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1 Introduction

What are the economic drivers of real interest rates of short and long maturities? Are long-
term real bonds risky instruments? Are real rates volatile? The importance of these and related
questions for finance, macroeconomics, and policymaking drastically contrasts with our current
understanding of the real yield curve. For finance, this curve provides us with true risk-free rates
for all maturities. Real rates are then a rich source to learn about the dynamics of real discount
factors and price future cashflows without the need of inflation projections. For macroeconomics,
real rates allow us to better understand how agents substitute consumption and transfer risks over
time. For policymaking, we are interested in learning about the government ability to affect real
rates through bond issuance or monetary policy, for instance. Unfortunately, short- and long-
term real rates are mostly unobserved. It is only recently that developed markets for government
inflation-indexed bonds have surfaced, offering hints on real yield dynamics.! These markets,
however, are not exempt from liquidity and institutional issues that complicate their study.? In
this context, economic theory can provide us with additional guidelines to understand real rates
and their link to economic conditions.

Significant theoretical progress has been made in understanding the link between macroeco-
nomic dynamics and monetary policy. This progress precisely relies on making monetary policy
work by indirectly affecting real rates of all maturities through nominal price and wage rigidities.?
The literature, however, has mostly focused on linking economic dynamics to the short-term real
rate. This motivates us to explore the implications of nominal rigidities and monetary policy on
long-term real rates. Specifically, in this paper we focus on understanding the effects of these

two ingredients on the real term and inflation risk premia, the volatility of real yields, and the

1See Garcia and van Rixtel (2007) for recent history on inflation-linked bond markets across the world.

2See D’Amico, Kim and Wei (2008) and Pflueger and Viceira (2012) for evidence on liquidity premia in inflation-
indexed government bonds in United States.

3See Woodford (2003) for the standard theoretical framework. Bils and Klenow (2004) and Nakamura and
Steinsson (2008) report estimates for the median duration of prices in United States of 4 to 11 months. Kahn
(1997) and Barattieri, Basu and Gottschalk (2010) report estimates for the median duration of wages in the United
States of 12 to 17 months.



diversification benefits of real bonds.

Real term premia are expected return compensations for buying long-term over short-term
real bonds. Inflation risk premia are expected return compensations for buying nominal over real
bonds. These premia capture the cost for the government of issuing long-term vs. short-term debt,
and nominal vs. real bonds, respectively. Identifying their properties is fundamental to obtain, for
instance, inflation expectations from yield curve information. Our analysis provides several related
results. First, nominal rigidities affect the sign and size of bond risk premia. In particular, wage
rigidities generate positive real term and inflation risk premia. That is, upward sloping average real
and nominal yield curves. This is mainly a compensation for the macroeconomic risk induced by
permanent productivity shocks. Quantitatively, wage rigidities have more significant effects than
price rigidities. Second, the volatility of short-term real rates is significantly increased by monetary
policy shocks, and the volatility of real and nominal long-term rates depends on the persistence of
transitory productivity and inflation-target shocks, respectively. Third, a stronger monetary policy
reaction to inflation and/or output decrease real term premia and increase inflation risk premia.
This is the result of monetary policy affecting the joint dynamics of consumption, inflation, and
real rates. Finally, the correlations between nominal and real bond returns increase in the presence
of nominal rigidities.

We begin in section 2 with an empirical analysis of inflation-linked bonds (TIPS) in the United
States. Although TIPS are not exactly comparable to real bonds, the analysis allows us to ask
what observed properties of TIPS can be explained by our economic model.* We confirm previous
findings in the literature and provide new evidence. There is an average upward sloping curve
for TIPS, with slopes that are lower than for nominal bonds of comparable maturities. TIPS
yields have been as volatile as nominal bond yields for similar maturities. However, TIPS yield

variability is not completely captured by nominal bond yield variability, suggesting the existence

4TIPS are not directly comparable to real bonds since their nominal value is indexed to lagged inflation and
embed a protection option against deflation. Also, several studies have documented liquidity issues in the TTPS
market that affect their implied yields.



of specific factors affecting the TIPS market. Finally, there is a significant statistical link between
TIPS yields, consumption and inflation: correlations between TIPS yields with inflation and
consumption growth tend to be negative and positive, respectively, but unstable across subsamples.

We present our model in section 3. It extends the standard New Keynesian framework to
capture bond pricing dynamics. Following Li and Palomino (2012), the model contains four
important ingredients. First, a representative household with Epstein and Zin (1989) recursive
preferences over consumption and labor. As shown by Tallarini (2000), it allows us to keep a low
level of elasticity of intertemporal substitution to match macroeconomic dynamics, and a high
degree of risk aversion to match high compensations for risk in financial assets. Second, Calvo
(1983) rigidities on nominal wages and prices. The representative household sets their wages from
supplying labor, but at each point of time faces the probability of not being able to adjust these
wages optimally. Firms set their product prices, but at each point of time face the probability
of not being able to adjust these prices optimally. Third, monetary policy is captured by a
Taylor (1993) interest rate rule. As a result of nominal rigidities, monetary policy has effects on
real economic activity and, then, on real bond yields. Fourth, the economy is affected by three
types of shocks: permanent and transitory productivity shocks, policy shocks, and inflation-target
shocks. In equilibrium, real and nominal yields and expected bond returns are driven by these
shocks, and preference, production, and policy parameters.

We describe the model implications in section 4. The model is calibrated to capture key United
States macroeconomic and nominal yield properties. A novel aspect of the calibration is that it
matches the contribution of the model shocks to the variability of macroeconomic variables found
in the data.” The implied average real and nominal yield curves are upward sloping as a result
of positive real term and inflation risk premia. The volatility of real yields is lower than that for
nominal yields, and decreases faster across maturities.

Wage and price rigidities significantly affect the compensation for permanent productivity

A similar approach is used by Li and Palomino (2012) to study stock returns.
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shocks in bond yields. Wage rigidities induce a procyclical and mean reverting labor demand, and a
countercyclical inflation with respect to permanent productivity shocks. Bad news for productivity
growth is bad news for consumption growth and labor demand, and generates inflation. Labor
demand decreases since wages (marginal costs) are higher than if they were perfectly flexible.
However, expected future labor demand increases since wages will adjust downwards, and induces
positive expected consumption growth. Simultaneously, as a result of higher wages, producers
increase their product prices to restore their markup, generating inflation. The positive effect on
expected consumption growth increases interest rates and decreases real bond returns. Real term
premia are positive since real bond returns are low when marginal utility is high. The increase
in prices reduces the real return of nominal bonds. Therefore, inflation risk premia are positive
since returns on nominal bonds are low when marginal utility is high. Similarly, price rigidities
keep prices too high after a negative productivity shock, wages stay high to keep labor markups
high, and consumption is more negatively affected than under flexible prices. However, as prices
decline over time, expected consumption growth increases and have a positive effect on real rates.
Therefore, price rigidities have a positive effect on real term and inflation risk premia. In the
calibration, the combination of wage and price rigidities generate positive real term and inflation
risk premia of 132 and 96 bps., respectively, in five-year bonds.

The volatility of real and nominal bond yields is also affected by the rigidities. Monetary
policy shocks to the nominal short-term rate induce significant volatility in the real short-term
rate. This effect is absent in an economy with perfectly flexible prices and wages. Very persistent
transitory productivity and inflation-target shocks have long-lasting effects on consumption growth
and inflation, respectively. This translates into volatility for long-term yields that can be high or
low depending on the rigidities.

The systematic response to economic conditions in the policy rule affects the magnitudes of real
and inflation risk premia. A stronger response to inflation or output induce a smaller (stronger)

negative covariance between consumption growth and real rates (inflation). These changes are



reflected in lower real term premia and higher inflation risk premia.

We gain some insights into the diversification benefits of real bonds by computing the correla-
tions between real returns of real and nominal bonds. Nominal rigidities increase these correlations,
meaning that real bonds are more important for diversification in the absence of wage and price
rigidities. Rigidities link real economic activity to inflation and, then, increases the link between
real and nominal bond performance. Policies that reduce the volatility of inflation make real bonds

behave more like real bonds, resulting in more correlated returns.

Related literature

Our paper joins the literature that analyzes the term structure from a macroeconomic per-
spective. Harvey (1988) finds an empirical link between real rates and consumption growth. Ang,
Bekaert and Wei (2008) study the real yield curve with a regime-switching model. They find that
the curve can be flat or upward sloping depending on the regime, and suggest monetary policy as
a potential regime driver. Recently, the inflation risk premia in nominal bonds have been widely
study. Empirical and theoretical studies such as Buraschi and Jiltsov (2005), Hoérdahl (2008),
and Christensen, Lopez and Rudebusch (2010), among others, report very different properties for
these premia. While most studies agree on the existence of positive inflation risk premia in United
States treasury bonds, they disagree on how large and volatile these premia are.® We use an
equilibrium macroeconomic model that links risk premia in real bonds and inflation risk premia
to determinants of consumption growth and inflation. We find that the size and sign of real term
and inflation risk premia are significantly affected by nominal rigidities and monetary policy.

Our macroeconomic model is based on the New Keynesian framework with recursive pref-
erences. Recursive preferences in endowment economies have been used for the analysis of the
nominal term structure by Piazzesi and Schneider (2007) and Bansal and Shaliastovich (2012).

They find that these preferences can capture important properties of yields such as positive and

6Hordahl (2008) and D’Amico, Kim and Wei (2008) provide summaries of the different estimates of inflation risk
premia in the literature. The average inflation risk premium for 10-year bonds ranges from -16 bps. in Grishchenko
and Huang (2012) to 140 bps. in Buraschi and Jiltsov (2005).



time-varying inflation risk premia. We incorporate these preferences to a New Keynesian model
in the spirit of Woodford (2003) and Christiano, Eichenbaum and Evans (2005). Rudebusch and
Swanson (2012) present a similar model to study the nominal yield curve and do not study the
implications on the real yield curve. While Rudebusch and Swanson (2012) rely on price rigidities
and transitory shocks, our results mainly depend on wage rigidities and permanent productiv-
ity shocks. The difference between permanent and transitory shocks for the term structure was
previously analyzed by Campbell (1986) and Labadie (1994). They show that positively auto-
correlated trend-stationary and difference-stationary consumption shocks generate positive and
negative yield slopes, respectively. Kaltenbrunner and Lochstoer (2010) report similar results
under recursive preferences. Empirically, it is difficult to disentangle permanent and transitory
shocks as shown by Christiano and Eichenbaum (1990). However, Alvarez and Jermann (2005)
show that permanent shocks to marginal utility are important to capture differences in expected
returns of financial assets.

Finally, Campbell and Shiller (1996), Campbell, Shiller and Viceira (2009), and Bekaert and
Wang (2010) analyze the potential diversification benefits of TIPS. We study the correlations
between real and nominal bond returns for different specifications of the model to understand how

the diversification benefits of real bonds depend on nominal rigidities and monetary policy.

2 Empirical Evidence

This section presents descriptive statistics of United States government TIPS and nominal bonds,
and their link to consumption growth and inflation. We use quarterly data from January 1999
to September 2008.” This data period is motivated by two reasons. First, TIPS data are only
available since 1999. Second, the period September - December 2008 coincides with the collapse

of Lehman Brothers and a switch to unconventional monetary policy given the zero interest-rate

"Results using comparable monthly data are very similar. We present results for quarterly data to be consistent
with the model calibration.



bound. We stop in September 2008, since we want to focus on understanding the effects of a
monetary authority setting the level of a short-term rate (conventional monetary policy) on bond
yields. We report statistics for the whole sample and for the subsample January 2004 to September
2008, since the literature emphasizes differences in TIPS liquidity across time.

The consumption growth and inflation series were 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 inflation. These data
are consistent with the variables of the economic model below. The data on zero-coupon nominal
bond and TIPS yields are constructed following the procedure in Gurkaynak, Sack and Wright
(2006) and Gurkaynak, Sack and Wright (2008), respectively. The data are obtained from the
Federal Reserve website. The short-term nominal interest rate is the 3-month T-bill from the
Fama risk-free rates database. The three-month real rate was estimated using the methodology

described in Pflueger and Viceira (2011). Specifically, the computation is based on the regression

iy — Ty = constant + Biiy + B(1-1 — m) + &y, (1)

where ¢; is the three-month nominal rate and 7, is the three-month inflation rate. The real rate is

then computed as

ry = ’it — Et [71}4.1] = constant + 61% + 67" (l.t—l — 7Tt), (2)

under the assumption that the inflation risk premium in three-month nominal bonds is negligible.®
Panels A and B of table 1 report yield and excess bond return statistics, respectively. Excess
bond returns are computed as the difference of realized nominal returns on TIPS and nominal

bonds with the 3-month T-Bill rate. The term structure of both yields and excess returns are

8The coefficients in the regression are computed using data for 1982 — 2008 to be consistent with the calibration
in the model. Estimated rates using data for 1999 — 2008 are very similar.
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upward sloping for both TIPS and nominal bonds.? The term structure of breakeven (BE) inflation
rates (difference between the nominal and TIPS yields for bonds with the same maturity) is upward
sloping for maturities longer than 2 years. These findings suggest that long-term TIPS and nominal
bonds are riskier than short-term bonds, and that the inflation risk premia are positive. The table
also shows that the standard deviation of TIPS and nominal bond yields are similar for the
same maturities, raising the question on which factors can generate similar variability for the two
instruments. Sharpe Ratios are higher for nominal bonds than for TIPS. Correlations of yields
and excess returns between nominal bonds and TIPS tend to decrease with maturity, suggesting
the possibility of diversification benefits of including TIPS in a nominal bond portfolio.

Table 2 presents the principal component analysis for TIPS, nominal bond, and BE inflation
rates. Panel A shows that two principal components capture most of the variability of TIPS yields
and BE rates. Three principal components explain the variability of nominal bonds, as extensively
reported in the literature. However, when the analysis is performed for TIPS and nominal bonds
jointly, the first four principal components can only capture 97% of the variability. These findings
suggest the existence of factors that are specific to TIPS and nominal bond yields. To confirm this
intuition, panel B reports the highest R?’s of regressions of TIPS and nominal bond yields on each
other principal components. While nominal bond yields explain less that 78% of the variability of
TIPS yields, TIPS yields explain less than 67% of the variability of nominal bond yields, for the
whole sample. These numbers increase to 91% and 88%, respectively, for the 2004-2008 subsample.
The difference may signal an improved liquidity in the TIPS market relative to the nominal bond
market over time.

Finally, in order to motivate the economic model below, table 3 links bond yields and macroeco-
nomic variables through correlations and regression results. The correlations of TIPS and nominal
bond yields are significantly positive with consumption growth, and significantly negative with in-

flation for the sample period. These relations hold for the 2004-2008 subsample except for the

9Excess returns on TIPS were negative for the period 2004-2008. This may be related to liquidity concerns
about TIPS during 2007-2008.



correlation between consumption growth and TIPS yields which become negative. These correla-
tions suggest a link between macroeconomic information and bond yields. However, the table also
shows R?’s of regressions of yield changes on contemporaneous and lagged values of consumption
growth and inflation. They show a limited ability of consumption growth and inflation to explain
movements in TIPS and nominal bond yields, respectively. This ability is greater for the 2004-2008
subsample. In summary, the empirical evidence suggests a complex link between TIPS, nominal

bonds, and macroeconomic variables. We use the model in section 3 to learn about this link.

3 Economic 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 labor to the production sector.
The labor market and the production sector 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. When nominal prices and/or wages are not ad-
justed optimally, price and wage inflation generates distortions that affect production decisions.
Different monetary policy rules have different implications not only on inflation but also on real
activity. As a result, real and nominal bond yields for all maturities are affected by both nominal
rigidities and monetary policy. All markets are complete and default-free real and nominal bonds
are in zero net supply. The model can be seen as an extension of the standard New-Keynesian
framework (see Woodford (2003), for instance) to capture bond pricing dynamics. Based on Li
and Palomino (2012), it incorporates recursive preferences for households and is solved using a
second-order perturbation. Recursive preferences disentangle risk aversion from the elasticity of
intertemporal substitution of consumption. It allows us to match observed macroeconomic dy-

namics, while increasing risk aversion to capture large expected excess returns. A second-order



perturbation helps us capture non-zero bond expected excess returns.

3.1 Household

The representative agent in this economy chooses consumption C; and labor supply N} to maximize

the Epstein and Zin (1989) recursive utility function
1297 154
Vim (1= UG N+ 05 V| ®)

where 8 > 0 is the subjective discount factor, 1! > 0 captures the elasticity of intertemporal
substitution of consumption, and v > 0 determines the coefficient of relative risk aversion. The
recursive utility formulation allows us to relax the strong assumption of v = 1 implied by constant

relative risk aversion. The intra-temporal utility is

1

Cl—w N$ 14w \ I-¢
U(OtaNf):< : _Ht(lt—zw ) 3 (4

1— 9 )

1

where w™" > 0 captures the Frisch elasticity of labor supply, and the process k; is chosen to

ensure balanced growth. The consumption good is a basket of differentiated goods produced by a

continuum of firms. Specifically, the consumption basket is

c—|[ 1 O] " 5)

where 6 > 1 is the elasticity of substitution across differentiated goods, and C;(j) is the consump-
tion of the differentiated good j. Labor supply is the aggregate of a continuum of different labor

types supplied to the production sector, such that
1
N; = [ Newn ()
0
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where N7 (k) is the supply of labor type k.

The representative consumer is subject to the intertemporal budget constraint

E <Ey > My Py (Lo + Dyyd) | (7)

s=0

oo
$

E Mt,t+sPt+sCt+s

s=0

where Mgt s 1s the nominal discount factor for cashflows at time ¢ + 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 pro-
duction sector, and D, captures aggregate cashflows from additional claims on production such as
dividends.

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

and nominal discount factors are

_ =y -1
_ (G Vit s _ Prys
M =5 ( C, [V, /G- ,oand My = My P, ; (8)

+1

respectively. The nominal discount factor allows us to price the one-period nominal bond as
Bt$ =t =E, [Mt&:t—i-l} ; (9)

where the one-period (continuously compounded) nominal interest rate i; is the instrument of

monetary policy.

Wage Setting
Following Schmitt-Grohe and Uribe (2007) and Li and Palomino (2012), we model an imperfectly
competitive labor market where the representative household monopolistically provides a contin-

uum of labor types indexed by k € [0,1].19 The supply of labor type k satisfies the demand

10This 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
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equation

nitk) = () g (10

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

W, = [/01 W0 (k) dk:]l_lew : (11)

The labor demand equation (10) is obtained from the production sector problem presented in
the section below. The household chooses wages W;(k) for all labor types & under Calvo (1983)
staggered wage setting. Specifically, at each time t 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
of the indexation factor is presented in the calibration section.) The optimal wage maximizes (3),
subject to demand functions (10) for all labor types k, and the budget constraint (7). Notice that

real labor income is given by

LI, = N; (k)dk . (12)

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

W* S\Ww Gw7
PZ = Hwhki (Nt) C?Hw,z’ (1?))

rate of substitution by modeling a representative agent who provides all different types of labor.
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where (1, = . The recursive equations describing G, ; and H,,; are presented in the appendix.
Equation (13) can be interpreted as follows: In the absence of wage rigidities (a, = 0), the
marginal rate of substitution between labor and consumption is #; (Nf)* CY, and the optimal

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

markup uw%, since the wage of some labor types is not adjusted optimally.

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 good price as
the previous period price adjusted by the price indexation factor A,; 1. (The specific functional
form of the indexation factor is presented in the calibration section.) With probability 1 — «, the
firm sets the product price to maximize the present value of profits. The maximization problem

for firm j can be written as

{T}gl%?)i} E, {Z OZSMEHS [Ap,t,t-&-spvf(j)}/?f-&-s\t(j) - Wt+s\t(j)Ntd+s\t(j)} } ) (14)
¢ s=0

subject to the production function

Yt+s\t(j) = At+sNtd+s\t(j)7 (15)
and the demand function
: Pi(j)Apsirs) "
Viear) = (L2 ) i (16)
+s

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

was a time t. The wage Wyys:(j) and the labor demand Nf.  (j) have a similar interpretation.

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

The production function depends on labor productivity A; and labor. We assume that labor
productivity contains permanent and transitory components. Specifically, A; = AYZ;, where the

permanent and transitory components follow processes

Alog A}, = paAlog A} + 044141, (17)
and
10g Zt—i—l = ¢z log Zi + 022441, (18)

respectively, with A as the difference operator, and innovations £, and €., ~ IIDA/(0,1). Labor
demand is a composite of a continuum of differentiated labor types indexed by k € [0, 1] via the

aggregator

Ow

v = [ [ v a] " (19)

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

Py M Wi
(E) H, = AP Gy, (20)

where p = %. The recursive equations for H; and G; are presented in the appendix. Equation

(20) 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

14



the time-varying markup u%, since some firms do not adjust their prices optimally.

3.3 Monetary Policy

We model a monetary authority that sets the level of the one-period nominal interest rate. Mon-

etary policy is described by the policy rule
i = pir1 + (1= p) [T+ (m — 1) + 202] + . (21)

The one-period nominal interest rate, 7;, has an interest-rate smoothing component captured by
p, and is set responding to aggregate inflation, the output gap, and a policy shock u;. The ouput
gap x; 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 ry = y; — yf . The coefficients 1,, and 1,
capture the response of the monetary authority to the output gap and inflation deviations from a
target, respectively. The process 7 denotes the time-varying inflation target. The inflation target

is time-varying as in Ireland (2007) and Rudebusch and Swanson (2012). Its process is
7T: = (1 - ¢7r*)g7r + ¢W*W:_1 + 0-7'('*871'*,t7 (22)
where e, ; ~ IIDA(0,1). The policy shocks u; follow the process

U1 = ¢uut + Ou€ut+1, (23)

where £, 4 ~ [IDN(0, 1).
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3.4 The Term Structure of Interest Rates

The price of a real and nominal bonds with maturity at ¢t + n can be written as

Bt(n) = exp <—m”£n)) = Ei[M;44n], and B;&(n) = exp (_m.gn)> = Et[Mgt-‘rn]? (24)

respectively, where rt(") and ig") are the associated real and nominal bond yields, and M, and

Mgt +n are the real and nominal discount factors for payoffs at time ¢ + n.

Real Term Premia
Real term premia capture the compensation for macroeconomic risk in long-term real bonds.
Specifically, we define the term premium of an n-period real bond as

E [Bt(ifl)}

rTP™ = log — Ty (25)

B

That is, the real term premium is the one-period expected excess return of a real bond with respect
to the real risk-free rate. Under the assumption of joint normality for the log-pricing kernel and

bond yields, appendix E shows that the premium is
rTP™ = cov, <log M 41, (n — 1)7’&;1)) . (26)

It captures the correlation between the marginal utility of consumption and the bond one-period
return. A positive correlation between the future 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 appendix also shows that the unconditional spread can be written as

the average

1 1 _
£ ] =010 e S (- m e, &



where J.I. denotes Jensen’s inequality terms. Therefore, the average spread can be seen as a
weighted average of the one-period expected excess returns during the life of the bond. We

analyze the model determinants of this spread and the real risk premium in section 4.

Inflation Risk Premia

We define the n-period inflation risk premium WRPt(n) as the expected excess real return for
investing in an n-period nominal bond over an n-period real bond for n-periods. Appendix E
shows, under normality assumptions for bond yields, the log-pricing kernel, and inflation, that

this premium is

E; [exp(—¢ 41n)] 1
7TP™ = log— T2 —log —— = €OV (M tin, Titin) s (28)
t Bt&(n) Bgn) ’ AT
where
n—1 n
My t4n = Z 10g Mt+s,t+s+1a and Tt t4+n — Z Tt+s, (29)
s=0 s=1

are the log-real pricing kernel that discounts cashflows at t + n to t, and inflation during the life
of the bond, respectively. The inflation risk premium then is 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 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. It can be shown, that the average spread between nominal and real rates is
n n 1 n
E [if" = "] =Elm] + 118 + ~E |«TP"| . (30)
n

We analyze the model determinants of this spread and the inflation risk premium in section 4.
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3.5 Equilibrium

Equilibrium in this economy requires product, labor, and financial market clearing. Equilibrium
conditions in the product market is characterized by C; = Y;. Labor market clearing requires that
supply and demand of labor type k& employed by firm j are equal, N7 (j, k) = N2(j, k). As shown
in appendix C, it implies equilibrium in the aggregate labor market given by N = N{ZF,, and
Ng = A%Ft,. 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 (9) is equal to

the interest rate set by the monetary authority. That is,
—log [MEHJ =pip1+ (1= p) T+ 0e(m — 7)) + 102e) + ue. (31)

Also, equilibrium in the bond market implies the absence of arbitrage opportunities. This condition

can be written recursively as
n n— $,(n ,(n—
Bt( ) = E, [Mt,t+1Byt(+11):| , and B, () — E; Mgt-i-lB?-i-(l Y ) (32)

for real and nominal bonds, respectively.

Appendix D provides a summary of the system of equations describing the equilibrium of the
model. We solve the model numerically, applying a second-order approximation of the optimal-
ity conditions. A second-order approximation is required to capture expected excess returns on

financial claims.'!

1A first-order approximation of the equilibrium conditions implies expected returns for all financial assets equal
to the risk-free rate. We use the Dynare package available from www.dynare.org to solve the model.
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4 Model Implications

We explore the real bond pricing implications of the model based on a calibration that captures
important properties of macroeconomic variables and the nominal yield curve. We compare the
baseline calibration with different model specifications to understand the effects of each shocks,
nominal rigidity, and policy parameter. We focus on the study of real term and inflation risk
premia, the volatility of real and nominal rates, and the correlation of real and nominal bond

returns.

4.1 Calibration

We calibrate the model to match key quarterly statistics of consumption, inflation, and the nominal
yield curve. The data are described in section 2. The sample period 1982:Q1 to 2008:QQ3 is chosen
for two reasons. First, we want to focus on a period of stable monetary policy that can be described
by an interest-rate policy rule. This period corresponds to the Paul Volcker and Alan Greenspan
eras and the early years of Ben Bernanke’s tenure at the the Federal Reserve. Clarida, Gali and
Gertler (2000) provide empirical evidence of a change in monetary policy after 1979. We exclude
the monetary experiment period 1979 — 1981, since during this period the short-term rate was
replaced by monetary aggregates as the policy instrument. We do not include data after the third
quarter of 2008 because the ability to conduct policy using the Federal Funds rate was limited by
the zero bound after December 2008. Second, while our main focus is to capture and understand
properties of the real term structure, a calibration of the model-implied real curve to the short
sample of TIPS data does not seem appropriate. Instead, we explore the implications of this
calibration for the real yield curve in section 4, and make comparisons of it with the nominal yield
curve to obtain additional insights.

Table 4 presents the parameter values used in the baseline calibration. We assume perfect

indexation of prices and wages to the inflation target, such that log Ay ;11 = 77, and log Ay ¢ 141 =
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9o + 7. Notice that wage indexation implies no deviations from real wages on average. The
rigidity parameters o and v, imply price and wage durations of —1/log(a)) ~ 2.4 quarters and
—1/log(cv,) =~ 4 quarters, respectively, consistent with the empirical evidence. The elasticity
parameters 6 and 6, imply price and wage markups of 20% and 30%, respectively. The parameter
value for w implies a Frisch labor elasticity of 1/w ~ 2.86, consistent with values used in the macro
literature to capture labor and wage dynamics. The policy responses to inflation 2, and the output
gap 1, are standard in the literature.

The remaining parameters were chosen to match different moments in four steps. First, we
choose parameter values for the policy and productivity shock processes based on the variance
decomposition reported by Altig, Christiano, Eichenbaum and Linde (2011). Table 5 reports the
data and model-implied variance decompositions in terms of volatilities. Specifically, we target
the volatility of the three-month T-Bill rate, the inflation rate, and de-trended consumption.
This approach takes into account the fact that policy and productivity shocks do not capture all
the variability in these macroeconomic variables. The variance decomposition for policy shocks
in the data is matched by choosing parameter values for ¢,, o,, and . This decomposition
is very sensitive to the elasticity of intertemporal substitution of consumption, which is set at
1/¢ = 0.20. The variance decomposition of productivity shocks depends on the dynamics of
permanent and transitory shocks. While Altig, Christiano, Eichenbaum and Linde (2011) model
only has permanent productivity shocks, we find that our model calibration with only permanent
shocks implies a counterfactually high consumption growth volatility. For this reason, we choose
a combination of ¢,, 0., ¢., 0., and p that simultaneously allows us to capture the variance
decomposition of productivity shocks for the selected values and the volatility of consumption
growth.!? Notice that the transitory productivity shocks have persistence and volatility parameters
that are very similar to those found in the real business cycle literature. Although the calibration

captures the variance of the interest rate and consumption explained by productivity shocks, the

12Unfortunately, Altig, Christiano, Eichenbaum and Linde (2011) do not report the variance decomposition for
consumption growth.
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table shows that the model-implied inflation volatility explained by these shocks is lower than in
the data. This decomposition is very sensitive to the smoothing parameter p. The chosen value
p = 0.725 is similar to those reported in Clarida, Gali and Gertler (2000).

Second, we choose parameters ¢,« and o« for the inflation target to match the total volatility
of inflation, and a high volatility of the 5-year nominal bond yield relative to the short-term rate,
as reported in table 6. These values are in line with those used by Rudebusch and Swanson (2012).
We want to capture the total volatility of inflation in the model since one of our purposes is to
understand the driving forces of the inflation risk premium.'®* We obtain a high ratio of long-term
to short-term yield volatility by setting an extremely persistent inflation target (¢« = 0.9995).
As in standard affine term structure models, this value is not enough to make long-term yields
more volatile than short-term yields. However, the volatility of the long-term yield is significant.
Lower values for ¢, considerably reduce this volatility. Table 6 also shows that the calibration
captures the negative correlation between consumption growth and inflation. This correlation will
be important for explaining the inflation risk premium. On the other hand, the calibration implies
a slightly negative autocorrelation of consumption growth, while the autocorrelation in the data is
positive. However, it is well known that this parameter is poorly measured due to factors such as
the time-aggregation upward bias reported by Working (1960).!* The results of empirical studies
are mixed for this autocorrelation. 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. The small negative autocorrelation implied by our model will be important to capture

positive real term premia.

13Tt is a strong assumption to claim that inflation target shocks completely capture the volatility of inflation
that is not captured by policy and policy shocks. However, in the absence of additional shocks in the model,
this assumption allows us to simultaneously assign an appropriate degree of variability to policy and productivity
shocks, while capturing the high volatility of inflation.

40ur data for monthly consumption growth imply an autocorrelation of -0.26. Suppose that the true process
for monthly consumption growth is AR(1) with this autocorrelation. In an experiment with 10,000 simulations and
321 monthly data points in each simulation, the 95% confidence interval for the autocorrelation of consumption
growth in time-aggregated quarterly data is (-0.04, 0.33).
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Third, we choose a high value for the risk aversion parameter v to obtain the slope of the curve
between 3-month and 5-year maturities.'® In the presence of recursive preferences on consumption

and labor, Swanson (2012) shows that the average coefficient of risk aversion is given by

7 7~ 250. (33)

This value is high according to experimental evidence, which highlights the difficulties of produc-
tion economy models to capture asset risk premiums. However, the value is significantly smaller
that the one required by Tallarini (2000), for instance, to match the equity premium. This im-
provement is the result of incorporating permanent productivity shocks. On the other hand, the
value contrasts with a v = 5 in Kaltenbrunner and Lochstoer (2010) who are able to capture the
equity premium in a production economy with recursive preferences. The difference is driven by
their high volatility of productivity shocks and the fact that they do not match inflation data.
Finally, we choose g, to match the average consumption growth, and 5 and g, to simultaneously
match the average inflation and three-month T-bill rates.'® We define 7 = —log 8 + 1¥ga + g,

which is the nominal rate when the inflation rate is at the target and there is no output gap.

4.2 The Real and Nominal Term Structures of Interest Rates

Column (1) of table 7 reports model-implied statistics for the real and nominal 5-year bonds in
the baseline calibration. The real and nominal yield curves are upward sloping and the slope
of the real yield curve is lower than the slope of the nominal yield curve. This is qualitative

similar to the data statistics in table 1. In the model, upward sloping curves are the result of

15The unconditional expected excess quarterly return and Sharpe Ratio of 5-year bonds in the model are 34
bps. and 0.57, respectively. These numbers contrast with their data counterparts of 63 bps. and 0.25 , respectively,
reflecting the model limitation to capture the high volatility of excess returns.

16We solve the model using a second-order approximation around the non-stochastic steady state. The high
value for v generates large precautionary savings terms that create distortions in the mean of inflation and the
interest rate. We offset these distortions by choosing a large value for g,, which reduces its interpretation as a
long-term inflation target. However, this approach does not generate significant distortions in expected excess bond
returns and the slope of the yield curve.
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positive real term and inflation risk premia. The volatility of the short-term real rate is lower
than the volatility of the short-term nominal rate, and both curves exhibit downward sloping term
structures of volatility, as in the data. However, the decay in volatility across maturities of real
yields is significantly more pronounced than for nominal yields. Therefore, the calibration does
not capture the empirical evidence on similar volatility for the yields of the two instruments with
the same maturity.

Tables 7 and 8 allow us to identify the model elements delivering the main results. Columns
(2) to (4) of table 7 present statistics for three alternative model specifications: no rigidities, only
wage rigidities, and only price rigidities. The alternative models share the same parameter values
as in the baseline calibration, except for the rigidity parameters. Similarly, columns (2) to (5)
of table 8 present statistics for four alternative models with the same parameter values as in the
baseline case but when only one specific shock is turned on in each specification. Table 9 allows
us to understand the yield curve effects of changes in monetary policy rule parameters.'”

We summarize the main findings here and explain them below. First, wage rigidities generate
upward sloping real and nominal yield curves. This is a result of positive real term and inflation
risk premia for permanent productivity shocks. Price rigidities increase the slope of the curves
relative to an economy with flexible prices and wages, but the slopes, and the term and inflation
risk premia are still negative. Second, transitory productivity, policy, and inflation-target shocks
have a minimal contribution to risk premia relative to the contribution of permanent productivity
shocks. The first three shocks have transitory effects in the marginal utility of consumption and,
then, investors do not require a significant compensation for these risks in financial assets. How-
ever, these shocks affect the volatility of short- and long-term bonds. Policy shocks significantly
increase the volatility of the real risk-free rate under nominal rigidities. Persistent transitory pro-
ductivity shocks and inflation-target shocks increase the volatility of real and nominal bond yields,

respectively. Third, stronger reactions to both inflation and output in the policy rule decrease term

1"For the alternative specifications in tables 7, 8, and 9, we also adjust 3 and g, such that the average inflation
and short-term interest rates are the same as in the baseline calibration.
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premia and increase inflation risk premia. These changes in the policy affect the joint dynamics
of consumption, inflation, and interest rates. Fourth, nominal rigidities increase the correlation
between real and nominal bond returns. These rigidities then tend to reduce the diversification

benefits of real bonds.

The effect of nominal rigidities and permanent productivity shocks on bond risk premia

We focus on the analysis of risk premia for permanent productivity shocks since the quantitative
contribution of the other shocks to term and inflation risk premia is very small.'® Column (3) of
table 7 shows that wage rigidities generate upward sloping average real and nominal yield curves.
This is the result of a positive compensation for permanent productivity shocks in real term and
inflation risk premia. Wage rigidities change the joint dynamics of consumption, labor, inflation,
and yields relative to an economy with perfectly flexible wages. To understand why, we can focus
on an economy with expected utility preferences (v = 1) and only permanent productivity shocks.
Appendix E explains the general recursive preference case.

Under expected utility, the log-pricing kernel and the one-period interest rate are
log M; ;11 = const,, — ¥ Aciyy, and 1 = const, + YE[Aciiq], (34)

respectively, where “const” denotes constant terms. From equation (26), the real term premium

of a two-period bond is
TTPt(Q) = cov(log Mt,t+1,7’t+1) = —l/JQCOVt(ACtH,Et+1[ACt+2])7 (35)
and, from equation (28), the inflation risk premium of a one-period bond is

'/TTPt(l) — COVt(log Mt,t«l»]_, 7Tt+1) = _wCOVt(ACt+]_7 7Tt+1)' (36)

I8There are interesting qualitative implications of nominal rigidities on the compensation for transitory produc-
tivity, policy, and inflation-target shocks. These implications can be understood from the risk premium equations
and figures 2, 3, and 4, respectively.
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Under flexible wages, consumption growth is positively autocorrelated and positively correlated
with inflation, generating negative real term and inflation risk premia. Figure 1 shows that a
negative permanent productivity shock reduces prices and real wages so that they reflect an
optimal wage markup over the marginal rate of substitution of consumption and labor, and an
optimal price markup relative to labor productivity. Equilibrium labor does not change and, then,
consumption growth inherits the positive persistence of the AR(1) process for productivity growth.
Since expected consumption growth and the real rate are simultaneously low, real bond returns
are high during periods of high marginal utility. Therefore, real bonds are a consumption hedge
and involve a negative premium. Since inflation is negative, real returns on nominal bonds are
high, therefore a consumption hedge, and the inflation risk premium is negative. On the contrary,
under wage rigidities, labor supply/demand becomes mean-reverting and affects the dynamics of
consumption growth. After a negative permanent productivity shock, some wages do not adjust
downwards due to the rigidity. This reduces labor demand, and consumption declines by more
than in a flexible-wage economy. As wages gradually adjust down over time, expected future
labor demand increases. If the mean-reverting labor effect dominates the positive persistence of
the permanent shock, expected future consumption growth and the real risk-free rate increase,
leading to a positive real term premium. Simultaneously, the negative shock increases prices
so that producers charge a constant markup over the higher real marginal costs. The positive
inflation reduces the real return on nominal bonds during times of high marginal utility, inducing
a positive inflation risk premium.

A similar mechanism explains the effect of price rigidities on real term and inflation risk
premia. Figure 1 shows that, after a negative permanent productivity shock, product prices drop
by less than in a flexible-price economy, and then consumption, labor demand, and wages are more
negatively affected, initially. However, as prices decline over time, future labor demand, wages
and, therefore, expected future consumption growth increase, partially offsetting the negative

movement in the real risk-free rate. Therefore, bond returns are not as low as in a flexible-price
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economy during periods of high marginal utility, and the slope of the real term structure is less
negative. Also, the figure and table 7 show that inflation and consumption growth are positively

correlated, generating a negative inflation risk premium.

Monetary policy shocks and the volatility of the short-term real interest rate

The small effect of policy shocks on expected bond excess returns radically contrasts with the
significant effect of these shocks on the volatility of the real risk-free rate. Column (4) in table 8
shows statistics for an economy with only policy shocks. The table shows that policy shocks have
the most significant contribution to the volatility of the real risk-free rate r;. This is a result of
price and wage rigidities. The impulse responses in figure 3 show that the risk-free rate does not
react to policy shocks in the absence of rigidities. In a flexible price and wage economy, monetary
policy does not have any real effects. 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. A policy
change in the nominal risk-free rate translates not only into changes in inflation but also into
changes in the real risk-free rate. Since prices and/or wages do not adjust optimally to changes in
the nominal rate, output and consumption are affected. A positive policy shock has a transitory
negative effect on output, that is followed by positive output growth. As a result, the real risk-free
rate has to increase to be consistent with the higher expected consumption growth. The effect of
this shock is also reflected in a higher volatility for the entire real yield curve. However, the most

significant effect is on the short-term rate.

Transitory productivity shocks, inflation-target shocks, and the volatility of long-term yields
Columns (3) and (5) in table 8 reveal the minor contribution of transitory productivity and

inflation-target shocks to the slope and risk premia in real and nominal bonds. However, the table

also shows that these shocks have a significant contribution to the volatility of real and nominal

long-term bonds, respectively. While the ratio of the volatility of the 5-year real bond yield with
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respect to the short-term real rate is 0.16 in the baseline calibration, it is 0.59 in the presence of
(only) transitory shocks Z;. This is the result of the high persistence of these shocks, similar to the
one found in the real business cycle literature. In our model, these shocks have to be persistent to
match the contribution of productivity shocks to the volatility of the short-term nominal rate and
consumption. The high persistence in the shock is reflected in persistent effects on macroeconomic
variables, and therefore on long-term real bonds. Similarly, the high persistence in inflation-target
shocks generates volatility in long-term nominal interest rates similar to the volatility of the one-
period nominal rate. These shocks have a long-lasting effect on inflation that affects the level of
long-term nominal rates. Notice that these shocks have a reduced effect on real yield volatility as
a result of nominal rigidities. Therefore, changes in the properties of inflation-target shocks may

explain differences between real and nominal yield volatility over time.

The interest-rate policy rule, and real term and inflation risk premia

We use our model to understand how changes in the reaction coefficients of the policy rule
affect some properties of the real yield curve and the inflation risk premia. We analyze four policy
parameters: 1, 1, p, and ¢.«. Table 9 reports model statistics under different values for these
parameters. For each parametrization, we adjust § and g, to keep the same average nominal
interest rate and inflation.

Column (2) in the table shows the effect of a change in the response to inflation 2, from
1.5 to 1.7. The stronger response reduces the volatility of inflation, the output gap, and real
rates, and increases in absolute value the negative correlation between consumption growth and
inflation. The larger stabilization effect of the policy reduces the covariance of consumption growth
and real bond yields (returns), lowering real term premia. On the other hand, the inflation risk
premia increase: inflation is less volatile, but a unit of inflation has stronger negative effects on
consumption growth.

Column (3) in table 9 shows the effect of increasing the response to the output gap 1, from

0.125 to 0.25. The volatility of the output gap and real rates declines at the expense of higher
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inflation volatility. More stable consumption growth and real rates translate into lower real term
premia. The higher inflation volatility is reflected in larger inflation risk premia.

Column (4) in table 9 reports the effect of a change in the interest-rate smoothing coefficient p
from 0.725 to 0.80.1 A higher p decreases the volatility of the output gap and inflation. Nominal
rate volatility declines as a result of the larger weight on the lagged interest rate. Real rate
volatility increases as a result of a lower relative response of the nominal rate to current economic
conditions. This translates into opposite effects on real term premia that completely offset each
other. The inflation risk premia increase since a higher real rate volatility generates a higher
volatility in consumption growth and then a stronger negative covariance between consumption
growth and inflation.

Finally, column (5) in table 9 shows the effect of a reduction in the autocorrelation coefficient
of the inflation target ¢« from 0.9995 to 0.90. The lower persistence reduces the volatility of
the output gap, inflation, and nominal yields. Simultaneously, the negative correlation between
consumption growth and inflation becomes stronger. As a result, the real term and inflation risk

premia do not change significantly.

The diversification benefits of real bonds

An interesting question to ask is whether real bonds improve investors’ opportunities to share
risks and smooth consumption over time. In our complete-market model, real bonds are redundant
assets since their returns can be replicated by portfolios of nominal bonds. However, we can gain
some insights into the potential diversification benefits of real bonds by analyzing correlations
between returns of real and nominal bonds with the same maturity. A constrained investor with
only access to a nominal bond faces an incomplete market since four sources of risk affect the
marginal utility of consumption and inflation. Therefore, the diversification benefits of adding
a real bond to her portfolio are captured by this correlation. In our baseline calibration, table

7 shows that the correlations are 0.95 and 0.86 for one- and five-year bonds, respectively. The

YFor this exercise, we adjusted 2, and 1, so that (1 — p)i, and (1 — p)1, remain at their baseline values.
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correlations are lower in the absence of nominal rigidities, and higher under wage rigidities only.
The intuition is that nominal rigidities generate a strong link between inflation and real economic
performance, reducing the differences between holding real or nominal bonds. In the absence of
rigidities, inflation does not have effects on economic activity and the link between real and nominal
bond returns is weaker. Table 8 presents the correlations generated by the individual model shocks.
Permanent and productivity shocks have similar effects on the correlations of real and nominal
bonds. These shocks have more pronounced effects on short-term bond correlations than on
longer term bonds. Policy shocks have very similar effects on real and nominal bonds. Inflation-
target shocks, on the other hand, generate negative correlations between real and nominal bonds.
Interestingly, table 9 shows that changes in the policy rule parameters do not have significant

quantitative effects on these correlations.

5 Conclusion

This paper provides a theoretical analysis of the link between nominal price rigidities, monetary
policy, and long-term real bond yields using an equilibrium model. The model calibrated to the
United States economy implies an average upward sloping real curve, volatile long-term rates, and
positive inflation risk premia. These properties are consistent with those observed in inflation-
indexed and nominal bonds in recent years. There are four main findings. First, nominal rigidities
increase term premia in real bonds and inflation risk premia in nominal bonds, as a compensation
for permanent productivity shocks. Quantitatively, wage rigidities have larger effects than price
rigidities. The main mechanism is explained by the procyclical mean-reverting labor demand
induced by wage 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

shocks considerably increase the volatility of short-term real bond yields. Persistent productivity
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transitory and inflation-target shocks increase the volatility of long-term real and nominal yields,
respectively. Third, the stabilization effects of a stronger response to inflation or output in the
interest-rate policy rule decrease real term premia and increase inflation risk premia. Fourth, the
existence of nominal rigidities increase the correlation between real and nominal bonds, and may
reduce the diversification benefits of inflation-indexed bonds.

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 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, the model abstracts from capital
accumulation. This component can be introduced to understand the link between the marginal
product of capital and long-term real rates. Third, the model implies low volatility in nominal bond
risk premia, inconsistent with empirical findings. Introducing sources of time-varying volatility in
marginal utility can help us understand the link between time variation in real and nominal bond
risk premia. 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 (based on Li and Palomino (2012))

The household’s problem is

1=y
Vi=U, 1
{Ct’l}lv??‘ijvi} t t + BQy
where
cr =
Utzl_w_'“ét T+o and Q¢ =E; |V,\7" |,
subject to the budget constraint
B |y My PiyrCrir| <E lz My Prpr (LLiyr + Dt+r)] ;
7=0 7=0

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

problem is

v ()t
,
1—1 14w

1=
+ QT + AE,

Z M}y, P (LIiyr + Dyyr — Ct+r)1 .
7=0

—4
It can be shown that utility maximization implies A = Clgf , and

0Q: 0V
M$ _ 8‘/;/ aCt+1 Pt _ /3 8Ct+1 0Q+ Pt
B+l oVi/ 0Cy P4 c;V P

_ _ P—y
3 Crer) " V;sl+/1(1 V) P
C, Q1= Py

r
$ _ $
Mt,t-i-T - H Mt,t+s .
s=1

The 7-period nominal pricing kernel is

The household cannot change wages for «,, fraction of labor types. For the remaining 1 — o, 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 Wy (k)
on the household’s utility, we rewrite the labor supply at ¢ + 7 as

. 1 . 1w (K —0u
Niyr = / NYy o (k) dk = Ntd+7'/ (I;()) dk,
0 0 t+7

and the aggregate labor income at ¢t 4+ 7 as

1 d 1 1—04
Wisr Ng Wit r Wigr (k)
LI, = / (K)NE, (k) dk = —=T / dk.
T o P T Pr Jo \ Wipr
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For the wage of type k labor at t + 7, there are 7 + 2 possible values:

Wi (k), with prob = (1 — ay)as, for s =0,1,--- |7
Wi 1Awt—1,t4-, with prob = O‘Zu+1~

Wt+7'(k) = {

We obtain derivatives

ONY, . d ( =0 ) (Wt*(k)Aw ttT > 0w
- N 1—a , T 2] ,
Wiy et e gy )T W
OLL, _ N{,

Wi (k) At 4+ ) O
- 1— ag)al, (1 — ) ) dwitttr .
oW (k) Pt+r( )l ) ( Witr

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

or oV, OLI,.,
6Wt*( ) BW*( ) + AE, 7_2;) tt+rd t+T 8Wt* (k’)] 0,
where .
aV;S - Pt+7' Ct+7' 6NtS+7—
= N/ .
oWy (k lX_ﬁ YR < c. ) e g

Rearranging terms, we get

Wi (k)
P

oo
$ T 1170w ATd -
E Mt,t+rAw7t,t+'rO‘th+rNt+r Cy

T7=0

0 ¥
T Pt+T 0 s Ct+T
=E, E Mgg,tJr‘rAw,t,t*H'aw ( P, ) WthNtd+TMw’%t+T (N£+T)w C,

7=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
wi
P’

NE w, \ %
M} "t Nt 41 <Ntd Wi Hyty1| -

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

LHS = C; YWl N?H,, ,—+

where

Hwtfl“i’awEt

RHS = py W NN )Gy = pra W Nitiy (NF)* Gl

where

Pt ) (Ceri " (NELN (R ) (NE\“ [ W O
Gu =1 w E M? Ayt Gy .
it + Qg l tt+1 0w, b+ ( j2) ) ( C, N y N; Wit 41

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

Wy
Py

Gw,t
Ho Hw,t .

= uw,tC?m (Nts)w and  fly,t =
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B Profit Maximization under Price Rigidities (based on
Li and Palomino (2012))

Consider the Dixit-Stiglitz aggregate (5) as a production function, and a competitive “producer” of a differentiated

good facing the problem

1
max PC—/P NCy(5)dj
AT tt o :(7)C(5)dj

subject to (5). Solving the problem, we find the demand function

Py = p (S) (1)

The zero-profit condition implies

SN PG\
PCy Z/ P(5)Ce(j)dj :/ PGy (t(])> dj.
0 0 Py
Solving for P, it follows that

a=[£3uﬁ*w4“7 (38)

which can be written as the demand function for each differentiated good

Ci(j) = (P;§5>)_Qct. (39)

Therefore, when prices are flexible, prices of all differentiated goods are the same.

The profit maximization problem is

max [E;

{P(3)}

Z MEt+TO‘T {Ap7t,t+TPt(j)Y;+‘r\t(j) - Wt+Tt(j)Nf+T|t(j)}]
7=0

subject to

Py(3)Aptttr

—0
P ) , and Yt+r|t(j) = AtNthrr\t(j)~
t+1

Yt+T|t(j) =Yiyr (
The first-order condition of this problem with respect to P;(j) is

> $ r . ”t+r\t(j)
=K, E Mt,t+7041Yt+r\t(J)MT
=0 T

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

P*
Pt) )/;Hta

—6
Y1 Py
Mt t+1Aptt+7' ( Y—t ) (Pt+1> Ht—i—l] .

Similarly, the right-hand side (RHS) of the equation can be written as

LHS = P} (

where

Ht:1+OéEt

1 P’k B Wt
RHS_Ath<P”) Pth7

—6
}/;H_l Pt Wt-‘,—l At
ME. A G
41 p,t,t+7< Y, )(Pt+1> ( W, )(At+1 o

The optimal price is hence given by
Py W,
( ) - W

where

Gt:1—|—Oé]Et

P

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

Gy
= d P =
Mt = 7 H, an = Ht—— At

Price inflation is given by
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C Labor Market Clearing Conditions (based on Li and
Palomino (2012))

The total supply of type k labor is given by
s ! s[4 . ! d(; : Wt(k> o ! d(:\ g
Ni(k) = [ NeGk)dj= | NG k) dj = | =5 NG dj -
0 0 t 0
From the production function Y;(j) = A;N{(j), we obtain

- (Y [ - (5) % () e

L\ -0
where the second equality follows from the product demand function Y;(j) = (ij(f )> Y;. Defining the price

dispersion aggregator and the wage dispersion aggregator by

1 . —0 1 —0,
Pt(]) ] / ”t(k‘) w
F, = F,: =
t /0 < P, dj, and F,+ | W, dk ,

respectively, it follows that aggregate labor supply is V) = YeFiFy,

.- From the resource constraint N{ = fol N2 (5)dj,
it can be shown that Ntd =N;/Fy, = Y;‘ft . Note that the wage dispersion F,, + is bounded below by one.

— 6 — 6
1 1-0 1-0w 1 1-6 T=0w
W (k) \ '~ / W)\~ o
Fui = — dk > —L= dk =17 =1,
! /0 [( W, ) - [ o \ W

where the second equality is due to Jensen’s inequality for 1_799"“

> 1. Similarly, we can show that F; is bounded

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, we make x; = (A})!=%. This
condition ensures that Y;, Wi, and W[ are growing at the same rate. Therefore, the equations can be written in
terms of ¥; = AL%, W, = %ﬁ, and Wt* = VX—?.

Wage Setting

W* s\w Gw,t
PZ =  Hwhkt (Nt ) Cl’fd} Hw7t .
Nd W _Gw
Hyp = 1+auB [ M7 A (=2t : H,
Jt + iy tt+1 w’t’t+1(Ntd Wit A+1 |
and Gue = 140wk [ME, A0, (Tar) (G (N (me ) (Nea )T (W %G
w,t wit tt+1" w,tt4+1 Pt Ot Ntd Kt Nts Wt+1 w,t+1| -

Wage Dispersion

1 —0, —0 —0
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Wage Aggregator
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Aggregate Labor Supply and Demand
N =F,;N?!,  Ni=-1F.

Markup

Y, A Wi\
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Pricing Kernel
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Indexation
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E Real Term and Inflation Risk Premia

Real term premium

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

Bt(n) — e E; {Mt,tJrlBE:Il)} =E; [emt't“_(”_l)rizl)} ;

where my 441 = log My ;41. Assuming normality for the log-pricing kernel and bond yields, it follows that

n)

( (n—1) (n—1)
—nr )
€ t .

= E, [emt,t+1]Et [e*(”*l)’"w_l } e cove(me i1, (n=1)r [y
From the definition of real term premium, equation (26) follows.

Inflation risk premium

Similarly, the n-period nominal bond yield satisfies the equation

B il

=F, [e'lnt,,f,-%—n—ﬂ't,,t-f—n} =F, [emt,t,+n,] E; [6_‘””‘*‘"} e_COVt(mt,t+w,77ft,+n,).

From the definition of inflation risk premium, equation (28) follows.

Recursive preferences and risk premia

Li and Palomino (2012) show that the real pricing kernel in equation (8) can be written as

log M 441 = p(log f — ¢pAc;) — (1 — @) log Ry 141,

where ¢ = i:—;}) Assuming a log-normal pricing kernel, the real risk-free rate is

1
Ty = —iVart(log My i11) + @PEi[Acia] + (1 — ¢)Eq[log Ry ,141]-
From equation (26), the two-period real term premium is

covi(log Myi1,me41) = —(00)%covi(Acis1, Er1[Aciya]) — 00(1 — 0)cove(Acys1, Bryi[log Ry 142])
— 9¢(1 — Q)COVt(EtJ,_l[ACtJ,_Q], 10g RYL,t+1) — (1 — Q)QCOVt(IOg RYL,t+1, ]EH_l[log RYL,t_A'_Q]).

Four terms determine the premium. The first term is the risk premium under expected utility (analyzed in the
main text). The remaining terms are the result of recursive preferences (¢ # 1). Our calibration implies (¢ > 1).
Therefore, a positive or negative contribution of these terms to the risk premium depend on the joint process of
consumption growth and the portfolio return Ry, ¢41.

Similarly, from equation (28), the one-period inflation risk premium is

COVt(IOg Mt,t+17 7Tt+1) = —HZ/JCOVt(ACt_H, 7Tt+1) — (1 — G)COVt(IOg RYL,t-{-l, 7Tt+1)-

The first term is the premium under expected utility. For ¢ > 1, the second term has a positive contribution to

the premium if the return portfolio Ry ¢4 is positively correlated with inflation.
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F Tables and Figures

Table 1: Descriptive Quarterly Statistics of U.S. Government TIPS and Nominal Bond

Yields and Excess Returns

“BE” refers to the difference between nominal bond and TIPS yields (breakeven rate). Statistics are quarterly (non-
annualized). Yields are annual rates. Excess returns on TIPS are computed as log Py 11 — log Prp.t + Teq1 — iy
Excess returns on nominal bonds are computed as log Pyom,t+1 —10g Prom,: —i¢. Correlations are computed between
a nominal bond and a TIPS with same maturity. Information for 2-year TIPS is only available since 2004.

1999:Q1 - 2008:Q3 2004:Q1 - 2008:Q3

TIPS Nominal BE TIPS Nominal BE
Panel A: Bond Yields
Average
3 months 0.43 3.08 2.65 0.23 2.98 2.75
2 years N.A. 3.70 N.A. 1.27 3.57 2.30
5 years 2.27 4.24 1.97 1.62 3.93 2.31
10 years 2.64 4.92 2.28 2.02 4.52 2.50
20 years 2.79 5.38 2.59 2.19 4.92 2.73
Standard Deviations
3 months 1.47 1.72 1.34 1.48
2 years N.A. 1.54 N.A. 1.10 1.15 0.68
5 years 1.14 1.10 0.49 0.68 0.72 0.39
10 years 0.88 0.76 0.31 0.39 0.36 0.21
20 years 0.75 0.60 0.31 0.25 0.31 0.28
Correlations
3 months 0.97 0.97
2 years N.A. 0.82
5 years 0.90 0.85
10 years 0.94 0.84
20 years 0.92 0.50
Panel B: Bond Excess Returns
Average
2 years N.A. 0.94 N.A. -0.04 0.78 0.82
5 years 0.68 1.22 0.54 -0.07 0.86 0.93
10 years 0.92 1.46 0.54 -0.05 0.98 1.03
20 years 1.17 1.96 0.79 -0.25 1.76 2.01
Sharpe Ratios
2 years N.A. 0.85 N.A. -0.03 0.65 0.53
5 years 0.29 0.45 0.26 -0.03 0.31 0.40
10 years 0.27 0.34 0.20 -0.01 0.25 0.37
20 years 0.25 0.30 0.18 -0.05 0.28 0.45
Correlations
2 years N.A. 0.36
5 years 0.67 0.62
10 years 0.77 0.73
20 years 0.73 0.70
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Table 2: Principal Component Analysis for U.S. Government TIPS and Nominal Bond
Yield Changes

“All” refers to results from principal component analysis when both nominal bond and TIPS yields are included.
“TIPS” refers to results from principal component analysis when only TIPS yields are included. “Nominal” refers
to results from principal component analysis when only nominal bond yields are included. “BE” refers to results
from principal component analysis when only breakeven rates are included. “Total” in the “Principal Component
Explanatory Power” section is the variability explained by the first four principal components (pc’s). The entries
in the “Maximum Explanatory Power” correspond to the R?’s of the instrument specified in the row on all the
principal components specified in the column. Two values separated by “/” in a single entry correspond to R?’s
for regressions with and without 2,3, and 4 year TIPS yields and breakeven rates in the calculation of principal
components.

1999:Q1 - 2008:Q3 2004:Q1 - 2008:Q3

All TIPS Nominal BE All TIPS Nominal BE
Panel A: Principal Component Explanatory Power

1st pc 74.82 94.91 77.99 89.55 67.43 90.24 73.28 86.92
2nd pc 11.35 4.64 14.37 9.28 14.67 8.48 17.08 10.85
3rd pc 7.35 0.37 4.99 1.01 11.29 1.06 6.27 1.57
4th pc 3.73 0.07 1.25 0.15 2.98 0.18 1.83 0.53
Total 97.25 99.99 98.60 99.99 96.36 99.96 98.46 99.87

Panel B: Maximum Explanatory Power (R?)

TIPS 100 100 78 31 100 100 91 74/59
Nominal 100 67 100 76 100 88/83 100 70/55
BE 100 19 70 100 100 77/70 87 100
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Table 3: Descriptive Quarterly Statistics of U.S. Government TIPS, Nominal Bond

Yields, Consumption Growth, and Inflation

“AR” refers to first-order autocorrelation. “BE” refers to the difference between nominal bond and TIPS yields
(breakeven rate). Statistics are quarterly (non-annualized). Yields are annualized. The regressions of yield changes
are on the the contemporaneous value and 3 quarterly lags of the macroeconomic variable (consumption growth or
inflation). Information for 2-year TIPS is only available since 2004.

1999:Q1 - 2008:Q3 2004:Q1 - 2008:Q3

Mean Std. Dev. AR Mean Std. Dev. AR
Macroeconomic Variables
Ac 0.36 0.37 0.61 0.24 0.38 0.71
0 0.78 0.32 0.18 0.93 0.31 -0.01
corr(Ac, ) -0.32 -0.50

TIPS Nominal BE TIPS Nominal BE
Correlations of Yields and Consumption Growth
3 months 0.46 0.46 0.34 0.33
2 years N.A. 0.51 N.A. -0.09 0.36 0.75
5 years 0.42 0.54 0.22 -0.04 0.36 0.75
10 years 0.42 0.51 0.05 -0.14 0.20 0.59
20 years 0.39 0.51 0.05 -0.46 0.31 0.61
Correlations of Yields and Inflation
3 months -0.24 -0.04 -0.50 -0.33
2 years N.A. -0.08 N.A. -0.30 -0.36 -0.12
5 years -0.34 -0.18 0.39 -0.35 -0.38 -0.10
10 years -0.37 -0.27 0.40 -0.33 -0.34 0.01
20 years -0.36 -0.37 0.14 -0.09 -0.25 -0.19
Regressions of Yield Changes on Consumption Growth (R?)
3 months 0.28 0.44 0.42 0.46
2 years N.A. 0.22 N.A. 0.30 0.29 0.50
5 years 0.01 0.14 0.32 0.25 0.21 0.49
10 years 0.01 0.11 0.31 0.24 0.23 0.44
20 years 0.03 0.13 0.22 0.22 0.18 0.43
Regressions of Yield Changes on Inflation (R?)
3 months 0.36 0.04 0.53 0.11
2 years N.A. 0.03 N.A. N.A. 0.02 0.30
5 years 0.18 0.06 0.19 0.21 0.01 0.24
10 years 0.15 0.07 0.18 0.20 0.02 0.19
20 years 0.19 0.05 0.20 0.23 0.01 0.19
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Table 4: Baseline Calibration Parameter Values

Parameter Description Value
Panel A: Preferences

153 Subjective discount factor 0.98675
P Inverse of elasticity of intertemporal substitution D
vy Risk aversion parameter 1000
w Inverse of Frisch labor elasticity 0.35
Panel B: Rigidities and Monopolistic Competition

« Price rigidity parameter 0.66
0 Elasticity of substitution of differentiated goods 6
Qa Wage rigidity parameter 0.78
0. Elasticity of substitution of labor types 4.47
Panel C: Interest Rate Rule

p Interest-rate smoothing coefficient in policy rule 0.725
7 Constant in the policy rule 0.1136
- Response to inflation in the policy rule 1.5
1z Response to output gap in the policy rule 0.125
Panel D: Policy and Productivity Shocks

Ou Autocorrelation of policy shock 0.145
0. X 102 Conditional vol. of policy shock 0.1955
O Autocorrelation of permanent productivity shock 0.231
o, X 102 Conditional vol. of permanent productivity shock 0.249
0. Autocorrelation of transitory productivity shock 0.9719
o, x 10? Conditional vol. of transitory productivity shock 0.133
Panel E: Growth Rates and Inflation Target

Go % 102 Unconditional Mean of Productivity Growth 0.4695
Gur X 102 Unconditional Mean of Inflation Target 8.47
Dr Autocorrelation of Inflation Target 0.9995
o % 10 Conditional vol. of Inflation Target 0.261
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Table 5: Data and Model-Implied Volatility Decomposition
The table reports quarterly standard deviations (in percentage) explained by policy and produc-
tivity shocks. The values for inflation and the nominal rate are annual rates. The data cover the
period 1982:Q1 to 2008:Q3 and are described in section 2. The variance decomposition for the
data is obtained from Altig, Christiano, Eichenbaum and Linde (2011). The variable ¢ is the
Hodrick-Prescott filtered series of consumption. The model parameter values are reported in table

4.

Total Volatility Explained by Shock
Volatility Data Model
Data Policy Productivity Policy Productivity
It 2.592 0.968 0.368 0.968 0.368
e 1.360 0.304 0.472 0.304 0.352
Ct 0.760 0.170 0.215 0.170 0.216
Acy 0.373 - - 0.143 0.340

Table 6: Data and Model-Implied Statistics
The table reports quarterly data and model-implied statistics of selected variables. The values
for inflation and the nominal rate are annual rates. Means and standard deviations are reported
in percentage terms. The quarterly data cover the period 1982:Q1 to 2008:Q3 and are described
in section 2. The operators E[-], o(-), and AR(-) denote the unconditional mean, volatility, and
first-order autocorrelation, respectively. The variable ¢; is the Hodrick-Prescott filtered series of
consumption. The model parameter values are reported in table 4.

Data Model
E[Ac] 0.469 0.469
E[x] 3.263 3.258
o(¢) 0.763 0.399
o(Ac) 0.373 0.369
o(m) 1.360 1.364
corr(Ac, ) —0.141 —0.109
AR(Ac) 0.400 —0.013
E[4] 5.043 5.043
E[i(20 — 4] 1.400 1.364
o (1) 2.592 1.648
o (i) Jo(i) 1.044 0.805
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Table 7: Model-Implied Summary Statistics for Different Rigidity Specifications
The table reports quarterly model-implied statistics of selected variables. The values for inflation
and the nominal rate are annual rates. Means and standard deviations are reported in percentage
terms. The baseline parameter values are presented in table 4. “Baseline” indicates an economy
with both price and wage rigidities and all four exogenous shocks. “No Rig.” indicates no price
and wage rigidities (o« = a,, = 0). “Only WR” indicates no price rigidities (o = 0). “Only PR”
indicates no wage rigidities (a,,=0). The operators E[-], o(-), and AR(-) denote the unconditional
mean, volatility, and first-order autocorrelation, respectively. 7T P?% and nRP?" are the 5-year
real and inflation risk premia, respectively.

(1) ®) (3) (4)
Baseline No Rig. Only WR Only PR
E[Ac] 0.47 0.47 0.47 0.47
E[r] 3.26 3.26 3.28 3.30
o(z) 0.35 0.00 0.32 0.12
o(Ac) 0.37 0.26 0.40 0.33
o(r) 1.36 2.79 1.61 1.31
corr(Ac, ) -0.11 0.38 -0.41 0.26
AR(Ac -0.01 0.23 -0.04 -0.01
E[r] 1.19 5.84 -0.61 2.47
E[r® — 7] 0.64 -4.46 2.59 -0.90
E[i] 5.04 5.05 5.03 5.04
E[i(20) — 4] 1.36 -1.98 2.50 -0.66
o(r) 1.22 1.18 1.22 1.03
a(r@)/o(r) 0.16 0.08 0.15 0.12
o (i) 1.65 1.15 1.58 1.17
a(i?9) /o (i) 0.79 0.87 0.80 0.85
o(r)/o(i) 0.74 1.03 0.77 0.88
E[rT P20 1.32 -1.57 2.27 -0.48
E[r RP®0)] 0.96 -4.74 3.07 -1.01
corr(ret™®  ret®®) 0.95 0.67 0.85 0.71
corr(ret®) ret(20)) 0.86 0.69 0.82 0.63
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Table 8: Model-Implied Summary Statistics for Different Shock Specifications
The table reports quarterly model-implied statistics of selected variables. The values for inflation
and the nominal rate are annual rates. Means and standard deviations are reported in percentage
terms. The baseline parameter values are presented in table 4. “Baseline” indicates an economy
with both price and wage rigidities and all four exogenous shocks. “Only AP” indicates only per-
manent productivity shocks (o, = o, = o« = 0). “Only Z” indicates only transitory productivity
shocks (0, = 0, = o+ = 0). “Only u” indicates only policy shocks (o, = 0, = o+ = 0). “Only
7" indicates only shocks to the inflation target (o, = 0. = 0, = 0). The operators E[-], o(-),
and AR(+) denote the unconditional mean, volatility, and first-order autocorrelation, respectively.
rT P2 and 7RP®?Y are the 5-year real and inflation risk premia, respectively.

(1) (2) (3) (4) ()

Baseline Only AP Only Z Only u Only 7*
E[Ad] 0.47 0.47 0.47 0.47 0.47
E[r] 3.26 3.27 3.19 3.21 3.20
o(z) 0.35 0.10 0.02 0.17 0.09
o(Ac) 0.37 0.34 0.04 0.14 1.8x1073
o () 1.36 0.22 0.22 0.31 1.08
corr(Ac, ) -0.11 -0.80 -0.59 0.24 -0.03
AR(Ac -0.01 0.01 0.06 -0.14 0.30
E[r] 1.19 1.21 1.88 1.87 1.88
E[r0 — 7] 0.64 0.61 -1x10~* 7.1x1073 -4x10~*
E[4] 5.04 5.04 5.07 5.08 5.08
E[i2) — 4] 1.36 1.21 2x1074 7.8%x1073 -3x1074
o(r) 1.22 0.13 0.12 1.21 0.03
a(r@)/o(r) 0.16 0.24 0.59 0.14 0.13
o (i) 1.65 0.17 0.25 0.96 1.08
o (i?9) /o (i) 0.79 0.22 0.66 0.13 1.00
o(r)/o(i) 0.74 0.75 0.48 1.25 0.03
E[rT P 0.96 0.88 7x107* 0.02 0.00
E[rRP?)] 1.32 1.17 6x1074 -3x 1074 1x107*
corr(ret™® ret$(*)) 0.95 0.69 0.66 0.99 -0.42
corr(ret??) ret®(20)) 0.86 0.96 0.98 0.99 -0.84
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Table 9: Model-Implied Summary Statistics for Different Monetary Policy Specifica-
tions

The table reports quarterly model-implied statistics of selected variables. The values for inflation
and the nominal rate are annual rates. Means and standard deviations are reported in percentage
terms. The baseline parameter values are presented in table 4. “Baseline” indicates an economy
with both price and wage rigidities and all four exogenous shocks. The operators E[], o(-),
and AR(-) denote the unconditional mean, volatility, and first-order autocorrelation, respectively.
rTP®? and mnRP®" are the 5-year real and inflation risk premia, respectively. The baseline
interest rule parameters are 1, = 1.5, 7, = 0.125, p = 0.725, and ¢~ = 0.9995.

(1) (2) (3) (4) (5)

Baseline 1. = 1.7 1, = 0.25 p =028 O = 0.9
E[Ad] 0.47 0.47 0.47 0.47 0.47
E[7] 3.26 3.29 3.22 3.29 3.23
o(z) 0.35 0.22 0.28 0.23 0.20
a(Ac) 0.37 0.37 0.36 0.38 0.37
o(r) 1.36 0.97 1.47 0.85 0.47
corr(Ac, ) -0.11 -0.16 -0.10 -0.15 -0.32
AR(Ac -0.01 -0.01 -0.01 -0.02 -0.01
E[r] 1.19 1.13 1.24 1.17 1.19
E[r®9 — 7] 0.64 0.88 0.45 0.92 0.65
E[4] 5.04 5.03 5.04 5.05 5.02
E[i20) — 4] 1.36 1.52 1.22 1.39 1.35
a(r) 1.22 1.19 1.18 1.31 1.22
a(r@)/o(r) 0.16 0.15 0.15 0.16 0.16
o (i) 1.65 1.32 1.72 1.21 1.04
a(i®9) /o (i) 0.79 0.68 0.83 0.59 0.27
o(r)/o(i) 0.74 0.90 0.68 1.09 1.18
E[rT P 1.32 1.25 0.73 1.32 1.30
E[r RP®0)] 0.96 1.24 1.34 1.07 0.97
corr(ret™ ret$*) 0.95 0.95 0.95 0.94 0.95
corr(ret?) ret(20)) 0.86 0.91 0.85 0.89 0.90
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Figure 1: Impulse responses to a one-standard deviation negative permanent productivity shock
for different variables. The baseline parameter values are presented in table 4. The responses for
inflation, the one-quarter nominal and real rates, and the five-year nominal and real spreads are
reported in annual rates.
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Figure 2: Impulse responses to a one-standard deviation negative transitory productivity shock
for different variables. The baseline parameter values are presented in table 4. The responses for
inflation, the one-quarter nominal and real rates, and the five-year nominal and real spreads are
reported in annual rates.
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Figure 3: Impulse responses to a one-standard deviation positive policy shock for different vari-
ables. The baseline parameter values are presented in table 4. The responses for inflation, the
one-quarter nominal and real rates, and the five-year nominal and real spreads are reported in

annual rates.
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Figure 4: Impulse responses to a one-standard deviation positive inflation target shock for different
variables. The baseline parameter values are presented in table 4. The responses for inflation, the
one-quarter nominal and real rates, and the five-year nominal and real spreads are reported in
annual rates.
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