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Abstract

We estimate a monetary business cycle model on post-war U.S. data. We first show
that an i.i.d. shock to the labor market is better interpreted as measurement error, while
a persistent labor market shock is the main driver of hours. We then study the behavior
of the potential level of output and the output gap, and show that the estimated gap is
very sensitive to the structural interpretation of the persistent labor market shock: two
observationally equivalent interpretations of the model generate very different behavior
of the output gap, and therefore have very different implications for the welfare costs
of business cycles and the design of optimal monetary policy. Finally, we demonstrate
that the dynamics of the output gap are closely related to the dynamics of hours and
the “labor wedge,” that is, the wedge between consumers’ marginal rate of substitution
between leisure and consumption and firms’ marginal product of labor. We conclude that
the interpretation of labor market fluctuations is crucial when using models in this class
for welfare analysis or to design optimal monetary policy.
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1 Introduction

The real business cycle literature (for example, Kydland and Prescott (1982); Long and
Plosser (1983); King, Plosser, and Rebelo (1988)) demonstrated that business cycle fluctua-
tions are not all inefficient. On the contrary, a large part of fluctuations may well be driven
by the efficient responses of firms and households to exogenous shifts in technology and pref-
erences. This result greatly reduced the scope for economic policymakers to dampen business
cycle fluctuations, at least in theory.

Modern monetary business cycle models (starting with Yun (1996); Goodfriend and King
(1997); and Rotemberg and Woodford (1997)) extend the real business cycle framework to
include imperfect competition and nominal rigidities. These models typically imply that
economic policy should counteract fluctuations due to nominal rigidities, but accommodate
fluctuations due to shifts in real factors (for example, technology and preferences). In other
words, optimal policy should act to make the real economy mimic the RBC model at the core
of the monetary model (Goodfriend and King (1997)).

Recent developments of the monetary business cycle model have demonstrated that
medium-sized versions of the model that incorporate more frictions and shocks are able to
well match the behavior of aggregate macroeconomic variables (Smets and Wouters (2007)).
These models are now in use at many central banks for policy simulations and forecasting.
A strength of these models relative to traditional macroeconometric frameworks previously
used at central banks is that they are based on the optimizing behavior of private agents, and
therefore in principle can be used to quantify the welfare consequences of alternative poli-
cies. In particular, such models can be used to estimate the degree to which business cycle
fluctuations are efficient and therefore advice policymakers about the appropriate response
to such fluctuations.

Recently, much work has been aimed at estimating potential output, that is, the level of
output that would appear in an allocation without nominal rigidities and where the degree
of imperfect competition is constant.1 This is also the level of output towards which optimal
monetary policy should try to steer the economy in order to maximize household welfare.2

Central banks in many countries also use these estimates to inform their policy decisions.
A related strand of the literature studies the wedge between consumers’ marginal rate

of substitution and firms’ marginal product of labor, what Chari, Kehoe, and McGrattan
(2007) call the “labor wedge.” For instance, Hall (1997), Gaĺı, Gertler, and López-Salido
(2007), and Shimer (2009) all measure this wedge using small structural models. They show
that the wedge is procyclical, so the marginal rate of substitution tends to increase relative
to the marginal product of labor in expansions and fall in recessions. They also discuss
the possible determinants of this wedge, for instance, exogenous shocks to the marginal rate

1The potential level of output is thus at a constant difference from the efficient level of output, which is the
allocation with perfect competition, the distance being determined by average wage and price markups. The
actual level of output is affected also by exogenous shocks to price and wage markups that affect the degree
of imperfect competition.

2See, for instance, Neiss and Nelson (2003), (2005), Edge, Kiley, and Laforte (2008), Sala, Söderström,
and Trigari (2008), Justiniano and Primiceri (2008), Basu and Fernald (2009), or Coenen, Smets, and Vetlov
(2009).
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of substitution, shocks to the markup of wages over the marginal rate of substitution, or
endogenous movements in markups generated by wage and price rigidities.

We bring these two strands of the literature together, using a monetary business cycle
model with imperfect competition and nominal rigidities estimated on U.S. data. We do this
in three steps. First, to study the role of labor market shocks for business cycle fluctuations,
we estimate two versions of the model that differ with respect to the specification of shocks to
the labor market. The first model has only a persistent labor market shock, while the second
also has an i.i.d. shock in the labor market. Either of these shocks could be interpreted as
a shock to the markup of wages over the marginal rate of substitution, or as a shock to
consumers’ disutility of supplying labor, but for our estimation the exact interpretation is
not important. Allowing for measurement errors in wages and prices, following Justiniano
and Primiceri (2008), the i.i.d. labor market shock (as well as a shock to the price markup)
obtains a posterior variance of zero. Thus, the estimation procedure prefers to interpret these
shocks as a measurement error. The persistent labor market shock, on the other hand, is
the main driver of hours, but is not important in explaining the behavior of output, which is
mainly driven by non-stationary technology shocks.

Second, we study the behavior of the potential level of output and the output gap. We
contrast two alternative measures of potential output that differ in the way they treat the
current state of the economy. The first measure, advocated by Neiss and Nelson (2003),
uses state variables in the hypothetical allocation where prices and wages have been flexible
forever. The second measure, suggested by Woodford (2003) instead relies on the actual
values of the state variables, relating to an allocation where prices and wages unexpectedly
become flexible today and are expected to remain flexible in the future. Following Adolfson,
Laséen, Lindé, and Svensson (2008) we call the first measure the “unconditional potential
output,” and the second measure “conditional potential output.”

We show that the two measures of the output gap are closely correlated, and differ mainly
in their quantitative implications. On the other hand, the interpretation of the persistent
labor market shock has important implications for the estimates of potential output and
the output gap. When we interpret this shock as a disturbance to the wage markup, the
output gap is closely related to the U.S. business cycle dated by the NBER. If we instead
interpret the shock as a disturbance to the disutility of supplying labor, the output gap is
more stable and less closely related to the business cycle. As is well known,3 the two shocks
are observationally equivalent in the model, but have different implications for the welfare
costs of business cycles and the design of optimal monetary policy, which should lean against
wage markup shocks but accommodate labor disutility shocks. We quantify the implications
for the output gap in our estimated model.

The differences between the model interpretations depend largely on how they interpret
fluctuations in hours over the business cycle. In the final part of the paper, we therefore
compare our estimated output gaps to the labor wedge, which is a measure of inefficiency
directly related to the labor market. We find that this wedge is approximately proportional
to the output gap, independently of how we interpret the labor market shock, and that

3See, for example, Smets and Wouters (2007) or Chari, Kehoe, and McGrattan (2009).
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movements in the wedge are mainly driven by movements in the marginal rate of substitution,
and therefore the markup of wages over the marginal rate of substitution.

Our results give rise to two different conclusions. A pessimistic conclusion, in line with
Chari, Kehoe, and McGrattan (2009), is that models in this class are not reliable for normative
issues, such as estimates of potential output or the labor wedge, welfare analysis, or the design
of optimal policy. A more positive conclusion comes from the importance of the labor market
for the output gap. A key issue is whether movements in hours over the business cycle are the
result of the efficient adjustment of households and firms in the face of shocks to technology
or preferences, or due to inefficiencies in the economy, such as imperfect competition or price
and wage rigidities. A better understanding of labor market dynamics thus seems imperative
in order to use models in this class to answer normative questions.

Our paper is organized as follows. We develop our model in Section 2. We then discuss
our estimation technique and the empirical results in Section 3. In Section 4 we present our
evidence on potential output and the output gap, and we relate these concepts to the labor
wedge in Section 5. Finally, we discuss the robustness of our results in Section 6 before we
conclude in Section 7.

2 A benchmark model

Our model is a monetary Dynamic Stochastic General Equilibrium (DSGE) framework, and
is similar to many models used in the literature. This particular specification builds closely
on Smets and Wouters (2007) and Justiniano, Primiceri, and Tambalotti (2010). The model
consists of five sectors: households, a competitive final goods sector, a monopolistically com-
petitive intermediate goods sector, employment agencies, and a government sector. The
model features habit formation, investment adjustment costs, variable capital utilization,
monopolistic competition in goods and labor markets, and nominal price and wage rigidities.
The model also includes growth in the form of a non-stationary technology shock, as in Altig,
Christiano, Eichenbaum, and Lindé (2005).

2.1 Households

The model is populated by a continuum of households, indexed by j ∈ [0, 1]. Each household
consumes final goods, supplies a specific type of labor to intermediate goods firms via em-
ployment agencies, saves in one-period nominal government bonds, and accumulates physical
capital through investment. It transforms physical capital to effective capital by choosing the
capital utilization rate, and then rents the effective capital to intermediate goods firms.

Household j chooses consumption Ct(j), labor supply Lt(j), bond holdings Bt(j), the rate
of capital utilization νt, investment It, and physical capital K̄t to maximize the intertemporal
utility function

Et

{ ∞∑
s=0

βsεbt+s

[
log (Ct+s(j)− hCt+s−1(j))− εlt+s

Lt+s(j)1+ω

1 + ω

]}
, (1)

where β is a discount factor, h measures the degree of habits in consumption, ω is the inverse
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Frisch elasticity of labor supply, εbt is an intertemporal preference shock, and εlt is a shock to
the disutility of supplying labor. The intertemporal preference shock has mean unity and is
assumed to follow the autoregressive process

log εbt = ρb log εbt−1 + ζbt , ζbt ∼ i.i.d. N(0, σ2
b), (2)

while we explore different processes for the labor disutility shock in the estimated model in
Section 3 below.

The capital utilization rate νt transforms physical capital K̄t into efficient capital Kt

according to

Kt = νtK̄t−1, (3)

and the efficient capital is rented to intermediate goods firms at the nominal rental rate Rkt .
The cost of capital utilization per unit of physical capital is given by A(νt), and we assume
that νt = 1 in steady state, A(1) = 0, and A′(1)/A′′(1) = ην , as in Christiano, Eichenbaum,
and Evans (2005) and others.

Physical capital accumulates according to

K̄t = (1− δ)K̄t−1 + εit

[
1− S

(
It
It−1

)]
It, (4)

where δ is the depreciation rate of capital, εit is an investment-specific technology shock with
mean unity, and S(·) is an adjustment cost function which satisfies S (γz) = S ′ (γz) = 0
and S ′′ (γz) = ηk > 0, where γz is the steady-state growth rate. The investment-specific
technology shock follows the process

log εit = ρi log εit−1 + ζit, ζit ∼ i.i.d. N(0, σ2
i ). (5)

Let Pt be the nominal price level, Rt the one-period nominal (gross) interest rate, At(j) the
net returns from a portfolio of state-contingent securities, Wt the nominal wage, Πt nominal
lump-sum profits from ownership of firms, and Tt nominal lump-sum transfers. Household
j’s budget constraint is then given by

PtCt+PtIt+Bt = Tt+Rt−1Bt−1 +At(j)+Πt+Wt(j)Lt(j)+rkt νtK̄t−1−PtA (νt) K̄t−1. (6)

Assuming that households have access to a complete set of state-contingent securities, con-
sumption and asset holdings are the same for all households. The households’ first-order
conditions for consumption, bond holdings, investment, physical capital, and efficient capital
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are then given by

Λt =
εbt

Ct − hCt−1
− βhEt

{
εbt+1

Ct+1 − hCt

}
, (7)

Λt = βRtEt

{
Λt+1

Pt
Pt+1

}
, (8)

1 = Qtε
i
t

[
1− S

(
It
It−1

)
− It
It−1
S ′
(

It
It−1

)]
+ βEt

{
Λt+1

Λt
Qt+1ε

i
t+1

(
It+1

It

)2

S ′
(
It+1

It

)}
,

(9)

Qt = βEt

{
Λt+1

Λt

[
Rkt+1

Pt+1
νt+1 −A (νt+1) + (1− δ)Qt+1

]}
, (10)

Rkt = PtA′ (νt) , (11)

where Λt is the marginal utility of consumption and Qt is Tobin’s Q, that is, the marginal
value of capital relative to consumption.

2.2 Final goods producing firms

A perfectly competitive sector combines a continuum of intermediate goods Yt(i) indexed by
i ∈ [0, 1] into a final consumption good Yt according to the production function

Yt =
[∫ 1

0
Yt(i)1/ε

p
t di

]εpt
, (12)

where εpt is a time-varying measure of substitutability across differentiated intermediate
goods. This substitutability implies a time-varying (gross) markup of price over marginal
cost equal to εpt that is assumed to follow the process

log εpt =
(
1− ρp

)
log εp + ρp log εpt−1 + ζpt , ζpt ∼ i.i.d. N(0, σ2

p), (13)

where εp is the steady-state price markup.
Profit maximization by final goods producing firms yields the set of demand equations

Yt(i) =
[
Pt(i)
Pt

]−εpt /(εpt−1)

Yt, (14)

where Pt(i) is the price of intermediate good i and Pt is an aggregate price index given by

Pt =
[∫ 1

0
Pt(i)1/(ε

p
t−1)di

]εpt−1

. (15)

2.3 Intermediate goods producing firms

Each firm in the intermediate goods sector produces a differentiated intermediate good i

using capital and labor inputs according to the production function

Yt(i) = max
{
Kt(i)α [ZtLt(i)]

1−α − ZtF, 0
}
, (16)
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where α is the capital share, Zt is a labor-augmenting productivity factor, whose growth
rate εzt = Zt/Zt−1 follows a stationary exogenous process with steady-state value εz which
corresponds to the economy’s steady-state (gross) growth rate γz, and F is a fixed cost that
ensures that profits are zero. The rate of technology growth is assumed to follow

log εzt = (1− ρz) log εz + ρz log εzt−1 + ζzt , ζzt ∼ i.i.d. N(0, σ2
z). (17)

Thus, technology is non-stationary in levels but stationary in growth rates, following Altig,
Christiano, Eichenbaum, and Lindé (2005). We assume that capital is perfectly mobile across
firms and that there is a competitive rental market for capital.

Cost minimization implies that nominal marginal cost MCt is determined by

MCt(i) =
Wt

(1− α)Z1−α
t (Lt(i)/Kt(i))

−α (18)

and

MCt(i) =
rkt

αZ1−α
t (Kt(i)/Lt(i))

α−1 , (19)

so nominal marginal cost is common across firms and given by

MCt =
[
αα (1− α)1−α

]−1
(Wt/Zt)

1−α
(
rkt

)α
. (20)

Prices of intermediate goods are set in a staggered fashion, following Calvo (1983). Thus,
only a fraction 1 − θp of firms are able to reoptimize their price in any given period. The
remaining fraction are assumed to index their price to a combination of past inflation and
steady-state inflation according to the rule

Pt(i) = Pt−1(i)π
γp
t−1π

1−γp , (21)

where πt = Pt/Pt−1 is the gross rate of inflation with steady-state value π and γp ∈ [0, 1].
If the indexation parameter γp is equal to zero, firms index fully to steady-state inflation,
as in Yun (1996), while if γp = 1, firms index fully to lagged inflation, as in Christiano,
Eichenbaum, and Evans (2005). Firms that are able to set their price optimally instead
choose their price Pt(i) to maximize the present value of future profits over the expected
life-time of the price contract:

Et

{ ∞∑
s=0

(βθp)
s Λt+s

Λt

{
Πt,t+sPt(i)Yt+s(i)−Wt+sLt+s(i)−Rkt+sKt+s(i)

}}
, (22)

where

Πt,t+s =

 1 for s = 0,∏s
k=1 π

γp
t+k−1π

1−γp for s ≥ 1.
, (23)

subject to the demand from final goods producing firms in equation (14),
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As all firms changing their price at time t face the same problem, they all set the same
optimal price P ∗t . The first-order condition associated with their maximization problem is

Et

{ ∞∑
s=0

(βθp)
s

[
Λt+s
Λt

Yt,t+s
(
Πt,t+sP

∗
t − ε

p
t+sMCt+s

)]}
= 0, (24)

where Yt,t+s is demand facing the firm at time t, given the price P ∗t . In the limiting case of
full price flexibility (θp = 0) the optimal price is

P ∗t = εptMCt, (25)

that is, a markup on nominal marginal cost. With staggered price setting, the price index Pt
evolves according to

Pt =
[
(1− θp) (P ∗t )1/(ε

p
t−1) + θp

(
π
γp
t−1π

1−γpPt−1

)1/(εpt−1)
]εpt−1

. (26)

2.4 The labor market

As in Erceg, Henderson, and Levin (2000), each household is a monopolistic supplier of
specialized labor Lt(j), which is combined by perfectly competitive employment agencies
into labor services Lt according to

Lt =
[∫ 1

0
Lt(j)1/ε

w
t dj

]εwt
, (27)

where εwt is a time-varying measure of substitutability across labor varieties that translates
into a time-varying (gross) markup of wages over the marginal rate of substitution between
consumption and leisure. As for the labor disutility shock, we will explore different stochastic
processes for the wage markup shock below.

Profit maximization by employment agencies yields the set of demand equations

Lt(j) =
[
Wt(j)
Wt

]−εwt /(εwt −1)

Lt, (28)

for each j, where Wt(j) is the wage received from employment agencies by the household
supplying labor variety j, and Wt is the aggregate wage index given by

Wt =
[∫ 1

0
Wt(j)1/(ε

w
t −1)dj

]εwt −1

. (29)

In any given period, a fraction 1− θw of households are able to set their wage optimally.
Similar to the price indexation scheme, the remaining fraction indexes their wage to the
steady-state growth rate γz and a combination of past inflation and steady-state inflation
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according to4

Wt(j) = Wt−1(j)γzπ
γw
t−1π

1−γw . (30)

The optimizing households choose the wage to maximize

Et

{ ∞∑
s=0

(βθw)s
[
Λt+s

Wt(j)
Pt+s

Lt+s(j)− εbt+sεlt+s
Lt+s(j)1+ω

1 + ω

]}
, (31)

subject to the labor demand equation (28). All optimizing households then set the same
optimal wage W ∗t to satisfy the first-order condition

Et

{ ∞∑
s=0

(βθw)s Λt+sLt,t+s

[
Πw
t,t+s

W ∗t
Pt+s

− εwt+sεbt+sεlt+s
Lωt,t+s
Λt+s

]}
= 0, (32)

where Lt,t+s is labor demand facing the household at time t given the wage W ∗t , and

Πw
t,t+s =

 1 for s = 0,∏s
k=1 γzπ

γw
t+k−1π

1−γw for s ≥ 1.
(33)

The limiting case of full wage flexibility (θw = 0) implies that

W ∗t
Pt

= εwt ε
b
tε
l
t

Lωt
Λt
, (34)

so the real wage is set as a markup over the marginal rate of substitution. With staggered
wages, the aggregate wage index Wt evolves according to

Wt =
[
(1− θw) (W ∗t )1/(ε

w
t −1) + θw

(
γzπ

γw
t−1π

1−γwWt−1

)1/(εwt −1)
]εwt −1

. (35)

2.5 Government

The government sets public spending Gt according to

Gt =
[
1− 1

εgt

]
Yt, (36)

where εgt is a spending shock with mean unity that follows the process

log εgt = ρg log εgt−1 + ζgt , ζgt ∼ i.i.d. N(0, σ2
g). (37)

The nominal interest rate Rt is set using the monetary policy rule

Rt
R

=
(
Rt−1

R

)ρs [(πt
π∗t

)rπ (∆ log Yt
γz

)ry]1−ρs
εrt , (38)

4Justiniano, Primiceri, and Tambalotti (2010) and Justiniano and Primiceri (2008) assume that wages are
partly indexed to past nominal productivity growth πt−1ε

z
t−1 and partly to the nominal steady-state growth

rate πγz. Our specification instead follows Smets and Wouters (2007).
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where π∗t is a time-varying target for inflation, which follows

log π∗t = (1− ρ∗) log π + ρ∗ log π∗t−1 + ζ∗t , ζ∗t ∼ i.i.d. N(0, σ2
∗). (39)

and εrt is a monetary policy shock which is i.i.d. (in logarithms) with mean unity and variance
σ2
r . Thus the monetary policy rule is affected by two different shock processes: one persistent

and one i.i.d. Although we will call the persistent shock an “inflation target shock,” it could
in principle represent any persistent deviation from the monetary policy rule, such as errors
in the perception of the long-run growth rate γz.

We specify the monetary policy rule in terms of output growth rather than the output
gap, defined as the deviation of output from potential. Thus, we implicitly assume that
the central bank either is unable to observe potential output or is unwilling to let monetary
policy depend on its estimate of potential output. As a consequence, our estimates of the
benchmark model are independent of the evolution of potential output.5

2.6 Market clearing

Finally, to close the model, the resource constraint implies that output is equal to the sum
of consumption, investment, government spending, and the capital utilization costs:

Yt = Ct + It +Gt +A (νt) K̄t−1. (40)

2.7 Model summary

The complete model consists of 17 endogenous variables determined by 17 equations: the
capital utilization equation (3), the capital accumulation equation (4), the households’ first-
order conditions (7)–(11), the production function (16), the marginal cost equations (18)–(19),
the optimal price and wage setting equations (24) and (32), the aggregate price and wage
indices (26) and (35), the rules for government spending and monetary policy in (36) and (38),
and the resource constraint (40). In addition there are nine exogenous shocks: to household
preferences εbt , the disutility of labor εlt, labor-augmenting technology εzt , investment-specific
technology εit, government spending εgt , the price and wage markups εpt and εwt , the inflation
target π∗t , and monetary policy εrt .

Output, the capital stock, investment, consumption, government spending, and the real
wage all share the common stochastic trend introduced by the non-stationary technology
shock εzt . Therefore, the model is rewritten on stationary form by normalizing these variables
by the non-stationary technology shock, and then log-linearized around its steady state. The
stationary model, the steady state, and the log-linearized model are shown in Appendix A.6

5Justiniano and Primiceri (2008) specify the monetary policy rule in terms the four-quarter growth rate
of output and the four-quarter inflation rate. Smets and Wouters (2007) and Justiniano, Primiceri, and
Tambalotti (2010) use a rule with the deviation of quarterly inflation from a constant inflation target, the
level and first difference of the output gap, and an AR(1) monetary policy shock.

6In addition, we supplement the log-linearized model with a block of equations that determines the alloca-
tion with flexible prices and wages. While this block is not used when estimating the model, it is useful when
constructing different measures of potential output in Section 4.
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3 Estimation

3.1 Data and estimation technique

We estimate the log-linearized version of the model using quarterly U.S. data from 1960Q1 to
2009Q3 for seven variables: (1) output growth: the quarterly growth rate of per capita real
GDP; (2) investment growth: the quarterly growth rate of per capita real private investment
plus real personal consumption expenditures of durable goods; (3) consumption growth: the
quarterly growth rate of per capita real personal consumption expenditures of services and
nondurable goods; (4) real wage growth: the quarterly growth rate of real compensation per
hour; (5) employment: hours of all persons divided by population; (6) inflation: the quarterly
growth rate of the GDP deflator; and (7) the nominal interest rate: the quarterly average of
the federal funds rate. Many of our results will be driven by the behavior of hours over the
business cycle. We use data on hours from Francis and Ramey (2009) that refer to the total
economy and are adjusted for low-frequency movements due to sectoral shifts and changes
in demographics. These data therefore display less low-frequency behavior than unadjusted
data. Data definitions and sources are available in Appendix B.

We estimate the model using Bayesian likelihood-based methods (see An and Schorfheide
(2007) for an overview). Letting θ denote the vector of structural parameters to be estimated
and Y the data sample, we use the Kalman filter to calculate the likelihood L(θ,Y), and
then combine the likelihood function with a prior distribution of the parameters to be esti-
mated, p(θ), to obtain the posterior distribution, L(θ,Y)p(θ). We use numerical routines to
maximize the value of the posterior, and then generate draws from the posterior distribution
using the Random-Walk Metropolis-Hastings algorithm.

We use growth rates for the non-stationary variables in our data set (output, consumption,
investment, and the real wage, which are non-stationary also in the theoretical model) and
we write the measurement equation of the Kalman filter to match the seven observable series
with their model counterparts. Thus, the state-space form of the model is characterized by
the state equation

Xt = A(θ)Xt−1 + B(θ)εt, εt ∼ i.i.d. N(0,Σε), (41)

where Xt is a vector of endogenous variables, εt is a vector of innovations, and θ is a vector
of parameters; and the measurement equation

Yt = C(θ) + DXt + ηt, ηt ∼ i.i.d. N(0,Ση), (42)

where Yt is a vector of observable variables, that is,

Yt = 100 [∆ log Yt, ∆ log It, ∆ logCt, ∆ logWt, logLt, log πt, logRt] , (43)

and ηt is a vector of measurement errors, to be specified below.
The model contains 18 structural parameters, not including the parameters that char-

acterize the exogenous shocks and measurement errors. We calibrate four parameters using
standard values: the discount factor β is set to 0.99, the capital depreciation rate δ to 0.025,
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the capital share α in the Cobb-Douglas production function is set to 0.33, and the average
ratio of government spending to output G/Y to 0.2.

We estimate the remaining 14 structural parameters: the steady-state growth rate, γz;
the elasticity of the utilization rate to the rental rate of capital, ην ;7 the elasticity of the
investment adjustment cost function, ηk; the habit parameter h and the labor supply elasticity
ω; the steady-state wage and price εw and εp; the wage and price rigidity parameters θw and
θp; the wage and price indexing parameters γw and γp; and the monetary policy parameters
rπ, ry, and ρs. In addition, we estimate the autoregressive parameters of the exogenous
disturbances, as well as the standard deviations of the innovations and measurement errors.

3.2 Labor market shocks

In the log-linearized model the two labor market shocks—the shock to the disutility of labor
εlt and the wage markup shock εwt —only enter the wage equation, and in exactly the same
fashion. Letting x̂t denote the log deviation of any variable xt from its steady state x, the
log-linearized wage equation is given by

ŵt = γb [ŵt−1 − π̂t + γwπ̂t−1 − ε̂zt ] + γo

[
ωl̂t − λ̂t + ε̂bt + ε̂lt + ε̂wt

]
+γf

[
ŵt+1 + π̂t+1 − γwπ̂t + ε̂zt+1

]
, (44)

where γb, γo, and γf are convolutions of the structural parameters (see Appendix A). The real
wage is driven by movements in the marginal rate of substitution, given by ωl̂t− λ̂t + ε̂bt + ε̂lt,
adjusted for shocks to the wage markup, ε̂wt . Thus, in the log-linearized model the two shocks
are observationally equivalent, and if both shocks are present they can only be separately
identified if they are assumed to follow different stochastic processes.

We will estimate two versions of the model that differ in their assumptions about the
labor market shocks. In the first model, there is only one shock to the labor market, denoted
ε1,t, which follows the auto-regressive process

log ε1,t = (1− ρ1) log ε1 + ρ1 log ε1,t−1 + ζ1,t, ζ1,t ∼ i.i.d. N(0, σ2
1). (45)

In the second model, there is also a second shock, denoted ε2,t, which is assumed to be i.i.d.
normal:

log ε2,t = log ε2 + ζ2,t, ζ2,t ∼ i.i.d. N(0, σ2
2). (46)

For our estimation, the exact interpretation of these two shocks is not important. Each shock
could be interpreted as either a labor disutility shock or a wage markup shock. For normative
questions, however, the interpretation of the two shocks is important; we will explore different
interpretations in Section 4.8

7Following Smets and Wouters (2007), we define ψν such that ην = (1− ψν) /ψν and estimate ψν .

8Similar issues of interpretation also apply to the price markup shock, which can be interpreted as an
efficient relative-price shock to a flexible-price sector in a two-sector model. See Smets and Wouters (20xx)
[reference to be added].
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3.3 Priors

Before estimation we assign prior distributions to the parameters to be estimated. These are
summarized in Tables 1 and 2. Most of the priors are standard in the literature; see, for
example, Smets and Wouters (2007) and Justiniano, Primiceri, and Tambalotti (2010).

The prior distribution for the steady-state growth rate, γz is Normal with mean 1.004
and standard deviation 0.001. The prior mean is close to the average gross growth rate per
quarter over the sample period. The utilization rate elasticity ψν and the habit parameter
h are both assigned Beta priors with mean 0.5 and standard deviation 0.1; while the capital
adjustment cost elasticity ηk is assigned a Normal prior with mean 4 and standard deviation
1.5. The labor supply elasticity ω (the inverse of the Frisch elasticity) is given a Gamma
prior with mean 2 and standard deviation 0.75.

The two Calvo parameters for wage and price adjustment, θw and θp, are assigned Beta
priors with means 3/4 and 2/3, respectively, and standard deviation 0.1, while the indexation
parameters γw and γp are given Uniform priors over the unit interval. The two steady-state
wage and price markups are both given Normal priors centered around 1.15, with a standard
deviation of 0.05.

The coefficient rπ on inflation in the monetary policy rule is given a Normal prior with
mean 1.7 and standard deviation 0.3, while the coefficient ry on output growth is given a
Gamma prior with mean 0.125 and standard deviation 0.1. The coefficient on the lagged
interest rate, ρs, is assigned a Beta prior with mean 0.75 and a standard deviation of 0.1. All
these are broadly consistent with empirically estimated monetary policy rules.

All persistence parameters for the shocks are given Beta priors with mean 0.5 and standard
deviation 0.1. Finally, for the standard deviations of the shock innovations, we assign Gamma
priors. We use Gamma priors for the standard deviations instead of Inverse Gamma priors
as in Smets and Wouters (2007), Justiniano, Primiceri, and Tambalotti (2010) and others, in
order to allow for very small (or zero) standard deviations. The Inverse Gamma distribution,
by construction, puts no probability mass on zero, but we want to allow for the possibility
that some shocks have zero variance.

As is common in the literature, we normalize some of the shocks before estimation, in order
to better define a plausible range of variation. Two shocks—the investment-specific shock
εit and the preference shock εbt—are normalized to have a unitary contemporaneous impact
on the physical capital stock and consumption, respectively.9 The priors assigned to the
innovation standard deviations of these shocks (denoted σi and σb) are Gamma distributions
with mean 0.15 and standard deviation 1.0. The same prior is given to the innovation standard
deviations of the productivity growth rate, σz, government spending, σg, the inflation target,

9To be more precise, as shown in Appendix A, the log-linearized equation determining the accumulation
of physical capital is given by

̂̄kt =
1− δ

γz

[̂̄kt−1 − ε̂zt

]
+

(
1− 1− δ

γz

) [̂
it + ε̂it

]
.

Instead of estimating the stochastic process for the investment shock ε̂it, we define the shock ε̃it ≡
(1− (1− δ)/γz) ε̂

i
t, and estimate the properties of ε̃it, which has a unitary contemporaneous impact on the

physical capital stock ̂̄kt. The same normalization is used in other equations where the investment shock
enters. A similar normalization is applied to the preference shock εbt .
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σ∗, and the monetary policy shock, σr.
For the shock to the price markup and the two labor market shocks we follow a slightly

different strategy. A standard procedure is to normalize these to have a unit impact on
the rate of inflation and the real wage, respectively. However, the structural shocks have a
very small direct impact on inflation and the real wage. For instance, the direct impact of
the labor market shocks on the real wage in the log-linearized equation (44) is governed by
the coefficient γo, which is a function of four parameters: the discount factor β, the labor
supply elasticity ω, the Calvo wage parameter θw, and the steady-state wage markup εw.
Our calibration of β and our prior means for ω, θw, and εw imply a value for γo of 0.0026.
Normalizing the labor market shocks and using the same prior as for the other shock then
would imply a prior mean for the innovation standard deviations σ1 or σ2 of the structural
shock of close to 58 percent, Interpreting this shock as a wage markup shock with a mean
slightly above unity, such volatility is clearly excessive.

We instead choose the prior mean for the innovations to the price markup and the labor
market shocks based on a reasonable range of variation for the total price and wage markups.
The steady-state markups have a prior mean of 1.15. We set the prior mean of the markup
shock innovation to imply a two-standard deviation range of the total markup of [1.0, 1.3],
under the prior mean for the persistence of the markup shock, which is 0.5. This gives us a
prior mean for the standard deviation of 5.6 percent, and we set the prior standard deviation
also to 5.6, implying a fairly non-informative prior. We use this prior for the price markup
shock as well as for the two labor market shocks.

The existing literature has typically found considerably more volatility in the estimated
markup shocks than what is implied by our prior distributions.10 To capture this additional
volatility, we also allow for measurement errors in the real wage and inflation. The estimation
procedure will then choose the combination of shocks and measurement errors that best fits
the data. The measurement errors could be interpreted as proper errors in the measurement
of wages and prices, as in Justiniano and Primiceri (2008). Alternatively, the errors could
be interpreted as volatility in wages and inflation that cannot be explained by our model,
possibly due to model misspecification. The two measurement errors are assumed to be i.i.d.
normally distributed, and their standard deviations are assigned a Gamma prior with mean as
well as standard deviation equal to the standard deviation of real wage growth and inflation
in our sample period: 0.607 and 0.595, respectively.

All prior distributions are summarized in the third column of Tables 1 and 2.

3.4 Parameter estimates

Figure 1 shows the seven data series used for estimation. The four series expressed in quar-
terly growth rates—output, investment, consumption, and real wage—are clearly dominated
by high-frequency fluctuations. In contrast, the remaining three series that are expressed

10For example, the estimated posterior median of Smets and Wouters (2007) and Justiniano, Primiceri,
and Tambalotti (2010) imply an unconditional standard deviation of the wage markup shock around. . . [to be
completed]. Chari, Kehoe, and McGrattan (2009) criticize these estimated models for implying unrealistically
large markup volatility. Our procedure partly meets this criticism by reducing the posterior volatility of
markup shocks using a more reasonable prior distribution.
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in levels—hours, inflation, and the federal funds rate—all exhibit important low-frequency
movements. For inflation and the funds rate, these movements coincide with the great infla-
tion in the 1970s and the Volcker disinflation of the early 1980s. For hours worked, there is a
strong cyclical pattern that coincides with expansions and contractions in the U.S. economy.
There is also some low-frequency volatility left in hours, even if those related to sectoral shifts
and demographics have been removed by Francis and Ramey (2009). The behavior of hours
will play a key role in what follows.

Tables 1 and 2 show the mode and the 5th and 95th percentiles of the posterior distribution
in the version of the model with two labor market shocks.11 Two of the shocks in the model,
the price markup shock and the i.i.d. labor market shock, obtain a zero standard deviation,
while the measurement errors in wages and inflation are large relative to the overall volatility.
The estimation procedure thus prefers to interpret these shocks as measurement errors rather
than structural shocks. (The measurement error variances correspond to 68 percent of the
variance of wage growth and 13 percent of the variance in inflation.) This is in line with
Justiniano and Primiceri (2008), who show that i.i.d. shocks to the wage and price markups
explain only the fluctuations in wages and inflation, and argue that these shocks therefore
can be interpreted as measurement errors. However, our estimates gives an important role
to the persistent labor market shock. Thus, not all unexplained movements in wages are
interpreted as measurement errors, but there is a large persistent component that is better
interpreted as a structural shock.

As the i.i.d. labor market shock obtains a zero variance in the model with two shocks,
the model with one shocks yields parameter estimates that are identical with those reported
in Tables 1 and 2. As a consequence, we only report results from the second model.

3.5 Interpreting the U.S. business cycle

Figure 2 shows the estimated shock series over the sample period, obtained using the Kalman
smoother. There is some evidence of a “great moderation” in the shocks to technology growth,
preferences, and monetary policy, that seem to become less volatile after the mid-1980s. There
are also strong low-frequency components in several of the shock series.

The investment shock shows a peak in the early 1980s, and the inflation target has a
peak in the mid-1970s. These two peaks correspond to the behavior of the federal funds
rate and the rate of inflation. Thus, the model attributes much of the funds rate increase to
an investment-specific technology shock (that drove up the real interest rate) and the low-
frequency movements in inflation to persistent movements in the inflation target. Of course,
the inflation target shock could represent any low-frequency deviations from the benchmark
monetary policy rule, for instance, persistent errors in the estimated trend growth rate of
the economy. It does not necessarily correspond to the actual inflation target of the Federal
Reserve.

The exogenous process for government spending shows a strong negative trend over the
sample period. This trend is rather similar to the behavior of U.S. net exports (or the U.S.
current account), but also to the ratio of government spending to GDP. This is perhaps not

11[The posterior distribution remains to be added.]
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surprising, as government spending in our model picks up any deviation of GDP from the
sum of consumption and investment, and thus consists of both government spending and net
exports.

Finally, the persistent labor market shock shows a strong cyclical pattern over the sample
period that closely resembles the (inverted) movements in hours worked shown in Figure 1.
This pattern is explained by the weak correlation between hours (that are very volatile) and
the real wage (that is fairly stable). The driving force of the wage is the marginal rate of
substitution, which in turn is determined by hours, the marginal utility of consumption, and
the preference and labor market shocks, see equation (44). To reconcile the stable real wage
with the volatile hours, the labor market shock has to move to offset the movements in hours.
Since wages are also very sticky, the direct impact of the marginal rate of substitution on
the wage is small, so the labor market shock moves to offset hours over a longer horizon, and
therefore captures the behavior of hours over low and business-cycle frequencies. If wages
had been less sticky, then the shock would have offset also the high-frequency movements in
hours.

To better understand the behavior of the estimated model, Figures 3–5 show historical
decompositions of GDP growth, real wage growth, and hours worked, and Table 3 shows an
unconditional (long-run) variance decomposition of the seven variables in our data set.12 By
both metrics, output growth and real wage growth are driven almost entirely by the non-
stationary technology shock. This shock explains close to 70 percent of fluctuations in GDP
growth and 80 percent of fluctuations in real wage growth, and is also the main driver of
GDP and the real wage in our sample. The technology shock is also responsible for most
variability in investment growth, while the intertemporal preference shock is the main driver
of consumption growth.

Hours, on the other hand, are mainly driven by the persistent labor market shock. Thus,
while the introduction of measurement errors in the real wage removed the importance of the
i.i.d. labor market shock, persistent shocks to the labor market are still important to explain
the behavior of hours.13

4 Potential output and the output gap

One advantage of a fully specified structural model is that it can answer both positive and
normative questions about the economy. For instance, the model can be used to evaluate
whether fluctuations in economic activity are due to the efficient response of households and
firms to disturbances to preferences and technology, or the result of different distortions in
the economy, such as imperfect competition or price or wage rigidities. The model can then
also be used to study the optimal design of economic policy in the face of such fluctuations.

12[Add variance decompositions over business cycle frequencies.]

13In contrast to Justiniano, Primiceri, and Tambalotti (2010), the investment shock is not very important in
our model: it explains only 8 percent of the volatility in output, while in Justiniano, Primiceri, and Tambalotti
(2010) it explains 50 percent of the variance in output at business cycle frequencies. This is to a large extent
due to our specification of the prior distribution for the shocks and the inclusion of measurement errors. With
an inverse gamma prior instead of the gamma prior, the investment shock accounts for 25 percent of the
volatility in output, and without measurement errors, it accounts for 44 percent.
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For such purposes, however, one must take a stand on the interpretation of structural shocks.
Our model economy implies an efficient allocation where competition is perfect and there

are no price and wage rigidities. That is, markups are zero and prices and wages are flexible.
In this allocation all variables are at their efficient levels and fluctuate over time as agents
efficiently respond to structural disturbances to technology and preferences. This hypothetical
economy therefore is affected by five of our nine shocks: those to technology, investment,
consumer preferences, the disutility of labor, and government spending. We will label these
“efficient” shocks. The remaining four shocks—to the wage and price markups, monetary
policy, and the inflation target—are instead labelled “inefficient.”

Due to imperfect competition (and thus the presence of average wage and price markups),
the steady-state level of output in the efficient allocation is higher than in the model with
sticky wages and prices. For purposes of economic policy, and in particular monetary policy,
a more relevant concept is the “potential” level of output, defined as the allocation with
imperfect competition, flexible prices and wages, but constant markups, so there are no
shocks to wage and price markups.14 In the log-linearized model, this allocation has the
same average (steady-state) level of output as in the model with sticky wages and prices, so
any deviation between the actual and potential levels of output is zero in steady state. We
will study the properties of this output gap.

Following Woodford (2003) and Adolfson, Laséen, Lindé, and Svensson (2008), we dis-
tinguish between two different measures of potential output. The first is derived from the
allocation where prices and wages have been flexible forever, and thus uses the state vari-
ables from this allocation.15 We call this the “unconditional potential output.” The second
measure instead uses the state variables in the allocation with sticky prices and wages. This
measure, which we call “conditional potential output,” is taken from an allocation where
prices and wages have been sticky in the past, and then unexpectedly become flexible and
are expected to remain flexible in the future. While it is straightforward to derive the behav-
ior of the unconditional potential output by setting price and wage rigidities and inefficient
shocks to zero, the conditional potential output is more involved. Appendix C describes how
we calculate the conditional potential output from the solution of the model.

The existing literature focuses on the unconditional measure.16 Neiss and Nelson (2003)
motivate this choice by the fact that the conditional potential output depends not only on
the efficient shocks, but also on past shocks to monetary policy (and other inefficient shocks),
through their effect on the current state. Therefore, if monetary policy is set as a function
of the conditional output gap, a mistake in monetary policy today is not fully offset in the
future, as it has affected both actual and potential output, and therefore may have had a small
effect on the output gap. However, Woodford (2003) argues that the conditional potential

14This definition follows Woodford (2003). A closely related concept is the “natural” level of output, which
is the allocation with flexible prices and wages, but including exogenous shocks to price and wage markups.
See also Justiniano and Primiceri (2008).

15In our model, the state variables are the physical stock of capital, lagged consumption, and lagged invest-
ment.

16Examples include Neiss and Nelson (2003), (2005), Edge, Kiley, and Laforte (2008), Sala, Söderström,
and Trigari (2008), or Justiniano and Primiceri (2008). Coenen, Smets, and Vetlov (2009) instead focus on
the conditional measure.
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output is more closely related to the efficient level, which should depend on the current state
of the economy. In our model where monopolists’ profits are zero due to the fixed cost, there
is indeed a constant distance between the efficient and the conditional potential levels of
output. Another argument in favor of the conditional measure is that monetary policy that
is determined by the unconditional output gap depends not only on the current state of the
economy and the current shocks, but also on the entire path of historical shocks, as these
affect the state variables in the allocation with flexible prices and wages.

We will not take a strong position regarding which measure is a better guide for monetary
policy. Instead we will estimate both measures and show that there is very strong comovement
between the conditional and the unconditional measures. Thus, as guides for monetary policy,
the two measures will give very similar qualitative advice, even if quantities differ.

We will estimate the path of potential output (conditional and unconditional) and the
related output gaps (the deviation of actual GDP from potential GDP) in our model. Impor-
tantly, this output gap is not a measure of the business cycle, for instance as defined by the
NBER. Instead, the output gap should be seen as a measure of inefficiency in the economy,
that is, the output fluctuations that are due to nominal rigidities and inefficient shocks. This
is also the part of output fluctuations that monetary policy should lean against. For such
normative issues, the interpretation of our two labor market shocks comes to the forefront.
This is because one interpretation of the labor market shock (as a shock to the wage markup)
implies that the shock is inefficient, while the alternative interpretation (as a shock to the
disutility of labor) would make it efficient. The appropriate monetary policy therefore should
lean against wage markup shocks but accomodate labor disutility shocks. We will present
results under each of these interpretations.

Figure 6 shows actual GDP in our sample and the estimated paths for potential GDP.
The top panels show conditional and unconditional potential GDP when the persistent labor
market shock is interpreted as an inefficient wage markup shock. The two bottom panels show
potential GDP when the shock is interpreted as a shock to the disutility of supplying labor. In
all cases there is a close correspondence between the actual and potential levels of GDP. The
conditional potential tends to follow actual GDP more closely than does the unconditional
measure. This is because the conditional measure is based on the actual realizations of the
state variables in the economy, while the unconditional depends on the state variables in the
hypothetical economy with flexible prices and wages.

Comparing the two models, the estimates from the model with labor disutility shock are
more closely related to actual GDP than in the model with wage markup shocks. Again,
this is intuitive, as the model with efficient labor market shocks interprets a larger fraction
of the volatility in GDP as efficient fluctuations. In the model with wage markup shocks,
the trend in potential output is slightly smoother than that of actual output, as stressed by
Sala, Söderström, and Trigari (2008) and Justiniano and Primiceri (2008). However, here
potential output also displays some high-frequency movements. In the model with labor
disutility shocks, there is no discernible difference between the potential and actual trends.

Figure 7 shows the implied output gaps. The shaded areas represent recessions dated by
the NBER. For the reasons mentioned above, the conditional gaps tend to be smaller than the
unconditional gaps. But apart from this difference in volatility, the two gaps are very closely
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correlated: for both models, the correlation between the conditional and unconditional gaps
is above 0.97. In what follows we will therefore focus on the conditional output gaps.17

The interpretation of the labor market shock instead has important consequences for
the behavior of the output gap. The model with wage markup shocks interprets a larger
fraction of GDP fluctuations as inefficient, and therefore implies a larger output gap than
the model with labor disutility shocks. The gap with markup shocks also has an important
low-frequency component, with a falling trend in the 1970s and early 1980s and an increase
until the late 1990s. The recession that started in 2008 implied a large fall in the output
gap, although to a level higher than in the recessions in the mid-1970s and early 1980s. The
peaks and troughs of this output gap also follow closely the NBER dating of expansions and
recessions in the U.S. economy. Again, this is similar to the findings of Sala, Söderström, and
Trigari (2008) and Justiniano and Primiceri (2008).

The output gap in the model with labor disutility shocks instead shows no low-frequency
movements, and is less closely related to the NBER business cycle. While this gap tends to
fall in recessions, there are also sharp falls that do not coincide with NBER recessions, for
instance in the early 1990s and the mid-2000s. In the most recent recession, there is a small
fall in the output gap in late 2008 but the gap then bounces back in 2009, and GDP is above
potential throughout 2008 and 2009. This model thus interprets the recession as a decline
in potential GDP that is greater than the decline in actual GDP (see the bottom panels of
Figure 6).

There has been some focus in the literature on the interpretation of the recessions in
the early 1980s. These recessions are typically interpreted as due to a monetary contraction
during the Volcker disinflation. However, Walsh (2005) finds that the model estimated by
Levin, Onatski, Williams, and Williams (2005) interprets this recessions as a larger fall in
potential output than in actual output, leading to a positive output gap. A similar result
is found by Chari, Kehoe, and McGrattan (2009). In contrast, and as in Sala, Söderström,
and Trigari (2008) and Justiniano and Primiceri (2008), our estimated models imply a sharp
reduction in the output gap, as actual output fell more than potential. Going back to Figure 2,
the reduction in output is mainly explained by negative shocks to technology as well as to the
inflation target and monetary policy. Thus, the model interpretation at least partly matches
the common view of this period.

The historical decomposition of GDP growth in Figure 3 and the estimated shock series
in Figure 2 help to explain why the two models interpret the 2008–09 recession so differently.
These figures show that the contraction in GDP was mainly driven by a negative impulses
to the investment shock and positive realizations of the persistent labor market shock. If
we interpret this shock as a shock to the wage markup, then potential GDP falls due to the
investment shock, but actual GDP is reduced also because of the wage markup shock. Then
the output gap is negative. Under the alternative interpretation of the labor market shock,
potential GDP falls as much as (or more than) actual GDP, due to a reduction in labor
supply. The output gap then is positive through 2008 and 2009, implying that the economy
was operating above its potential.

17[Discuss also discuss the precision of the output gap estimates, using draws from the posterior distribution.]
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To understand in more detail the dynamic pattern of the output gaps in the two models,
Figures 8 and 9 show a historical decomposition of the conditional output gaps. Both gaps
are to a large extent driven by the persistent labor market shock, but this shock implies
very different patterns in the output gap. The key issue in understanding the different gaps
is whether the fluctuations in hours are a response to efficient or inefficient disturbances.
The empirical model interprets movements in hours as mainly driven by the persistent labor
market shock (see Figure 5). If these movements are driven by inefficient shocks (as in
the model with wage markup shocks), then the inefficient movements in hours spill over to
inefficient movements in GDP, and the output gap reflects these movements in hours. If
instead fluctuations in hours are driven by efficient shocks, for instance to the disutility from
supplying labor, then the output gap will reflect the fluctuations in hours that are not due
to this shock.

The main impression from this exercise is that the interpretation of the labor market
shock and labor market dynamics in general significantly affects our interpretation and un-
derstanding of economic fluctuations. The fact that the same empirical model can give very
different interpretations of the efficiency of economic fluctuations has important implications
for many applications of these models, such as calculations of the welfare cost of business
cycle fluctuations or analyses of optimal monetary policy. The importance of the labor mar-
ket leads us to analyze the relationship between the output gap and another measure of
inefficiency: the so-called labor market wedge.

5 The output gap and the labor wedge

The output gap is one measure of inefficiency in GDP, and we have demonstrated that this gap
is mainly driven by the model’s interpretation of the labor market. An alternative measure
of inefficiency, deriving directly from the labor market, is the wedge between consumers’
marginal rate of substitution and firms’ marginal product of labor, the so-called labor wedge.
In the log-linearized version of our model, the marginal rate of substitution and the marginal
product of labor are given by

m̂rst = ωl̂t − λ̂t + ε̂bt + ε̂lt, (47)

m̂plt = αk̂t − αl̂t. (48)

The labor wedge then is

̂wedget = m̂rst − m̂plt
= (α+ ω)l̂t − λ̂t − αk̂t + ε̂bt + ε̂lt. (49)

In a model without capital and without habits in consumer preferences, it is straight-
forward to show that the labor wedge is directly proportional to the output gap (see Gaĺı,
Gertler, and López-Salido (2003)). In our model with capital and habits, the relationship is
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slightly more involved, but we show in Appendix D that it is given by

ŷt − ŷft =
Y + F

Y

1− α
α+ ω

[ ̂wedget +
(
λ̂t − λ̂

f

t

)
+
α(1 + ω)

1− α

(
k̂t − k̂ft

)]
, (50)

where ŷft , λ̂
f

t , and k̂ft are the levels of output, the marginal utility of consumption and the
capital stock in the allocation with flexible prices and wages. The output gap, ŷt − ŷft , then
is proportional to the sum of the labor wedge, a “marginal utility of consumption gap” and
a “capital gap.” Exactly how close is the relationship between the output gap and the labor
wedge depends on parameter values and the behavior of these two other gaps.

Figure 10 shows the output gap and the labor wedge in the two interpretations of our
model. Clearly, there is a very strong correspondence between these two concepts: the cor-
relation between the gap and the labor wedge is 0.98 in the model with wage markup shocks
and 0.85 in the model with labor disutility shocks. The close correspondence between the
output gap and the labor wedge gives rise to two different implications. A negative impli-
cation is that the uncertainty surrounding the output gap discussed above is reflected also
in uncertainty about the labor wedge. A more positive implication is that by understanding
the labor wedge, we may gain some understanding about the behavior of the output gap.

To understand better the labor wedge, Figure 11 shows the wedge and its two components,
the marginal rate of substitution and the marginal product of labor, along with the real wage
in the two interpretations of the model. In both models, the marginal product of labor and
the real wage are very stable, and move closely together. The marginal rate of substitution,
on the other hand, is much more volatile. As a consequence, the labor wedge largely reflects
movements in the marginal rate of substitution.

As stressed by Gaĺı, Gertler, and López-Salido (2007), the labor wedge can be interpreted
as a measure of inefficiency in the economy. Under the assumption that wages are allocative,
the wedge can be decomposed into a total wage markup (the deviation of the wage from
the marginal rate of substitution) and a total price markup (the deviation of the price from
nominal marginal cost) as follows

̂wedget = m̂rst − m̂plt
= (m̂rst − ŵt) +

(
ŵt − m̂plt

)
= − (ŵt − m̂rst)−

(
p̂t − ŵnt + m̂plt

)
(51)

= − (µ̂wt + µ̂pt ) ,

where ŵnt is the nominal wage and µ̂wt and µ̂pt are the total wage and price markups, respec-
tively.

The fact that the wage moves closely with the marginal product of labor implies that the
labor wedge is explained mainly by the wage markup. This is confirmed in Figure 12. As
mentioned above, in the model with wage markup shocks, the very volatile marginal rate of
substitution coupled with the stable real wage implies that the persistent labor market shock
needs to offset the movements in the marginal rate of substitution. This model also implies
a very volatile labor wedge. In the model with labor disutility shocks, the persistent labor
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market shock imply less movements in the marginal rate of substitution, and therefore a less
volatile labor wedge.

[To be completed. Relate also Hall (1997), Shimer (2009), and others.]

6 Robustness and relation to the literature

[ To be written. ]
This section will relate our results better to the literature and discuss how alternative

specifications of our model affect our results. For instance, we will discuss

• A model without measurement errors

• A model without labor market shocks

• The treatment of hours in the estimation, for example, using hours in first differences
and HP filtered hours

• The importance of wage rigidities

7 Conclusions and final remarks

[ To be written. ]

• A standard business cycle model can generate a reasonable output gap

• But sensitive to shock interpretations

• Output gap closely related to labor wedge

• Key issue: How interpret fluctuations in hours worked?

– Hours inefficient ⇒ large gap and wedge, important role for monetary policy

– Hours efficient ⇒ small gap and wedge, less important role for monetary policy

• Practical issue: Treatment of hours key for estimates of output gap and labor wedge

• Future work:

– Model with intensive and extensive margin. Are hours fluctuations due to intensive
or extensive margin? Potentially important.

– Model where labor market shocks are not observationally equivalent

– See, for instance, the model by Gertler, Sala, and Trigari (2008)

• Is the NK model useful for policy analysis? Chari, Kehoe, and McGrattan (2009) say
no: since the model is not reliable for welfare analysis, it is not useful for policy analysis.
We think the model is useful, for instance for forecasting, counterfactual exercises, or to
inform policymakers about the potential level of output. But as always, model results
need to be interpreted with care.

21



A Model appendix

A.1 Stationary model

To find the steady state, we express the model in stationary form. Thus, for the non-
stationary variables, let lower-case letters denote their value relative to the technology process
Zt:

yt ≡ Yt/Zt, kt ≡ Kt/Zt, k̄t ≡ K̄t/Zt, it ≡ It/Zt, ct ≡ Ct/Zt,

gt ≡ Gt/Zt, λt ≡ ΛtZt, wt ≡Wt/(ZtPt), w∗t ≡W ∗t /(ZtPt),

where we note that the marginal utility of consumption Λt will shrink as the economy grows,
and we express the wage in real terms. Also, denote the real rental rate of capital and real
marginal cost by

rkt ≡ Rkt /Pt, mct ≡MCt/Pt,

and the optimal relative price as

p∗t ≡ P ∗t /Pt.

Then we can write the model in terms of stationary variables as follows.

Effective capital (equation (3)):

kt = νtk̄t−1/ε
z
t ; (A1)

Physical capital accumulation (equation (4)):

k̄t = (1− δ)k̄t−1/ε
z
t + εit

[
1− S

(
it
it−1

εzt

)]
it; (A2)

Marginal utility of consumption (equation (7)):

λt =
εbtε

z
t

ctεzt − hct−1
− βhEt

{
εbt+1

ct+1εzt+1 − hct

}
; (A3)

Consumption Euler equation (equation (8)):

λt = βRtEt

{
λt+1

εzt+1πt+1

}
; (A4)
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Investment (equation (9)):

1 = Qtε
i
t

[
1− S

(
it
it−1

εzt

)
− it
it−1

εzt S ′
(

it
it−1

εzt

)]
+βEt

{
λt+1

λtεzt+1

Qt+1ε
i
t+1

(
it+1

it
εzt+1

)2

S ′
(
it+1

it
εzt+1

)}
; (A5)

Tobin’s Q (equation (10)):

Qt = βEt

{
λt+1

λtεzt+1

[
rkt+1νt+1 −A(vt+1) + (1− δ)Qt+1

]}
; (A6)

Capital utilization (equation (11)):

rkt = A′(νt); (A7)

Production function (equation (16)):

yt(i) = kt(i)αLt(i)1−α − F ; (A8)

Labor demand (equation (18)):

wt = (1− α) mct

(
kt
Lt

)α
; (A9)

Capital renting (equation (19)):

rkt = α mct

(
kt
Lt

)α−1

; (A10)

Price setting (equation (24)):

Et

{ ∞∑
s=0

(βθp)
s

[
λt+s
λt

yt,t+s

(
Πt,t+sp

∗
t

Pt
Pt+s

− εpt+smct+s
)]}

= 0; (A11)

Aggregate price index (equation (26)):

1 =

[
(1− θp) (p∗t )

1/(εpt−1) + θp

(
π
γp
t−1π

1−γp 1
πt

)1/(εpt−1)
]εpt−1

; (A12)

Wage setting (equation (32)):

Et

{ ∞∑
s=0

(βθw)s λt+sLt,t+s

[
Πw
t,t+sw

∗
t

Pt
Pt+s

Zt
Zt+s

− εwt+sεbt+sεlt+s
Lωt,t+s
λt+s

]}
= 0; (A13)

23



Aggregate wage (equation (35)):

wt =

[
(1− θw) (w∗t )

1/(εwt −1) + θw

(
γzπ

γw
t−1π

1−γw wt−1

πtεzt

)1/(εwt −1)
]εwt −1

; (A14)

Government spending (equation (36)):

gt =
[
1− 1

εgt

]
yt; (A15)

Monetary policy rule (equation (38)):

Rt
R

=
(
Rt−1

R

)ρs [(πt
π∗t

)rπ (∆ log yt + log εzt
γz

)ry]1−ρs
εrt ; (A16)

Resource constraint (equation (40)):

yt = ct + it + gt +A(νt)k̄t−1/ε
z
t . (A17)

A.2 Steady state

We use the stationary version of the model to find the steady state, and we let variables
without a time subscript denote steady-state values. First, the expression for Tobin’s Q in
equation (A6) implies that the rental rate of capital is

rk =
γz
β
− (1− δ) (A18)

and the price-setting equation (A11) gives marginal cost as

mc =
1
εp
. (A19)

The capital/labor ratio can then be retrieved using the capital renting equation (A10):

k

L
=
(α mc

rk

)1/(1−α)
, (A20)

and the wage is given by the labor demand equation (A9) as

w = (1− α) mc
(
k

L

)α
. (A21)

The production function (A8) gives the output/labor ratio as

y

L
=
(
k

L

)α
− F

L
, (A22)
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and the fixed cost F is set to obtain zero profits at the steady state, implying

F

L
=
(
k

L

)α
− w − rk k

L
. (A23)

The output/labor ratio is then given by

y

L
= w + rk

k

L

=
rk

α

k

L
. (A24)

Finally, to determine the investment/output ratio, use the expressions for effective capital
and physical capital accumulation in equations (A1) and (A2) to get

i

k
=
[
1− 1− δ

γz

]
γz, (A25)

implying that

i

y
=

i

k

k

L

L

y

=
[
1− 1− δ

γz

]
αγz
rk

. (A26)

Given the government spending/output ratio g/y, the consumption/output ratio is then given
by the resource constraint (A17) as

c

y
= 1− i

y
− g

y
. (A27)

A.3 Log-linearized model

We log-linearize the stationary model around the steady state. Let x̂t denote the log deviation
of the variable xt or Xt from its steady-state level x or X:

x̂t ≡ log
(xt
x

)
, x̂t ≡ log

(
Xt

X

)
. (A28)

The log-linearized model is then given by the following system of equations for the endogenous
variables.

Effective capital:

k̂t + ε̂zt = ν̂t + ̂̄kt−1; (A29)

Physical capital accumulation:

̂̄kt =
1− δ
γz

[̂̄kt−1 − ε̂zt
]

+
(

1− 1− δ
γz

) [̂
it + ε̂it

]
; (A30)
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Marginal utility of consumption:

(
1− h

γz

)(
1− βh

γz

)
λ̂t =

h

γz
[ĉt−1 − ε̂zt ]−

(
1 +

βh2

γ2
z

)
ĉt (A31)

+
βh

γz
Et
[
ĉt+1 + ε̂zt+1

]
+
(

1− h

γz

)[
ε̂bt −

βh

γz
Etε̂bt+1

]
;

Consumption Euler equation:

λ̂t = Etλ̂t+1 + [r̂t − Etπ̂t+1]− Etε̂zt+1; (A32)

Investment:

ît =
1

1 + β

[̂
it−1 − ε̂zt

]
+

1
ηkγ

2
z(1 + β)

[
q̂t + ε̂it

]
+

β

1 + β
Et
[̂
it+1 + ε̂zt+1

]
; (A33)

Tobin’s Q:

q̂t =
β(1− δ)
γz

Etq̂t+1 +
[
1− β(1− δ)

γz

]
Etr̂kt+1 − [r̂t − Etπ̂t+1] ; (A34)

Capital utilization:

ν̂t = ην r̂
k
t ; (A35)

Production function:

ŷt =
Y + F

Y

[
αk̂t + (1− α) l̂t

]
; (A36)

Labor demand:

ŵt = m̂ct + αk̂t − αl̂t; (A37)

Capital renting:

r̂kt = m̂ct − (1− α)k̂t + (1− α)l̂t; (A38)

Phillips curve (combining equations (A11) and (A12)):

π̂t = ιbπ̂t−1 + ιo [m̂ct + ε̂pt ] + ιfEtπ̂t+1, (A39)

where

ιb =
γp

1 + βγp
, ιo =

(1− βθp)(1− θp)
θp(1 + βγp)

, if =
β

1 + βγp
;
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Aggregate wage (combining equations (A13) and (A14)):

ŵt = γb [ŵt−1 − π̂t + γwπ̂t−1 − ε̂zt ] + γo

[
ωl̂t − λ̂t + ε̂bt + ε̂lt

]
+γfEt

[
ŵt+1 + π̂t+1 − γwπ̂t + ε̂zt+1

]
+ γoε̂

w
t , (A40)

where

γb =
1

(1 + β)(1 + κw)
, γo =

κw
1 + κw

, γf =
β

(1 + β)(1 + κw)
,

κw =
(1− βθw)(1− θw)

θw(1 + β)[1 + ωεw/(εw − 1)]
;

Government spending:

ĝt = ŷt +
1− gy
gy

ε̂gt ; (A41)

Monetary policy rule:

r̂t = ρsr̂t−1 + (1− ρs) [rπ (π̂t − π∗t ) + ry (ŷt − ŷt−1 + ε̂zt )] + ε̂rt ; (A42)

Resource constraint:

ŷt =
c

y
ĉt +

i

y
ît +

g

y
ĝt +

rkk

y
ν̂t. (A43)

A.4 Flexible price/wage model

We complement the model with a version that has flexible prices and wages, that we use
to construct our measure of potential output. In this model, real marginal cost is constant,
inflation is zero, and the real wage is equal to the marginal rate of substitution. Also, the
shocks to the price and wage markups and to monetary policy are all zero. Denoting by x̂ft
the log deviation of the variable xt (or Xt) from steady state in this model, the model is
characterized by the following equations:18

Effective capital:

k̂ft + ε̂zt = ν̂ft + ̂̄kft−1; (A44)

Physical capital accumulation:

̂̄kft =
1− δ
γz

[̂̄kft−1 − ε̂zt
]

+
(

1− 1− δ
γz

) [̂
ift + ε̂it

]
; (A45)

18Here we write the model in terms of the state variables in the flexible price/wage model, so this version
of the model defines the unconditional potential output. Appendix C shows how to construct the conditional
potential output from the solution of our model.
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Marginal utility of consumption:

(
1− h

γz

)(
1− βh

γz

)
λ̂
f

t =
h

γz

[
ĉft−1 − ε̂

z
t

]
−
(

1 +
βh2

γ2
z

)
ĉft (A46)

+
βh

γz
Et
[
ĉft+1 + ε̂zt+1

]
+
(

1− h

γz

)[
ε̂bt −

βh

γz
Etε̂bt+1

]
;

Consumption Euler equation:

λ̂
f

t = Etλ̂
f

t+1 + r̂ft − Etε̂zt+1; (A47)

Investment:

ît =
1

1 + β

[̂
ift−1 − ε̂

z
t

]
+

1
ηkγ

2
z(1 + β)

[
q̂ft + ε̂it

]
+

β

1 + β
Et
[̂
ift+1 + ε̂zt+1

]
; (A48)

Tobin’s Q:

q̂ft =
β(1− δ)
γz

Etq̂
f
t+1 +

[
1− β(1− δ)

γz

]
Etr̂

kf
t+1 − r̂

f
t ; (A49)

Capital utilization

ν̂ft = ην r̂
kf
t ; (A50)

Production function

ŷft =
Y + F

Y

[
αk̂ft + (1− α) l̂ft

]
; (A51)

Labor demand

ŵft = αk̂ft − αl̂
f
t ; (A52)

Capital renting

r̂kft = −(1− α)k̂ft + (1− α)l̂ft ; (A53)

Labor supply:

ŵft = ωl̂ft − λ̂
f

t + ε̂bt ; (A54)

Government spending:

ĝft = ŷft +
1− gy
gy

ε̂gt ; (A55)
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Resource constraint:

ŷft =
c

y
ĉft +

i

y
îft +

g

y
ĝft +

rkk

y
ν̂ft . (A56)
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B Data

GDP Real Gross Domestic Product in billions of chained 2005 dollars. Seasonally adjusted
at annual rates. Source: U.S. Department of Commerce, Bureau of Economic Analysis,
National Income and Product Accounts, Table 1.1.6. Last Revised: 2009-08-27. Divided
by population to obtain real per capita GDP.

Investment Gross private domestic investment plus Personal Consumption Expenditures
of durable goods, billions of dollars. Seasonally adjusted at annual rates. Source:
U.S. Department of Commerce, Bureau of Economic Analysis, National Income and
Product Accounts, Table 1.1.5. Last Revised: 2009-08-27. Deflated by the price level
and divided by population to obtain real per capita investment.

Consumption Personal Consumption Expenditures of non-durable goods and services, bil-
lions of dollars. Seasonally adjusted at annual rates. Source: U.S. Department of Com-
merce, Bureau of Economic Analysis, National Income and Product Accounts, Table
1.1.5. Last Revised: 2009-08-27. Deflated by the price level and divided by population
to obtain real per capita consumption.

Wages Compensation of employees, paid, billions of dollars. Seasonally adjusted at annual
rates. Source: U.S. Department of Commerce, Bureau of Economic Analysis, National
Income and Product Accounts, Table 1.10. Last Revised: 2009-08-27. Deflated by the
price level and divided by employment to obtain real hourly compensation.

Employment Hours worked, total economy, billions of hours (at annual rate). Source: Fran-
cis and Ramey (2009), Valerie Ramey, and Bureau of Labor Statistics. Last Revised:
2009-08-11. Divided by population to obtain hours per worker.

Price level Gross Domestic Product: Implicit Price Deflator, index numbers, 2005=100.
Seasonally adjusted. Source: U.S. Department of Commerce, Bureau of Economic
Analysis, National Income and Product Accounts, Table 1.1.4. Last Revised: 2009-08-
27.

Federal funds rate Effective federal funds rate, percent. Not Seasonally Adjusted. Source:
Board of Governors of the Federal Reserve System

Population Civilian Noninstitutional Population, thousands. Source: FRED database, Fed-
eral Reserve Bank of St. Louis (Series ID CNP16OV); U.S. Department of Labor: Bu-
reau of Labor Statistics. Not Seasonally Adjusted. Last Updated: 2009-09-04.
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C Unconditional and conditional potential output

The unconditional potential output is defined as the level of output in the allocation where
prices and wages have been flexible since the economy was initialized, and are expected to
remain so in the future, while the conditional potential output is defined as the level of output
in the allocation where prices and wages unexpectedly become flexible in the current period,
and are expected to remain flexible in the future. The unconditional allocation comes out
directly from the solution of the model with flexible prices and wages. Letting Xs

t and Xf
t be

vectors that contain the variables in the equilibria with sticky and flexible prices and wages,
respectively, εt a vector of exogenous shock processes, and ζt a vector of innovations, the
solution is of the form

Xs
t

Xf
t

εt

 =


Ass Asf Asε

Afs Aff Afε

Aεs Aεf Aεε




Xs
t−1

Xf
t−1

εt−1

+


Bsζ

Bfζ

Bεζ

[ ζt ] . (C1)

As the monetary policy rule is written in terms of output growth, the flexible price/wage
block is exogenous to the sticky price/wage block, so Asf = 0. Furthermore, as the flexible
price/wage model depends on the state variables in that same allocation, also Afs = 0, and
Aff has non-zero entries only in the columns corresponding to the three state variables: k̄t,
ct−1, and it−1.

To define the conditional potential output, which depends on current state variables in the
sticky price/wage model but expectations are consistent with flexible prices in the future, we
manipulate the submatrices Aff and Afs, so that the non-zero entries in Aff are moved to the
corresponding columns in Afs. That way, the flexible price/wage allocation depends on the
state variables k̄t, ct−1, it−1 in the sticky price/wage model, but we ensure that expectations
are consistent with flexible prices and wages in the future, as in the unconditional allocation.
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D The output gap and the labor wedge

This appendix derives the relationship between the output gap, the labor wedge, and the
price and wage markups. Households’ instantaneous utility is given by

εbt

[
log (Ct − hCt)− εlt

L1+ω
t

1 + ω

]
. (D1)

The marginal rate of substitution between consumption and leisure is then given by

MRSt =
εbtε

l
tL
ω
t

Λt
, (D2)

where Λt is the marginal utility of consumption. In the stationary version of the model, the
marginal rate of substitution is

mrst =
MRSt
Zt

=
εbtε

l
tL
ω
t

λt
, (D3)

where λt = ΛtZt. (See Appendix A.1.)
The production function in the intermediate goods sector is given by

Yt = max
{
Kα
t (ZtLt)

1−α − ZtF, 0
}
, (D4)

so the marginal product of labor is

MPLt = (1− α)Kα
t Z

1−α
t L−αt , (D5)

and in the stationary model it is

mplt =
MPLt
Zt

= (1− α)kαt L
−α
t , (D6)

where kt = Kt/Zt.
The labor wedge in the stationary model is then given by

wedget =
mrst
mplt

=
εbtε

l
tL
α+ω
t

(1− α)λtkαt
, (D7)

and in the log-linearized model it is

̂wedget = m̂rst − m̂plt
= (α+ ω)l̂t − λ̂t − αk̂t + ε̂bt + ε̂lt. (D8)

Using the log-linearized production function in (A36), we can write employment as

l̂t =
1

1− α

[
Y

Y + F
ŷt − αk̂t

]
, (D9)
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so the wedge can be written as

̂wedget =
α+ ω

1− α
Y

Y + F
ŷt − λ̂t −

α(1 + ω)
1− α

k̂t + ε̂bt + ε̂lt. (D10)

Under the assumption that wages are allocational, the labor wedge can be written in
terms of the price and wage markups as

̂wedget = [m̂rst − (ŵnt − p̂t)]−
[
m̂plt − (ŵnt − p̂t)

]
= − (µ̂wt + µ̂pt ) , (D11)

where ŵnt is the nominal wage, so µ̂wt = (ŵnt − p̂t)− m̂rst is the markup of the real wage over
the marginal rate of substitution and µ̂pt = p̂t −

(
ŵnt − m̂plt

)
is the markup of prices over

nominal marginal cost. (See Gaĺı, Gertler, and López-Salido (2007).)
In the equilibrium with flexible prices and wages and no inefficient shocks, the markups

are constant at their steady-state values, so µ̂wt = µ̂pt = 0 and also ̂wedget = 0. Using the
expression for the wedge in (D10) we can then write output in the allocations with sticky
prices and wages and flexible prices and wages as

ŷt =
Y + F

Y

1− α
α+ ω

[ ̂wedget + λ̂t +
α(1 + ω)

1− α
k̂t −

(
ε̂bt + ε̂lt

)]
(D12)

and

ŷft =
Y + F

Y

1− α
α+ ω

[
λ̂
f

t +
α(1 + ω)

1− α
k̂ft −

(
ε̂bt + ε̂lt

)]
. (D13)

Finally, the output gap can be written in terms of the labor wedge as

ŷt − ŷft =
Y + F

Y

1− α
α+ ω

[ ̂wedget +
(
λ̂t − λ̂

f

t

)
+
α(1 + ω)

1− α

(
k̂t − k̂ft

)]
. (D14)
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Table 1: Prior and posterior distributions of structural parameters

Prior distribution Posterior distribution

Mode 5% 95%

Steady-state growth rate γz N (1.004,0.001) 1.0029

Utilization rate elasticity ψν B (0.5,0.1) 0.889

Capital adjustment cost elasticity ηk N (4,1.5) 0.071

Habit parameter h B (0.5,0.1) 0.913

Labor supply elasticity ω G (2,0.75) 2.355

Calvo wage parameter θw B (0.75,0.1) 0.730

Calvo price parameter θp B (0.66,0.1) 0.802

Wage indexing parameter γw U (0,1) 0.999

Price indexing parameter γp U (0,1) 0.000

Steady-state wage markup εw N (1.15,0.05) 1.156

Steady-state price markup εp N (1.15,0.05) 1.199

Policy response to inflation rπ N (1.7,0.3) 2.807

Policy response to output ry N (0.125,0.1) 0.272

Policy inertia ρs B (0.75,0.1) 0.347

This table reports the prior and posterior distribution of the estimated structural parameters. For the uniform

distribution, the two numbers in parentheses are the lower and upper bounds; for the other distributions the

two numbers are the mean and the standard deviation of the distribution.
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Table 2: Prior and posterior distributions of shock and measurement error parameters

Prior distribution Posterior distribution

Mode 5% 95%

(a) Autoregressive parameters

Productivity growth rate ρz B (0.5,0.15) 0.317

Preferences ρb B (0.5,0.15) 0.418

Investment-specific technology ρi B (0.5,0.15) 0.928

Price markup ρp B (0.5,0.15) 0.500

Government spending ρg B (0.5,0.15) 0.983

Inflation target ρ∗ B (0.5,0.15) 0.945

AR(1) labor market shock ρ1 B (0.5,0.15) 0.968

(b) Standard deviations

Productivity growth rate σz G (0.15,1.0) 1.176

Preferences σb G (0.15,1.0) 0.276

Investment-specific technology σi G (0.15,1.0) 0.044

Price markup σp G (5.6,5.6) 0.000

Government spending σg G (0.15,1.0) 0.516

Inflation target σ∗ G (0.15,1.0) 0.081

Monetary policy σr G (0.15,1.0) 0.148

AR(1) labor market shock σ1 G (5.6,5.6) 5.696

i.i.d. labor market shock σ2 G (5.6,5.6) 0.000

(c) Measurement error standard deviations

Wage growth σηw G (0.607,0.607) 0.501

Inflation σηπ G (0.595,0.595) 0.211

This table reports the prior and posterior distribution of the estimated parameters of the exogenous shock

processes and measurement errors. The two numbers in parentheses are the mean and the standard deviation

of the distribution.
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Table 3: Unconditional variance decomposition

Shock Output Investment Consumption Real wage Hours Inflation Interest rate

Variance in model 1.67 14.66 0.47 0.27 44.48 0.20 0.58

Fraction of model variance due to

Technology 0.67 0.58 0.28 0.80 0.20 0.06 0.05

Preference 0.00 0.08 0.58 0.01 0.00 0.00 0.01

Investment 0.08 0.11 0.02 0.05 0.05 0.22 0.65

Govt spending 0.03 0.06 0.03 0.01 0.03 0.01 0.02

Price markup 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Monetary policy 0.08 0.08 0.00 0.00 0.01 0.01 0.00

Inflation target 0.04 0.04 0.00 0.04 0.02 0.70 0.23

AR(1) labor market 0.09 0.05 0.08 0.10 0.70 0.01 0.04

iid labor market 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 1: Data
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Figure 2: Estimated shocks
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Figure 3: Historical decomposition of output growth
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Figure 4: Historical decomposition of real wage growth
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Figure 5: Historical decomposition of hours
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Figure 6: Actual and potential GDP
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Figure 7: Estimated output gaps
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Figure 8: Historical decomposition of conditional output gap in model with wage markup
shocks
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Figure 9: Historical decomposition of conditional output gap in model with labor disutility
shocks
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Figure 10: The conditional output gap and the labor wedge
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Figure 11: The labor wedge and components
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Figure 12: The labor wedge, the wage markup and the price markup
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