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We develop a multisector model in which capital and labor are free to move across firms
within each sector, but cannot move across sectors. To isolate the role of sectoral specificity, we
compare our model with otherwise identical multisector economies with either economy-wide or
firm-specific factor markets. Sectoral factor specificity generates within-sector strategic substi-
tutability and tends to induce across-sector strategic complementarity in price setting. Our model
can produce either more or less monetary non-neutrality than those other two models, depending
on parameterization and the distribution of price rigidity across sectors. Under the empirical dis-
tribution for the U.S., our model behaves similarly to an economy with firm-specific factors in the
short-run, and later on approaches the dynamics of the model with economy-wide factor markets.
This is consistent with the idea that factor price equalization might take place gradually over time,
so that firm-specificity may serve as a reasonable short-run approximation, whereas economy-wide
markets are likely a better description of how factors of production are allocated in the longer run.
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1 Introduction

Much of the monetary economics literature tries to make sense of the extent of monetary non-
neutrality that is apparent in the data. An important part of this literature does so by resorting to
models in which prices (and sometimes wages) are sticky. A problem with bare bone versions of these
models is that the degree of price rigidity required to generate substantial non-neutrality is at odds
with the microeconomic evidence on the frequency of price changes. However, since Ball and Romer
(1990) and Kimball (1995), it is well-known that large real rigidities — which can induce strategic
complementarities in price-setting decisions — can generate substantial endogenous persistence in the
real effects of monetary shocks, and thus help bridge this gap.!

In a series of contributions to our understanding of the sources of real rigidities, Woodford (2003,
2004, 2005) argues forcefully that factor specificity matters. In particular, Woodford (2005) develops
a model in which both capital and labor are specific to firms — i.e., they cannot move freely from one
firm to another.? He shows that factor specificity at the firm level is a powerful source of real rigidities.
Other papers in the literature, such as Sveen and Weinke (2007a) and Altig et al. (2011), also find
that firm-specific capital is an important ingredient for understanding the monetary transmission
mechanism.

The assumption of firm-level specificity contrasts sharply with the (usually unstated) assumption
that factors of production can move freely across firms, as in the Real Business Cycle literature.
Under standard assumptions about preferences and technology, such economy-wide factor markets
tend to induce strategic substitutability in price setting (e.g., Woodford 2003, chap. 3), and thus
generate a small degree of monetary non-neutrality (Chari et al. 2000).

The two aforementioned assumptions about factor markets are, to some extent, unrealistic. It is
likely that factor price equalization takes place gradually over time, so that firm-specificity might be
a reasonable short-run approximation, whereas economy-wide markets might be a better description
of how factors of production are allocated in the longer run.

In this paper, we study whether the nature of factor specificity matters. To that end, we develop
a multisector model in which capital and labor are free to move across firms within each sector, but
cannot move across sectors — i.e., factors of production are sector-specific. To isolate the role of
sectoral specificity, we compare our model with otherwise identical multisector economies with either
economy-wide or firm-specific factor markets.

It turns out that it matters a great deal whether factor markets are specific at the firm or at

the sector level. Sectoral factor specificity generates within-sector strategic substitutability in pricing

! Other such mechanisms have to do with, for example, information frictions and heterogeneity in price rigidity.
>To be precise, Woodford’s (2003, 2005) models feature industry-specific labor coupled with assumptions that make
it mathematically equivalent to a particular model with firm-specific labor markets, as will become clear subsequently.



decisions. This tends to reduce the degree of monetary non-neutrality relative to the case of firm-
specific factors. At the same time, sectoral relative price movements generate distributional effects
that induce strategic complementarity (or weaken strategic substitutability) in pricing decisions across
sectors — relative to the model with economy-wide factor markets. As a result of these forces, our
sector-specific factor model can produce either more or less monetary non-neutrality than those other
two models, depending on parameterization and the distribution of price rigidity across sectors. A
calibrated version of our model that matches the empirical distribution of price stickiness for the U.S.
behaves similarly to an economy with firm-specific factors in the short-run, and later on approaches
the dynamics of the model with economy-wide factor markets.

As shown by Woodford (2005), firm-specific factors can be a powerful source of real rigidities,
and hence strengthen strategic complementarities in firms’ pricing decisions. To understand the
mechanism at work, consider first the case of economy-wide factor markets. Furthermore, for ease of
exposition, let us focus on a parameterization for preferences and technology such that firms’ marginal
costs can be thought of as being exogenous. Hence, with constant desired mark-ups, firms’ pricing
decisions do not interact — a case that we refer to as featuring strategic neutrality in price setting. In
that case, a given nominal disturbance will have some effect on real variables due to nominal price
rigidities only.

Switching to an economy with firm-specific factor markets, but keeping the same parameterization
underlying the environment described in the previous paragraph, leads to strategic complementarities
in pricing decisions — both within and across sectors. The mechanism at work is the following.
Consider an increase in nominal aggregate demand, in response to which all firms will eventually
raise their prices. A firm that increases its price at some point in time faces relatively less demand
for its variety, when compared to other firms in the same sector. Moreover, as long as there is some
substitutability between varieties of consumption goods produced in different sectors, demand will
also shift away toward firms in other sectors in response to that price increase. This relative drop
in demand will lead adjusting firms to deploy relatively fewer production inputs, putting downward
pressure on firm-specific factor prices — relative to the case in which these prices are determined at
the economy-wide level, and are hence insensitive to individual firms’ demands. As a result, under
firm-specific factor markets, adjusting firms will tend to increase their prices by less in response to
an increase in nominal aggregate demand.

Underlying the analysis of the previous paragraph is the fact that, under the assumed parameter-
ization for preferences and technology, the model with firm-specific factor markets induces comple-
mentarities in price setting decisions both within and across sectors. This can be seen clearly if we
resort to the usual comparative statics analysis that focuses on how the desired price of an atomistic

flexible-price firm responds to exogenous changes in the aggregate price level or to exogenous changes



in the price level in its sector.

In response to, say, an exogenous increase in the overall level of prices, nominal marginal costs for
the firm at hand increase. The reason is that the assumed aggregate price increase makes the firm’s
sector varieties relatively cheaper. This increases demand for its variety, and hence its demand for
production inputs. The other forces that would affect the firm’s nominal marginal cost cancel out
exactly, due to the aforementioned parameterization that leads to strategic neutrality in price setting
in the model with economy-wide factor markets.?

Likewise, an exogenous increase in the overall level of prices in the sector in which the firm at
hand operates also increases its nominal marginal cost. As in the previous paragraph, the reason is
that the variety that the firm produces becomes relatively cheaper.?

The bottom line is that the model with firm-specific factor markets features strategic complemen-
tarities in price-setting decisions both within and across sectors. As is well known, in the presence of
nominal rigidities, these complementarities tend to produce larger real effects of nominal disturbances
when compared to a similar model with strategic neutrality in price setting.

Consider now the model with sector-specific factor markets. As in the previous model, an exoge-
nous increase in the overall level of prices in the economy increases nominal marginal costs for the
atomistic flexible-price firm under consideration. This is the case because the increase in the aggre-
gate price level makes varieties in that firm’s sector relatively cheaper. This shifts demand in favor
of that sector, increasing demand for production inputs and putting upward pressure on factor prices
— which, by assumption, are determined at the sectoral level. Hence, the model with sector-specific
factor markets also features across-sector complementarities in price-setting decisions.

In sharp contrast, an exogenous increase in the overall level of prices in the sector in which the firm
at hand operates decreases nominal marginal costs for that firm. The reason is that the increase in
the relative price of the sector (when compared with prices elsewhere in the economy) shifts demand
away from it, decreasing the sector’s demand for production inputs and putting downward pressure
on factor prices. That is, this model features within-sector substitutability in price-setting decisions.
As a result of different patterns of pricing interactions within and across sectors, our model with
sector-specific factor markets can produce rich aggregate dynamics, as we discuss in Sections 3 and
4.

The differences in aggregate dynamics implied by the different assumptions on factor specificity

can also be understood through the lens of the underlying New Keynesian Phillips curves. We

3See Section 3 for details.

YThere is also an effect working in the opposite direction. The increase in the overall level of prices in a sector
relative to prices elsewhere in the economy lowers overall demand for varieties in that sector. However, this effect is
dominated by the effect of substitution within the sector in which the firm under consideration operates — as long as
the elasticity of substitution between varieties within any given sector exceeds the elasticity of substitution between
varieties across sectors (which is a plausible assumption).



explicitly derive Phillips curves in our multisector economies with endogenous capital accumulation,
under the three alternative assumptions regarding factor specificity.’

While the assumption that factors cannot move across sectors is also extreme, our model is
motivated by existing empirical evidence that both capital and labor have an important degree of
sector (or industry) specificity. For example, Ramey and Shapiro (1998) find that the flow of capital
across firms within the same industry is indeed large, while Ramey and Shapiro (2001) provide
evidence of significant sectoral specificity of capital, based on an industry case study. The empirical
evidence that labor reallocation across sectors/industries is more limited than within sectors is shown
in Davis and Haltiwanger (1992) and Parent (2000). More recently, Hobijn (2012) finds similar
results. Autor et al. (2014) show that the intensity of labor reallocation within- versus across-
sectors correlates with the level of wages. In particular, looking at the effects of increasing import
competition, they find that low-wage workers reallocate primarily within industry, while high-wage
workers appear to switch sectors more easily.

Different forms of input specificity can also be justified on theoretical grounds. In a series of
contributions, Caballero (2007), and Caballero and Hammour (1996, 1998, 2000) discuss the possible
sources and macroeconomic implications of input specificity. They show that specificity contributes
to the slow adjustment of macroeconomic aggregates to shocks in the short and medium run, with
resources being underutilized, production suffering from “technological sclerosis,” and recessions being
excessively sharp in the transition to a new steady state.

Section 2 presents the reference model of our multisector economy with sector-specific factors of
production. It also presents the otherwise identical multisector models with either economy-wide or
firm-specific factor markets. Section 3 analyses in detail the different patterns of pricing interactions
produced by the three models, and presents the underlying new Keynesian Phillips curves. Section 4
follows with a quantitative analysis of the effects of monetary shocks under the three types of factor

specificity. The last section concludes.

2 Three models of factor specificity

In this section, we consider three alternative sticky-price dynamic stochastic general equilibrium
(DSGE) models that differ in their assumptions about factor mobility. In all models, identical
infinitely-lived consumers supply labor and capital to intermediate firms that they own, invest in
a complete set of state-contingent financial claims, and consume a final good. The latter is produced
by competitive firms that bundle varieties of intermediate goods. The monopolistically competitive

intermediate firms that produce these varieties are divided into sectors that differ in their frequency

SFor an analysis of the implications of labor specificity for the NKPC in one-sector models without capital accumu-
lation, see the recent survey by Leahy (2011).



of price changes. Labor and capital are the only variable inputs in the production of intermediate
goods. In the first model, presented in Section 2.1, we assume that these inputs can be reallocated
freely across firms in the same sector but cannot flow across sectors, i.e., factors are sector-specific.
Sections 2.2 and 2.3 consider two alternative cases in which factors of production are, respectively,

firm-specific or can move freely across firms and sectors (“economy-wide” factor markets).

2.1 Sector-specific factors®

The representative consumer maximizes:

0 Cl 7T _1 S 1+'7
Eyy B e Z Na
=1

subject to the flow budget constraint:
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the law of motion for the stocks of sector-specific capital:
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and a standard “no-Ponzi” condition. F; denotes the time-t expectations operator, C; is consumption
of the final good, N, ; denotes total labor supplied to firms in sector s, Wy ; is the associated nominal
wage rate, and wy is the relative disutility of supplying labor to sector s.” I s,t denotes investment in
sector-s capital, I} = Zle I+, Ky is capital supplied to firms in sector s, and Z,; is the associated
nominal return on capital. The final good can be used for either investment or consumption, and
sells at the nominal price P;. Byy1 accounts for the state-contingent value of the portfolio of financial
securities held by the consumer at the beginning of t + 1. Under complete financial markets, agents
can choose the value of Byy1 for each possible state of the world at all times, subject to the no-
Ponzi condition and the budget constraint. 7} stands for profits received from intermediate firms.
The absence of arbitrage implies the existence of a nominal stochastic discount factor ©;;,1 that

prices in period t any financial asset portfolio with state-contingent payoff B;i; at the beginning

S Woodford sometimes refers to his assumption regarding labor markets as involving industry-specific (e.g., Woodford
2003, chapter 3) or sector-specific (e.g., Woodford 2005) labor markets. This is not the same as our assumption of sector-
specificity. In Woodford’s work, an industry (or sector) is characterized by fully synchronized price setting, so that his
assumption is mathematically equivalent to firm-specific labor markets — as long as firms behave competitively and do
not try to exploit their monopsony power. In contrast, in our model, price changes are asynchronized within each sector.

"As in Carvalho and Lee (2011), relative labor disutility parameter is only used to obtain a symmetric steady state,
and simplify the algebra. It does not play a role in any of our findings. Derivation details are available upon request.



of period t + 1.8 Finally, 3 is the time-discount factor, c~! denotes the intertemporal elasticity of
substitution, ! is the Frisch elasticity of labor supply, § is the rate of depreciation, and ® (.) is the
adjustment-cost function. We follow Chari et al. (2000), and assume ® (I,+, K, +) takes the following

I 1 (Is’t —5>2

o st o Kt

0} (Is,tst,t) =0 <I§'S’t> =1- §HT7
s,t

form:

which is convex and satisfies ® (§) = 1, &' (§) = 0, and ®” (§) = —5.

The first-order conditions for consumption and labor are:
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Consumers’ allocation of sectoral investment I; and capital K ;11 yields:
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where )5+ denotes Tobin’s ¢ for sector s.

The solution must also satisfy a transversality condition:
lim Et [@t,lBl] =0.
l—o0

A representative competitive firm produces the final good, which is a composite of varieties of
intermediate goods. Monopolistically competitive firms produce such varieties. The latter firms are
divided into sectors indexed by s € {1, ..., S}, each featuring a continuum of firms. Sectors differ in
the degree of price rigidity, as we detail below. Overall, firms are indexed by their sector s, and are
further indexed by j € [0,1]. The distribution of firms across sectors is given by sectoral weights
fs >0, with 332 fo =1

The final good is used for both consumption and investment and is produced by combining the

intermediate varieties according to the technology:

s 1 n=i\gi1
vie (X v ) (1)

8To avoid cluttering the notation, we omit explicit reference to the different states of nature.
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where Y; is the final good, Y;; is the aggregation of sector-s intermediate goods, and Y ;; is the
variety produced by firm j in sector s. The parameters n > 0, and 6 > 1 are, respectively, the
elasticity of substitution across sectors, and the elasticity of substitution within sectors.

The representative final-good-producing firm solves:

s 1

max PY; — Zs_l fs/ P, ;1Y dj
= 0

st (1)-(2),

which yields as first-order conditions, for j € [0,1] and s =1,..., S:

Ps 't>_0 <Pst>_n
Y . — 0T ) Y.
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The price indices are given by:
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where F; is the price of the final good, P;; is the price index of sector-s intermediate goods, and P ;¢
is the price charged by firm j from sector s.

Monopolistically competitive firms produce varieties of the intermediate good by employing capital
and labor. For analytical tractability, we assume that intermediate firms set prices as in Calvo
(1983). The frequency of price changes varies across sectors, and it is the only source of (ex-ante)
heterogeneity. While in reality sectors certainly differ in many dimensions other than heterogeneity in
price stickiness, this assumption suits our purposes for the following reasons. First, nominal rigidity
is of interest, because our goal is to contribute to the literature on factor specificity as a source of real
rigidities that can amplify /propagate monetary shocks (e.g., Chari et al. 2000 and Woodford 2005). In
this context, allowing for heterogeneity in price stickiness is natural, because of the ample literature
documenting that this is empirically important, and that it matters for aggregate dynamics.” In
addition, in our model, any two different sectors that have the same degree of price rigidity will
respond to aggregate shocks in the exact same way.!? Hence, our partition of the economy in terms
of price rigidity may encompass arbitrarily many “subsectors” within each sector.

In each period, each firm j in sector s changes its price independently with probability as. At

?See, for example, the survey of Klenow and Malin (2010).
10This would possibly cease to be the case if sectors differed in other dimensions as well.



each time a firm j from sector s adjusts its price, it chooses X ;; to solve:
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where x is the elasticity of output with respect to labor.

Optimal price setting implies:
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From cost-minimization, real marginal cost can be expressed as:
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where:

Note that marginal costs are equalized only within sectors. This is a direct implication of the as-
sumption of sectoral capital and labor markets. Finally, under that assumption, the market-clearing

conditions for capital and labor are:

1
Ks,t - fs/ Ks,j,tdj,vs:
0

1
Ns,t - fs/ Ns,j,tdjavs-
0

2.2 Firm-specific factors

We now consider a variant of the previous model in which production inputs are specific at the firm
level. This version of the model generalizes Woodford (2005) to a multisector economy.!! It requires
that we reformulate the consumers’ and intermediate firms’ problems. The maximization problem of

final goods firms remains the same as in the model with sectoral factor markets.

"Other papers that model capital as firm-specific are Altig et al. (2011), Sveen and Weinke (2007a), and Sveen and
Weinke (2007b).



The representative consumer maximizes:
0o 1—0 S 1 arlt+y
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subject to the flow budget constraint:
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where ® (I ¢, K j¢) now takes the form:

I 1 (@ -9)
75t Ks,",t
@ (Is,j,tst,j,t) = (P <I{f5.i7’t> = 1 - iﬁ"Ji’

and a standard “no-Ponzi” condition.

The notation is the same as before, except that now N ;; denotes total labor supplied to firm j
in sector s, and W ;; is the associated nominal wage rate. I ;; denotes investment allocated to firm
7 in sector s, Iy = Zle fs fol I, jidj, K j+ is capital supplied to firm j in sector s, and Zs ;; is the
associated nominal return on capital.

The first-order conditions for consumption and labor are now:

¢ B P
Cr5  ©u Py’
W.jt

T = Ng’j’th, v S,j.

Consumers’ allocation of investment and capital to firm j in sector s is such that:

c e 7. I I 9
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where @ ;+ denotes Tobin’s ¢ of firm j in sector s.

Once we introduce firm-specific factor markets, the intermediate goods producer’s problem also

10



changes since wages and the return on capital will also be firm-specific:

oo
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Optimal price setting implies:

-1
l 1— —1
o Eed 20O (1— o) Ag (XKS,jfﬂNgfj,tH) W+
0—1 By 3720 Ores (1 — ) Mgy

Xojit =

I

where Ay is defined in equation (4).

From cost-minimization, real marginal costs can be expressed as:
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Note that marginal costs are now firm-specific. This is a direct implication of the assumption of

firm-specific capital and labor markets.

2.3 Economy-wide factors

Finally, we consider a version of the model in which labor and capital can move freely across firms
and sectors. This requires that we reformulate the consumers’ and intermediate firms’ problems once
again. The maximization problem of final goods’ firms remains the same as before.

The representative consumer maximizes:

cl-o—1 N )

o0
E, 4 -
o> (G

subject to the flow budget constraint:

P,Cy+ Py + E; [©4441Bi 1] < WiNy + By + T + Zi Ky,
the law of motion for capital stocks:
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where @ (I}, Ky) now takes the form:

‘I’(It»Kt)=<I><It> :1—1,£<;<tt_>2

and a standard “no-Ponzi” condition.
The notation is the same as before, except that N, is total labor supply, W} is the corresponding

nominal wage rate, I; denotes investment, K; stands for capital, Z; is the associated nominal return

on capital.

The first-order conditions for consumption and labor are:

¢’ B p
C5 O Py’
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Consumers’ allocation of investment I; and capital K; 1 yields:
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where ; denotes Tobin’s q.

Under economy-wide capital and labor markets, the intermediate firm’s problem becomes:

o
! Xt s jiat1+
max Et Z 6t,t+l (1 — Oés)
Py Wit Ns jir1 — L1 K jivi

s.t. (3) and (4).
Optimal price setting implies:

1
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where Ag; is defined in equation (4).

From cost-minimization, real marginal costs can be expressed as:

1 Wt X <Zt)(1x)
MCs iy =MCi————— | — — . 8
7! (1) <Pt> by ®)

Note that marginal costs are equalized across firms and sectors. This is a direct implication of the

12



assumption of economy-wide capital and labor markets.

2.4 Monetary policy

In our baseline specification we assume that the growth rate of nominal aggregate demand follows a
first-order autoregressive (AR(1)) process, thus leaving monetary policy implicit. This is a common
assumption in the literature (e.g. Mankiw and Reis 2002). Denoting nominal aggregate demand by
M; = P,Y;, we assume:

Amy = p,Amy_1 + 0c, Emit,

where my = log (M), p,, determines the autocorrelation in nominal aggregate demand growth, and
Em,t is a purely monetary, uncorrelated, zero-mean, unit-variance 7.7.d. shock.

We analyze the model using a loglinear approximation around the zero-inflation steady state.
While solving the models with sectoral and economy-wide factor markets is straightforward, the model
with firm-specific capital is more challenging. The reason is that firms can have different capital-
accumulation histories. We solve that model by generalizing the approach pioneered by Woodford

(2005) to the case of a multisector economy. Details of the solution are available in the Appendix.

3 The underlying New Keynesian Phillips curves

Each model of Section 2 gives rise to a distinct New Keynesian Phillips curve (NKPC), with different
implications for aggregate dynamics.'? As a first step to understand those differences, we can develop
some intuition by analyzing the so-called frictionless optimal prices in each model — i.e., the prices
that firms would set if they could change them continuously.

For simplicity, we work with versions of the model without capital (x = 1).!? In that case, the
expressions for the frictionless optimal prices in the economy-wide, sector- and firm-specific economies

are given by, respectively:

Economy-wide: Pist=(@+y)mi+(1—0—7)p 9)
Sector-specific: Pist= (0 +7y)mi+(1—0—vy+n7)pe — NyPsy (10)
: : o+ l—o—y+m _ (@—n)y
Firm- fic: = 11
1Irm-specific Dj,st T nymt + 1106y bt 116y Psi, (11)

where p}k-, s+ 1s the frictionless optimal price of firm j in sector s.
The coefficients associated with the aggregate price level (p;) and with sectoral prices (ps) indicate

how a firm would like to respond to changes in those prices. That is, they determine the nature of

12Derivations can be found in the Appendix.
"Hence, the analysis in this section is similar to that in Carvalho and Lee (2011).
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pricing interactions in the three economies. Note that, because these are multisector economies, it is
possible that firms’ pricing decisions interact differently, depending on whether firms are in the same
sector or in different sectors. We refer to the dependence of p;&t on p,; as resulting from within-
sector pricing interactions, and to the effect of p; on p;f’s’t as resulting from across-sector pricing
interactions.

A positive coefficient on the aggregate price level, say, implies that a firm’s frictionless optimal
price rises when other prices increase. That is, such a positive coefficient implies a strategic comple-
mentarity with respect to the overall level of prices in the economy (i.e., across-sector complemen-
tarity). Likewise, a negative coefficient on the sectoral price index implies strategic substitutability
with respect to the prices of firms in the same sector (i.e., within-sector substitutability).

In order to think through the patterns of pricing interactions that the three models can deliver,
let us start with the case of economy-wide factor markets (equation 9). In that model, in response
to, say, an increase in the aggregate price level, a firm j in sector s will have an incentive to increase,
decrease, or to keep its price unchanged depending on wether (1 — o — ) is positive, negative, or
zero, respectively. So, to fix ideas, let us consider as a benchmark the parameterization under which
the economy-wide model features strategic neutrality in price setting — i.e., when o +~ = 1. We can,
then, more easily compare the three models.

When o + v = 1, both the sector- and the firm-specific models tend to induce strategic comple-
mentarity in price setting across sectors. This happens as long as ny > 0 — that is, as long as there
is some substitution between varieties in different sectors (n > 0) and the Frisch elasticity of labor
supply is finite (v > 0). Note also, that, as long as the latter condition holds (y > 0), the degree of
across-sector pricing complementarities in the model with sector-specific labor is larger than in the
model with firm-specific labor: 1 —o —v+ny > (1—0c—v+nv) /(14 07).

The two models of labor specificity, however, differ markedly in their implications for the pattern
of pricing interactions within sectors (assuming ny > 0). While the model with sector-specific labor
necessarily induces strategic substitutability within sectors, the firm-specific model features within-
sector strategic complementarity as long as the elasticity of substitution between varieties within any
given sector exceeds the elasticity of substitution between varieties across sectors (6 > n) — which
seems plausible.

When o+ # 1, the pattern of pricing interactions can differ even more across the three economies,
depending on parameter values.

Let us now turn to the economic mechanisms underlying these possible patterns of pricing inter-

actions. We rely on the usual thought experiment of considering exogenous changes in aggregate or

M Strictly speaking, this separation of the effects of ps+ and p; on P} s,¢ only holds exactly if sectors have negligible
mass. Nevertheless, we adopt this terminology for expositional convenience.
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sectoral prices, while keeping nominal aggregate demand constant.

We start with the economy-wide factors model. In this model, it is clear from (9) that sectoral
prices have no effect on a firm’s frictionless optimal price. The reason is that, in the labor-only
models that we entertain in this section, that price is proportional to the nominal wage. With an
economy-wide labor market, the nominal wage only depends on the aggregate price level, aggregate
labor, and aggregate consumption. These are unaffected by changes in sectoral prices that keep the
aggregate price level constant (which is the right thought experiment to isolate how sectoral prices
affect a firm’s frictionless optimal price).

Turning to the effects of the aggregate price level on a firm’s frictionless optimal price, let us
consider an exogenous increase in the overall level of prices. With nominal aggregate demand constant
by assumption, consumption falls (in the proportion of the price increase) — and so does labor.
Whether the nominal wage ends up increasing, decreasing, or unchanged thus hinges on the Frisch
elasticity of labor supply and on the intertemporal elasticity of substitution in consumption (see
equation 7). If these elasticities are large (i.e., v and o are small), the real wage falls relatively little.
That is, the nominal wage — and hence, a firm’s frictionless optimal price — moves closely with the
aggregate price level. This explains why pricing decisions are strategic complements when the Frisch
elasticity of labor supply and/or the intertemporal elasticity of substitution in consumption are large
enough (so that 7 4+ o < 1). The knife-edge case of strategic neutrality (v 4+ o = 1) arises precisely
when these elasticities are such that the drop in consumption and labor exactly offset the aggregate
price increase and keep nominal wages unchanged.

We now take up the case of firm-specific labor. Once again, understanding the effects of changes in
aggregate or sectoral prices on a firm’s frictionless optimal price requires understanding their effects
on nominal wages. The difference is that, now, wages depend on aggregate consumption and firm-
level, as opposed to aggregate, employment. As before, let us first consider an exogenous increase
in the overall level of prices. With nominal aggregate demand constant by assumption, consumption
falls like before (in the proportion of the price increase). But, in general, the level of labor employed
by the firm under consideration can increase or decrease. On the one hand, the drop in aggregate
demand tends to lower that firm’s demand for labor, just as in the economy-wide case. On the other
hand, the assumed aggregate price increase makes the firm’s variety relatively cheaper. This increases
demand for its variety, and hence its demand for labor. For parameter values that imply strategic
neutrality in the economy-wide model (7 4 o = 1), we can conclude that the nominal wage ends up
increasing. The reason is that, for those parameter values, the drop in aggregate consumption and
its negative effect on the firm’s labor demand exactly offset the aggregate price increase. So, the net

effect on the nominal wage the firm has to pay its workers is positive, and is dictated by the increase
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in relative demand for its variety.'?

Continuing with the model with firm-specific labor, let us now analyze the effects of a change
in the level of prices in a given sector (ps;) on the frictionless optimal price of a firm in that sector
(p;f’ s,t)' For concreteness, let us assume an increase in p, ;. What matters for the effect of such a price
change on the nominal wage that firm j has to pay its worker is whether the firm ends up having to
employ more or less labor. There are two opposite forces at work. First, the increase in ps; reduces
the demand for varieties of all firms in sector s. This effect is dictated by the elasticity of substitution
between varieties across sectors (n7). The second effects arises because the assumed sectoral price
increase makes firm j’s variety relatively cheaper. This increases demand for its variety, and hence
its demand for labor. This effect is dictated by the elasticity of substitution between varieties in the
same sector (#). Under the plausible assumption that the elasticity of substitution between varieties
within any given sector exceeds the elasticity of substitution between varieties across sectors (6 > 7),
the net effect on firm j’s employment, and hence on the nominal wage it has to pay its workers, is
positive. Therefore, under this assumption, the firm-specific model features across-sector strategic
complementarities in price-setting decisions.

We now turn to the model with sector-specific labor markets. Like before, understanding the
effects of changes in aggregate or sectoral prices on a firm’s frictionless optimal price requires un-
derstanding their effects on nominal wages. The difference is that, now, wages depend on aggregate
consumption and employment at the sector — as opposed to aggregate or firm — level. Consider first
an exogenous increase in the overall level of prices. With nominal aggregate demand constant by
assumption, consumption falls like before (in the proportion of the price increase). But, in general,
the level of labor employed in the sector under consideration can increase or decrease. On the one
hand, the drop in aggregate demand tends to lower the sector’s demand for labor. On the other
hand, the assumed aggregate price increase makes all varieties in that sector relatively cheaper. This
increases demand for that sector’s output, and hence its demand for labor. For parameter values
that imply strategic neutrality in the economy-wide model (7 + ¢ = 1), we can conclude that the
nominal wage in the sector at hand increases. The reason is that, for those parameter values, the
drop in aggregate consumption and its negative effect on the sector’s labor demand exactly offset the
aggregate price increase. So, the net effect on the sector’s nominal wage is positive, and is dictated

by the increase in relative demand for that sector’s output.!

""More generally, a comparison of equations (11) and (9) shows that: i) if the economy-wide model features strategic
substitutability in price setting, then the firm-specific model features less substitutability and may even imply across-
sector strategic complementarities; ii) if the economy-wide model features strategic complementarity in price setting,
then the firm-specific model will also feature across-sector strategic complementarities, although they may be stronger
or weaker than in the former model.

6 Unlike in the case of firm-specific labor markets, we can ascertain that the model with sectoral labor markets
features stronger across-sector strategic complementarities (or weaker across-sector strategic substitutability) than the
model with an economy-wide labor market.
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Finally, we analyze the effects of a change in the level of prices in a given sector (ps;) on the
frictionless optimal price of a firm in that sector (p;&t), in the model with sectoral labor markets.
For concreteness, let us assume an increase in ps;. Here the effect is straightforward. The increase
in ps ¢+ reduces the demand for varieties of all firms in sector s, to an extent dictated by the elasticity
of substitution between varieties across sectors (n). This reduces the demand for labor by firms
in that sector, which decreases wages to an extent dictated by the inverse of the Frisch elasticity
of labor supply (7). Therefore the model with sector-specific labor markets unequivocally induces

within-sector strategic substitutability in price-setting decisions.

3.1 Phillips curves

We start with the more familiar case of economy-wide capital and labor markets. It leads to the

following NKPC:

= fEmi41 + (0 +w) (Zfs,us) e +1n" Zfsﬂs Us,t — Ut —0'<Zfs,us) U, (12)
s=1

wherew = (y+1—x)/x,0=(Y/C)o, py=as(1 — (1 —as)) /(1 —as), and variables with a tilde
superscript denote deviations from the underlying flexible-price equilibrium.!” The last term on the
right-hand-side of (12) is due to endogenous capital accumulation,'® and the third term is reminiscent
of multisector models with heterogeneity in price rigidity (Carvalho 2006). The second term is the
standard output gap component of the NKPC.!”

Note that in a model without capital and with the same frequency of price changes in all sectors

(o, say), equation (12) collapses to the standard NKPC:

Ty = fEimit1 + (0 + w) pi,

where p = a (1 —5(1 —a)) /(1 — ). The coefficient 6 + w that multiplies the output gap term in
(12) is thus seen to correspond to the Ball and Romer (1990) index of real rigidities.?’
Turning to the model with firm-specific factors (Section 2.2), the underlying NKPC is given by:

S

s s
e = fEmi1 + 0 (Zfs';s) Ut +was yst +n7t Zfs% (Ust — Ut) — @ (Zfs?) it, (13)
s=1 & s s=1 &

s=1

""The flexible-price equilibrium is defined as in Woodford (2003, 2005), i.e., it assumes flexible prices going forward,
given the current capital stock.

8Investment is defined as percentage deviation from its steady state.

YDue to heterogeneity in price stickiness, the coefficient associated with nominal price rigidities is a weighted average
of the associated sectoral coefficients (Zf;l fsus).

20For a thorough discussion of sources of real rigidities in the canonical New Keynesian model see Woodford (2003,
Ch. 3).
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where ¢, is a function of structural parameters that is obtained (numerically) as the solution of a
system of nonlinear equations (see the Appendix).

Equation (13) generalizes the NKPC derived in Woodford (2005) to the case of a multisector
economy with heterogeneity in price rigidity. The main difference relative to the case of economy-
wide factor markets is that all “gaps” are now multiplied by ¢ '. Asin Woodford (2005), it is the case
that ¢, > 1 under reasonable parameterizations. Thus, under those parameterizations, firm-specific
factors are seen to mute the sensitivity of inflation to aggregate and sectoral output gaps, and the
investment gap. Firm-specificity is thus a source of real rigidities in the Ball-Romer sense. This is
most easily seen in a version of this model without capital and with the same frequency of price

changes in all sectors. In that case the NKPC simplifies to:
_ K~
it = BEimi1 + (0 +w) Eyt, (14)

where ¢ = 1 + 0.
When capital and labor are sector-specific, the NKPC becomes:

S S S S
T = PEymii +0 (Z fs%) U +w Z fottsGsg +17" Z Fstis (Tst — Gt) — C (Z fs/%) it (15)
s=1 s=1 s=1 s=1

Note that this Phillips curve is almost identical to the one that obtains under firm-specific factor
markets (equation 13), with the crucial exception that there are no ¢; ! coefficients multiplying the
output and investment gaps. The reason is that factor prices are now equalized within sectors, so
that, in contrast to the model with firm-specific factors, individual firms’ pricing decisions have no
impact on their marginal cost.

Note that, if sectors are identical in terms of price rigidity, the dynamics of sectoral output gaps
in response to an aggregate disturbance will be the same in all sectors (g = 9), and equations (12)

and (15) become identical, and simplify to:
Ty = BEmi1 + (6 4 w) pufe — iy

The same does not happen when factors are firm-specific, because firms still need to internalize the
effects of their pricing decisions on their marginal cost, through factor prices. The corresponding

equation with homogeneous price rigidity simplifies to:

7t = BEymi1 + (6 + w) gﬂt — 5%%

where the ¢ coefficient embeds the effects of firm specificity.?!

21Here we abuse notation because, due to capital accumulation, ¢ does not equal that in equation (14).
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When sectors are heterogeneous, the Phillips curve with sectoral specificities differs from the
Phillips curve under economy-wide factor markets only in that w now multiplies sectoral output gaps
rather than the aggregate output gap. The reason for this difference is that factor prices now also
depend on sectoral conditions. The w Ele fsitsUs,e term summarizes the effects of sectoral conditions
on marginal costs, keeping aggregate output constant. These effects operate through increasing
marginal disutility of labor and decreasing marginal product of capital — which affect sectoral factor
prices. The & (Zle fs,us) 7; term captures the effects of aggregate conditions on marginal costs,
which continue to operate through households’ decreasing marginal utility of consumption. In the
model with economy-wide factor markets, the first effect hinges on the aggregate output gap, rather

than on sectoral gaps.??

4 Quantitative analysis

In this section, we parameterize our three models and analyze their quantitative predictions. We set
the intertemporal elasticity of substitution o' to 1/2, the (inverse) labor supply elasticity « to 0.5,
and the elasticity of output with respect to labor to x = 2/3. The consumer discount factor 8 implies
a time-discount rate of 4% per year.

We set the elasticity of substitution between varieties of the same sector to 8 = 7. The elasticity
of substitution between varieties of different sectors should arguably be smaller than within sectors.
We assume a unit elasticity of substitution across sectors, n = 1 (i.e. the aggregator that converts
sectoral into final output is Cobb-Douglas).

To specify the process for nominal aggregate demand, the literature usually relies on estimates
based on nominal GDP, or on monetary aggregates such as M1 or M2. With quarterly data, estimates
of p,, typically fall in the range of 0.4 to 0.7,23 which maps into a range of roughly 0.75 — 0.90 at a
monthly frequency. We set p,, = 0.8, and the standard deviation of the shocks o, = 0.6% (roughly
1% at a quarterly frequency), in line with the same estimation results.?*

To calibrate investment adjustment costs, we follow an approach that is common in the real busi-
ness cycle literature (e.g., Chari et al. 2000) and calibrate the investment adjustment-cost parameter
(k) to match the standard deviation of investment in the data relative to the standard deviation of
GDP. Whenever we analyze a different version of the model, we redo the calibration.?’

It remains to specify the distribution of price rigidity. We start by investigating whether the

*?Incidentally, note that in equation (13) w also multiplies sectoral output gaps. The reason is that the solution of
the model is such that the effects of firm specificity are subsumed in ¢, and the model is in effect solved by taking
sectoral averages (see the Appendix).

*3See, for instance, Mankiw and Reis (2002).

24 All results for volatilities scale-up proportionately with o, .

25Tt turns out that the calibrations of the three versions of the model yield very similar values for the investment
adjustment-cost parameter (x =~ 40).
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model with sectoral factor markets is flexible enough to approximate both the model with firm-
specific factors and the model with economy-wide factor markets. To that end, we experiment with
different arbitrary distributions of price stickiness in economies with 3 sectors.?6 Subsequently, we
use the available microeconomic evidence on price rigidity in the U.S. to pin down the distribution

of price rigidity across sectors.

4.1 Arbitrary distributions of price rigidity

We analyze economies with 3 sectors, and entertain two alternative distributions of price rigidity. In
both cases the frequencies of price changes (a;) in sectors 1-3 are, respectively, 1, 1/12, and 1/30 —
corresponding to price changes of, on average, once a month, once a year, and once every 30 months.
We differentiate the two distributions by changing the sectoral weights.

In the first distribution, which we term “flexible distribution,” the weights of sectors 1-3 are,
respectively, 85%, 7.5%, and 7.5%. In the second distribution, which we label “sticky distribution,”
the weights of sectors 1-3 are, respectively, 7.5%, 7.5%, and 85%.

Figure 1 presents the impulse response functions of real GDP for the two alternative sets of
sectoral weights. The panel on the left shows the impulse response functions of GDP under the
flexible distribution for the three alternative models of factor markets, while the panel on the right
shows the responses for the three models under the sticky distribution. Note that the scales on the
two charts are different.

The results show that, under the flexible distribution, the sector-specific factor market economy
generates more monetary non-neutrality than the other two models. In contrast, under the sticky
distribution that model is more similar to the model with economy-wide factor markets. This result
suggests that, depending on the distribution of price rigidity, the pattern of pricing interactions
reflected in the NKPC under sectoral factor markets is rich enough to emulate the dynamics of
both an economy with strong real rigidities (such as the one with firm-specific factor markets) and
an economy with strategic substitutability in pricing decisions (such as the one with economy-wide

factor markets).

4.2 Empirical distribution of price rigidity

As the previous section shows, the model with sectoral factor markets is rich enough to generate
more or less monetary non-neutrality than the other two models that we consider, depending on the

distribution of price rigidity. We now restrict our quantitative analysis to versions of the models

26We do so motivated by our finding that a 3-sector economy with a suitably chosen distribution of price rigidity
provides a very good approximation to the dynamics of a multisector economy calibrated to the empirical distribution
of price rigidity in the U.S. See details below.
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Figure 1: IRFs of GDP to monetary shocks — arbitrary distributions of price rigidity
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calibrated with the empirical distribution of price rigidity for the U.S. economy. We use the statistics
on the frequency of regular price changes — those that are not due to sales or product substitutions
— reported by Nakamura and Steinsson (2008). To make the model computationally manageable, we
build from the statistics for 271 categories of goods and services,?” and aggregate those 271 categories

into 67 expenditure classes. Each class is identified with a sector in the model.?®

The frequency of
price changes for each expenditure class is obtained as the weighted average of the frequencies for the
underlying categories, using the expenditure weights provided by Nakamura and Steinsson (2008).
Finally, expenditure-class weights are given by the sum of the expenditure weights for those categories.
The resulting average monthly frequency of price changes is & = Z§=1 frar = 0.211, which implies
that prices change on average once every 4.7 months.

Solving, calibrating and simulating the multisector model with 67 sectors is computationally
costly. To sidestep this problem we work with a 3-sector approximation to the underlying 67-sector
economy. We choose the frequencies of price changes and sectoral weights in the approximating model
to match a suitably chosen set of moments of the cross-sectional distribution of price stickiness of
the original 67-sector economy. This delivers an extremely good approximation to the dynamics of a
67-sector model, under all three assumptions about factor markets. See the Appendix for details.

Figure 2 reports our main results. It shows impulse response functions to a monetary shock for
the three models, economy-wide, sectoral, and firm-specific factor markets. Focusing first on the
IRFs for GDP, the chart shows that the economy-wide factor model implies the smallest monetary
non-neutrality. The sectoral and firm-specific factor models are more similar on impact and during
the first few months, featuring more sizable non-neutralities than the economy-wide model. In the
medium to long run, however, the model with sectoral specificity quickly approaches the one with
economy-wide factor markets. At the end of the day, the model with firm-specific factors generates
longer lasting effects of monetary shocks on real GDP than the other two models.

The response of inflation in the three models displays a similar pattern. The short-run response of
the model with sector-specific factors resembles that of model with firm-specific factors. Over time,
the economy with sector specificity approaches the behavior of the model with economy-wide factor
markets. Loosely speaking, if one analyzes the joint behavior of inflation and output in response to a
monetary shock, the economy with sector-specific factor markets behaves “as if” it featured a Phillips

curve with a slope that is larger at higher frequencies than at lower frequencies — when compared with

*"Nakamura and Steinsson (2008) report statistics for 272 categories. We discard the category “Girls’ Outerwear”,
for which the reported frequency of regular price changes is zero. We renormalize the expenditure weights to sum to
unity.

* As an example of what this aggregation entails, the resulting “New and Used Motor Vehicles” class consists of
the categories “Subcompact Cars”, “New Motorcycles”, “Used Cars”, “Vehicle Leasing” and “Automobile Rental”; the
“Fresh Fruits” class comprises four categories: “Apples”, “Bananas”, “Oranges, Mandarins etc.” and “Other Fresh
Fruits.”
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the other two economies.?? The remaining charts in Figure 2 report the impulse response functions

for other main variables in the three models.
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Figure 2: Monetary shocks — impulse response functions

4.3 Robustness

In our previous analyses we postulated an exogenous stochastic process for nominal aggregate demand.

In this section, we consider a specification with an explicit description of monetary policy. We assume

29We thank Jeff Campbell for this insight.
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that policy is conducted according to an interest-rate rule subject to persistent shocks:

P, o GDP, by
IR, = bl 2 IR
Re=p <Pt_1> (GDP) “

where [ R; is the short-term nominal interest rate, GDP; is gross domestic product, GDP denotes
gross domestic product in steady state, ¢, and ¢y are the parameters associated with Taylor-type
interest-rate rules (Taylor 1993), and v; is a persistent shock with process vy = p,vi—1 + 0 €01,
where €, is a zero-mean, unit-variance 4.i.d. shock, and p,, € [0,1). We set ¢, = 1.5, ¢, = .5/12,
and p, = 0.965.30 The remaining parameter values are unchanged from the baseline specification.
Figure 3 shows that the main findings reported in the previous section are robust to modeling

31 In particular, focusing on the impulse re-

monetary policy with an explicit interest rate rule.
sponse functions for real GDP, the sector-specific factor model initially resembles the response of the
firm-specific factor model. Over time, its adjustment speeds up and the impulse response function
approaches that of the model with economy-wide factor markets. The real effects of monetary shocks
in the model with firm-specific factors are not only larger but also more persistent. The same patterns

hold for the remaining variables depicted in Figure 3.

5 Conclusion

Our results show that it matters a great deal whether specificity in factors of production arises at the
firm or at the sectoral level. In response to nominal shocks, our parameterized model with sector-
specific factor markets yields aggregate dynamics in the short run that resemble those of a model
with firm-specific factors. After one to two years, however, the behavior of the model is already more
similar to that of a model with economy-wide factor markets.

This result is consistent with the idea that factor price equalization might take place gradually
over time, so that firm-specificity might be a reasonable short-run approximation, whereas economy-
wide markets might be a better description of how factors of production are allocated in the longer
run. Whether or not this happens in reality is, of course, an empirical question. Existing empirical
evidence that both capital (e.g., Ramey and Shapiro 2001) and labor (e.g., Parent 2000) have some
degree of sector (or industry) specificity suggests that our model may imply plausible aggregate

dynamics.

39Recall that the parameters are calibrated to the monthly frequency, and so this value for p, corresponds to an
autoregressive coefficient of roughly 0.9 at a quarterly frequency. We specify the size of the shocks to be consistent with
the estimates of Justiniano et al. (2010), and thus set the standard deviation to 0.2% at a quarterly frequency.

31Qur findings about the implications of the model with sector-specific factor markets are robust to using a monetary
policy rule with interest rate smoothing. The main difference relative to the results reported in Figure 3 is that the
overall level of persistence of real variables in response to the monetary shock is substantially lower (a result that is
consistent with the findings of Carvalho and Nechio 2014).
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Figure 3: Monetary shocks under a Taylor rule — impulse response functions
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Finally, one implication of our parameterized model is that it behaves “as if” it featured a Phillips

curve with a slope that is larger at higher frequencies than at lower frequencies — when compared

with the other two economies. It might be possible to test if the data support this implication.
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A Appendix
A.1 Firm-specific model solution

To solve the model, we follow Woodford (2005) and generalize his solution method for a multisector

economy.

A.1.1 Rewriting the marginal cost equation

The loglinear versions of the marginal cost, Euler equation, and the production function are given

by, respectively:3?

mcsjt = Wsyt — Pt — (1 - X) kg,j,t - (X - 1) Ns gty (16)
wS,j,t - pt = O-ct + ’yn57j7t7 (17)
s = (1= ) ks + X005 (18)

Equations (16)-(18) yield:
ks,j,t = Ns,jt + ('ws,j,t - pt) - (Zs,j,t - pt) . (19)

The marginal cost can be rewritten as a function of capital and labor by replacing (19) into (18),

isolating for n j;, and replacing for equation (17) and (18) to obtain:

mes e = Wsgr—pr— (1= x)ksjr — (x — 1) ns 5

= oc+yns e — (1= X) kst — (X — 1) ng iz (20)
From the production function (18):

Ysjt = (L= X)ksjt+ x7s it

1
= Mgt = [Ysji — ar — (1= X) ks jt] -

Substituting for n j; in equation (20) and rearranging yields:

7 (x— 1)) Vit — (L-x) 1+ b (21)

MCs jt = 0Ct + (
X X

32Lower-case variables are loglinear deviations from steady state of their upper-case counterparts.
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Integrating across all firms in sector s:

—(x-1 1—x)(1+
mess = oo+t <’Y(X)> yoy — L= AEY) (22)
X X
—(x—1 1—x) 1+
= oo = mes, — (’Y(X)> yoy + 1Z0AFYN,
X X
which we can use to replace at equation (21):

—(x-1 1—x)(1+

Mosss = o0+ (V(X)) NP b 1 € ts DR

X X
(-1 1—x)(1+
= mess + v-=1 (Ws.jit — Yst) — A=-x)0+7) (ks i — ks)

X

The final firm’s maximization problem yields demand for goods produced by firm j in sector s:

ysvj7t = ys7t - 9 [p57]7t - pS,t] 9

which can be used to substitute for (y ;¢ — ¥s,), to obtain:

(1-x)(1+1)

97—(x—1)(
X

MCs,jt = MCst — Ds,jt — Pst) — (Ks,jt — ksyt) - (23)

A.1.2 Capital equation

From the consumers’ maximization problem, capital and investment allocations are:

Gs.it = B —o (c41 — ) + [1 = (1 = 0) B (255,041 — Pr+1)
o +(1-9) Bs,jt+1 + /4352/3 (is,j,t+1 - ks,j,t—H) ’

qs:jzt = I{/(S (isaj’t - ks»j)t) :

From these two equations, we get:

—0 (cr1 — )+ [L— (1= 8) ] (25001 — Prs1) } (24)

K6 (is,jt — ks,jt) = Ei : :
’ ’ + (1= 8) 8RO (is jir1 — ks jer1) + 156°8 (is g1 — ks jer)

Using the law of motion for capital stocks:
k57j7t+l - ks7j7t = 6 (Z.S,j,t - kS,j,t) )

we can rewrite equation (24) to obtain:

- - 1-(1-96 o itpl —
<kk>_E{ 7 (e =)+ 1= (0= 98] (e >}

+58 (ks jt+2 — ks ji+1)

30



We still need to replace for z, ;11 in the above equation. For that we use equations (17)-(18) to

obtain:

14y Ys,j,t+1
—o(cy1—c) +[1—-(1-6)p]| X ( — (1 =x) ks j 1 )
+ocir1 — ks jit1
+£0 (s jt+2 — Ksji+1)

K (ks i1 — ksji) = By

Integrating across all firms in sector s yields:

14y Ys,t+1
—0o (ctp1 —¢) +[1 = (1 =6) ] X ( — (1= x) kst+1 )
+oci1 — kst
+10 (ksty2 — Kst11)

K (ks,t+1 - ks,t) =F;

And we can rewrite the equation for capital-investment decision as:

1+y (Ys,jit+1 — Ys,it+1)
== X \ =1 =x) (ksjosr — ksss1)

- (ks,j,t—H - ks,t+1)
+66 (ks jiro — kspr2 — (ks jir1 — Kst41)]

ks i1 — ko1 — (Ksjt — kst)] = Ey

Using again the final-firms demand for goods produced by firm j in sector s to substitute for
(Ys.jit — Ys,t), yields:
Ity —0 (psjt+1 — Psit41)
== X \ =1 =x) (kejusr — ksrs1)

— (ks jt+1 — ksi+1)
+68 ks jit2 — kspro — (ks jir1 — Fsit1)]

K [ks,j,t+1 - ks,t+1 - (ks,j,t - ks,t)] = E;

Defining
Ds.jt = Ds,jt — Psit (25)

ks:jyt = k:s7j7t - k:57t7 (26)

we can rewrite the previous equation as:

14y —0Ps jt+1
- - =@ =0)B * \ =1 —x)ksje1
R ks,j,t+1 - ks,j,t =E ]; ) ’ (27)
s, g+l

+r3 [];:s,j,t—i-Q - ks,j,t+1:|
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A.1.3 Pricing rule

The intermediate-firm optimization problem yields the optimal price setting equation:
) o0
Tsjt = (1= B (1 - ay)) EY Z B™ (1= as)™ (Ptam + MCsjt+m)
m=0

Note that because each firm can have a different capital-accumulation history, expectations may
vary from one form to another, and hence, E;, the usual expectations at time-t operator, differs from
E!.

Rewriting equation (23) at ¢ + m, and using equations (25) and (26) implies:

== A-x)0+7

MCs jt+m = MCst+m Ds,jt+m — X 8,J,t+m»

which can be replaced in the optimal pricing equation above to yield:

Tsjt = (1 — ,8 (1 — as)) Eg Z ﬁm (1 — Oés)m (pt+m + mcs7j7t+m)

m=0

e m m Dt+m + MCst4m
= (1-8(1-oas) Ef E A" (1 — o) < _pr=(x=D) [Bs.jtm] — A=A+ ] )
m=0 X $,J,t+m X 8,j,t+m

= (1-8(1-a)) Ef Z B (1 — ag)™ ( _pr=(=1) [
m=0 X

Pt+m + MCst+m
~ 1— 1+ g 9
Tajt — Sy By ] — 120040 XL‘ Do j4m

where we used the fact that definitions (25) and (26) imply:

J = —_ 5 m
Etpsaj’t+m - p57j7t - E'l:lEtﬂ-s)t_‘_z

ks,j,t—‘rm = ks,j,t—i—m_ks,t—i—m

Taking p,; from both sides of the price equation above and rewriting:

- e m Pt+m + MCs t+m — Ps,t
Tsje = (1=Bl-a))El ) B"(1— o) —(x=1) [~ ’ T .

j t mZ:O _9% (ot — S By i) — %ﬂkwm

=
O(y—(x—1)) . MCs t+m + Pt+m — [Ps,t]
<1 + H) Faje=1—B1—a)) B Y "1 —a)™ | +00=05m Byrg gy
* m=0 EEn T
% 8,J,t+m-
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Using the fact that ps; = pst4m — Xie Bims 144, We can rewrite:

o ( ) o MCs t+m + Di+m — Ps,t+m
(1 FRAVAmEY. Skt > Fogu= (- —a)) B Y " (1—a)™ | +[1+0=0D ) wm By,

_ (1—x;(1+v) ;;S’ijm.

Note that the only term in the above expression that depends on firm-j expectations is the one

associated with capital stocks. Hence, we can rewrite the above expression as:

v —(x— 1)) ~ = Dt+m + MCs t+m — Dst+m
1+0———2 ) %sie = (1-— 1 — 1 —« 2
< X I ( 2 Z o) ( + 920l 1)) Z?l1Et7rs,t+z( )

m=0

_(1—x)(1+7)(

x 1=B(1- o)) Ef? Z B (1= a)™ ];s,jyter'

m=0
A.1.4 Guessing a solution

Equation (27) can be rewritten as:

0=E { BFsjiva - {B +[1-(1-9)p] [W} - 1] Ko a1 + ks jt }
- [1 - (1 - 6) 6] 6t AY)ﬁsyt—‘rl

E; {Q (L) l%s,j,t+2} = E1Eps i1 (29)
Q(L) = B— AL+ L?
_ 1 X+0@+90-x)]
where A = [6 +[1—-(1-9)p] p } 1]
= - n-a-gp it

And we could factor the @ (L) so to obtain two real roots (see Woodford (2005)).
Because consumer j’s decision problem is locally convex, the first order condition characterizes a
locally unique optimal plan, and at the time of price adjustment, the chosen price must depend only

on j’s relative capital stock and its own sector’s state. Hence, j’s pricing decision must take the form:

js,j,t = st — @Z)S%S,j,ta (30)

where gs; depends only on the sectoral state and aggregate variables, and the coefficient v is to be

determined.
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Sectoral prices are such that:

1 1
1 -9 1-0
Pa=| [ psta] = | [xitae [ Pl
0 I J

Dividing both sides by Ps; and loglinearizing yields:
0= / (et — Pos) di — (1 ) may (31)
I

Given that optimizing firms are chosen at random at each time, and that k is a gap relative to

the sectoral capital:
/ ks igdi = 0. (32)
I

Hence, replacing (30) and (32) into (31) yields:

1 — a4
Jst = Tst-
Qg
Calvo price setting implies that:
Dsjt = OsTsjt+ (1 - Ols)ps,j,tfl

= Etps,j,t+1 = asEtxs,j,t+1 + (1 - as)ps,j,t

Rewriting:

Etps,j,t-l-l = asEtxs,j,t-&—l + (1 - as) Etxs,j,t
By (psjir1 — Pspr1) = asBy(Tsjir1 — Pspr1) + (1 — as) By (psje — psev1)
Epsjiri = (1 —as) By (Psjt — Tspt1) + asEiZs j i1
Using equation (30) and the fact that g, = 1;“5 Ts,¢ to substitute in the above expression, we
obtain:
Epsjiv1 = (1 —as) By (Dsjit — Tspt1) + asEiZs j41

= (1 - as) B (ﬁs,j,t - 7Ts,t+l) + as By gst+1 — Qbs%s,j,t—kl]

= (1= ay) Psyjt — @sthoks s (33)

Extending Woodford’s (2005) insight for multisector economies, the optimal quantity of invest-
ment in any period must depend only on j’s relative capital stock, its relative price, and the economy’s
aggregate state. Thus, 12:57j7t+1 can be represented as a function of /::sd,t, Ds,j¢- Hence, a firm j indi-

vidual expectation (Eg ) only involves periods at which the firm is not readjusting. We guess (and
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verify) that:

k87j7t+1 = /{17Sk87j7t - /{/275ﬁ57j7t7 (34)

where the parameters k1 g, k25,7, and function g,; are to be determined.

The guess on capital implies that:

Eiks jivo = K1,sks jt+1 — K2,sEtDs j 141

Using equation (33), we get:
Eiksjevz = Risksjest — wo,s [Bebsjs]

= ("fl,s + “2,30457;[)5) k:s,j,t+1 — R2s (1 - Ols)]as,j,t

Using this last expression and equation (33) to substitute for (29) yields:

B <’€1,s + 52,30451%) - A

b = e+ | 1O OARE Aman |,
Fasth [1— (1-0) g 2L | 77 +ras (1— @) B
Comparing with guess (34), we have:
B (k1,s + K2 sasty) — A
) ) s = —1 35
Fagy, [1— (1 - ) )24 | (%)
[ Btmstmsaw-A ) TL-(1-0)8 452 (1 - ay) (36)
+O‘S¢s [1 - (1 - 5) B] 6(,167—;7) * "H@Z,s (1 - as) /3

Note that the system of dynamic equations (33) and (34) implies:

Epsjir1 = (1 — o) Dsje — astiksjivt

= ((1 - as) + as¢5’£2,s)ﬁs7j7t - aswsﬁl,sks,j,ta

Eips jt
Ks,jt

Epsjir1|  |(1—as) +ashghns —asghis
—R2s K1,s

ks ji+1

And we have both eigenvalues of the matrix inside the unit circle if and only if:

ks < (1—ag)™

K1s < 1—/@2731#8
Qg

K > —1-—
1 2 — oy

K‘2,S¢s
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A.1.5 Optimal pricing rule

The optimal pricing equation (28) includes the term Eg Yoo 0B (1 — )™ %s,j7t+m, which varies
according to each firm’s capital accumulation history.

Using our solution guesses (30) and (34), we can rewrite this term as:

B> B (1= ) ksjpem = (1= (1= o) Brre) " kaya
m=0
—kz2 ATl Ds.jt
T-B1-a) (=B (1 —as)krs) "
(1-as)pB

+Ra s

00 i . . ﬂ—
B0 a) (- A arrrs) 2 (=0 Bilut

where we also used the fact that for any firm that doesn’t readjust between times ¢ and t + m:
ﬁs,j,t—i—m = js,j,t — Mst+m — +-- = Tst+1

Hence, the optimal pricing equation (28) implies( + W) Tsjt =

p + mc D
(1_ 1—045 EtZﬁ 1_a8 t+m o ( st)+m s,t+m
(1 + =2 ) Em 1Et775 t+1i

(1— (1 — ) Brrs) " ks

I-x)A+7)(0-501-a)) -
B X _ 52,56(1 as) xs,] t
(1-B(1—as))(1-B(1—as)K1,s) Zk . Bk( s)k Etﬂ_s,t+k
Rearranging:
Goiisge = (1—=B(L—aw)E Y B™ (1= )™ (Perm + MCotim — Pstim)

m=0

(14070 - s ) {E > 71— E&Em,m}

_l€2,s(1—x)(1+f}/)ﬁ( bl o Tr
X (1= B(1—as)ks) ZB 1— )" By o

(A=x) 0+ (1—6(1—as)) P
X (1—=(1—as) /3/‘5175) b

_ =(x=1) _ k2,s(1=x)(1+7)B(1—as)
where ¢, = (1—1—9 X x(=Ali—a)mi) )
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Let’s work through the expression in brackets {E; > o~ o™ (1 — as)™ X" Eymg ¢4}

m = 0: does not contribute a term
m = 1:6(1—as) Eyms i

m = 2:0%(1— o) (Eimsgsr + Eemapia)
m o (1 —as)" (Bmsis1 + Exmga + oo+ EyTs pom)

Collecting coefficients on each inflation leads to:

B =)+ B2 (1= )+ o4 ™ (1= @)™ + | By
+ {52 (1— )+ o+ B (1 —ay)™ + } Eims o

+... [ﬁm (]. - as)m + ] EtTrs,t—‘rm + ...

_ B-ay) B2 (1 — ay)? B (1 — ag)™
= mEﬂ'{S,H—l + mEﬂrs’t.’_Q + ...+ mEﬂTS,H—m
1 - m m
= m Z B (1 - as) Etﬂ's,t—‘rm
1 00

r T—B(1—ay) ;5k (1—ay)F Eymg ik

Replacing the term above in term in brackets on the expression for prices, yields:

(bg{z's,j,t = (1 - 1 - 045 Et Z Bm 1- as (pt+m + mcs,t—l—m - ps,t+m)
m=0
Y= (x=1) R (1=x)(1+7) 81— )\ o K
: (1 o e ey ) L =0 B
(1-0(0+y) (1-80-a))
X (1— (1= as)Brrs) "

Recall that our guesses (30) and (34) take the form:
Fojt = gt — Vst

ks g1 = Fsks g — F2,sPs i
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Hence, the solution for the pricing equation above implies that:
o
¢sgs,t = (1 - B (1 - as)) Ey Z Bm (1 - as)m (pt+m + MCst4+m — ps,t+m>
m=0

o0
+o, Y B (1 - @) Eymg ik,
k=1

and 1, satisfies:

(10049 (-0 -ay
T - Be o

Note that this last equation can be solved for 1, as a function of 1, and kg .

Equation (37) along with equations (35) and (36) form a system of 3 equations and 3 unknowns,

Vg, K1,s and Ko g

=)+ (A-F01-a))

¢s¢s = % (1 _ (1 _ 055) 5"‘31,3)
[B (k15 + Rosasts) — A+ asp Elrs = —1
- [,8 (Iil,s + ’€2,sa5ws) - A+ 0151/155] Kk2,s = [E (1 - as) + K2 (1 - as) '6]

where:

_ T-(x—1) ks (1—x)(1+7)8(1— )
O = (1+9 X X (1=B(1—as) ki) )’
] x+(1+’y)(1—x)]_1]

KX ’

4 - [5+D—«1—®ﬁ

= - [1—(1—5)5]9(1&”.

A.2 Firm-specific model — ¢,

The ¢, coefficients in equation (13) are given by:

b, = <1+67—(><—1) ﬁz,s(l—x)(1+7)ﬁ(1—as)>’

X X(1=B(1—as)ks)

where k1, and kg are obtained from last section nonlinear system of 3 equations and 3 unknowns

Vg, K1,s and Ko g

I-x)(+y) (A-F01-a)

x G-(-a)fag 0
- [/B ("il,s + KQ,sasws) - A+ aswsa] R1s = 1
—[B (ﬁl,s + “2,sas¢s) — A+ as)E] k2,s = E(1—as)+ K2,s (1—as) 8],
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where

R e
= _ n__snallE)
= = p-a-9a=

Note that in a version of the model without capital accumulation, x = 1, ¢, simplifies to ¢ = (1 + 6)
— which is familiar from new Keynesian DSGE models. Details of the derivation of these equations

are available upon request.

A.3 The approximating 3-sector economy

Here we show that a model with three sectors, with suitably chosen degrees of price stickiness and
sectoral weights, provides an extremely good approximation to the original 67-sector economy. We
choose the sectoral weights and frequencies of price changes to match the following moments of the
distribution of price stickiness from our baseline parametrization with 67 sectors: average frequency
of price changes (@ = Zle fsas), cross-sectional average of the expected durations of price spells

(d= Zle fsazt), cross-sectional standard deviation of the expected durations of price spells (o4 =

Ele fs (a;l — 8)2), skewness of the cross-sectional distribution of expected durations of price
spells (Sq = Jig 55:1 fs (ozs_l —8)3), and kurtosis of the cross-sectional distribution of expected
durations of price spells (g = %3 ZSS:1 fs (agt = 3)4).33

We present our findings in Figure 4. It shows the impulse response functions of real GDP to a
nominal shock as described in Section 2.4, and in the approximating three-sector economy obtained
with the moment-matching exercise described above.?® The three-sector economy provides a very
good approximation to all three multisector economies, which justifies our use of the approximating

model to save on computational time.

33We have 5 degrees of freedom (2 weights and 3 frequencies of price change) to match 5 moments from the distribution
of price stickiness in the 67-sector economy.
34 The values of all other parameters are the same as in the baseline model.
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Figure 4: Impulse response functions of real GDP in 3- and 67-sector economies
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