions in the interest-rate policy rule, and surprises in
monetary policy affect bond risk premia and yield volatility, respectively. A stronger response to
inflation in the policy rule increases real term and inflation risk premia by increasing the sensitivity
of the real rate (and pricing kernel) to permanent shocks. A stronger response to the output gap,
or an increase in the interest-rate smoothing coefficient, have the opposite effect. Differently,
monetary policy and inflation-target shocks have a negligible effect on bond risk premia, but
significantly affect real and nominal bond yield volatility. In the absence of nominal rigidities,
monetary policy does not have any real effects, and these shocks do not affect real yields. In the
presence of rigidities, however, monetary policy affects the real economy and thus real yields for all
maturities. As a result, monetary policy shocks become the main driver of real yields. Inflation-
target shocks do not have a significant impact on real yields, but its persistence considerably affect
long-term nominal bond yield volatility.

Third, the interest-rate policy rule restricts the joint behavior of real term and inflation risk
premia. This restriction is reflected in the baseline model in real term and inflation risk premia
that share the same sign. It is explained by the dynamics of the real pricing kernel and inflation
implied by the policy rule. A rule with a sufficiently strong response to inflation imposes a

positive relation between inflation and the short-term nominal interest rate. This rate, in turn,



is negatively related to the future pricing kernel, as implied by optimality conditions and bond
market clearing. That is, in equilibrium, inflation is negatively correlated with the real pricing
kernel. Inflation risk premia are thus positive (negative) when the pricing kernel is negatively
(positively) autocorrelated. This condition is the same as for positive (negative) real term premia.
This restriction is not existent in models with exogenous inflation, where parameters are freely set
to simultaneously generate negative real term and positive inflation risk premia.

Finally, the paper addresses three limitations of the baseline model. First, the baseline es-
timation does not capture the positive autocorrelation of consumption growth in the data. A
negative autocorrelation in consumption growth induced by permanent productivity shocks is es-
sential to generate positive bond risk premia. Introducing habit persistence in preferences breaks
the tight link between the pricing kernel and consumption growth. It generates negative autocor-
relation in the former and positive in the latter, without compromising the main macroeconomic
and term structure implications of the model. Second, the baseline model generates negligible
variation in expected excess bond returns, at odds with the well documented evidence on bond
return predictability. This shortcoming can be overcome by introducing countercyclical volatility
in permanent or transitory productivity shocks. Third, the baseline model abstracts from capital
accumulation. An estimation of a model with capital shows that the main implications of the
baseline model survive, but the link between real term and inflation risk premia becomes weaker.

This paper joins the literature that analyzes the term structure of interest rates using New
Keynesian models (see Woodford (2003) for the standard framework). It complements the current
literature by providing an estimation of the real yield curve, and a detailed analysis of real term
and inflation risk premia, their economic link, and the quantitative contribution of different model
elements to the results. It is closely related to the studies in Rudebusch and Swanson (2012),
Andreasen (2012), Dew-Becker (2014) and Kung (2014), which add recursive preferences to the
standard framework with different model elements. Rudebusch and Swanson (2012) rely on tran-

sitory productivity shocks and price rigidities to capture nominal yield curve properties, and do



not study real yield curve implications. These elements are present in our model, but their effects
are not as quantitatively important as those of wage rigidities and permanent shocks. Andreasen
(2012) incorporates both permanent and transitory components in productivity, and Dew-Becker
(2014) adds wage rigidities to the analysis. These studies focus on the time-variation in bond risk
premia by fitting macroeconomic and yield dynamics. Our model has these elements but with a
different focus. The GMM approach allows us to target unconditional moments, provide quanti-
tative comparisons across model specifications, and focus on explaining the economic mechanisms
behind the results. Kung (2014) presents a model with an endogenous growth channel that is
complementary to our model structure. The effect of this channel on our results is beyond the
scope of the paper. The paper is also related to term structure models with exogenous inflation
such as the endowment economies in Wachter (2006), Piazzesi and Schneider (2007), and Bansal
and Shaliastovich (2013), or the real business cycle model in Van Binsbergen et al. (2012). These
models require a negative correlation between these variables to match an average upward sloping
nominal yield curve, and have different implications for the real yield curve.® Our model gener-
ates the negative correlation of consumption growth and inflation endogenously, and links real and
nominal bond risk premia from first principles. An advantage of our framework is that it allows
us to predict changes in yield curve dynamics related to structural economic and policy changes.
Finally, Buraschi and Jiltsov (2005) studies real and nominal bond risk premia in a monetary real
business cycle model. This model also generates endogenous consumption growth and inflation.
Their monetary policy and friction specifications are substantially different.

The paper is organized as follows. Section 2 describes the data and reports descriptive statis-
tics for nominal and inflation-linked yield curves in the United States and the United Kingdom.
Section 3 describes the model. Section 4 provides details of the model estimation and its quanti-
tative performance, presents its main implications, and explores the economic mechanism behind

the results. Section 5 presents some model limitations and extensions, and Section 6 concludes.

®The models with recursive preferences in Piazzesi and Schneider (2007) and Bansal and Shaliastovich (2013)
imply an average downward sloping real yield curve, while the habit model in Wachter (2006) implies the opposite.
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2 Empirical Evidence

This section presents descriptive statistics of inflation-linked and nominal government bonds in
the United Kingdom and the United States. While the empirical properties of nominal bond
yields are well known, the study of the real yield curve, its risks, and links to the nominal one is
limited by data availability. Inflation-linked government bonds are, at best, imperfect substitutes
of real bonds, and have only been traded in the United Kingdom and the United States since
1981 and 1997, respectively. Their inflation protection is limited by a lagged indexation to price
levels and the embedded deflation optionality they provide. In addition, pricing in these markets
has been affected by liquidity concerns and potential unexploited arbitrage opportunities.® The
evidence illustrates several difficulties in exploring properties of real bonds from the available data,
motivating the joint theoretical analysis of real and nominal yields that follows.”

We use quarterly data from January 1985 to September 2008 for the U.S. and the U.K., and
report statistics for the periods 1985-2008 and 1999-2008. The data sample periods are motivated
by two reasons. First, TIPS data in the U.S. and inflation-linked gilts data in the U.K. are
only available since 1999 and 1985, respectively.® Second, the period September-December 2008
coincides with the collapse of Lehman Brothers that drove short-term interest rates close to zero,
and triggered a switch to unconventional monetary policies. The period after September 2008
is then not covered to focus on the effects on bond yields of a (conventional) monetary policy

conducted using an interest-rate rule.

6See D’Amico, Kim and Wei (2014) for evidence on significant time-varying liquidity premia in U.S. and U.K.
inflation linked bonds. See Fleckenstein, Longstaff and Lustig (2014) for evidence of mispricing in the TIPS and
inflation swaps markets.

"There is an extensive empirical literature studying the real term and inflation risk premia with and without
inflation-linked bonds with no-arbitrage term structure models. This literature shows a wide range for the sign and
size of inflation risk premia in the U.K and the U.S. An incomplete list includes Barr and Campbell (1997) Evans
(1998), and Joyce, Lildholdt and Sorensen (2010) for the U.K., and Ang, Bekaert and Wei (2008), D’Amico, Kim
and Wei (2014), Chen, Liu and Cheng (2010), Christensen, Lopez and Rudebusch (2010), Chernov and Mueller
(2012), Grishchenko and Huang (2013), and Abrahams et al. (2013) for the U.S. Hoérdahl and Tristani (2012)
provide a similar study for the Euro zone.

8Results using comparable monthly data are very similar. We present results for quarterly data to be consistent
with the model estimation. The same macroeconomic and term structure data for the United States are used to
estimate the model, for the longer period January 1982 to September 2008.
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The consumption growth and inflation series for the U.S. are constructed using quarterly data
from the Bureau of Economic Analysis, following the methodology in Piazzesi and Schneider
(2007). These series capture only consumption of non-durables and services and its related infla-
tion, and then consistent with the model variables. Wages are real wages per hour of non-farm
business from the Federal Reserve Economic Data (FRED) database from the Federal Reserve
Bank of St. Louis. The data on U.S. zero-coupon nominal bond and TIPS yields are constructed
following the procedure in Gurkaynak, Sack and Wright (2006, 2008), respectively. These data
are obtained from the Federal Reserve website. The short-term nominal interest rate is the 3-
month T-bill rate from the Fama risk-free rates database. The three-month real rate is estimated
using the methodology described in Pflueger and Viceira (2011).° Dividends and stock market
returns correspond to the market portfolio obtained from the Center for Research in Security
Prices (CRSP). For the U.K., consumption growth and inflation are obtained directly from the
FRED database. The historical yields for U.K. real and nominal bonds are taken from the Bank of
England website. The three-month real rate in the U.K. is estimated using the same methodology
used to estimate the U.S. real rate. Stock returns are for the UK FTSE All-Shares Index. The
bond yields under study correspond to maturities from 2 to 10 years. The long end of the curves
has been excluded for comparison purposes across countries. Greenwood and Vayanos (2010)
document a significant effect on long-term inflation-linked bond yields in the U.K, resulting from
the increased demand from pension funds to meet the Minimum Funding Requirements. Table 1
summarizes the empirical evidence.

The properties of bond risk premia are frequently characterized by the average slope of a yield
curve, the average excess bond returns relative to a risk-free rate, or the correlation of excess bond

and stock returns. Panel A reports, a slightly and a significantly upward-sloping average nominal

9Specifically, the computation is based on the regression
iy — m1 = constant + Biiy + By (ig—1 — ™) + &y,

where i; is the three-month nominal rate and 7 is the three-month inflation rate. The real rate is then computed as
r¢ = iy — E¢[ms41] under the assumption that the inflation risk premium in three-month nominal bonds is negligible.
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yield curves in the U.K and the U.S, respectively, suggesting positive risk premia in nominal
bonds. The picture is less clear for inflation-linked bonds. The average yield curve for these bonds
is slightly upward sloping for the U.K. for the sample 1985-2008, but becomes drastically downward
sloping for the sample 1999-2008. During the same period, the comparable average yield curve in
the U.S. is significantly upward sloping. Figure 1 shows the average U.K. yield curves for both
samples. These findings suggest negative and positive risk premia in inflation-linked bonds in the
U.K. and the U.S. respectively. The average excess returns in Panel B support these claims.’
Nominal bonds exhibit positive average excess returns for both countries, and inflation-linked
bonds in the U.K. and the U.S. have negative and positive average excess returns, respectively.
However, the correlations between excess bond and stock returns in Panel C suggest a different
story. While inflation-linked bond excess returns in the U.K. have shown positive correlations
with stock excess returns in both samples, U.K. nominal bonds switch from a positive correlation
for 1985-2008 to a negative one for 1999-2008. The opposite occurs for U.S. nominal bonds, while
the correlation between TIPS and stock excess returns is negative for 1999-2008. According to the
CAPM, the evidence for the recent sample implies negative risk premia for U.K. and U.S. nominal
and inflation-linked bonds, at odds with evidence from panels A and B.!'!

The link between macroeconomic variables and the yield curve also is of interest to understand
bond risk premia. Panel C reports correlations of consumption growth and inflation with bond
yields. The correlations of U.K. and U.S. inflation-linked and nominal bond yields with consump-
tion growth are significantly positive during both samples. On the other hand, the correlations
of inflation with these yields change from positive for 1985-2008 to negative for 1999-2008. These
changes are accompanied by a reduced autocorrelation of inflation in both the U.K. and the U.S.,
higher and lower autocorrelations of consumption growth in the U.S. and the U.K respectively,

and a correlation between consumption growth and inflation that is negative in the U.S. and

10Fxcess bond returns are computed as the difference of realized nominal returns on inflation-linked and nominal
bonds with the respective 3-month nominal rate for each country.

' The time-varying nature of the correlation between nominal bond and stock returns is highlighted and studied
by Viceira (2012) and Campbell, Sunderam and Viceira (2013).
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switching from positive to negative in recent years in the U.K. These evidence can be linked to
bond risk premia through economic theory. According to standard equilibrium models, a positive
autocorrelation of consumption growth implies negative premia for real bonds, and a negative
correlation between consumption growth and inflation implies positive inflation risk premia.!?
Interestingly, Panel A also shows that the standard deviations of inflation-linked and nominal
bonds are similar for 1999-2008 in both U.K. and the U.S. This is intriguing given the additional
exposure of nominal yields to inflation risk. In summary, the descriptive statistics presented here
do not provide a clear pattern to describe salient properties of real bond risk premia and its link to
macroeconomic variables. This is not surprising given the short-sample for inflation-linked bonds,
the limitations of these bonds presented above, and potential structural changes in the economy.
The theoretical model in Section 3 allows us to analyze the link between real and nominal bond
risk premia and macroeconomic variables. This analysis can provide testable implications to

understand better the dynamics of real bond yields.

3 Model

We model a production economy with a representative household, a production sector for dif-
ferentiated goods, and monetary policy. The representative household derives utility from the
consumption of a basket of goods and disutility from supplying differentiated labor to the pro-
duction sector. Labor and product markets are characterized by monopolistic competition and
nominal wage and price rigidities, respectively. Monetary policy is modeled as an interest-rate
policy rule that reacts to economic conditions. All markets are complete. Default-free real and

nominal bonds are in zero net supply. The model can be seen as an extension of the standard New-

12Campbell (1986) shows the link between the autocorrelation of consumption growth and the real yield curve
under constant relative risk aversion preferences. The same intuition applies under recursive preferences on con-
sumption, as shown in Bansal and Shaliastovich (2013). The Campbell and Cochrane (1999) habits model can
imply the opposite, as shown by Wachter (2006). Piazzesi and Schneider (2007) highlight the link between positive
inflation risk premia and the negative correlation between (expected) consumption growth and inflation under
recursive preferences.
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Keynesian framework (see Woodford (2003), for instance) to capture bond pricing dynamics. It
incorporates recursive preferences for the representative household, as in Rudebusch and Swanson
(2012) and Li and Palomino (2014), to disentangle risk aversion from the elasticity of intertem-
poral substitution of consumption. This separation allows us to match observed macroeconomic
dynamics by choosing an appropriate level for the elasticity of intertemporal substitution, while
increasing the degree of risk aversion to capture large expected excess returns. Nominal prices
and /or wages that are not adjusted optimally generate relative price and wage distortions that
affect production decisions. In this setting, different monetary policy rules have different implica-
tions on inflation and real activity. As a result, the dynamics and riskiness of real and nominal
bond yields are affected by both nominal rigidities and monetary policy. This section describes

the characteristics of the model economy.

3.1 Household

A representative agent chooses consumption C; and labor supply V/ to maximize the Epstein and

Zin (1989) recursive utility function

Vi = (1= B)U(Chy N2YI=% + FE, [ ] o o

where 5 > 0 is the subjective discount factor, and ¢ and v determine the elasticity of intertemporal
substitution (EIS) and the coefficient of relative risk aversion, respectively.!® The recursive utility
formulation relaxes the strong assumption of v = ¢ implied by constant relative risk aversion.

The intra-temporal utility is defined over consumption and labor supply as

Ctlﬂp B (Nf)l-H'J) - (2>

Np) =
U(Cta t) <1_(,0 Rt 1+w

13The elasticity of intertemporal substitution of the utility bundle of consumption and labor is ¢~!. The
coeflicient of relative risk aversion is defined in Section 4.
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where w™! > 0 captures the Frisch elasticity of labor supply, and the process r; is chosen to ensure
balanced growth (it is specified in the production sector section below). The consumption good is
a basket of differentiated goods produced by a continuum of firms. Specifically, the consumption

basket is

C, — [ / ot e’épldj] (3)

where 6, > 1 is the elasticity of substitution across differentiated goods, and Cy(j) is the con-
sumption of the differentiated good j. Labor supply is the aggregate of a continuum of different

labor types supplied to the production sector, such that

N? = / N (R)dk, (4)

where N7 (k) is the supply of labor type k.

The representative consumer is subject to the intertemporal budget constraint

Z My Pris (Llgs + Dy | (5)

s=0

o)
Z Mtﬂjt+spt+sot+s S Et

s=0

where Mtﬂft +s is the nominal discount factor for cashflows at time t 4 s, P is the nominal price of
a unit of the basket of goods, LI, is the real labor income from supplying labor to the production
sector, and D, is the real dividend from owning the production sector.

Appendix A shows that the household’s optimality conditions imply that the one-period real

and nominal discount factors are

(2l

Cir ) 7 Vi

p -1
- , and Mtt+1 Mtt+1( t+1) , (6)
t Et |:V;$1*'Y)/(1*SD)

Mt,t+1 - B < :|1/(1’Y)
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respectively. The one-period (continuously compounded) real and nominal interest rates are ob-

tained from
ry = — log Et [Mtﬂf-‘rﬂ s and it - — 10g Et [Mgt+1] ) (7)
respectively. The nominal interest rate i; is the instrument of monetary policy.

3.1.1 Wage Setting

Following Schmitt-Grohe and Uribe (2007), an imperfectly competitive labor market is modeled
where the representative household monopolistically provides a continuum of labor types indexed

by k € [0,1].1* The supply of labor type k satisfies the demand equation

Ny () = (Wt(k))_ew NE (5)

where N¢ is the aggregate labor demand of the production sector, W;(k) is the wage for labor

type k, and W, is the aggregate wage index given by

1

W, = { /0 1 W0 (k) dk} o . (9)

The labor demand equation (8) is obtained from the production sector problem presented in the
section below. The household chooses wages W;(k) for all labor types k under Calvo (1983)
staggered wage setting. Specifically, at each time ¢, the household is only able to adjust wages
optimally for a fraction 1 — «,, of labor types. The remaining fraction «,, of labor types adjust

their previous period wages by the wage indexation factor A, ;_1,. The specific functional form

14This approach is different from the standard heterogeneous households approach to model wage rigidities
in Erceg, Henderson and Levin (2000), where each household supplies a differentiated type of labor. In the
presence of recursive preferences, this approach introduces heterogeneity in the marginal rate of substitution of
consumption across households since it depends on labor. We avoid this difficulty and obtain a unique marginal
rate of substitution by modeling a representative agent who provides all different types of labor.
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of this factor is presented in Section 4. The optimal wage maximizes (1), subject to demand
functions (8) for all labor types k, and the budget constraint (5). Notice that real labor income is
given by

"W (k)

Ll =
") P

N3 (k)dk . (10)

Since the demand curve and the cost of labor supply are identical across different labor types, the
household chooses the same wage W, for all labor types subject to an optimal wage change at

time t. Appendix A shows that the optimal wage satisfies

Gyt
whi (NF)Y CF === 11
B e (N OF (1)
where i, = 9311 7. The recursive equations describing G, ; and H,,; are presented in the appendix.

Equation (11) can be interpreted as follows: In the absence of wage rigidities (o, = 0), the
marginal rate of substitution between labor and consumption is k; (N7)* Cf, and the optimal

wage is this rate adjusted by the optimal markup p,,. Wage rigidities generate the time-varying

Gu
H

-t since the wage of some labor types is not adjusted optimally.

w,t

markup fi,

3.2 Production Sector

The production of differentiated goods is characterized by monopolistic competition and price
rigidities in a continuum of firms. Firms set the price of their differentiated goods in a Calvo
(1983) staggered price setting: At each time ¢, with probability «,, a firm sets the price of the
good as the previous period price adjusted by the price indexation factor A,; 1. The specific
functional form of this factor is presented in Section 4. With probability 1 — c,, the firm sets the

product price to maximize the present value of profits. The maximization problem for firm j can

14



be written as

{III%%))(} ]Et {Z O‘ZMEt&s [Ap,t,tJrsPt(j)Y;i-I—sﬁ(j) - Wt+s|t(j)N;l+s|t(j>] } ’ (12>
s=0

subject to the production function

)/H—S\t(j) - At—l-SNtis\t(jL (1?))

and the demand function

P(5)Apsits ) -

Yiesn(j) = ( - Yie.. (14)

The output Y;,4.(j) is the production of firm j at time ¢+s given that the last optimal price change

was at time t. The wage W, 4.(j) and the labor demand N, d

£14:(J) have a similar interpretation.

The production problem takes into account the probability of not being able to adjust the price
optimally in the future, and the corresponding indexation Ap; 4.

The production function depends on labor productivity A; and labor. We assume that la-
bor productivity contains difference- and trend-stationary components.'® Specifically, A, = AYZ,,
where a; = log A? and z; = log 7, are the difference- and trend-stationary components of produc-

tivity, respectively. These components follow the processes
Aat—i—l = (1 - ¢a>ga + ¢aAat + 0a5a7t+1a and 241 = ¢zzt + O_zgz,t+17 (15)

where A is the difference operator, g, is the average growth rate in the economy, and innovations

gqt and e, ~ IIDAN(0,1). For simplicity, throughout the paper we refer to the difference- and

15The two components are incorporated given the different effects on bond risk premia of these two processes
for consumption in endowment economies. A difference-stationary process for consumption with positive auto-
correlation coefficient generates negative term premia. A trend-stationary process for consumption with positive
autocorrelation coefficient generates positive term premia.
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trend-stationary components as the permanent and transitory shocks to productivity, respectively.
Labor demand is a composite of a continuum of differentiated labor types indexed by k € [0, 1]

via the aggregator

Ow

1 1 Ow—1
[ / N (G, k)% dg} , (16)
0

N{(j)

where 6, > 1 is the elasticity of substitution across differentiated labor types.
All firms that set prices optimally are identical and set the same optimal price P;. Appendix

B shows that the optimal price satisfies

by o Wi
H G 1
(Pt) Pt A, B, P (17)

where 1, = Hf—fl. The recursive equations for H,; and G, ; are presented in the appendix. Equation
(17) can be interpreted as follows: In the absence of price rigidities, the product price is the

markup-adjusted marginal cost of production, with optimal markup p,. Price rigidities generate

Gp.t
Hp ¢

the time-varying markup p, 72, since some firms do not adjust their prices optimally.
We define k; = (AV)'™% to preserve balanced growth. It can be shown from equation (11)
that wages and consumption share the same average trend as long as r; o< (AY)!=%, and implies

stationary labor.

3.3 Monetary Policy

Monetary policy is described by the interest-rate policy rule

it = pig—1 + (1 —p) [7“' U (e — 7)) + (T — xSS)] + U (18)

The policy rule has an interest-rate smoothing component captured by the sensitivity p to the

Py
Py

lagged term, i;_1, and responds to aggregate inflation m, = log , the output gap x;, and a policy
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shock u;. The output gap is defined as the log deviation of total output, Y;, from the output in an
economy under flexible prices and wages, Y;f . That is, X; = Y%’}, and z; = log X;. The coefficients
1 and 2, capture the response of the monetary authority to the deviations of inflation and the
output gap from their targets, respectively. The constant 7 is defined as the nominal rate when the
inflation rate and the output gap are at their targets, i.e., 2 = —log 5 + ¢¢g, + ¢gr. The process 7}
denotes the time-varying inflation target. The inflation target is time-varying as in Ireland (2007)

and Rudebusch and Swanson (2012).16 Tts process is
W: = (1 - ¢7‘r*)gfr + ¢7r*7T:_1 + On*xEqx ty (19)

where e+, ~ IIDN(0,1). The output gap target zss corresponds to the output gap in steady

state. The policy shocks u; follow the process

Upg1 = QuUs + Oulut+1, (20)

where g, ; ~ [IDN(0, 1).

3.4 Bond Prices and Yields

Real and nominal default-free zero-coupon bonds with maturity at ¢ +n pay a unit of real and

nominal consumption, respectively, at maturity. Their prices are

B = exp (<) = BMyal, and B =esp (—nif”) =B, (@)

for real and nominal bonds, respectively, where rt(n) and z’ﬁ”) are the associated real and nominal

bond yields, and M; ;.,, and Mﬁt ., are the real and nominal discount factors for payoffs at ¢ +n."”

6The inflation target has also been used in the macro finance literature by Bekaert, Cho and Moreno (2010),
Campbell, Pflueger and Viceira (2014) and Dew-Becker (2014).

1"Notice that Btc’(n) is the real price of the real bond, while Bf’(n) is the nominal price of the nominal bond.
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3.5 Equilibrium

Equilibrium requires product, labor, and financial market clearing. Product market clearing is
characterized by C;(j) = Y;(j) for all j € [0,1], and then C; = Y;. Labor market clearing requires
that supply and demand of labor type k employed by firm j are equal, N5(j, k) = N2(j, k). As
shown in appendix C, it implies the aggregate labor market clearing condition N = NZF,, ; where
Ntd = A%Fp,t. The distortions F,; and F},; measure wage and price dispersion caused by wage and
price rigidities, respectively, and are defined in the appendix. Equilibrium in the financial market
implies that the nominal interest rate from household maximization in equation (7) is equal to the
interest rate set by the monetary policy rule in equation (18). Equilibrium implies the absence of
arbitrage opportunities in real and nominal bond markets. Appendix D provides a summary of

the equilibrium conditions.

3.6 Expected Excess Bond Returns and Risk Premia

Risk differences between short- and long-term bonds, and between real and nominal bonds are
analyzed in terms of differences in their expected returns, risk premia, or implied yields. The link
between these measures is presented in this section. It allows us to decompose and quantify the
compensations for real and nominal risks in real and nominal bond yields. In particular, real term
and inflation risk premia are useful to decompose bond yields into compensations for real and

nominal risks, respectively. The model determinants of these premia are analyzed in Section 4.

£,(n=1)
: . B . :
One-period gross bond returns are R, fi)l = L for { = {c, $}. Real and nominal gross risk-
) BY

free rates are R}, = exp(r;) and R?t = exp(i;), respectively. One-period expected excess returns

relative to the risk-free rate are E, [X th(i)l] =L, [th(z)l} — R?t, and Sharpe ratios are S Rf’(n) =
B[ X R
oo (XRET)

My, . = My ;4.1. Expected excess bond returns capture the compensation for macroeconomic risk

, for £ = {¢,$}. In equilibrium, E, [X Rfﬁ” = —RY cov, (Mft i X th(ﬂ) , where
in long-term bonds. This compensation depends on the correlation between bond returns and the
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marginal utility of consumption.

The one-period real term premium of an n-period (real) bond is defined as
7 TP™ = logkE, [Rfjt(ﬂ] —log RS, (22)
Appendix E shows that this premium and the average spread Tt(n) — ¢ can be approximated as'®
1 n—2
rTP™ = cov, (mt,t+17 (n — 1)7‘51}1)) ., and E [rt(n) — rt] =JILMW 4= ZE [TTPt(fs_s)] , (23)
n
s=0

respectively, where my ;41 = log M, 11, and J.I. denotes Jensen’s inequality terms not important
for the analysis. The real term premium captures the correlation between the marginal utility of
consumption and the bond one-period return. This return depends on the bond yield at the end
of the period. A positive correlation between marginal utility and the bond yield implies low bond
real returns during periods of high marginal utility and, therefore, positive expected excess bond
returns. The unconditional yield spread can be seen as an average of one-period real term premia
during the life of the bond.

The one-period inflation risk premium WTPt(n) is the difference in (log) real return for investing

in an n-period nominal bond over an n-period real bond for one-period. That is,

TP = 1ogE: |RUI P P | — log B, [Ri(T)] (24)

Appendix E shows that this premium and the average spread iﬁ”) — r,ﬁ”) can be approximated as

. 1 _
WTPt(n) = cov, (mt7t+17 E 7Tt+s) ,and E [zﬁ”) — rﬁn)} = E[r] +JLM 4 = E E [WTPt(_fS s)} ,(25)
n
s=0

s=1

18 As shown in the appendix, this derivation relies on the the assumption of joint normality for the log-pricing
kernel and bond yields. This is used only for illustration purposes, since the economic model is solved using a second-
order perturbation method, which does not imply log-normality. Similar approximations are used throughout
the paper for illustration purposes only. Equation (22) is used for the computation of real term premia in the
quantitative analysis.
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The inflation risk premium is then an expected return compensation in nominal bonds for the
correlation between the marginal utility of consumption and inflation. If this correlation is positive,
the expected real returns of nominal bonds are higher than for real bonds: during periods of high
marginal utility, high inflation has a negative impact on nominal bond returns. The unconditional

spread between nominal and real rates captures average inflation and inflation risk premia.

4 Model Implications and Analysis

This section reports and analyzes the main model implications for bond yields and risk premia.
It describes first the model estimation and its quantitative performance capturing macroeconomic
and yield curve dynamics simultaneously. The main findings are highlighted by comparing the
baseline model’s performance with alternative model specifications for nominal price and wage
rigidities, model shocks, and monetary policy. The economic mechanisms behind the quantitative
findings are explained based on approximate analytical solutions for real term and inflation risk

premia, and their link.

4.1 Estimation Strategy

The purpose of the model estimation is (i) to examine the model’s quantitative ability to simul-
taneously capture observed macroeconomic and nominal yield curve dynamics, and (ii) to provide
a quantitative framework for the economic analysis of the real yield curve and bond risk pre-
mia. Model parameters are chosen to capture key quarterly properties of U.S. data for the period
1982:Q1 to 2008:Q3 using the Generalized Method of Moments (GMM). The sample period is
chosen to focus on a monetary policy with a stable response to economic conditions, which can
be described by an interest-rate policy rule. Clarida, Gali and Gertler (2000) provide empirical
evidence of a change in monetary policy after 1979. The monetary experiment period 1979 — 1981

is excluded since the short-term rate was replaced by monetary aggregates as the policy instru-
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ment during this period. Data after the third quarter of 2008 are not included since the ability to
conduct policy using the Federal Funds rate was limited by the zero bound after December 2008.

Table 2 reports the parameter values for the baseline model. The model estimation involves
three sets of parameters.!” For the first set, parameters values are assigned to match a direct
empirical counterpart or to be consistent with the literature. The average productivity growth
rate g, is chosen to match the average consumption growth during the period. Non-optimal
changes in prices and wages are assumed to be perfectly indexed to the inflation target, such
that log Ap;+41 = 77, and log Ayt 141 = go + ;. The wage indexation implies no deviations from
real wages on average. The price duration of —1/log(a,) ~ 2.4 quarters is consistent with the
empirical evidence in Bils and Klenow (2004). The wage duration of —1/log(a,,) ~ 4 quarters is
consistent with the evidence in Barattieri, Basu and Gottschalk (2014). The elasticity parameters
6, and 6, imply price and wage markups of 20%. The value chosen for w implies a Frisch labor
elasticity of 1/w = 2, in the lower range of the values used in the macro literature to capture labor
and wage dynamics. The policy responses to inflation 2, = 1.5 and the output gap 1, = 0.125
are standard in the literature. The persistence ¢~ = 0.9999 and volatility o« = 0.001% of the
inflation target process are chosen to maximize the model’s ability to capture the high volatility
of long-term yields, and are in line with the ones used by Rudebusch and Swanson (2012), and
the unit root process in Campbell, Pflueger and Viceira (2014).

For a second set of parameters, values are estimated using the Generalized Method of Moments.
This procedure focuses on maximizing the model’s ability to capture macroeconomic dynamics.
Eight parameter values are chosen to minimize percentage deviations of nine model moments from
their data counterparts.’ The moments are the volatility and autocorrelation of consumption

growth, inflation, wage growth, and the short-term nominal interest rate, and the correlation of

19The parametrization has elements of both estimation and calibration. For simplicity, we refer to it as “estima-
tion” throughout the paper. The method is similar to that in Andreasen, Ferndndez-Villaverde and Rubio-Ramirez
(2014). The model is solved using the Dynare package, available from www.dynare.org.

20The estimation is restricted within a range of parameter values that are economically sensible.
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consumption growth and inflation. The data series are described in Section 2.2! The estimated
parameters are ¢, p, and the persistence and volatility parameters of productivity and monetary
policy shocks. The estimated elasticity of intertemporal substitution 1/¢ = 0.05, is in the lower
range of values in the macroeconomic literature, and contrasts dramatically with the values used
in the asset-pricing long-run risk literature. The interest-rate smoothing coefficient p ~ 0.62 in
the policy rule is slightly lower than the one estimated by Clarida, Gali and Gertler (2000) for the
period, but in line with values used in the literature. The persistence of policy shocks ¢, ~ 0.4
is in the upper range of values estimated in the literature. The persistence parameters for both
permanent and transitory productivity components are lower than those in Andreasen (2012).
Finally, values for the subjective discount factor 5, the average inflation target g,, and the risk
aversion parameter v are chosen to match the average (annualized) inflation rate of 3.26%, the
short-term nominal (annualized) interest rate of 5.20%, and the Sharpe ratio of 0.32 implied by
excess returns of the 5-year bond simultaneously.??> The policy rule constant 7 = — log 3+ ¢4 + g
is the nominal rate when both inflation and the output gap are at their respective targets. The
average coefficient of risk aversion in the presence of leisure preferences, as shown by Swanson

(2012), is given by?

% 2
~ H2.
L bw 1= pw
1+"-’#P 1_1+WWJ

This value is comparable to those used in models of the term structure with recursive preferences.
For instance, Piazzesi and Schneider (2007) estimate a value of 59 in an endowment economy, and

Rudebusch and Swanson (2012) and Andreasen (2012) use values between 75 and 110 in models

21 Allowing w, ¢n+, and o~ to be estimated implies a very similar performance matching these moments.

22The model is solved using a second-order approximation around the non-stochastic steady state. The high
value for v generates large precautionary savings terms that affect the means of inflation and the short-term interest
rate. The precautionary savings terms are offset by a large values for g, reducing its interpretation as a long-term
inflation target. The approach does not generate distortions in expected excess bond returns.

23In the presence of recursive preferences on consumption and labor, the coefficient of relative risk aversion is
not solely determined by -, since the ability to smooth consumption using labor changes the representative agent’s
attitudes towards risk. The coefficient is computed relative to intertemporal gambles on consumption-related
wealth, since the coefficient related to total wealth (including the value of leisure) is not well defined.
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with price rigidities.?*

4.2 Quantitative Performance of the Baseline Model

This section describes the model’s ability to simultaneously match macroeconomic and yield curve
properties of the economy. The estimation centers almost entirely on matching macroeconomic
moments, and uses only yield curve information to match the Sharpe ratio of the 5-year nominal
bond. It is then important to verify that other properties of the nominal yield curve are captured
by the estimation and provide a reasonable baseline for the analysis of the implied real yield curve.
Table 3 reports moments for the baseline model and their empirical counterparts. Simulated
90% confidence intervals are added from samples with the size of the data sample (107 quar-
ters). Panel A reports the macroeconomic moments. The model captures well the volatilities
of consumption growth and inflation, the autocorrelations of inflation and wage growth, and the
negative correlation between consumption growth and inflation. This correlation is important for
explaining a positive inflation risk premium. The model, however, generates lower volatility in
wage growth than in the data, and fails to capture the reported empirical positive autocorrelation
of consumption growth.?® As explained below, a negative autocorrelation of consumption growth
is crucial in the baseline model to generate negative autocorrelation in the pricing kernel and then
a positive real term premium. Section 5 shows that an external habit in consumption prefer-
ences can simultaneously generate negative and positive autocorrelations in the pricing kernel and
consumption growth, respectively, while preserving the main implications of the baseline model.

Panels B and C of Table 3 report yield curve and bond excess return statistics, respectively.

24T his value could be reduced by incorporating persistent sources of long-run risk as in Bansal and Shaliastovich
(2013), or Kung (2014). Bansal and Shaliastovich (2013) achieve this in an endowment economy with exogenous
inflation. Kung (2014) introduces endogenous growth to a New Keynesian model and generates an endogenous
persistent source of long-run risk. We do not follow this approach to highlight the different effects of price and
wage rigidities and different shocks in a standard New Keynesian framework.

25Tt is well known however, that the autocorrlation of consumption growth is poorly measured and different
empirical studies show mixed evidence. While Campbell and Mankiw (1989) and Cochrane (1994), for instance,
find that U.S. consumption growth is almost unforecastable, Kandel and Stambaugh (1991) and Mehra and Prescott
(1985) imply a small persistent predictability component in this variable.
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The baseline model implies an average 5-year nominal bond spread of 112 bps. vs. 138 bps. in the
data, and a positive 5-year real bond spread of 82 bps. The model does a reasonable job capturing
the volatility of the short-term nominal interest rate but fails to reproduce the high volatility of
long-term nominal yields. This is a well-known shortcoming of most equilibrium models, given the
lack of enough persistence in the explanatory macroeconomic variables. The model implications
for the volatility of real and nominal yields are explored in the analysis below. By construction,
the model reproduces the Sharpe ratio of the 5-year nominal bond, higher than the implied Sharpe
ratio for the comparable real bond. However, the one-quarter expected bond excess return in the
model is small relative to the average realized excess return in the data. It reflects the model
limitation to capture the high volatility of bond returns. The positive 5-year real bond spread
implies a real term premium and expected excess return of around 1%. The higher expected excess
return for the comparable nominal bond reflects a positive inflation risk premium of 86 bps.

It is worth mentioning additional model implications not targeted in the estimation. Panel
E of Table 3 shows a volatility of dividend growth in the model, o(Ad,), similar to the one in
the data. It implies an equity premium E[X R,] slightly below the data counterpart. The R?’s
of regressions of yields on consumption growth and inflation also are presented in the table to
highlight that the model can reasonably capture the joint dynamics of yields and macroeconomic
variables.

In summary, the baseline model provides a reasonable description of U.S. macroeconomic and
yield dynamics, and then a good framework for the quantitative analysis of the real term structure.

The model, however, has some limitations that will be addressed in Section 5.

4.2.1 Alternative model specifications and comparison to similar models

This section presents results of alternative estimations for models with only one rigidity (prices
or wages) or none, and exposed to one or two components of productivity shocks (permanent and

transitory). A baseline model with both rigidities and both productivity components is chosen

24



for two reasons. First, it provides the best joint fit of macroeconomic and yield curve properties
among the different tested specifications. Second, there is ample empirical evidence of both types
of rigidities for the United States. Implications of models with only one type of rigidity may not
survive in a model with both rigidities, and then do not apply to the U.S. economy.

Table 4 reports results for the alternative estimations. Parameter values are chosen follow-
ing the procedure for the baseline estimation explained above. Column (10) corresponds to the
baseline estimation, except for the parameter v.26 The objective values in Panel A show that
having two components in productivity shocks instead of one has a significant effect matching the
macroeconomic moments under study. The model with the best (lowest) objective value is the one
with no rigidities and two productivity components in column (13). The improved performance
is driven by the implied positive autocorrelation of consumption growth. However, this model is
unable to capture a positive average slope in the nominal yield curve, implying both negative real
term and inflation risk premia and low short-term yield volatility. On the other hand, models in
columns (10) to (12), with two productivity components and only one or both rigidities, imply a
positive nominal bond spread. The one with both rigidities generates the highest one.

A comparison of columns (2) and (6) shows the different effects of permanent and transitory
productivity shocks under both rigidities. Panels B and C show that both models imply positive
real term and inflation risk premia. These premia are significantly smaller in the model with
only a transitory component. The models in columns (3) and (7) with only wage rigidities and a
permanent or transitory productivity component, respectively, have a significant ability to capture
a positive 5-year nominal bond spread. However, the model in column (7) implies a lower spread
and yield volatility. Columns (4) and (5) show the inability of the models with permanent shocks
and price or no rigidities, respectively, to capture significant bond risk premia. The model with

only price rigidities and a transitory component in column (8) captures positive bond risk premia,

26The parameter values for the alternative estimations are not reported to save space. They are available upon
request. For comparison purposes, a value of v = 400 was used for all estimations in the table. Using the baseline
estimation value of v = 720, it was not possible to match the average levels of inflation and the interest rate for
some specifications.
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but its magnitude is small in comparison to the model in column (12). The model with no rigidities
and a transitory productivity component in column (9) is able to capture significantly positive
bond risk premia. In this model, however, monetary policy has no effects on the real yield curve
and there is a low correlation between real and nominal yields.

It is convenient to compare these results with those of other models in the literature. The model
in Rudebusch and Swanson (2012) has only price rigidities and only a transitory component in
productivity shocks, as the one in column (8). However, their estimation captures much larger
bond risk premia. Possible reasons for this difference are targeting different moments in the
estimation, or heterogeneity in capital, which is absent in our framework. The model in Andreasen
(2012) is similar to the one in column (12) and is shown to fit U.S. data well. A direct comparison,
however, is difficult since the model has additional elements such as habit persistence and other
shocks, the estimation methods are different and unconditional moments are not reported. Dew-
Becker (2014) estimates a model with permanent shocks and both price and wage rigidities similar
to the one in column (2), but with additional elements such as habit persistence, time-varying
risk aversion, and capital accumulation. As described above, this model has a significant ability
to capture positive bond risk premia. Finally, Kung (2014) calibrates a model with only price
rigidities and transitory shocks, as in column (8), but with capital accumulation and endogenous

growth. It generates positive inflation risk premia but negative real term premia.

4.3 Bond Risk Premia and Yield Volatility

This section describes the contribution of nominal rigidities and shocks to the dynamics of real
and nominal bond yields and risk premia in the baseline model. The findings are explained using
tables 5 and 6. Table 5 reports variance decompositions of relevant variables to understand the
contribution of each shock to their dynamics. Table 6 presents statistics of models that share the
same parameter values with the baseline estimation, except for rigidity or shock parameters. It

highlights the contribution of each rigidity and shock to the quantitative results. Columns (2)-(5)
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in this table are related to parameterizations where price or wage rigidities or both are shut down,
but all shocks affect the economy. Columns (6)-(9) are related to parameterizations where the
economy is exposed only to one source of risk, but both rigidities are active.?”

There are two main findings. First, positive real term and inflation risk premia are mainly
a compensation for permanent productivity shocks as a result of wage rigidities. Table 5 shows
that permanent productivity shocks generate most of the variability in consumption growth and
the real and nominal pricing kernels. Consistent with this, column (6) in Table 6 shows that the
5-year real term and inflation risk premia for these shocks are 77 and 84 bps. respectively, while
columns (7)-(9) show that these premia are minor or negligible for the other shocks. A similar
pattern is seen in bond spreads and expected excess returns. Column (2)-(4) show that only wage
rigidities generate positive real and nominal risk premia in the baseline model. This finding also
applies to the alternative estimations in Table 4. The model with only wage rigidities and only a
permanent component in productivity has the best ability to generate positive bond risk premia.

The second finding is that monetary policy shocks and inflation target shocks have a minor
contribution to risk premia, but generate significant volatility in real and nominal bond yields,
respectively. From Table 5, monetary policy shocks explain more than 75% of the variability in
real and nominal interest rates and yield spreads. Inflation target shocks explain almost 15% of the
variability of the short-term nominal interest rate but do not affect the real counterpart. This is
consistent with the results in Panel B of Table 6. From column (8), real and nominal interest rate
volatility of interest rates generated by monetary policy shocks is close to their total volatility in
the baseline model. From column (9), inflation target shocks generate similar volatility in nominal

short- and long-term bond yields.

2"For comparison purposes, § and g, are adjusted across parametrizations to match the average inflation and
short-term nominal rates. This adjustment has a minor effect on second moments.
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4.4 The Mechanism Behind Real Term and Inflation Risk Premia

In the model, positive real term and inflation risk premia are generated by wage rigidities as
compensations for permanent productivity shocks. This section explores the economic mechanism
behind this result. The effects of the rigidities on consumption through labor are explained first
to understand the joint dynamics of the pricing kernel, bond returns, and inflation. The link
between real term and inflation risk premia imposed by endogenous inflation is highlighted. To
gain intuition, closed-form solutions are obtained assuming log-normality and homoscedasticity for
all variables. Monetary policy and inflation target shocks are shut down to focus on productivity
shocks. For simplicity, the interest-rate smoothing component in the policy rule is ignored (p = 0).
To confirm the intuition from the approximate analytical solutions, impulse responses for the

baseline model are computed using a second-order perturbation solution.?

4.4.1 Labor dynamics and consumption growth

The effect of nominal rigidities on labor play a crucial role in driving the model results. A first-
order approximation of the solution implies that labor n; = log N7 and consumption growth are
given by

Ny = N1 + naACLt + N2y, and ACt = Aat + Azt + A’I’Lt,

respectively, where the term n;_;, and the constants n, and n, are determined in equilibrium.
Consider first an economy without nominal rigidities. It follows from equations (11) and (17)

that
-
w+

nt:ﬁ+ Zt .

Labor does not react to the permanent component of productivity (n, = 0), since wages adjust

freely after a permanent shock to keep labor constant. On the other hand, labor reacts positively

28The impulse responses are generated applying the pruning method of Kim et al. (2008) to compute simulations
of the second-order approximation of the solution.
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to transitory shocks (n, > 0) if ¢ < 1, and negatively (n, < 0) if ¢ > 1. Since ¢ is larger than
one in the baseline model, labor decreases after a positive transitory shock. When productivity
increases, more output is produced for the same amount of labor. Since the shock is transitory and
the elasticity of intertemporal substitution of consumption is low, the representative household
works less to smooth consumption. Consumption increases (1 + n, > 0), since the lower labor
does not completely offset the increase in productivity.

In the presence of rigidities, labor supply reacts positively to a permanent productivity shock
(ng > 0), and negatively to a transitory productivity shock (n, < 0). This result is driven by the
household’s consumption smoothing incentives. After a negative permanent shock, productivity
is low. Since the permanent productivity component is positively autocorrelated (¢, > 0), future
expected productivity becomes even lower. To smooth consumption, the household works less the
current period, resulting in a procyclical labor supply. On the contrary, after a negative transitory
shock, consumption is low at the current period, but expected to increase in the future since
the effect is mean-reverting. Consequently, the household works more to smooth consumption,
resulting in a counter-cyclical labor supply.

The impulse responses from the second-order solution of the model confirm the analysis above.
Figure 2 shows that after a negative permanent shock, labor supply in the model with no rigidities
stays constant, while it decreases in the models with price or wage rigidities. Figure 3 shows that,
after a negative transitory shock, labor supply increases under all specifications. Consumption

decreases after a negative permanent or transitory shock.

4.4.2 The real pricing kernel and risk-free rate

Appendix E shows that the real pricing kernel in equation (6) can be approximated as

Mypy1 =M — ©ACiy — (’Y - 90) Z 775(: (Et+1 - Et) [ACt+1+s + MNeg14s + 77z2't+1+s] ) (26)
s=0
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where m, 0 < n,. < 1, n,, and 7, are constants. The second term in the pricing kernel captures the
link between consumption growth and its marginal rate of substitution under constant relative
risk aversion (¢ = 7). The third term is the dependence of this rate on continuation utility
under recursive preferences (¢ # 7). It captures revisions in expectations of consumption growth,
labor, and transitory shocks. It depends on labor supply (and transitory shocks) as a result of
the household’s preference on labor. In the absence of rigidities, the labor terms are proportional
to consumption and the pricing kernel becomes identical to the one with no labor preferences.
In the presence of rigidities, the proportionality breaks down.?® However, the effect of labor is
quantitatively minor in the baseline model. The pricing kernel impulse responses in Figures 2 and
3 show that they are not substantially different from each other with and without rigidities.
From equation (7), the real risk-free rate is approximated as r; = 7+ @E;[Ac; 1], similar to the
one in a CRRA economy. The recursive preferences terms only generate (constant) precautionary

savings terms since, by definition, expected revisions in expectations are zero.

4.4.3 Real Term Premia

The risk compensation for holding long-term real bonds is considerably affected by nominal rigidi-
ties through the dynamics of labor and consumption growth above. For intuition, consider first
the one-period real term premium in a 2-period bond. From equation (23), this premium depends
on the covariance between the real pricing kernel and the real risk-free rate one-period in the
future, rTPt(Z) = covy (M1, Ter1) = —CoVy (M1, Erp1[mes1e42]). Thus, if the pricing kernel is
negatively autocorrelated, the real term premium is positive, and vice versa. Since the pricing ker-
nel is dominated by consumption growth in the baseline model, the sign of the real risk premium
depends on the autocorrelation of consumption growth as in Piazzesi and Schneider (2007)).

More generally, consider a real console bond that pays one unit of consumption every period.

29Gpecifically, labor preferences affect the household’s continuation utility and then the return on wealth. Wealth
is a claim on all future consumption and the opportunity cost of leisure. Since labor income is proportional to
consumption in the absence of rigidities, the return on wealth is proportional to the return on the consumption
claim. This is not the case in the presence of rigidities.
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This bond can be seen as a portfolio of real zero-coupon bonds with maturities from one to infinity.
The console bond risk premium is then a weighted average of the real risk premia of these bonds.
Appendix E shows that a log-linear approximation of the return on the console bond can be

written as

c _ =C c c c _ =C c c
roo,t—‘rl =T + noopoo,t—‘rl - poo,t’ where poo,t =P + poo7aAat +Poo,zzt

is the log-bond price, for approximation constants 15, 0 < 7+ < 1, and equilibrium constants p<_,

a — 1-— a)lla 1- z 1 z
’ 1- noo¢a ’ 1 - 7700¢z
The one-period real term premium of the console bond is rT'P>* = —cov, (mt,t+1’7’go’t +1)- The

impulse responses in Figures 2 and 3 show that (real) marginal utility increases under negative

permanent and transitory shocks. Therefore, the real term premium is positive if the return on

the console bond decreases after negative productivity shocks, i.e., p5, , > 0 and p. . > 0.
Consider first the permanent component of productivity. The coefficient pg_ , in equation (27)

is positive if the response of labor to permanent shocks is strong enough, i.e., n, > 1?‘;) . This

condition characterizes the autocorrelation of consumption growth induced by the permanent
component. In the absence of rigidities, labor is not affected by permanent shocks (n, = 0),
consumption growth inherits the properties of productivity growth and then is positively autocor-
related. Low consumption today implies low expected future consumption and low bond yields.
Real bonds are hedging instruments with negative term premia since bond returns are high in
periods of high marginal utility. In the presence of price and/or wage rigidities, labor supply

becomes procyclical (n, > 0) and mean-reverting, and the autocorrelation of consumption growth

Pa
17¢a :

declines and becomes negative if n, > After a negative permanent productivity shock, prices
and /or wages do not decline as much as in an economy with flexible prices and wages, and reduce

labor. The decreased labor reduces consumption by more than in an economy with no rigidities.
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Over time, prices and/or wages gradually decline, increasing labor. If the effect is strong enough,
expected future consumption growth is positive, bond yields increase, and bond returns are low in
periods of high marginal utility. Therefore, real term premia for permanent productivity shocks
can become positive if the rigidities induce strong effects on labor. The impulse responses in
Figure 2 show that models with no rigidities or only price rigidity generate a negative real term
premium, since the excess return of the five year-bond X R%(*%) has a positive reaction to a neg-
ative permanent shock. Only the models with wage rigidity or both rigidities generate a positive
real term premium.

Similarly, the sign of the real term premium for transitory productivity shocks depends on the
autocorrelation of consumption growth induced by these shocks. This autocorrelation depends on
the term —(1 — ¢.)(1 4+ n,) in equation (27). It is negative as long as n, > —1. This condition
is always satisfied with or without nominal rigidities, and then the term premium for transitory
shocks is positive. Since nominal rigidities affect the magnitude of the response of labor to these
shocks, the magnitude of the real term premia depends on the rigidities. The impulse responses
of XR>(?Y to a negative transitory shock in Figure 3 indicate that models under all specifications
generate a positive real term premium for these shocks. The magnitude is small relative to the

premium for permanent shocks since marginal utility has a small response to transitory shocks.

4.4.4 Inflation Risk Premia

The compensation for inflation risk in nominal bonds depends on the dynamics of the real pricing

kernel and inflation. Appendix E shows that the inflation process can be approximated as

T = T—1 + TaAay + 7,2,
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where 7;_1,

1-¢
S o (g — (1 — ¢;)na) — zxna’ and 7 — —p(1—¢.)(1+ nz)¢— Iy (nz — m) 28)
lr — Qq iy — @z

are determined in equilibrium. For intuition, consider first the one-period bond inflation risk

premium 77 P = cove(my 41, me41). From equation (26), it is

WTPt(l) = —pcovy (Ac1, Tep1) = (7 — @) Z MocCOVe (Epi1[Actitss + Manerivs + Na2ei14s), Ter)
s=0

Under constant relative risk aversion (¢ = ), it is positive as long as consumption growth and
inflation are negatively autocorrelated. Under recursive preferences (¢ # ), the premium also
depends on the correlations between inflation and expected future consumption growth and labor.
All these terms are affected by nominal rigidities.

More generally, consider a nominal console bond that pays one unit of nominal consumption

every period. Appendix E shows that the inflation risk premium can be approximated as

GaTq

¢.T,
1— To ¢a

Aa;— .
o - 7700¢z “

7T P = TP —nagcovi (muesr, ooy — pley) » Where pd,—pe., =

The inflation risk premium depends on the one-period bond inflation risk premium and the correla-
tion between the real pricing kernel and differences in the valuation of the nominal and real console
bonds, piqt — P Which in turn depends on the inflation process. The inflation risk premia for
permanent and transitory productive shocks are positive if 7, < 0 and 7, < 0, respectively, since
the pricing kernel reacts negatively to both types of shocks. In the baseline model, 7, is small and
the values of m, and 7, are mainly determined by the first term of the numerators in equations

(28). The denominators are positive since 2, > 1. The equation for 7, indicates that inflation

Pa
17¢a ’

reacts negatively to the permanent shock (7, < 0) if n, > resulting in a positive inflation

risk premium for permanent shocks. The equation for 7, shows that inflation reacts negatively to
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transitory shocks since n, > —1, resulting in a positive inflation risk premium for this shock.
The response of inflation to permanent productivity shocks can be explained as follows. After
a negative permanent shock, productivity is low and expected to be even lower in the future. In
the absence of nominal rigidities, wages and prices decrease to keep labor and product markups
constant. In the presence of rigidities, labor positively co-moves with the shocks (n, > 0) and
becomes mean-reverting. Product prices can increase or decrease after a negative shock depending

on the labor response. Under wage rigidities, prices can adjust upwards to keep product markups

Pa
1—¢a”

constant. This occurs if n, > Figure 2 shows that, in the baseline model, the labor response
n, is significant as a result of wage rigidities, inflation co-moves negatively with permanent shocks,
and then nominal bonds embed a positive inflation risk premium.

Nominal rigidities amplify the response of inflation to transitory shocks, but not its sign. The
impulse responses of inflation in Figure 3 show that product prices always increase after a negative
shock. This is the result of the mean-reverting effects on productivity and, then, consumption of
these shocks, with and without nominal rigidities. The positive response of inflation to a negative

shock, decreases the value of nominal bonds in periods of high marginal utility, generating a

positive inflation risk premium.

4.4.5 The policy rule and the link between real term and inflation risk premia

As explained above, real term premia for permanent and transitory productivity shocks are positive

ifn, > 1??% and n, > —1, respectively. Notice that a similar condition applies for positive inflation

risk premia, as long as the response to the output gap 2, in the policy rule is small. This is the
result of the endogenous inflation process implied by the interest rate policy rule. For illustration,
consider the real term premium of a two-period bond, 7"TPt(2) = —covy (Myry1, Bep1[meg1 442]), and

the one-period inflation risk premium WTPt(l). From the policy rule equation (18), the inflation
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risk premium can be written as

WTPt(l) _ _ Ccovy (mt,t+17 ]Et+1[mt+1,t+2]) _ 1aCOVy (mt,t+17 $t+1).

ir lr

Therefore, both real term and inflation risk premia depend on the autocorrelation of the pricing
kernel. If 2, = 0, both premia are positive if the real pricing kernel is negatively autocorre-
lated. That is, inflation in equilibrium links real term and inflation risk premia, as emphasized by
Gallmeyer et al. (2007, 2008). Appendix E presents a general specification for this link.

Relative to term structure models with exogenous inflation, the interest policy rule acts as an
additional constraint to determine the joint properties of real and nominal yield curves. Tables
4 and 6 show that, in most tested model specifications, the real term and inflation risk premia
share the same sign. This is explained by the joint dynamics of consumption growth, hence the
pricing kernel, and inflation. Specifically, real term premia depend mostly on the autocorrelation
of consumption growth, which also plays an important role determining the response of inflation to
shocks, and then inflation risk premia. In models with exogenous inflation, real term and inflation
risk premia can have different signs. This can be achieved in the model if the response in the
policy rule to the output gap is strong enough. However, the values for these parameters used in

the literature seem to be small, and imply the same sign for both types of premia.

4.5 Bond Yields and Risk Premia and Monetary Policy

The analysis above shows that both systematic and non-systematic responses in monetary policy
affect the dynamics of bond yields and risk premia. The response to economic conditions in the
policy rule affect both real term and inflation risk premia. Yield volatility for real and nominal
bonds is affected by monetary policy and inflation target shocks. This section explores these

findings in more detail.
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4.5.1 Yield Volatility

Policy shocks have a minor effect on bond risk premia, but a significant one on the volatility of
bond yields. The effect of these shocks on the real rate is a result of price and wage rigidities. The
impulse responses in Figure 4 show that the real risk-free rate does not react to policy shocks in the
absence of rigidities. Changes in the policy rule are completely reflected in inflation changes and
have no effect on real activity. On the other hand, the figure shows that nominal rigidities induce
a positive response in the real risk-free rate to positive policy shocks. Since prices and/or wages
do not adjust optimally to changes in the nominal rate, output and consumption are affected. A
positive policy shock, increases the real risk-free rate, which has a transitory negative effect on
output. Since real bond prices depend on the expected evolution of short-term real rates, policy
shocks also increase the volatility of the entire real yield curve.

Inflation target shocks have a considerable effect on inflation, but a minor effect on the output
gap and, thus, bond risk premia. These shocks, however, have a significant contribution to the
volatility of nominal long-term yields. The high persistence in inflation target shocks generates
volatility in long-term nominal yields similar to the volatility of the one-period nominal rate. On
the other hand, these shocks have a reduced effect on real yield volatility, even in the presence of
nominal rigidities. Therefore, changes in the properties of inflation target shocks may explain dif-
ferences between real and nominal yield volatility over time, while not affecting the main dynamics

of real economic variables.

4.5.2 Bond Risk Premia and the Monetary Policy Rule

The monetary policy interest-rate rule affects bond risk premia. To quantify these effects, compar-
ative statics for policy rule parameters are computed. These parameters are modified individually,
keeping the remaining parameters at their baseline model levels. Selected moments are computed
and compared with the baseline estimation counterparts in Table 7. Column (3) reports statistics

when the response to inflation in the policy rule 2, is increased to 1.7 from 1.5 in the baseline
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estimation. Similarly, column (4) reports statistics when the response to the output gap ¢, is
increased to 0.25 from 0.125. A comparison of both columns with the baseline estimation in col-
umn (2) shows opposite effects of the two policy changes. While a stronger response to inflation
decreases inflation volatility and increases real and nominal bond spreads and expected excess
returns, a stronger response to the output gap increases inflation volatility slightly, and reduces
real and nominal bond spreads and expected excess returns. For instance, an increase in 2, of 0.2
is reflected in an increase in expected excess returns on real and nominal 5-year bonds of 23 and
17 bps., respectively. An increase in 2, of 0.125 reduces these expected returns by 9 and 10 bps.,
respectively. Changes in expected excess returns are explained by the effects of the policy rule
on labor dynamics. An increase in the response to inflation, increases the response of labor to
productivity shocks and real term premia. An increase in the response to the output gap has the
opposite effect. Column (5) presents statistics for a policy that increases the interest-rate smooth-
ing coefficient p from the baseline value of 0.62 to 0.72. Similar to a reduction in the response
to inflation, this policy increases inflation volatility and decreases real and nominal bond spreads,
expected excess returns, and Sharpe ratios. In addition, the reduction in the smoothing coefficient
increases dramatically the volatility of the real rate, but has a minor effect on the volatility of
nominal yields. Finally, column (6) presents statistics when the autocorrelation of the inflation
target is reduced from 0.9999 to 0.9. This change only affects the volatility of long-term nominal

yields. The ratio of long- to short-term yield volatility decreases from 0.4 to 0.13 with this change.

5 Model Limitations and Extensions

The baseline model captures important macroeconomic and nominal yield curve properties, but
with important limitations. This section extends the model to address three of these limitations:
(i) a negative autocorrelation of consumption growth to explain positive bond risk premia, (ii) the

absence of capital accumulation in the economy, and (iii) the lack of significant time variation in
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bond risk premia.®®

5.1 Habit Persistence and the Autocorrelation of Consumption Growth

A model with external habit persistence in preferences is able to match the positive autocorrelation
of consumption growth in the data, while preserving the previous results for bond risk premia.

Consider the modified household’s utility specification of equation (1) given by
Vi = (1= B)U(Chys N{)' ™% + BE, [Viﬁ] ’

where the habit-adjusted consumption Cj,; = C; — bhét,l replaces consumption. The habit is
represented by lagged aggregate consumption C;_q, equal to C;_; but not determined directly by
the household. This is a simplified Campbell and Cochrane (1999) habit specification. Notice
that b, = 0 corresponds to the baseline case. The utility over the habit-adjusted consumption and
labor U(C},+, N7) follows the functional form in equation (2). The real pricing kernel is isomorphic
to the one in equation (6), but replacing consumption with the habit-adjusted consumption. Table
8 presents results for an estimation of this model using the procedure in Section 4. The parameter
values from the GMM estimation are very similar to those of the baseline model (available upon
request). The habit parameter b, = 0.42 is within the range of values reported in the literature.
As in the baseline model, unreported results show that the best model specification with habits
incorporates both price and wage rigidities, and permanent and transitory components in pro-
ductivity. The lower objective value in the estimation implies better macroeconomic performance
than in the baseline model, driven mainly by the ability to match the positive autocorrelation
of consumption growth in the data. A comparison of the bond yield and risk premia statistics

shows that the two models have very similar implications for similar coefficients of relative risk

30A third- or higher- order perturbation solution method is required to capture variability in expected excess
returns and risk premia. The third-order solution of the optimality conditions in the baseline model implies a
negligible volatility in these variables.
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9.31:32 The pricing kernel dynamics important for bond pricing are generated

aversion around 2
by the habit-adjusted consumption growth and not by consumption growth, providing additional

flexibility to match the autocorrelation of consumption growth in the data.

5.2 Capital Accumulation and Bond Risk Premia

The baseline model economy has an only-labor production function. It is of interest to learn
whether the bond risk premia mechanism and the results above hold under capital accumulation.
Table 8 reports results for an estimation of a model with capital K; and the production function

Y, = (A, N#)1=2K2. Capital follows the process

J, J b J\ e
Kt+1 = (1 — 5)Kt + P (é) Kt, where & <Ett) = bl + 1——21/C <Ett>

captures capital adjustment costs through ¢ > 0, J; is investment, ¢ is the depreciation rate,
and b; and by, are parameters chosen to preserve balanced growth.?® The model has a reasonable
macroeconomic performance using an adjustment cost ( = 4, similar to values reported in the lit-
erature. It matches the volatility of output and investment growth, the positive autocorrelation of
consumption growth, and the negative correlation of consumption growth and inflation. However,
the output gap is highly volatile, and the correlations between real and nominal yields are lower.
As in the baseline estimation, the real and nominal average yield curves are upward sloping, but

with substantially smaller and larger, respectively, real term and inflation risk premia. That is,

31The same can be said about the models with only one and no rigidities, and only a permanent or a transitory
component in shocks. A difference, however, is that, in the model with habits, it is easier to capture a sizable risk
premium in these specifications.

32 parameter value of v = 400 was used for comparison purposes. This value allows us to match the average
levels of the inflation and short-term nominal rate in the data. The average coefficient of relative risk aversion for
the model with habits is

¥ i

_ —Ya P HBw _ —ga _ l=ppw”
L —bpeme + Sl 1 —bpe9e — g2k

33The complete model specification, equilibrium conditions and estimated parameters are available under re-
quest.
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capital accumulation weakens the strong link between real term and inflation risk premia imposed
by the policy rule, by generating a large volatility in the output gap. An economic analysis of the

additional mechanisms at work under capital accumulation is beyond the scope of the paper.

5.3 Stochastic Volatility and Time-Varying Bond Risk Premia

The low volatility in bond risk premia in the baseline model is at odds with the well-documented
empirical evidence on deviations from the expectations hypothesis and bond return predictability.
Adding time-varying volatility to productivity shocks captures substantial variation in bond risk

premia. Consider the modified specifications for productivity shocks in equation (15) given by

vaAa Vyz
Aari1 = (1 — ¢o)ga + GaDar + 04" q i1, and 2z = o2t + 0,67 e, 411,

where v, # 0 and v, # 0 capture time-variation in the conditional volatility of the shocks.
Volatility depends on the level of the productivity component, avoiding the need for new state
variables. Table 9 reports results for two specifications with only time-varying volatility in only
one productivity component at a time: v, = —100, or v, = —100, respectively. The negative
signs capture the fact that volatility tends to increase during periods of high marginal utility.
The magnitude implies that the level of volatility is 40% higher if a positive shock of size o, or
0., respectively, hits the economy. The table shows that bond risk premia become time-varying
in specifications with stochastic volatility.** In particular, volatility in permanent shocks in the
model with habit persistence generates the largest variability in bond risk premia. Real term
premia are more or less volatile than inflation risk premia depending on whether the stochastic

volatility is in the permanent or transitory productivity components, respectively.

34A third-order perturbation of the model solution is required to capture the effects of time-varying volatility.
The model moments are computed based on simulations that use the pruning method described in Andreasen,
Fernandez-Villaverde and Rubio-Ramirez (2014).
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6 Conclusion

This paper provides a quantitative analysis of the link between nominal rigidities, monetary policy,
and long-term real and nominal bond yields and risk premia. A key contribution is the analysis
of the restrictions on the joint properties of real and nominal risk premia imposed by endogenous
inflation. The model estimation implies an average upward sloping real curve, volatile long-
term rates, and positive real term and inflation risk premia. These properties are consistent
with those observed in the United States for inflation-linked and nominal bonds in recent years.
There are three main findings. First, nominal rigidities increase term and inflation risk premia
in real and nominal bonds, respectively, as a compensation for permanent productivity shocks.
This is explained by a procyclical mean-reverting labor demand induced by the rigidities: It
simultaneously generates high marginal utility of consumption, high inflation, and low returns on
real and nominal bonds. Second, the model transitory shocks do not have significant effects on
risk premia, but important effects on yield volatility. Monetary policy and inflation-target shocks
increase the volatility of real and nominal bond yields, respectively. Third, a stronger response
to inflation or a weaker response to output in the interest-rate policy rule increase real term and
inflation risk premia. The strong link between the two premia is the result of this rule and its
equilibrium effects on the pricing kernel and inflation.

The analysis can be extended in several dimensions. First, an empirical study of the model
testable implications across countries. For instance, the model predicts lower real yield curve
slopes in economies with more flexible wages. This is consistent with the average inverted real
yield curve in the United Kingdom, and the findings in Smith (2000) and Dickens et al. (2007)
of less rigid wages in United Kingdom than in United States. Second, a model with capital
accumulation reduces the link between real and nominal yields and risk premia. This model and
its underlying economic mechanisms deserve further analysis. Finally, the framework can be used

to learn about the effects of optimal monetary policy on real rates and their economic content.
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A Household’s Utility Maximization under Wage Rigidi-
ties

The household’s problem is

1—p
max Vi=U+ BV,
{Cs, N W}

where
_ Gt )t

U, = —
K 1—¢ it 14+w

1-y
5 and Vt = E’t |:‘/t_l,’_1w:| s
subject to the budget constraint

oo
3
Z Mt,t+'rPt+TCt+'r
7=0

E¢

<E; [Z M3t+7-Pt+T (Lliyr + Dt+7’)‘| )
7=0

where LI; and D; are aggregate labor income and firm profits, respectively. The Lagrangian associated with this
problem is

1- w
Chi” (N

L = —
1—¢ it 14+w

1-¢ i 5
+ BV, + AE, Z Mgy Pryr (LIt r + Dy — Ciyr)
T7=0

o .. . . . c, ¥
It can be shown that utility maximization implies A = Iﬁt’t , and

oV, oVi
oS _ OV /OC P 39541 OVs Py
tt+1 oV, dC; Py C,;f Py

_ _ Y=
- 3 Chi\ 2 (VL P,
s v | By

r
$ _ $
Mt,t-i—T - H Mt,t+s :
s=1

The 7-period nominal pricing kernel is

The household cannot change wages for a,, fraction of labor types. For the remaining 1 — a, fraction of labor
types k, the household chooses wages W;*(k) to maximize V;. We assume that the wage choice for one labor type
has negligible effects on the aggregate wage index and the aggregate labor demand. To see the impact of W[ (k)
on the household’s utility, we rewrite the labor supply at ¢ + 7 as

1 1 —0
s s W T(k) b
Niy, = / N7y (k) dk = Ntd+r/ (I;r) dk,
0 0 t+7

and the aggregate labor income at t + 7 as

1 d 1 1—0u
Wt-i-‘r Nt+TWt+T / (Wt—l-r (k) )
LI, = k)Ng, (k) dk = dk.
t+ 0 Pt+7' ( ) t+ ( ) Pt—‘,—‘r 0 Wt+7'
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For the wage of type k labor at t + 7, there are 7 + 2 possible values:

W (R, with prob = (1 — ay)as, for s =0,1,--- 7
Wpr () = { Wi 1Awt—1,t4-, Wwith prob = %TUH~

We obtain derivatives

ONZ, . d ( —0y )(”t*(k)Awtf+T>_0w
= N (1—ay)a, - AL ,
Wi (k) e ) Wi (k) Wiir
OLIt+ N, Wi (k)Aw,te+r)
= (1 —ay)al (1 —0,) | oLt
aw; (k) Pt+T( o) ) Wir

The first-order condition of the Lagrangian with respect to Wy (k) is given by

oL v,
oWy (k) — oWy (k)

+ A\E;

[ee]
OLI, ¢,
Mgy Py oS | =0,
Tz:;) s OW; (k)]

where

8‘/t = $ Pt+7‘ Ch t+7 ? 6Nts+7—
— =K M. — N7 )Y .
oWy (k) ' l; TP\ Oy Fer (N ) Gy ()

Rearranging terms, we get

> $ T 0w d Wt* (k) —p O $ T Pt+7' 60w d s w Ch,t+7— ®
Eq E M 4y Dt oq, Wl NE P, Ch,t =E E :Mt,t-s-rAw,t,t-‘rTaw P, Wt+rNt+r#w“t+r(Nt+f) ﬁ .
7=0 T7=0 ’

Since all labor types face the same demand curve, we have W/ (k) = W for all k. We can write the left-hand side
of the equation as

we

P’

N Wy
M1 Mt <J\t;;1) (Wt-it-l) Hy ] -
t

Similarly, the right-hand side of the first-order condition can be written as

LHS = C,, $W/*N{'H,,

where

Hw,t =1+ ok

RHS = poy Wi NN ) Gy = p W™ Nili (NF)* G

where

Pt (Chost \7 (NEL (R (Nea\< ([ W ™
Guwi: = 1+auE M, A, : Guw
t + « t l tt4+1 ,t,t+1( j2) ) ( Cht Ntd e N; Wit 41

The optimal real wage and the optimal wage markup ., ; are then given by

W
Py

Gw,t

Hw,t

= ﬂw,tc}ﬁtmt (Nts)w and oyt = fo
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B Profit Maximization under Price Rigidities

Consider the Dixit-Stiglitz aggregate (3) as a production function, and a competitive “producer” of a differentiated
good facing the problem

1
maXPC_/p NCL () di
@on ), +(7)Ct () dj

subject to (3). Solving the problem, we find the demand function

P(j)= P, (Céj))‘l/ep 20)

The zero-profit condition implies

Ptct:/Olpt(j)ct(j)djz/olptot(P;ﬁj)>_ap dj.

Solving for P, it follows that

1 =
P, = [ / Ptu)”’pdj] , (30)
0
which can be written as the demand function for each differentiated good

Ci(j) = <P]§j)>6 c. (31)

Therefore, when prices are flexible, prices of all differentiated goods are the same.
The profit maximization problem is

max [

P} Z MEH.TOZT |:Ap,t,t+TPt(j)}/t+T\t(j) - Wt+¢t(]')Nt(i+T|t(j)H
¢ 7=0

subject to

Pt (j)Ap,t,t—O—T

701)
) and Vi) = A ),
t+7

Yiire() = Yitr <

The first-order condition of this problem with respect to P;(j) is

. Wtw(y‘)] '

S OME Y () A,

7=0

E, lz MEt—&-TO‘TY;H-ﬂt(j)Ap,t,t—i-‘rPt* (J)

7=0

The left-hand side (LHS) of the equation can be written recursively as

P\ %
LHS = P} (Pt ) Y Hp
t

where

10, (Y P\ "
—0, 41 ¢
Hyt =1+ a,E; [M§t+lAp,t,t+T ( Y, ) <Pt+1> Hp,t+1] .
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Similarly, the right-hand side (RHS) of the equation can be written as

Hp Py O Wi
RHS AtY; <P1t> PtGp7t7

-0
—0, Yt_:,_1 Pt ? Wt+1 At
MS, A G
tt+1 ptt+T< Y, ) <Pt+1> ( W, ) (At+1 p,t+1

The optimal price is hence given by
Pr pp Wi
— | H, LG,
( P ) Pt = A Py

Here, P;*(j) = P;* because all firms changing prices face the same demand curve and hence the same optimization
problem. Based on the definition of markup, the optimal time-varying product markup is given by

where

Gp7t =1+ apIEt

Wi

and P/ uptA

Gy
Hp,t = Hp E

Price inflation is given by

P* 1-0p 1-0, P,1 (1-0p)
1:(1—Ckp)<é> +apAp,t 1,t tTt .

C Labor Market Clearing Conditions

The total supply of type k labor is given by

/Ng, dg_/Ndj, d_(Wt) /Nd

From the production function Y;(j) = A;NZ(j), we obtain

- () [0 () “EL ()"

N\ —0p
where the second equality follows from the product demand function Y;(j) = (P‘T(j)) Y;. Defining the price and

wage dispersion aggregators by

1 . -0 1 —0
Pt(J)) o / (Wt(k)> N
F,; = — dji, and F,;= —_— dk ,
p’t /o < Py ! T o Wi

respectively, it follows that aggregate labor supply is N = % From the resource constraint N7 =

fol N{(j)dj, it can be shown that Nf = N§/F,; = Yt . Note that the wage dispersion F,; is bounded be-

low by one.
1-0,,7 =65 1-6 e
1 =0y | 1=0w 1 —0Ow 1—0w
Wi(k) / Wi(k) —0
F,, = — dk > _— dk =1"% =1,
! /o [( Wi “Jo Wi

1:90“’ > 1. Similarly, we can show that F}, ; is bounded

where the second equality is due to Jensen’s inequality for
below by one.
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D Equilibrium Conditions

This appendix provides a summary of the equilibrium equations for the model. These conditions need to be
expressed in terms of de-trended variables. In order to obtain balanced growth, k; = ro(AY)!~%. This condition

ensures that Y, Wy, W, Ct, and C},; share the same average trend. Therefore, the equations can be written in

. . o P 2 wr o oA A c
stationary form in terms of Y; = AL%, W, = Amé, Wi = Tgt” Cy = %ﬁ, and C ¢ = X’{f

Wage setting

Py

Nd Wt 79w
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Aggregate labor supply and demand
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Pricing kernel
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Output steady state
Gw,ss

w,ss
w ®
I = HpHwhkt <Y3f5> (Cgs_bhcsfs> )
Yss = 0557
!

Tss = Yss — Yss-
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A

E Bond Risk Premia
E.1 Real Term and Inflation Risk Premia

Consider the no arbitrage equation for the n-period real bond:

(n—1)

By™ = et = E, [Mt,t-‘rlBtc—,i-(?_l)} =E, {emf’t“_("_l)rtﬂ

where my ;41 = log M +41. Assuming normality and homoscedasticity for the log-pricing kernel and bond yields,
it follows that

(n) (n—1) (n—1)
e "t — Et [emt,t+1]Et |:e_(n_1)rt+1 } e—COVt(mt,Hh(n—l)TtJrl ).

From equation (22), the real term premium in equation (23) follows. The equation above also implies

n 1 n— n n—
nrg ) = re = g var ((n — 1)7"t(+1 U) + rTPt( )4 E, [(n — 1)7}(_’_1 DI,

Solving for the last term iteratively and applying unconditional expectations, the spread in equation (23) follows.
Consider the inflation risk premium in equation (24) for n = 1,

WTPt(l) = COVt(mt’t+1, 7Tt+1) = it — T + IOg Et[exp(—wt,wl)]. (32)

In general, the inflation risk premium in equation (24) can be written in terms of bond yields in equations (21) as

(n— i(n71) (n— T(nfl)
ﬂ.TPt(n) _ n(lgn) _Tin)) +logE, {e( (n—=1)i;\ 7 )] —logE, |:8< (n=1)r; ):|

1

4+ logE[el=™1)] + covy ((n - 1)z§1; ),7Tt+1) .

From equation (32), the recursive bond pricing equation

. (n—1
e—nign) _ e—itEt [e—(n—l)iiJrl 1)] e—COVt(mf,t+1»(n—1)1i+1 )

where mft 11 =log Mit 41> and a similar equation for the comparable real bond yield, it follows that
wTPt(”) = ﬁTPt(l) + covy (mf7t+1, (n — 1)2’&]”) — covy (mt,t_i'_l, (n— 1)@?5”) + covy (mH, (n— 1)i§i}l))

= wTPt(l) + covy (mf,tﬂ, (n—1) (zii{l) - rt(::l))) )

where the second equality follows from my ;41 = mfyt 41 +t7¢41. Realizing that under log-normality and homoskedas-
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ticity assumptions the nominal-real bond spread is

n—1 n—1 n—1 n—1
(n— — 1
(TL — 1) (ZE+11) _ Tiil 1)) = Z Et[ﬂt+s] —_ ivart <Z 7rt+s> — COV¢ (Z mt,H_s, Z 7Tt+g> .
s=1 s=1 s=1 s=1

Since the variance and covariance terms are constant, it follows that

n—1
WTPt(n) = COV¢ (mt’t+17 Z 7Tt+s> .

s=1

Computing the unconditional expectation of the nominal-real bond spread above and replacing the covariance
terms for the one-period inflation risk premia, the spread in equation (25) follows.

E.2 Understanding the Mechanism

The labor-only linear production technology in equation (13) implies that aggregate consumption is

g N
Ct N At Zt Fp,tFw,t ’
where the difference-stationary shocks a; = log AY and the trend-stationary shocks z; = log Z; follow the processes
in equations (15), and F,; and F,; are distortions generated by price and wage rigidities, respectively. These
distortions and the complete set of equilibrium conditions are presented in appendix D. It can be shown that a
first-order approximation of the distortions implies F,; ~ 1 and F,, ; ~ 1. It implies that Nj = N = N,.

Notice that when prices and wages are perfectly flexible, consumption growth becomes

ACtAat+<1+w>AZt, and Qt:Ct |:1<1s0)( 1 ):|
w+ I+w Hep

That is, the dividend of the wealth portfolio is proportional to consumption and, then, the return on wealth is a
“levered” claim on the return on the consumption claim.

Consider the recursive preferences on consumption and labor in equation (1) and its associated real pricing
kernel in equation (6). Under the change of variable (1 — ¢)o; = log[(1 — )V;/C} %], these preferences can be
written as

(]. — QD)"[N)t = IOg |:(1 — ﬂ) (1 — ]1-—’__806(w+4’0)nt(190)zt> —+ /Be(%) log B¢ [exp((1—7) (D¢+1+Act41))] .
w

A log-linear approximation of this term implies

U¢ + Ac; = constant + Mt + Nz2t + Noclly [{}t-‘rl + Act-‘rl]

= constant + Z NoBt [MueActis + MaMets + N22e4s) (33)
s=0

where 7, 1., and 7, are appropriate approximation constants, and the second equality follows from solving the
v/

first equation recursively. The term
q Y E, [V(l—v)/(l—w)]
t+1

7=y in the pricing kernel can be written in log-form as

Vg1 + Acpyr — T log B [exp((1 — ) (D¢ 41 + Acey1))] -

-

Replacing equation (33) in the pricing kernel equation, equation (26) follows.
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This pricing kernel also can be written in terms of the return on wealth R¢ ; as

Ciy1\ 7 = { 1 ]11_:’ (1 — <P> NET
, h =C; [1-
ﬁ( C, ) Ro141 where Q¢ t T+w Ko Ztl,@

is the dividend associated to the wealth portfolio. The log-pricing kernel can be written as

1-— 1- —
mt,t+1 - <1_;) logﬂ — @ (1_;> ACt_H + <<1,0_;/> T'q7t+1.

The log-return on wealth, 74 ¢41 can be approximated as

M1 =

(1—p)?
1+w

1—
Tgi+1 = Mg + NgPqt+1 + Agry1 — g,  where  Agp = Acy — (w) (w+ @)RAn; +

RA
1+w res

is the wealth-dividend ratio for appropriate approximation constants 74, 1y, and &.

Assume that labor follows the process n; = n+ngAa;+n, 2, where 71, n,, and n, are determined in equilibrium.
From this process, the consumption growth processes Ac; = Aa; + Ang, and the no-arbitrage pricing equation
1 = E¢lexp(my 41 + 7g.t+1)], it can be shown that the wealth-dividend ratio can be approximated as

Pgt = Pg + pq,aAat + Dq.2%t,

e = (752 oo -am (15 (222))],

_ (1-9.)0-9) (l-p—(wtp)n.
and pq,z = —W |:1+TLZ+I‘€< 1+w >:|

where

E.2.1 The real console bond

Consider the real console bond that pays one unit of consumption every period. The price of this bond can be
written recursively as

B;::,oo == ]Et [Mt,t+1 (1 + B;;ff)] .

Its one-period log-return can be written as

1+ exp(pSo s41)

exp(pgo,t) ) ~ oo+ ngopgo’tﬂ - pgo’t ’

Tgo,tﬂ = log <

where pg, , = log B, and 75, and 1S, < 1, are appropriate approximation constants. From the pricing equation
1 =E; [exp(myg 41415 441)], it can be shown that the log-bond price follows the linear function

pgo,t = ]5;0 + pgo,aAa’t + pgo,zzt
where

c @[(1 B ¢a)na - ¢a]
pOO a = ) a‘nd poo 4 =
’ 1- 7700¢a ’
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E.2.2 Inflation dynamics

Consider the interest-rate policy rule says that the current interest rate depends on the lagged interest rate as
follows
=1+ 1 (m — 1) 4+ 1 (2 — Tss) + U,

where the response to the lagged interest rate i;_1 is p = 0. Under nominal rigidities, the output gap is given by

log (puwttp)
w+

7

where n{ denotes labor under no price and wage rigidities. The output gap can be written as

11—
Ty =T+ ngAay + (nz - Lp) Z
W+
where Z is a constant not important for the analysis, and the term ul;_Ti is the sensitivity of labor to transitory

shocks under flexible prices and wager. From the pricing equation E; [exp (my 41 — me41 +9¢)] = 1, and guessing
that
T =T+ WaAat + Ty Zt,

it can be shown that

_90[(1 - d)a)na - ¢a] U

Tq = , and mw, =

I — @a

—p(1 = 6:)(1+ 1) 2 (mz — 252)
I — @2 .

E.2.3 The interest rate rule and the link between real term and inflation risk premia
Let m¢41 = my41. Consider the process for the one-period pricing kernel

—mp =+ ml s+ ATSY 26,4,
where s; is a set of state variables that follows the process

sip1 = (I— ®)5 + Bs, + 22,4,

and the interest-rate policy rule
=04 1T+ 1 Tt

The no-arbitrage price of a one-period bond is

e—if, — Et [emt+1—ﬂt+1] .

Guess m; = 7 + W;rst, and x; = T + x;rst.
Using the method of undetermined coefficients, it can be shown that

s = (1.1 — <I>T)_1 (ms — 1225) .

The one-period real term premium of a real console bond with price B;">® = exp (p;"™) is
rTPf® = —covy (myq1,log (1 + ByY)) = —covy (mey1, 5%y ) s

where 0 < 5, < 1. From the bond pricing equation, it can be shown that

Piy =P+ pise =0 —m (I—nS®) sy,
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and the premium becomes
PTPR = —pS ATS (1— %@ ") m,.

Consider the one-period inflation risk premium in a nominal console bond with price Bf > = exp (pf’oo), given
by

7TP? = covy(myy1,Tey1) — COVe (mt_H, log (1 + Bf_ﬁc)) + cov (mH_l, log (1 + Btcflo)) .
A covy (Mg, Tey1) — COVy (mt+17 nfopfff) + covy (M1, N5PyeY) -
The first term is the one-period inflation risk premium in the nominal risk-free bond. It is
covy (Miy1, 1) = AT, =0Ty (zﬂH — <I>T)_1 (ms — 1,25) .
Since mf_H = My4+1 — T41, the nominal pricing kernel is
—m?H =+ (ms+ @ 1) sy + (A +75) T2V 26,44,
and then the nominal console bond is characterized by the process
pey = 0%+ pise = P — (me + 0 m) T(I—nS.®) sy,
The second term in the inflation risk premium is
—covi (mesn mEpfT) = mEATERE =~ AT - S @T)  (my + @7 m).

The third term is the negative of the one-period real term premium of the real console bond
covy (mt_H, ngopgff) = ngo)\TE (]I — ngoQ)T)il ms.
Assuming that n5, = nfo = oo, it follows that the inflation risk premium is
TTP® = X571 — o) 21— 150® ") 710 7,
NS [T+ 7T = 70c® ") 1T (1, = 7)™ (g — 255) -
Consider the particular case s; = m; . In this case,

miy1 = (1 - ¢m)m + (bmmt + O-mgm,t-‘rla
and the equations above for real term and inflation risk premia can be written as

7750 Pm

1— 15 ém vary (mi41),

rT P = —

and
1o ZTm + Om

1 1a T
’R’TPOO_—< >Var (m 1)—<> <1+ - m>rTP°°,
! (tx = Pm) (1 = Moo Prm) e Noo (1 — m.) Om !
respectively. If 2, = 0, the sign of the inflation risk premium is entirely determined by the autocorrelation of the

pricing kernel. If the autocorrelation is negative, the inflation risk premium is positive. If 2, # 0, the sign of the
inflation risk premium also depends on the correlation between the pricing kernel and the output gap.
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Table 1: Descriptive Statistics of U.K. and U.S. Government Inflation-Linked and

Nominal Bond Yields and Excess Returns, Consumption Growth, and Inflation

Yields are annualized rates. Statistics are quarterly, non-annualized. Consumption growth is denoted by Ac, inflation by 7, and the
3-month nominal rate by i;. Excess returns on inflation-linked bonds are computed as log Pjinker,t+1 — 108 Plinker,t + Tt+1 —it. Excess
returns on nominal bonds are computed as log Ppom,t+1 —108 Pnom,t —it. The row labeled “2-2.5 years” contains statistics related to the
2- and 2.5-year bonds for the United States and the United Kingdom, respectively. Values not reported are not available.Information
for 2-year TIPS is only available since 2004.

*Note: The three month rate in the “Inflation-linked” and “TIPS” columns correspond to the three month real rate estimated using
the methodology described in Pflueger and Viceira (2011).

United Kingdom United States
1985:Q1 - 2008:Q3 1999:Q1 - 2008:Q3 1985:Q1 - 2008:Q3 1999:Q1 - 2008:Q3
Inflation-Linked Nominal Inflation-Linked Nominal Nominal TIPS Nominal
Panel A: Bond Yields
Average
3-month rate* 3.92 7.14 2.65 4.71 4.62 0.30 3.19
2-2.5 years 2.85 7.07 2.15 4.77 5.37 3.70
5 years 2.88 7.14 2.04 4.81 5.92 2.27 4.24
10 years 2.94 7.13 1.91 4.76 6.48 2.64 4.92
Standard Deviations
3-month rate* 1.64 3.06 0.39 0.74 2.04 1.51 1.76
2-2.5 years 0.94 2.54 0.80 0.73 2.07 1.54
5 years 0.86 2.43 0.49 0.60 1.93 1.14 1.10
10 years 0.98 2.38 0.40 0.38 1.75 0.88 0.76
Panel B: Bond Excess Returns
Average
2-2.5 years -0.22 0.15 0.00 0.06 0.34 0.26
5 years -0.17 0.72 -0.04 0.08 0.74 0.79 0.53
10 years -0.03 0.36 -0.01 0.02 1.22 1.02 0.77
Sharpe Ratios
2-2.5 years -0.18 0.11 0.00 0.05 0.29 0.24
5 years -0.10 0.12 -0.03 0.04 0.25 0.33 0.20
10 years -0.01 0.12 -0.01 0.00 0.24 0.30 0.18

Panel C:Correlations with Macroeconomic Variables and Stock Returns
Yields and Consumption Growth

2-2.5 years 0.28 0.54 0.06 0.47 0.30 0.51
5 years 0.39 0.54 0.16 0.44 0.28 0.42 0.54
10 years 0.48 0.56 0.28 0.39 0.24 0.42 0.51
Yields and Inflation
2-2.5 years 0.19 0.46 -0.18 -0.35 0.24 -0.08
5 years 0.27 0.46 -0.14 -0.33 0.23 -0.34 -0.18
10 years 0.33 0.47 -0.13 -0.28 0.24 -0.37 -0.27
FExcess Bond and Stock Returns
2-2.5 years 0.15 0.21 0.03 -0.19 -0.21 -0.63
5 years 0.20 0.25 0.09 -0.17 -0.17 -0.36 -0.60
10 years 0.20 0.30 0.15 -0.15 -0.06 -0.37 -0.51
Ac T Ac T Ac s Ac T
Panel D: Macroeconomic Variables
Average 1.47 0.77 1.10 0.57 0.43 0.78 0.36 0.78
Std. Deviation 0.90 0.62 0.72 0.49 0.37 0.33 0.37 0.32
Autocorrelation 0.45 0.40 0.11 -0.22 0.40 0.43 0.61 0.18
corr(Ac, ) 0.26 -0.21 -0.24 -0.32
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Table 2: Model Parameter Values
Parameter values for the baseline estimation of the economic model. Standard errors are reported for the
variables that are estimated.

Parameter Description Value Std. Error
Panel A: Preferences

I3 Subjective discount factor 0.96833

® Inverse of elasticity of intertemporal substitution 20 1.556
0% Risk aversion parameter 720

w Inverse of Frisch labor elasticity 0.50

Panel B: Product and Labor Rigidities and Elasticities

ap Price rigidity parameter 0.66

0, Elasticity of substitution of differentiated goods 6

Qyy Wage rigidity parameter 0.78

O Elasticity of substitution of labor types 6

Panel C: Interest Rate Rule

P Interest-rate smoothing coefficient in policy rule 0.6159 0.074
Ir Response to inflation in the policy rule 1.5

. Response to output gap in the policy rule 0.125

Panel D: Policy and Productivity Shocks

bu Autocorrelation of policy shock 0.396 0.130
ou x 10? Conditional vol. of policy shock 0.4152 0.010
o Autocorrelation of permanent productivity shock 0.145 0.004
oq % 10? Conditional vol. of permanent productivity shock 0.342 0.011
o Autocorrelation of transitory productivity shock 0 0.119
o, x 10? Conditional vol. of transitory productivity shock 1.728 0.068
Panel E: Growth Rates and Inflation Target

Ga % 102 Unconditional mean of productivity growth 0.4695

g+ Unconditional mean of inflation target 0.2617

- Autocorrelation of inflation target 0.9999

o x 102 Conditional volatility of inflation target 0.001
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Table 3: Data and Baseline Model Implied Statistics
The data statistics are for the 1982:Q1 to 2008:Q3 period. The parameter values of the baseline model are reported
in Table 2. The operators E[-], o(-), and AC(-) denote the unconditional mean, volatility, and first-order autocor-
relation, respectively. rT P29 and 7T P29 are the 5-year bond real term and inflation risk premia, respectively.
The mean of the baseline model corresponds to the closed-form average of the second-order approximation of the
solution. The columns labeled “5%” and “95%” provide the confidence interval for the statistic computed from
the average of 1,000 simulations of samples with size of 107 quarters using the second-order approximation of the
solution. Volatilities, yields, and (excess) returns are in percentage terms. The inflation rate, yields, excess returns,
and risk premia are annualized. The data statistics related to the real rate r are obtained from the estimated real
rate. Values not reported are not available. R ,. is the R? of a regression of the real rate on one-quarter ahead
consumption growth. R> Ai20) a and R> Ai20)  are the R%s of the regressions of the 5-year nominal bond yield on
contemporaneous and three quarter lags of consumption growth and inflation, respectively.

Baseline Model

Statistic Data Mean 5% 95%
Panel A: Macroeconomic Variables
a(Ac) 0.38 0.41 0.36 0.45
o(m) 1.36 1.68 1.24 1.60
o(Aw) 0.66 0.42 0.37 0.47
o(z) 0.16 0.13 0.17
AC(Ac) 0.42 -0.01 -0.17 0.15
AC () 0.42 0.39 0.22 0.57
AC(Aw) 0.17 0.18 -0.07 0.27
corr(Ac, ) -0.15 -0.10 -0.28 0.04
Panel B: Real and Nominal Yield Curves
E[4] 5.20 5.20 4.46 5.92
E[i(29) — 4] 1.38 1.12 1.51 1.64
E[r] 1.98 1.38 0.43 2.29
E[r(29) — 7] 0.82 0.52 0.58
o (i) 2.59 2.29 1.72 2.43
o(r) 2.09 2.84 2.29 3.28
o(r)/o(i) 0.81 1.24 1.32 1.37
corr(i,r) 0.99 0.92 1.00 1.00
o (i) /o (i) 1.02 0.40 0.12 0.14
a(r@)/o(r) 0.13 0.12 0.13
Panel C: Expected Excess Returns and Risk Premia
E[X R$:(20)] 4.28 1.97 1.97 1.97
E[X R (9] 1.17 1.17 1.17
SR$:(20) 0.32 0.32 0.16 0.50
SR (20) 0.18 0.02 0.36
E[rT P9 1.03 1.03 1.03
E[xTP(0) 0.86 0.86 0.86
Panel D: Additional Implications
o(Ad) 8.10 11.14 9.64 12.68
[XRd] 7.51 9.06 7.92 10.22
RZ . 6.92 1.01 0.01 6.16
R0 Ac 8.19 10.97 3.41 22.15
R?AZ.@%r 1.17 7.64 2.91 15.39
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Table 4: Data and Model Implied Statistics for Alternative Estimations

The data statistics are for the 1982:Q1 to 2008:Q3 period. The operators E[], o(-), and AC(-) denote the unconditional mean, volatility, and first-order autocorrelation,
respectively. 7T’ P(20) and 7T P(29) are the 5-year bond real term and inflation risk premia, respectively. “BR” indicates an economy with both price and wage rigidities.
“WR” indicates no price rigidities (o = 0). “PR” indicates no wage rigidities (a,y=0). “NR” indicates no price and wage rigidities (ap = aw = 0). “AP” indicates
“Z” indicates that productivity shocks have only a transitory component.
productivity shocks have both permanent and transitory components. The model statistic corresponds to the closed-form average of the second-order approximation
of the solution. Volatilities, yields, and (excess) returns are in percentage terms. The inflation rate, yields, excess returns, and risk premia are annualized. The data
statisticscs related to the real rate r are obtained from the estimated real rate. Values not reported are not available. All estimations use v = 400. The objective value

that productivity shocks have only a transitory component.

is the sum of squared percentage differences between the model- and data-implied moments targeted in the estimation.

“AP and Z” indicates that

Model
AP and Z
(1) (2 (3) 4 (5) (6) (M) (®) 9) (10) (11) (12) (13)

Statistic Data BR WR PR NR BR WR PR NR BR WR PR NR
Panel A: Macroeconomic Variables
Objective value 3.83 1.79 4.21 1.90 1.92 3.31 2.33 2.43 1.33 1.32 1.40 0.97
o(Ac) 0.38 0.53 0.40 0.49 0.45 0.37 0.37 0.38 0.37 0.41 0.45 0.41 0.43
o(m) 1.36 1.32 2.02 0.84 1.62 1.89 1.90 1.66 1.45 1.60 1.70 1.86 1.35
o(Aw) 0.66 0.41 0.39 0.25 0.23 0.36 0.30 0.19 0.18 0.37 0.27 0.20 0.17
o(z) 0.16 0.13 0.10 0.00 0.68 0.39 0.25 0.00 0.16 0.14 0.14 0.00
AC(Ac) 0.42 0.00 -0.02 0.16 0.20 -0.08 -0.14 0.06 0.00 0.00 -0.01 0.00 0.15
corr(Ac, ) -0.15 -0.04 -0.13 0.01 0.00 -0.14 -0.16 -0.21 -0.15 -0.12 -0.11 -0.15 -0.13
Panel B: Real and Nominal Yield Curve
E[7] 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20
E[i<20> — 1 1.38 0.48 0.90 0.00 -0.01 0.03 0.50 0.02 0.30 0.73 0.44 0.20 -0.78
E[r] 1.98 1.74 1.25 1.93 1.94 1.94 1.39 1.93 1.84 1.62 1.56 1.83 3.27
E[r(20) — ] 0.07 0.23 0.00 0.00 0.01 0.16 0.00 0.03 0.12 0.10 0.04 -0.37
o(7) 2.59 2.78 2.47 0.84 0.99 2.07 1.66 1.35 1.08 2.34 1.89 1.77 1.01
o(r) 2.09 3.36 3.21 0.00 0.00 2.52 2.06 0.86 0.24 2.83 2.16 1.10 0.62
o(r)/o(i) 0.81 1.21 1.30 0.00 0.00 1.22 1.24 0.63 0.22 1.21 1.14 0.62 0.61
corr (i, 1) 0.99 0.95 0.93 0.00 0.00 0.88 0.82 0.38 0.62 0.92 0.87 0.80 0.49
(i) /o (i) 1.02 0.34 0.38 1.00 0.88 0.47 0.58 0.82 0.97 0.40 0.51 0.51 0.86
a(r0) /o (r) 0.13 0.11 - - 0.16 0.14 0.46 0.92 0.13 0.12 0.23 0.21
Panel C: Expected Excess Returns
E[XRSB’(QO)] 4.28 0.87 1.27 0.00 -0.01 0.06 0.59 0.05 0.61 1.10 0.70 0.29 -0.87
E[X R (20)] 0.46 1.15 0.00 0.00 0.09 0.76 0.03 0.21 0.70 0.53 0.21 -1.64
S RS:(20) 0.32 0.12 0.23 0.00 0.00 0.01 0.19 0.01 0.37 0.20 0.16 0.07 -0.49
SRe(20) 0.06 0.18 - - 0.01 0.17 0.01 0.38 0.11 0.12 0.07 -1.08
E[TTP(2O)} 0.41 1.07 0.00 0.00 0.09 0.75 0.03 0.21 0.65 0.49 0.20 -1.62
E[xT P(20)] 0.38 0.63  0.00 0.00 -0.02 0.37 0.04 0.47 0.55 0.41 0.18  -0.56
Panel D: Additional Implications
o(Ad) 8.10 1.31 0.40 0.51 0.45 10.98 0.37 3.00 0.37 11.27 0.45 7.04 0.43
E[X Ry] 7.51 7.00 3.22 5.69 4.94 0.09 0.48 0.04 1.08 4.06 4.08 2.95 3.33




Table 5: Variance Decompositions for the Baseline Model
The unconditional variance decompositions for the baseline model correspond to the closed-form variance decompo-
sitions of the second-order approximation of the solution, for the four model shocks: €4, €., €,, and e,+«. Variance
decompositions are in percentage terms. The parameter values of the baseline model are reported in Table 2.

€a €y Eu fop
Panel A: Macroeconomic Variables

Ac 96.28 0.27 3.45 0.00
T 1.28 43.01 28.24 27.47
Aw 38.25 40.86 20.88 0.00
Ad 0.72 98.63 0.65 0.00
T 15.91 48.38 31.85 3.86
Panel B: Real and Nominal Yield Curve

i 0.55 9.04 75.64 14.77
i(20) 0.58 11.94 87.48 0.00
r 0.17 11.55 88.28 0.00
r(20) _ 0.16 12.82 87.02 0.00
Panel C: Excess Returns and Pricing Kernel

X R$:(20) 0.94 4.76 94.03 0.28
X R(20) 0.23 6.11 93.66 0.00
XRy 17.74 37.52 44.74 0.00
M 99.88 0.11 0.01 0.00
M 99.87 0.12 0.01 0.00
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Table 6: Data and Baseline Model Implied Statistics - The Effect of Rigidities and

Shocks

The data statistics are for the 1982:Q1 to 2008:Q3 period. The parameter values of the baseline model are
reported in Table 2. The operators E[-], o(:), and AC(-) denote the unconditional mean, volatility, and first-
order autocorrelation, respectively. 7T P29 and 7T P9 are the 5-year bond real term and inflation risk premia,
respectively. “Baseline” indicates an economy with both price and wage rigidities and all four exogenous shocks.
“WR” indicates no price rigidities (a;, = 0). “PR” indicates no wage rigidities (o, =0). “NR” indicates no price
and wage rigidities (o, = vy = 0). “Only AP” indicates only permanent productivity shocks (o, = 0, = or+ = 0).
“Only Z” indicates only transitory productivity shocks (o0, = 0, = oz« = 0). “Only «” indicates only policy
shocks (0, = 0, = 07+ = 0). “Ounly 7*” indicates only shocks to the inflation target (0, = 0, = o, = 0). The
baseline model statistic corresponds to the closed-form average of the second-order approximation of the solution.
Volatilities, yields, and (excess) returns are in percentage terms. The inflation rate, yields, excess returns, and risk
premia are annualized. The data statistics related to the real rate r are obtained from the estimated real rate.
Values not reported are not available. The values of 5 and g, are adjusted across columns to match the average
inflation and short-term nominal rate.

Model
Rigidities Shocks
(1) (2) (3) (4) (5) (6) (7) (8) (9)

Statistic Data Baseline ~ WR PR NR Only A? Only Z Onlyu Only 7*
Panel A: Macroeconomic Variables

a(Ac) 0.38 041 045 039  0.39 0.40 0.02 0.08 0.00
o(n) 1.36 1.68 9.92 270 11.70 0.19 0.93 0.69 0.87
o(Aw) 0.66 0.42 247 1.99 247 0.26 0.19 0.11 0.00
o(z) 0.16 0.11 0.13  0.00 0.06 0.11 0.10 0.02
AC(Ac) 0.42 -0.01 -0.09 0.01  0.01 0.00 -0.27  -0.11 0.77
corr(Ac, ) -0.15 -0.10 -0.41 028 -0.12 -0.86 -0.94 0.25 -0.01
Panel B: Real and Nominal Yield Curve

E[i] 5.20 520 520 520 520 5.20 5.20 5.20 5.20
E[i(?) — 4] 1.38 .12 214 -210 -6.36 0.97 0.00 0.04 0.00
E[r] 1.98 1.38 -0.59 391 11.68 1.47 1.93 1.94 1.93
E[r(29) — 7] 0.82 3.01 -2.47 -11.25 0.61 0.00 0.04 0.00
o (i) 2.59 229 467 1.72 550 0.17 0.59 2.20 0.87
o(r) 2.09 2.84 10.87 248 10.87 0.12 0.82 2.72 0.01
a(r)/o(i) 0.81 1.24 233 144 198 0.69 1.38 1.24 0.01
corr(i, r) 0.99 092 097 0.85 097 0.84 1.00 1.00 0.00
a(i?9) /o (i) 1.02 040 020 0.50  0.16 0.18 0.07 0.14 1.00
a(r@)/o(r) 0.13 0.05 0.11  0.05 0.21 0.08 0.14 0.11
Panel C: Expected Excess Returns

E[X R (0] 4.28 1.97 350 -3.34 -9.60 1.69 0.00 0.07 0.00
E[X R*(20)] 1.17  3.85 -3.08 -13.30 0.87 0.00 0.09 0.00
SR$:(20) 0.32 0.32 066 -0.85 -1.18 2.83 0.00 0.02 0.00
SR(20) 0.18 037 -0.61 -1.06 2.83 0.00 0.01 0.00
E[rTP(20) 1.03 339 -2.72 -11.80 0.77 0.00 0.08 0.00
E[xTP(?0) 0.85 1.60 -1.56 -4.38 0.84 0.00  -0.02 0.00
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Table 7: Data and Baseline Model Implied Statistics - The Effects of Monetary Policy
The data statistics are for the 1982:Q1 to 2008:Q3 period. The parameter values of the baseline model are reported
in Table 2. The model columns report statistics for the baseline model estimation and for parametrizations where
individual parameters in the policy rule

it = pir—1 + (1 —p) [Z—|— b (T — 5 _q) + e (2 — zss)] + uy

are modified to the values reported in each column. The operators E[-], o(+), and AC(-) denote the unconditional
mean, volatility, and first-order autocorrelation, respectively. rT P29 and 7T P29 are the 5-year bond real term
and inflation risk premia, respectively. The model statistic corresponds to the closed-form average of the second-
order approximation of the solution. Volatilities, yields, and (excess) returns are in percentage terms. The inflation
rate, yields, excess returns, and risk premia are annualized. The data statistics related to the real rate r are
obtained from the estimated real rate. Values not reported are not available.

Model
(1) (2) (3) (4) (5) (6)

Statistic Data Baseline 1= 1.7 1. = 0.25 p=0.72 ¢+ = 0.90
Panel A: Macroeconomic Variables

o(Ac) 0.38 0.41 0.41 0.41 0.41 0.41
o(n) 1.36 1.68 1.55 1.69 1.99 1.43
o(Aw) 0.66 0.42 0.40 0.42 0.46 0.42
o(z) 0.16 0.15 0.16 0.18 0.15
AC(Ac) 0.42 -0.01 -0.01 0.00 -0.01 -0.01
corr(Ac, ) -0.15 -0.10 -0.12 -0.10 -0.06 -0.12
Panel B: Real and Nominal Yield Curve

E[i] 5.20 5.20 5.20 5.20 5.20 5.20
E[i(20) — 4] 1.38 1.12 1.31 1.05 0.97 1.12
E[r] 1.98 1.38 1.36 1.38 1.42 1.38
E[r(20) — y] 0.82 0.99 0.73 0.77 0.82
o (i) 2.59 2.29 2.25 2.29 2.34 2.11
o(r) 2.09 2.84 2.80 2.82 3.30 2.84
a(r)/o(i) 0.81 1.24 1.24 1.23 1.41 1.34
corr(i, r) 0.99 0.92 0.95 0.91 0.93 1.00
o (i) /o (i) 1.02 0.40 0.33 0.42 0.40 0.13
a(r)/a(r) 0.13 0.13 0.13 0.15 0.13
Panel C: Expected Excess Returns

E[X R (20)] 4.28 1.97 2.14 1.87 1.74 1.97
E[X R>(20)] 1.17 1.40 1.06 1.17 1.17
S R3:(20) 0.32 0.32 0.38 0.30 0.25 0.32
S Re(20) 0.18 0.22 0.17 0.14 0.18
E[rTP(0) 1.03 1.24 0.94 1.03 1.03
E[rTP(??) 0.86 0.90 0.87 0.66 0.85
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Table 8: Data and Model Implied Statistics - Habit Persistence and Capital

The data statistics are for the 1982:Q1 to 2008:Q3 period. The parameter values of the baseline model are
reported in Table 2. The operators E[], o(-), and AC(:) denote the unconditional mean, volatility, and first-
order autocorrelation, respectively. 7T P29 and 7T P29 are the 5-year bond real term and inflation risk premia,
respectively. “Baseline” indicates an economy with both price and wage rigidities and all four exogenous shocks.
“Habit” indicates an economy with external habit persistence in household preferences. “Capital” indicates an
economy with capital accumulation. The model statistic corresponds to the closed-form average of the second-
order approximation of the solution. Volatilities, yields, and (excess) returns are in percentage terms. The inflation
rate, yields, excess returns, and risk premia are annualized. The data statistics related to the real rate r are
obtained from the estimated real rate. Values not reported are not available. All estimations use v = 400. The
objective value is the sum of squared percentage differences between the model- and data-implied moments targeted
in the estimation.

Model
Statistic Data Baseline Habit Capital
Panel A: Parameter values
by, 0.00 0.42 0.90
¢ - - 4.00
Panel A: Macroeconomic Variables
Objective value 1.33 0.29 0.67
o(Ac) 0.38 0.41 0.35 0.34
o(m) 1.36 1.60 1.73 1.90
o(Aw) 0.66 0.38 0.51 0.29
o(Ay) 0.65 0.41 0.35 0.82
o(Aj) 2.45 - - 2.46
o(z) 0.16 0.14 1.55
AC(Ac) 0.42 0.00 0.41 0.40
AC(Acy) 0.00 0.00 0.00 -0.23
corr(Ac, ) -0.15 -0.12 -0.08 -0.12
Panel B: Real and Nominal Yield Curve
E[4] 5.20 5.20 5.20 5.20
E[i(20) — ] 1.38 0.73 0.65 0.58
E[r] 1.98 1.62 1.61 1.65
E[r(0 —¢] 0.12 0.11 0.05
o(i 2.59 2.34 2.36 1.49
o(r) 2.09 2.83 2.91 1.23
o(r)/o(i) 0.81 1.21 1.24 0.83
corr(i,r) 0.99 0.92 0.93 0.35
a(i®9) /o (i) 1.02 0.40 0.39 0.88
o(r®9)/a(r) 0.13 0.13 0.08
Panel C: Expected Excess Returns
E[X R (0] 4.28 1.10 1.14 0.94
E[X R0 0.70 0.64 0.21
SRS(29) 0.32 0.20 0.18 0.31
SR(2Y) 0.11 0.10 0.11
E[rTP()] 0.65 0.56 0.20
E[xT P(29] 0.55 0.54 0.98
Panel D: Additional Implications
o(Ad) 8.10 11.27 11.96 7.08
E[X R4] 7.51 4.06 7.41 2.32
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Table 9: Data and Model Implied Statistics - The Effects of Stochastic Volatility in
Shocks

The operators E[-], and ¢(-) denote the unconditional mean and volatility, respectively. rTP?%, and 7T P2 are
the 5-year bond real term and inflation risk premia, respectively. “Baseline” indicates an economy with both price
and wage rigidities and all four exogenous shocks. “Habit” indicates an economy with external habit persistence in
household preferences. “Capital” indicates an economy with capital accumulation. Columns labeled as “No SV”
corresponds to the case v, = v, = 0. Columns labeled v, = —100 and v, = 100 correspond to the specifications with
stochastic volatility in the permanent and transitory components in productivity, respectively. The model statistic
corresponds to the simulated average statistics for a sample of 1,000 periods of the third-order approximation of
the solution. Volatilities, yields, (excess) returns, and risk premia are in percentage terms. The excess returns, and
risk premia are annualized. All estimations use v = 400.

20)

Baseline Habit Capital
No SV v, =-100 v, =—-100 No SV p, =-100 v, =—-100 No SV v, =-100 v, = —100
Panel A: Means

E[X R%(20)] 1.10 1.11 1.10 1.15 1.15 1.15 0.94 0.94 0.94
E[X R(20)] 0.69 0.69 0.69 0.64 0.64 0.64 0.20 0.20 0.21
E[rT P(20)] 0.65 0.65 0.65 0.56 0.56 0.56 0.20 0.20 0.21
E[rT Pe(20)] 0.55 0.55 0.55 0.54 0.54 0.54 0.98 0.98 0.98
Panel B: Standard Deviations

o (X R%(20)) 0.01 0.33 0.06 0.03 0.40 0.17 0.12 0.13 0.12
o (X R(20) 0.01 0.18 0.09 0.02 0.18 0.21 0.01 0.10 0.08
o(rTP?0) 0.01 0.17 0.08 0.02 0.16 0.18 0.01 0.10 0.08
o(rTP?0) 0.01 0.19 0.04 0.02 0.22 0.08 0.13 0.15 0.13
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8 Average UK Real and Nominal Yield Curve
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Figure 1: Average yield curve for United Kingdom inflation-indexed and nominal bonds.
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Figure 2: Impulse responses to a one-standard deviation negative permanent productivity shock.
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Figure 3: Impulse responses to a one-standard deviation negative transitory productivity shock.
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Figure 4: Impulse responses to a one-standard deviation positive monetary policy shock.
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