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Abstract

This paper reexamines wage and price dynamics in response to permanent shocks to
productivity. We estimate a micro-founded dynamic general equilibrium (DGE) model
of the U.S. economy with sticky wages and sticky prices using impulse responses to
technology and monetary policy shocks. We utilize a flexible specification for wage-
and price-setting that allows for the sluggish adjustment of both the levels of these
variables—as in standard contracting models—as well as intrinsic inertia in wage and
price inflation. On the price front, we find that in our VAR inflation jumps in response
to an identified permanent technology shock, implying that, on average, prices adjust
quickly and that there is little evidence for any intrinsic inflation inertia like that com-
monly found in models used for monetary policy evaluation. On the wage front, we
find evidence for significant inertia in wages and some intrinsic inertia in nominal wage
inflation. Our results provide support for the standard sticky-price specification of the
New Keynesian model; however, the evidence on the high degree of wage inertia presents
a challenge for standard models of wage setting.
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1 Introduction

The nature of price inertia has important implications for the design and conduct of mone-
tary policy, and so it is unsurprising that recent years have seen a resurgence in theoretical
and empirical research aiming to disentangle the sources of sluggishness in wages and prices.
The focus of this literature has been in two main areas. First, as documented by Fuhrer
and Moore (1995), standard sticky-price theories (such as those formulated by Calvo, 1983,
Taylor, 1980, and Rotemberg, 1982), cannot explain the high degree of persistence in post-
war U.S. inflation data, absent of serially correlated shocks to inflation. As a result, much
of the subsequent monetary policy literature—for example, Fuhrer (1997a), Levin, Weiland,
and Williams (2003), and Rudebusch (2002)—has assumed some form of intrinsic inflation
inertia. Second, Gali and Gertler (1999) have argued that simple inflation models, where
inflation depends on its own leads and lags and a measure of the output gap are misspec-
ified, and have emphasized the role of marginal cost in determining inflation. This paper
reexamines price and wage dynamics in an optimization-based dynamic general equilibrium
framework in which we explicitly model the joint determination of wages and prices. We
allow for a general form of intrinsic inertia in both wages and prices that nests standard
sticky-wage and sticky-price formulations as well as full-indexation models such as those of
Fuhrer and Moore (1995) and Christiano, Eichenbaum, and Evans (2003).

Our empirical approach relies primarily on the properties of inflation following a per-
manent shock to productivity that directly affects marginal costs. As discussed below, the
moments of the data conditional on a productivity shock are arguably less contaminated by
misspecification than other unconditional or conditional moments. Following Gali (1999)
and Altig, Christiano, Eichenbaum, and Linde (2002), we measure the effects of such a
shock using an identified technology innovation in an estimated VAR. We then estimate
the structural parameters of an optimization-based model of the U.S. economy based on
matching the impulse responses to shocks to technology and monetary policy, following the
methodology of Rotemberg and Woodford (1997) and Christiano et al. (2003).

A technology shock directly affects marginal costs, making it an exceptionally “clean”
experiment to evaluate the behavior of prices and wages. In particular, misspecification of
monetary policy, emphasized by Erceg and Levin (2003) as a source of bias in estimates of
inflation inertia, should have a relatively small effect on the estimated short-term reaction

of inflation to the shock. In contrast, a shock to monetary policy or some other macroeco-



nomic relationship primarily affects inflation indirectly through the effects of the shock on
expectations of output and marginal costs. As such, estimates of the effects of such shocks
generated by the VAR rely crucially on the correct specification of monetary policy and
other relationships in the VAR. Given the evidence for significant shifts in the conduct of
monetary policy over the past four decades, such an assumption seems questionable at best.

Analysis of the impulse responses to the technology shock yields two key findings related
to price- and wage-setting. First, according to our estimated VAR, prices adjust very quickly
in response to an identified shock to productivity: Price inflation drops immediately after
the onset of the shock and returns to steady state in two years. In the context of our model,
this price inflation response implies that prices adjust relatively frequently, consistent with
survey evidence. Moreover, it implies the absence of intrinsic inflation inertia. A significant
degree of inflation inertia would counterfactually predict that the response of inflation would
initially be muted, and then follow a hump shape. Thus, conditional on the response of
marginal costs, the standard sticky-price model without inflation inertia is sufficient to
explain the impulse response to a technology shock.

In contrast to prices, we find a high degree of inertia in nominal wages. Absent of
sticky wages, our model is unable to replicate the dynamic responses to the technology
shock implied by the VAR, a finding previously empasized by Altig et al. (2002). In
particular, the sluggishness in nominal wages is needed to explain the gradual adjustment
of the real wage to its higher steady-state level following an increase in productivity seen
in the VAR impulse response. The estimated high degree of wage inertia, however, is
difficult to reconcile with the direct evidence on wage contracts and other evidence based
on standard theories of wage determination, which both suggest more rapid adjustment of
wages. Our model point estimates also imply some inertia in the growth rate of nominal
wage inflation, but quantitatively the effect of this intrinsic inertia in wage growth on
the model has modest importance. Thus, our findings support the approachs of Erceg,
Henderson, and Levin (2000), Amato and Laubach (2003), and Christiano, Eichenbaum,
and Evans (2003), that sticky wages represent an essential building block in an empirical
dynamic general equilibrium model, but leave unanswered the question as to why wages
appear to be so sluggish.

The paper is organized as follows. Section 2 outlines the technology and preferences

underlying our model. Section 3 describes the decentralization of the economy and the



equilibrium conditions. Section 4 presents the estimation methodology and results. Sec-

tion 5 considers the issue of wage and price-setting in more detail. Section 6 concludes.

2 Technology and Preferences

In this section, we describe the technology and preferences describing our model. This
model shares many features with those developed by Fuhrer (1997b), Christiano, Eichen-
baum, and Evans (2003), Smets and Wouters (2002), and Altig, Christiano, Eichenbaum,
and Linde (2002). Importantly, the dynamics of nominal and real variables are determined
by first-order conditions of optimizing agents. In order for the model to fit the data rea-
sonably well, we allow for various frictions such as habit formation and adjustment costs
that interfere with instantaneous full adjustment in response to shocks.! As in Altig et
al. (2002), ours is a two-sector model in which the level and growth rates of technology are
allowed to differ across the consumption and investment goods sectors. In the next section
we turn to the decentralization of this economy and derive the conditions describing the

decentralized equilibrium.

2.1 The Production Technology

Two distinct final goods are produced: consumption goods (denoted Y.;) and investment
goods (denoted Y; ;). Given the current levels of technology in each final goods sector de-
noted by A ; for sector s, consumption and investment goods are produced by aggregating—
according to a Dixit-Stiglitz technology—an infinite number of differentiated intermediate
material goods. Specifically, final goods production in sector s in period ¢ is represented by

the function
1 1 -1 -1
Yor = A" (/ me&t({r)Td{L‘) , §=c¢,1, (1)
’ 0

where the variable Y;, s (z) denotes the quantity of the intermediate materials good in-
dexed by type = € [0,1] used to produce final output in sector s and 6 is the elasticity of
substitution between the differentiated materials inputs used in the production, assumed to

be the same in both sectors.

'Estrella and Fuhrer (2002) document the shortcomings of optimization-based models that do not incor-

porate such sources inertia.



The differentiated intermediate materials goods used as inputs in equation (1) are them-
selves produced by combining each variety of our economy’s differentiated labor inputs
{L(z)},z € [0,1] with physical capital K;. Capital can be utilized at varying intensities,
denoted by U; > 0. A Dixit-Stiglitz aggregator characterizes the way in which differenti-
ated labor inputs are used together in the production of the economy’s materials goods,
while a Cobb-Douglas production function then characterizes how the composite bundle of
labor, denoted L;, is combined with utilized capital to produce, given the current level of
technology A,, , output of intermediate materials goods. The production of materials good

z, for z € [0,1], is determined by:

Yine(2) = (Ki(2)Ui(2))" (AmaLe(2)' ™ = Ki(2) 0 (Up(2))(Aje)~ (1) (2)
where Li(z) = <fo1 Ly(x, z)p_pldac> ot , (3)

where we assume that ¥(1) > 0, /(1) > 0, and ¥”(1) > 0. The parameter o denotes the
elasticity of output with respect to capital, while p denotes the elasticity of substitution
between the differentiated labor inputs.

The log-level of technology in each of the three sectors (s = ¢,i,m) is modeled as a

random walk with drift:
InAg;=InTys+InAsi 1 +e€s, s=c,i,m (4)

where €, is an i.i.d. innovation, and I', s is the constant trend growth rate of technology in
sector s. Note that in this paper we restrict ourselves to permanent shocks to the level of
technology, focusing on economy-wide shocks to total factor productivity. Economy-wide (or
sector-neutral) productivity shocks are implemented through an innovation to technology
in the intermediate materials good sector. In a companion paper, Edge, Laubach, and
Williams (2003), we consider sector-specific shocks to technology and shifts in the growth
rate of technology.

2.2 The Capital Evolution Technology

The law of motion for the economy’s beginning of period ¢ 4 1 capital stock K;11 is given

by:

Iy

2
Kt+1 = (1 — 5)Kt + It eXp [—% (Tl—n> ‘| 5 (5)



where I; is gross investment, J is the depreciation rate, and I'; is the steady-state growth
rate of investment. The final term multiplying I; measures the fraction of investment that
contributes to the capital stock after adjustment costs. The fraction of investment lost to
adjustment costs is zero when investment growth, I;/I;_1, equals the trend rate of growth
of technology in the investment goods sector, but rises to above zero, at an increasing rate,
as investment growth moves further away from its trend. The parameter x; > 0 governs
how quickly adjustment costs increase as investment growth moves away from I';. The

economy’s resource constraint implies that I; <Y ;.

2.3 Preferences

Households derive utility from their purchases of the consumption good C; and from their
use of leisure time, equal to what remains of their time endowment L after 0 < L;(i) < L
hours of labor are supplied to market activities. The preferences of household i € [0,1]
over consumption and leisure are nonseparable, with household i’s consumption habit stock
(assumed to equal a fraction n € [0, 1] of its consumption last period) influencing the utility
it derives from current consumption. Note that we assume that utility is nonseperable
between consumption and leisure, consistent with evidence of Basu and Kimball (2002).

Specifically, preferences of household ¢ are given by

Ey

L 5t [ — nCuaE - L] ©
t=0

where 3 is the household’s discount factor, and ( is a measure of the utility of leisure. The

economy’s resource constraint implies that fol Ci(x)dr <Y,4.

3 The Decentralized Economy

We now discuss the agents of our economy and their respective optimization problems.
We assume the following decentralization. There is one representative, perfectly compet-
itive firm in each of the two final-goods producing sectors, which purchases intermediate
inputs from the continuum of materials goods producers. The materials goods producers,
in turn, rent capital from a perfectly competitive representative capitalist, and differenti-
ated types of labor from households. The capitalist purchases the investment good from

the investment-goods producing firm, and households purchase the consumption good from



the consumption-goods producing firm. Because both materials goods producers and house-
holds are monopolistic competitors, they also set prices at which they supply their respective

products or labor services.

3.1 Final Goods Producers

The competitive firm in the consumption good sector owns the production technology de-
scribed in equation (1) for s = ¢, while the competitive firm in the capital goods sector owns
the same technology for s = i. Each final-good producing firm, taking as given the prices
set by each intermediate-good producer for their differentiated output, that is {Pp, +(j )}}:0,
chooses intermediate inputs {Ym,s,t(j)}}:() so0 as to minimize the cost of producing its fi-
nal output Y, subject its production technology, given by equation (1). Specifically, the

competitive firm in each sector solves

2]

1 1 1

o mgl)}l $B(x)Ym757t(x)dx s.t. YSJSA;‘“ Omesvt(x)%dx) , §=c,1i. (7)
m,s,t j=

The cost-minimization problems solved by firms in the economy’s consumption and capital
goods producing sectors imply economy-wide demand functions for each intermediate good

that are given by

N\ 0
Vsl = () "y e ®

s=c,i “ 7St
The variable P, ; denotes the aggregate price level in the intermediate goods sector and
1
is defined by P+ = ( fol(Pmt(:c))l_edx)m. The cost-minimization problems solved in
each final-good producing sector imply that the competitive price for consumption and

investment goods, respectively, are given by P, ; = Pm7tA;t(17a) and P;; = Pm,tA;t(lfa).

3.2 Intermediate Goods Producers

Each intermediate (or materials) good producing firm j € [0, 1] owns the production tech-
nology described in equations (2) and (3). In considering firm j’s problem—of choosing
the quantities of differentiated labor services {L;(i, )}, capital K¢(j), and the degree of
utilization Uy(j) that it will use in production—it is convenient to split the decision into
two separate stages. In the first step of the problem firm j, taking as given the wages
{Wi(i)}L, set by each household for its variety of labor, chooses {L(i,7)}i, to mini-
mize the cost of attaining the aggregate labor bundle L;(j) that it will ultimately need for



production. Specifically, the materials firm j solves:
P
1 1 p—1 p—1
min / Wi(2)Lo(z, j)dz st Li(j)< < / Loz, ) d:):> )
{Le(i:3)} =0 /0 0
The cost-minimization problem undertaken by each materials producing firm implies that

the economy-wide demand for type ¢ labor is

Lo(i) = /1 (i, 2)d = <Wt(i)>p/1 Lo(w)da (10)
0 Wi 0

where W; denotes the aggregate wage, defined by W; = ( fol (Wi (x))Pdx) ™. In the second

step of the problem firm j, taking as given the aggregate wage W, and the rental rate on

capital Ry ¢, chooses aggregate labor L(j), capital K;(j), and utilization Uy(j) to minimize

the costs of attaining its desired level of output Y, +(j). Specifically, the firm solves

min Ry K (7)+Wi L (7
KG) L)) () +WiLe(s)

s.t. Vit () < (B () U () (At Le(5)) ™ = Ko (5) @ (U (5)) (Age )~ (11)

Since each firm produces its own differentiated variety of materials output Y5, +(j), it is
able to set its price P, +(j), which it does taking into account the demand schedule for its
output that it faces from the consumption and capital goods sectors (equation 8). Interme-
diate materials goods-producing firms are assumed to face non-negative adjustment costs
in altering both the level and the rate of change in their prices. For this purpose, we apply
the generalized adjustment cost model due to Tinsley (1993) and discussed in Kozicki and
Tinsley (1999). We prefer this approach over that of common alternatives because the latter
imply heterogeneity among agents. Partly for this reason, models utilizing staggered price
and wage setting typically assume that utility is separable between consumption and leisure,
in which case perfect insurance among households against labor income risk eliminates het-
erogeneity of their spending decisions. By contrast, if wages are staggered and household
utility is nonseparable, differences across households in labor supply (which will result due
to differences in wages set) lead to differences across household in the marginal utility of
consumption (and hence consumption), even if perfect insurance is able to equalize wealth
across households. The quadratic adjustment cost model allows us to avoid heterogeneity
across agents. In any case, the resulting price and wage inflation equations are very similar
to those derived from Calvo-based setups with inertia as in Christiano, Eichenbaum, and

Evans (2003) and Smets and Wouters (2002).



The price adjustment costs (denote by xp1 and X, 2, respectively) appear as an ex-
pense against firms’ profits and are thus factored into their profit-maximization problem.
The intermediate-good producing firm j, taking as given the marginal cost MC, (j) for
producing Y, (j), the aggregate material price level P, ;, and aggregate materials output
Yynt, chooses its price Py, (j) to maximize the present discounted value of its profits sub-
ject to the demand curve it faces for its differentiated output (equation 8). The materials
producer’s profit-maximization problem is given by

025t Ct mt(J) = MCpt(5)) Yine(5)

PNy & Py

. 2
Xp,1 . = \2 . Xp2 I, it (])
— | == (1L —1II -1 Py,
—0
; P 7t(j) Yyt th
) c, it

where the discount factor that is relevant when comparing nominal revenues and costs in
period ¢ with those in period t+j is E;/37 %, where A, is the household’s marginal
utility of consumption in period ¢. The parameter II,, is the steady-state rate of aggregate

materials price inflation.

3.3 Capitalists

The capitalist possesses the technology described in equation (5) for transforming capital
goods, purchased from capital goods producers, into capital that can be rented and used
productively by materials firms. The competitive capitalist, taking as given the rental rate
on capital Ry, ¢, the price of investment goods P; ;, and the stochastic discount factor chooses
investment to maximize the present discounted value of profits subject to the law of motion

governing the evolution of capital (equation 5).2 Specifically, the capitalist solves:

o0 2

Acy Xif St

Eo> B= [Ry, Ky — P st Kipr < (1-8) Ky +1 —Z< —F)
{Ityglii{}toio Ot:(]/B Pc’t[ kit (A t] s t+l_( ) t+ texp[ 2 -[t 1 F

(13)

2The economy’s capital stock is also ultimately owned by the households, so that the relevant discount

j Aet+j/Pettj

factor in comparing nominal earnings and expenditures in period ¢ with those in period t+7 is 3 Ay P



3.4 Households

The representative household’s utility, which is defined over consumption and leisure, is
described by equation (6). Since each household supplies its own differentiated variety of
labor L(i), it is able to set its wage W, (i) subject to the labor demand schedule that it
faces from the materials producing sector (equation 10). Analogous to materials producers,
the household faces non-negative adjustment costs (denoted by X1 and xq,2) in terms of
altering both the level and growth rate of its nominal wage. These adjustment costs appear
as an expense against income in the household’s budget constraint and are thus factored
into the household’s utility-maximization problem. The household’s budget constraint with
costly wage adjustment is is given by

Ac,tJrl /Pc,tJrl

E
! ﬁ Ac,t/Pc,t

Bm(z')] = Bli) + Wali) L) + Profits,(i) — PyCili)

. 2
2 ” 2 \Mu-1(9)

Pc,tCta (14)

where the variable By (i) is the state-contingent value, in terms of the numeraire, of household
1’s asset holdings at the beginning of period t. We assume that there exists a risk-free one-
period bond, which pays one unit of the numeraire in each state, and denote its yield—that
is, the gross nominal interest rate between periods t and t+1—by R; = (Etﬂ %) _1.
Profits are those repatriated from capitalist and materials producing firms who, as already
noted, are ultimately owned by households. The parameter II,, is the steady-state rate of
aggregate nominal wage inflation.

The household takes as given the expected path of the gross nominal interest rate Ry,
the consumption good price level P, ;, the aggregate wage rate W, profits income, and the
initial bond stock B;(, and chooses its consumption Cy(7) and its wage Wy (i) to maximize

its utility subject to its budget constraint and the demand curve it faces for its differentiated

labor. Specifically, the household solves:

o [(Cyt) = nCrr(N)(E = Lo(i))E] 7
EoZﬂt{( (i) = nCra (D)L — Ly(i))°]

=0

m

ax
{Ce(9),W (1)} 20 1-0

s.t. equation (14) and L(i)= (WI;/—(:‘)>p/01Lt(j)dj. (15)



3.5 Monetary Authority

In the spirit of the literature on monetary policy feedback reaction functions, we assume
that the central bank uses the short-term interest rate as its instrument. This rate is
determined in accordance with an interest rate feedback equation by which the short-term
interest rate responds to deviations of inflation and economy-wide capacity utilization from
their respective steady-state levels.?> We also allow for policy inertia by including the lagged
short-term interest rate in the feedback equation. In particular, monetary policy is described
by

1y = ¢pri—1 + Gp (e — 1) + ¢ InUp + €14, (16)

where r; denotes the short-term interest rate (equal to Ry — 1), U; denotes economy-wide
capacity utilization (equal to fol Ui(z)dx) and €.+ is an i.i.d. policy shock. Note that we
have suppressed the constant that incorporates the steady-state levels of the interest rate,

inflation rate, and capacity utilization rate.

3.6 Equilibrium

The decentralized equilibrium is an allocation:

{(Yn} o Yin Yo i ACe @) oo {Le@) Yoy Loy Ko, {K () 0 (446 Yo Yo Un U)o,

and sequences of prices:
o
{ s e, Wi T, { P (0} s Pes Pt Qs Bt AWe) g AMCon ()Y m0s Re

that satisfy the following conditions:

final-good producing firms solve (7) for s = ¢ and i;

all materials producers j € [0, 1] solve (9), (11), and (12);

the capitalist solves (13);
e all households i € [0,1] solve (15);

e the monetary authority follows (16);

3Capacity utilization provides a convenient proxy for the output gap without requiring any estimate of

potential output.
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e all materials goods markets clear, that is equation (8) holds for all j € [0, 1];
e the consumption and capital goods markets clear Y, ; = fol Ci(z)dzx and Y;; = I;; and,

e all factor markets clear, that is L;(i) = folLt(i,x)dx for all 4 € [0,1] and K; =
fol Ky(z)dz.

Agents take as given the initial values of Ky and R_1, the sequence of values of the target

variables and the sequence of exogenous variables

{Act, Aie, At }ioy -

implied by the sequence of shocks

) 00
{ec,ta €ity Em,t, GT,t}t:O .

The model’s first-order conditions are fully described in the Appendix. In simulating the
model, we normalize the variables by their balanced growth path values. The normalization
is also described in the Appendix. We then log-linearize the normalized equations describ-
ing the decentralized equilibrium and solve this system using the Anderson-Moore (1985)

algorithm.

4 Estimation

We estimate several of the structural parameters of our model using a minimum distance
estimator. Specifically, we estimate a VAR on quarterly U.S. data using empirical coun-
terparts to the theoretical variables in our model, and identify two structural shocks using
identifying assumptions that are consistent with our theoretical model. We then choose
model parameters so as to match the impulse responses to these two shocks implied by
the model to those implied by the VAR.? Estimation of model parameters by impulse re-
sponse function matching has sometimes been criticized for being ad hoc in selecting which
properties of the data the model has to match. While we agree that it would also be in-

teresting to explore full information estimation methods, we nevertheless think that the

4Recent applications of this estimation strategy are Rotemberg and Woodford (1997), Amato and
Laubach (2003), Christiano, Eichenbaum, and Evans (2003), and Altig, Christiano, Eichenbaum, and
Linde (2002).
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estimation undertaken here is valuable precisely because we focus on properties of the data
that have a clear structural interpretation. In this section we first describe the VAR and

the identification of the two shocks, and then discuss our parameter estimates.

4.1 VAR Specification and Identification

The specification of our VAR and the assumptions for identifying structural shocks are
in most respects the same as those of Altig, Christiano, Eichenbaum, and Linde (2002),
and the reader is referred to that paper. Nine variables are included in the VAR: the first
difference of log labor productivity, inflation, log manufacturing capacity utilization, the
log labor share, log hours per person, the log nominal consumption-to-output ratio, the
log nominal investment-to-output ratio, the nominal funds rate, and (linearly detrended)
log M2 velocity. Labor productivity, the labor share, and hours are the BLS measures for
the nonfarm business sector, where the labor share is computed as output per hour times
the deflator for nonfarm business output divided by compensation per hour.® Inflation is
computed using the GDP deflator. Population is the civilian population age 16 and over.
The consumption-to-output ratio is computed as the share of nominal personal consumption
of nondurables and services plus nominal government consumption expenditures in nominal
GDP. Similarly, the investment-to-output ratio is computed as the share of nominal personal
durable goods expenditures plus gross nominal private investment plus nominal government
investment expenditures in nominal GDP.6

Letting Y; denote the vector of variables in the VAR, and v; log M2 velocity, we view

the data in the VAR as corresponding, up to constants, to the model variables
/
9

Y = [AWmt — ) Tt Uty Yt — Ut — Wi, ey €6+ Dot — Yoty it + Dist — Yoty Tt, Ve

where lower case letters denote logs of the model variables. We estimate the VAR over the

sample 1960ql to 2001q4, including four lags of each variable.

By contrast, Altig et al. (2002) and Gali, Lépez-Salido, and Vallés (2003) compute labor productivity
by dividing real GDP by total hours in the nonfarm business sector, which is problematic because of the

trending share of real nonfarm business output in real GDP.
5We compute these ratios as shares of GDP, instead of as shares of nonfarm business output because

some consumption of goods and services are not produced by the nonfarm business sector. However, this
introduces a minor inconsistency in the VAR impulse responses of output, consumption, and investment
presented in Figures 1 and 2. The latter two are constructed by adding the responses of the respective log

ratios to the response of nonfarm business output.
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Following a number of other recent studies, we are interested in identifying two struc-
tural shocks, a permanent shock to the level of technology (in terms of our model, in the
intermediate goods sector), and a transitory shock to the funds rate. To identify these
shocks, we use one long-run and two short-run identifying restrictions. The short-run iden-
tifying restrictions are the usual ones, that the second-to-last and the last variable in the
VAR (the funds rate and velocity) are Wold-causal for the preceding variables. Writing the
structural form of the VAR as

ApY; = constant + A(L)Y;—1 + &4, (17)

the short-run assumptions imply that the last two columns of the contemporaneous mul-
tiplier matrix Ay have all zeros above the main diagonal. The eighth element of &; is
identified as the funds rate shock. The long-run identifying restriction is the one proposed
by Gali (1999) and further explored in Francis and Ramey (2002) and Altig et al. (2002),
that permanent shocks to technology are the only shocks to have a permanent effect on
labor productivity. Using this assumption, we identify the first element of &, as the tech-
nology shock.” This implies that the first row of the matrix of long-run (cumulative) effects
of e; on Yy, (I — A(1))"' Ay, consists of zeros except for the first element.

In order to estimate the VAR in structural form, we need a further set of assumptions to
just-identify the elements of Ag. We follow Altig et al. (2002) in assuming that the submatrix
consisting of columns 2-7 and rows 2-7 of Ag is lower triangular. This assumption is without
loss of generality as we do not attach any structural interpretation to elements 2 through
7 of ;. With these assumptions, we estimate the first equation of the structural VAR
imposing the long-run restrictions in the manner of Shapiro and Watson (1988) by including
contemporaneous and lagged variables of elements 2 through 7 of Y; in first-differenced
form. To control for simultaneity, we estimate the equation by 2SLS, using a constant and
Yi—1,...,Y;_4 as first-stage regressors for elements 2 through 7 of Y;. We then sequentially
estimate equations 2 through 7 by IV, using the residuals from the previous regressions as
instruments for contemporaneous variables. Equations 8 and 9 can be estimated by OLS
by virtue of our short-run identifying assumptions.

The solid lines in the panels of Figure 1 show the impulse responses to a permanent

technology shock, scaled such that the long-run response of output, its components, and the

"Other shocks, including those to investment goods sector productivity and the tax rate on capital income,

can affect the level labor productivity in the long run. See, for example, Fisher (2002).
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real wage are equal to 1. We omit the responses of velocity, as money does not appear in our
model, and instead show those of labor productivity.® The dashed-dotted lines present one-
standard deviation bands around the impulse responses, computed by bootstrap methods.’
Our results resemble those in Altig et al. (2002). As those authors discuss at length, a
controversial result from the VAR is that hours rise in response to a positive technology
shock. This finding contrasts to those of Gali (1999) and Basu, Fernald, and Kimball (1998),
who find that a technology shock induces a decline in hours that lasts for a few quarters.
Altig et al. provide evidence that one explanation for the difference between their findings
and those of Gali is that in their VAR log per capita hours enter in levels, instead of in first
differences. Because our model implies that per capita hours are stationary, we prefer to
specify the VAR with per capita hours in levels. The responses shown by the solid lines in
Figure 1 are similar to those shown in Altig et al. Figure 2 shows the impulse responses of
the variables to a funds rate shock. The estimated responses of output and its components,
labor productivity, the real wage, and inflation to a funds rate shock are consistent with
many other studies on the effects of monetary policy, and are very similar to those presented

in Altig et al.

4.2 Parameter Estimates

With the VAR impulse responses to a funds rate shock and a technology shock in hand,
we proceed to estimate 14 parameters of our model. The decision as to which parameters
to estimate and which ones to calibrate is (loosely) based on how informative the impulse
responses are for the parameters. We calibrate those parameters, such as steady-state
growth rates, that have little effect on the dynamic responses to shocks. The remaining
parameters are estimated by minimizing the squared deviations of the responses of eight
variables (ym. ¢, Ct, %, U, Ue, Wy, T, 7¢) to the two identified shocks implied by the model
from those implied by the VAR. For the technology shock we use the responses in quarters

0 through 20 following the shock; for the funds rate shock, we use the responses in quarters 1

80ur reason for including velocity in the VAR is to facilitate comparison of our VAR with that of Altig

et al. (2002), who include velocity.
9To prevent the standard error bands from diverging over time, we discard those draws for which the

implied reduced-form VAR was estimated to be unstable. Specifically, we discard those draws for which the
largest eigenvalue of the coefficient matrix in the reduced form, written in companion form, exceeds .995,

which is the case for about 15 percent of all draws.
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through 20, since the responses in the quarter of the shock are determined by the identifying
assumption. (The impulse responses for the eight variables following the two identified
shocks, recive equal weights in our estimation.)

The growth, depreciation, inflation, and interest rates shown in Table 2 and the rate of
time preference (3 are expressed at annual rate. The calibrated model parameters are shown
in the upper panel. The endowment L is normalized to 1. The value o = .3 is consistent
with an average labor share in the nonfarm business sector over 1952ql to 2000q4 of .64
under the assumption of a 10 percent markup in intermediate goods markets (which is a
bit lower than our markup estimate, see below). The value of § is compatible with our use
of a comprehensive measure of capital including residential and nonresidential structures.
The gross growth rate I',, in the intermediate goods sector is unobserved, and hence we
normalize it to 1. The growth rates I'. and I'; are based on the average growth rates of
our consumption and investment aggregates over the period 1960ql to 2001q4, which are
3.1 percent and 5.7 percent respectively. The steady-state inflation rate in one sector has to
be calibrated; given our assumptions about growth rates in the various sectors, the inflation
rate in one sector determines the inflation rates in the others, as well as wage inflation. We
choose to calibrate inflation in the consumption sector to 2 percent at an annual rate.

The estimated parameters are shown in the middle panel of the table, with standard
errors in parentheses. Standard errors are computed using the Jacobian matrix from the
numerical optimization routine and the empirical estimate of the covariance matrix of the
impulse responses from the bootstrap. The coefficients of the model are generally estimated
with good precision.

One feature of both sets of impulse responses is that real investment, hours, and uti-
lization display prolonged hump-shaped responses to the shocks. Consumption follows a
similar pattern in the response to the monetary policy shock, but monotonically rises to its
new level in response to the technology shock. In the case of a permanent technology shock,
Rotemberg and Woodford (1996) demonstrated that DGE models without intrinsic inertia
will not display such hump-shaped patterns; instead, these variables jump on impact and
adjust monotonically to their new steady-state values.

Not surprisingly, in estimating the model, we find a significant role for inertia in con-
sumption (in the form of habit persistence) and in investment (in the form of adjustment

costs) is needed to match these moments. Our estimate of the habit parameter 7 is close to
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Table 1: Structural Parameter Estimates

Preferences Technology Growth Prices Policy
Calibrated | 3 .97 « 3 T 1 11, 1.02
L 1 1) .10 r; 1.06
r. 1.03
Estimated | o 2.79 0 5.41 Xp,1 26.45 | o, .78
(.49) (1.46) (11.16) (.01)
¢ 2.43 P 4.00 Xp,2 .002 O 49
(5.16) (1.83) (1.24) (.04)
no .64 | U()E1) 7T Xwi1 148 | ¢, .005
(.02) (.07) (24.01) (.002)
Xi 1.75 Xw,2 133
(.30) (24.98)

the value estimated by Boldrin, Christiano, and Fisher (2001), Smets and Wouters (2002),
and Christiano, Eichenbaum, and Evans (2003), but smaller than the estimate reported in
Fuhrer (2000). Our estimate of y;, the adjustment cost parameter in investment, is smaller
than the value of 3.60 reported in Christiano et al., or 6.77 reported in Smets and Wouters.
Still, this degree of inertia in investment is sufficient to deliver the distinctive hump-shaped
response of investment seen implied by the data.

A second noteworthy feature of the impulse responses is the difference of the impulse
responses of inflation to the two shocks. Interestingly, in response to the technology shock
inflation drops on impact and then returns to steady state relatively quickly. This pattern
is inconsistent with a high degree of intrinsic inflation inertia, as discussed in the following
section. The response of inflation to the monetary policy shock is gradual and persistent,
suggesting inflation inertia or some other deviation from standard price-setting models.

For the price equation, our estimates imply no intrinsic inflation inertia with the esti-
mated value of x, 2 being near zero, reflecting the response to the technology shock. In
contrast, we find evidence of intrinsic nominal wage inflation inertia, as evidenced by the
estimated value of x, 2 exceeding 100 with an estimated standard error of about 25. We
return to a detailed analysis of the estimates of the wage and price equations in the following
section.

Rounding out the remainder of the estimates, we find a value of the intertemporal
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elasticity of substitution in consumption (equal to the inverse of o) well below unity, broadly
consistent with results in the literature.! The estimated aggregate labor supply elasticity,
based on our estimate of (, is above 4, higher than micro-based studies but consistent
with other macro-based estimates. The values of 8§ and p imply steady-state markups in
intermediate goods and labor markets of 23 percent and 33 percent, respectively. Our
estimate of the elasticity of the utilization cost function ¥" (1)/®¥'(1) implies greater costs
from variations in capital utilization than the estimates of Christiano et al. (2001), Altig et
al. (2002), or Smets and Wouters (2002) do, although some of the difference between our
estimate and others may be due to alternative formulations of utilization costs used in those
studies. Our estimates of the parameters of the monetary policy rule, ¢, ¢, and ¢, are
broadly consistent with the findings of many other studies that estimate monetary policy
reaction functions, such as that of Clarida, Gali, and Gertler (2000).

The dashed lines in Figure 1 present the impulse responses implied by the model un-
der our parametrization to a permanent unanticipated increase in technology that raises
Ym,t» Ct 4, lt, and wy in the long run by one percent. Figure 2 shows the responses to a one
percentage point shock to the funds rate, computed under the assumption that no other
variable can respond contemporaneously to this shock. The model matches the responses to
the technology shock very well across the board. Compared to the VAR impulse responses,
the model impulse responses to a funds rate shock of v, ¢, ct, ¢, l¢, and ,, + are of approxi-
mately same magnitude, but appear to be front-loaded, in that the VAR impulse responses

reach their trough several quarters after the model responses.

5 Wage and Price Inertia

In this section, we take a closer look at the estimates of the price and wage equations and
compare our results to others in the literature. One advantage of the polynomial adjustment
cost model is that it nests the standard quadratic adjustment cost model as a special case.
For example, in the case of prices, the restriction x;, 2 = 0 yields the quadratic adjustment

cost model which is closely related to the Calvo model. A second advantage is that one can

10We should note that our low estimate of the intertemporal elasticity of substitution, combined with our
values for § and I'c, imply the so-called “risk-free rate puzzle,” that is, they result in a very high steady-
state real interest rate (R/Il.) of about 12 percent at annual rate (and a correspondingly low steady-state

capital-output ratio).

17



express the resulting price and wage equations in terms of leads and lags of the dependent
variables and the contemporaneous driving variable.

The point estimates for the adjustment cost parameters for price and wage setting,
together with the other parameters of our model, yield the following coefficients in the log-

linearized price and wage inflation equations (see the Appendix for details on the derivation):

Tm,t = -0007rm,t—1 + -979Et7rm,t+1 — .OOOEtﬂm7t+2 + .163mcm7t,

Tw,t = -24-47Tw,t71 + .984.Et7Tw,t+1 - -234Et7rw,t+2 + .004(mrst - wt),

where mc,, ; is log relative marginal cost, mrs; is the log of the marginal rate of substitution,
and w; is the real wage rate.

Our estimate of the pace of price adjustment is close to those of other studies, as
indicated by the relative magnitude of the coefficient on the driving variable, real marginal
cost. Translated into terms equivalent to Calvo contracts, our estimates indicate a mean
duration of price contracts of only about 2 quarters. The implied estimate of price contract
duration is almost the same as that of Chistiano, Eichenbaum, and Evans (2003) who
estimate a 2-1/2 quarter mean duration and about half that of Gali and Gertler (1999) who
find a mean price contract duration of about one year.!! Our estimate is also consistent
with Blinder’s (1994) survey evidence suggesting a three-quarter duration, as well as other
survey evidence reported in Taylor (1999).

We find that wages are far more sluggish than prices with an implied mean contract
duration of about 3-1/2 years.'? Our estimate of the degree of wage inertia is considerably
higher than that of Altig, Christiano, Eichenbaum, and Linde (2002), who estimate about
a three quarter mean duration of nominal wages; however, based on the technology shock
alone, they find even longer wage contract duration that we do. Our estimate is also well
above that implied by direct evidence on wage behavior which suggests average contract
durations of one year or shorter (see Taylor 1999). The evidence on contract duration

in Europe differs considerably from that in the United States. Smets and Wouters (2002),

"Our estimation methodology is very similar to that of Christiano et al. (2003). The differences in our
estimates reflect differences in the estimated VAR and differences in the weighting of the impulse responses
in the distance measure we are minimizaing. Christiano et al. weight the impulse responses by the inverse

of their standard errors, while we apply equal weights.
12Brayton, Levin, Tryon, and Williams (1997) also find that wages are very sluggish in the Federal Reserve

Board’s estimated macro model that uses a more general form of the polynomial adjustment cost model than

that employed here.
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using European data, get the opposite result to ours: they find mean price contract duration
of over 2-1/2 years and mean wage contract duration of only one year.

In order to compare our estimates of inertia in the rate of change of prices and wages to
those from other studies, it is useful to map our parameter coefficients into implied reduced-
form coefficients on lagged inflation. Because the polynomial adjustment cost specification—
in contrast to the variations of Calvo price setting developed in Gali and Gertler (1999)
and Smets and Wouters (2002)—involves two leads of inflation, the degree of inertia is no
longer equal to the coefficient on the first lag of inflation in the estimated equation. Instead,
the degree of inertia is obtained by solving the price and wage inflation equations for the
reduced form, and computing the resulting coefficient on the lagged inflation rate.

Our estimates indicate the lack of any inertia in price inflation, a somewhat stronger
finding against inflation inertia than that assumed or estimated in the recent literature.
It is worth emphasizing that this result is driven entirely by the behavior of inflation in
response to the te