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Abstract

Analysis of the the standard labor-market matching model usually focuses on labor
productivity as an important source business of cycles. A shortcoming of this model is
that it cannot account for observed labor market fluctuations with aggregate labor pro-
ductivity as the only shock in the economy. Yet analysis of this framework disregards
another potentially important source of business cycle fluctuations, namely investment-
specific technical change (ISTC). In order to study the implications of ISTC for the
matching model, one must first introduce capital accumulation into this model. We
propose a simple extension of the search model to allow for vintage capital. We take
as the defining feature of vintage capital the fact that the capital content of a machine
vintage cannot be adjusted after the vintage has been introduced, i.e., after investment
has taken place. For a calibrated version of our vintage capital model we find that
unemployment and real wages are more volatile than in the standard search model.
Whether or not ISTC significantly amplifies unemployment fluctuations depends cru-
cially on the persistence of ISTC: the less persistent it is, the higher is unemployment
volatility.
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1 Introduction

Analysis of the the standard labor-market matching model usually focuses on labor produc-
tivity as an important source business of cycles. A short-coming of this model is that it
cannot, account for observed labor market fluctuations with labor productivity as the only
shock in the economys; see, e.g., Shimer (2005). Yet analysis of this framework disregards an-
other potentially important source of business cycle fluctuations, namely investment-specific
technical change (ISTC), e.g., as recently analyzed in Fisher (2006). In order to study the
implications of ISTC for the matching model, one must first introduce capital accumulation
into this model. We propose a simple extension of the search model to allow for vintage
capital. We take as the defining feature of vintage capital the fact that the capital content
of a machine vintage cannot be adjusted after the vintage has been introduced, i.e., after
investment has taken place. For a calibrated version of our ‘vintage’ capital model we find
that unemployment and real wages are more volatile than in the standard search model.
Whether or not ISTC significantly amplifies unemployment fluctuations depends crucially
on the persistence of ISTC.

We characterize the U.S. labor market using Shimer (2005)’s data set for unemployment,
labor-market tightness, job finding rates, and labor productivity. We follow Greenwood,
Hercowitz, and Krusell (1997) and Cummins and Violante (2002) and identify ISTC with
changes in the relative price of new capital. An increasing relative productivity of the capital
goods producing sector is reflected in a declining relative price of new capital. The relative
price of capital, which we identify with the price of producer durable equipment and software
relative to the price of nondurable consumption goods and services, has been falling since
the late 1950s. A closer analysis of this relative price reveals two potential breaks in its long
term trend: one in the early 1950s and one in the mid 1970s. Given the possibility of a
structural break in the relative price, we detrend the data using a bandpass filter which is
more flexible than the filter used in Shimer (2005). Our choice of filter affects the absolute
volatility of all variables—they move less—but it does not affect the relative volatilities:
unemployment is ten times as volatile as is labor productivity; the relative price of capital is
about as volatile and as persistent as is labor productivity, and the relative price of capital
is slightly countercyclical.

We calibrate our vintage capital model along the lines of Shimer (2005), except for the



determination of the surplus share parameter and the fact that the firms own their capital.
For the surplus share parameter we use the observed capital income share in output. For
the cost of capital we use our observations on the relative price of capital. For the simulated
vintage capital economy we find it generates significant unemployment volatility only if the
capital price process is not too persistent. Furthermore, if the capital price process generates
significant unemployment volatility then it also generates significant real wage volatility.
In the model, real wages can be substantially more volatile than is observed for the U.S.
economy.

Capital is usually introduced into the matching model assuming that there is a frictionless
market where firms can rent any desired quantity of capital, e.g., Pissarides (2000). Labor
productivity in a worker-firm match is then reinterpreted as output net of capital rental
payments. With this procedure the matching model can then be integrated into versions of
the neoclassical growth model, e.g., Andolfatto (1996) and Merz (1995). Our simple vintage
model fixes the capital content of machines: there is no choice of the capital stock even at
the time the investment decision is made. This means that even though we study a vintage
capital economy, there is no match heterogeneity. We discuss how the assumption that the
capital stock in a matched firm-worker pair is continuously adjustable limits the impact of
ISTC in calibrated versions of the model.

Michelacci and Lopez-Salido (2007) modify the standard capital setup for matching mod-
els and assume that firms are locked into their capital rental decisions, but that with some
probability firms get the opportunity to adjust their use of capital. The fact that firms can
adjust their capital stock only infrequently introduces match heterogeneity into the econ-
omy, and Michelacci and Lopez-Salido (2007) characterize an approximate solution for the
economy. We outline an extension of our simple vintage economy that allows firms to choose
their capital stock at the time of the investment decision, but not during the time a match is
operating. Contingent on a finite number of exogenous states, we show that an equilibrium
of this economy can be completely characterized in terms of a finite number of endogenous
variables associated with the exogenous states.

Other related work includes Fujita and Ramey (2005), Briigemann (2005), Kennan
(2005), Eyigungor (2006), and Reiter (2007). Fujita and Ramey (2005) study the employ-
ment dynamics in response to labor productivity shocks in a capital model of vacancies

(‘sunk costs’). They are mainly interested in the dynamic pattern (hump-shaped response)



following a shock, rather than the amplification of shocks. They also do not consider shocks
to vacancy posting costs. Briigemann (2005) and Kennan (2007) consider a vintage econ-
omy with permanent productivity differences and private information about the quality of
machines; Briigemann (2005) argues that private information is more important than the
vintage structure in accounting for labor-market fluctuations. Reiter (2007) studies a vin-
tage model where machine vintages have persistent productivity differences, and Eyigungor
(2006) studies a vintage model with match-specific capital. Both Eyigungor (2006) and
Reiter (2007) observe that for the vintage structure to matter vintage productivity shocks
cannot be too persistent. Unlike for our model, it is less straightforward in these settings to
use the relative price of investment to parameterize the productivity process for vintages.

The fact that real-wage fluctuations are larger in our model than in the model with
disembodied shocks is, on one level, a step in the wrong direction, since the data reveals very
weak fluctuations in the average real wage. On the other hand, to the extent that there is
a mechanism forcing wages to be smoothed over the cycle—so that workers’ surplus become
less volatile and firms’ surplus more volatile—this model will display a stronger incentive for
firms to enter and exit in response to shocks.! We do not model such a mechanism here but
merely note that some recent papers explore the possibility from a variety of perspectives;
see, e.g., Hall (2005), Briigemann and Moscarini (2007), and Rudanko (2007a,b). Reiter
(2007) finds that long-term wage contracting as in Rudanko (2007b) can reduce real-wage
volatility in a vintage model with persistent productivity differences.

We proceed as follows. In Section 2 we describe the basic matching model with vacancy
posting costs and our vintage capital version with investment costs. Section 3 describes
comparative statics results for permanent shocks and persistent transitory shocks. Section 4
describes to what extent our vintage model can be reinterpreted as a standard rental capital
model. Section 5 finally provides a quantitative analysis of the model; it describes the models

calibration and the simulation results. Section 6 concludes.

2 A basic matching model of unemployment

In the standard matching model unemployed workers and vacant firms meet randomly, and

the rates at which they meet each other depend on the relative supply of vacant firms

1Tt should be noted that the extent to which wages in new matches display real-wage rigidity is much less
clear; see Haefke, Sonntag, and van Rens (2007) for a recent account.



and unemployed workers, i.e., labor-market tightness. We consider the implications of two
alternative models of job creation. The first is the standard Mortensen-Pissarides matching
model where firms pay a flow cost as long as they post a vacancy until they meet a worker.
Should a matched worker and firm separate, the firm again has to pay the vacancy posting
cost until it meets a new worker.? For our alternative setup we assume that a firm purchases
a machine at a fixed cost and then puts the machine into the matching pool until it meets a
worker. Once a matched machine loses its worker it can return to the matching pool without
any additional cost. Our second approach treats jobs as durable capital goods that are not
always fully utilized.

We choose a formulation in continuous time in order to simplify some of the derivations.
It is useful to first describe the stationary economy (without aggregate shocks), because that
model is simpler and yet very informative about how the model with shocks behaves. Later,
we introduce aggregate fluctuations due to productivity shocks and to shocks to job creation

costs.

2.1 Workers and firms

There is a measure one continuum of identical workers in the economy; the model does
not consider variations in the labor force, nor in the effort or amount of time worked per
worker. Workers are all the same both from the perspective of their productivity and their
preferences. Workers are infinitely lived and have linear utility over consumption streams
over time, which means that to the extent that there are shocks, workers are risk-neutral.
There is constant (exponential) discounting. One can therefore think of a worker’s present
discounted utility as simply the present discounted value of wages. The (net) discount rate
is denoted r.

Workers are either employed or unemployed. An employed worker earns wage income w
but cannot search. Unemployed workers search for jobs. Let b denote the utility flow that
a worker obtains in the non-working activity when unemployed, e.g., the monetary value of
leisure plus unemployment benefits net of search costs.

A firm consists of a machine. The supply of firms is potentially infinite. Production

requires one worker and one firm, and every job, i.e., every matched firm-worker pair, is

2The main reference is Pissarides (1985). Mortensen and Pissarides (1994) extend the model to endoge-
nous separations. The book by Pissarides (2000) contains an excellent survey of the matching models. See
also Rogerson, Shimer, and Wright (2005) for a recent survey.



equally productive at any point in time. Let the production of a firm-worker pair be denoted
p. Since time is continuous in the model, production occurs every instant. We assume that
the value of production for a pair always exceeds the value of not working for a worker, i.e.,
that p > b. There are potentially two costs to creating a job. In standard matching models
one assumes that there is a flow cost ¢ of keeping a vacant position open. This cost is paid
until the vacant position is matched with a worker, and if the match subsequently dissolves,
that cost has to paid again until a new worker is met. We consider an alternative framework
where a firm has to first purchase a machine at cost g. Once the firm owns the machine it
can be added at no additional cost to the vacancy pool until it is matched with a worker.
Should the match dissolve for exogenous reasons, the machine can be added again to the

vacancy pool at no additional cost.

2.2 A frictional labor market

A “frictional” labor market is one where a vacant firm and an idle worker cannot necessarily
find each other instantaneously; therefore, resources are “wasted”, since either the flow cost
¢ is paid or the machine is not used at every moment in time when a firm is idle. Let the
amount of idle firms that are vacant—that have an open position—be denoted v(t) and let
the number of unemployed workers be u(t). Lack of coordination, partial information, and
heterogeneity of vacancies and workers are all factors that explain why trading is costly in
the labor market.

The rate of creation of new matches, m, is given by a Cobb-Douglas matching function,
M, of the number of unemployed workers, u, searching for a job and the number of vacant
positions, v:

m(t) = Au (t)* v (t)lfa : (1)

The flow probability that an unemployed worker meets a firm is the total number of successful

matches per worker searching:
Ao (8) = m (t) fu(t) = A8 (1), (2)

where 6 (t) = v (t) /u (t) defines the so-called tightness of the labor market. The correspond-

ing flow probability for a firm of meeting a worker is

Ap(t) =m(t) v (t) = A0 ()" (3)



Existing matches separate at the rate ¢. The stock of unemployed workers then evolves
according to
wt) = o [1—u(t)] = Aw(t)u(t), (4)
where 1u(t) denotes the time derivative (change per unit of time) of w(t): u(t) = du(t)/0t.
For simplicity from now on we will mainly consider steady states: situations in which
all aggregate variables are stationary over time. Thus, u(t), v(t), A\,(t), and As(t) are
all constant, even though individual workers and firms face uncertainty in their particular

experiences.

2.3 Values

Denote the net present value of a matched firm J (which in general would depend on time

but in a steady state does not). Letting w denote the wage paid to its worker, J must satisfy
rd=p—w—e(J—=V)—=24J, (5)

and the return on a matched firm’s value is the production flow net of wage payments, plus
the expected capital loss due to separation. A match may separate for two reasons. First,
at rate € a match separates without the machine being destroyed. In this case, the machine
returns to the matching pool where its capital value is V', and the capital loss to the firm is
J — V. Second, machines are destroyed, i.e., they depreciate at the rate ¢, and the capital
loss to the firm is J. The total separation rate is ¢ = € 4+ 6. Similarly, the value of a vacant
firm satisfies

"V =—c+M\(J—V) =8V, (6)

Here, there is a flow loss due to the vacancy posting cost, an expected capital gain from the
probability of meeting a worker, and an expected capital loss from depreciation.
Turning to the net present value of a matched worker, W, and an unemployed worker U

we similarly have
W = w—o(W-=U), (7)
rU = b+ \,(W =0). (8)

The flow return from not working b could be a monetary unemployment benefit collected
by the government, a monetary benefit from working in an informal market activity, or the

monetary equivalent of not working in any market activity (“the value of being at home”).
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2.4 Equilibrium with Nash bargaining

A firm can purchase a machine at price ¢q. Therefore, we need to require as an equilibrium
condition that
V=g (9)

otherwise, no firms would enter (V' < q) or there would be no limit to entry (V' > ¢). What
this assumption means is that v(t) at each point in time has to adjust so that the probability
of matching with workers, s, which depends on u(¢) and on v(t), is such that firms make
zero profits from entering.

We assume that wages are determined by Nash bargaining. Define the total surplus of a
match by S = (J — V) + (W —U), i.e., the sum across the firm and the worker of the value
of being in a match minus the value of not being in a match. According to Nash bargaining
wages are set such that the surplus is shared between the worker and firm according to the

bargaining parameter [:
W—-U=pSand J-V =(1-0)S. (10)

Summing the value equations for matched workers and firms net of the value of unem-
ployed workers and vacant firms, and using the Nash bargaining rule, we obtain the following

expression for the surplus
p+c—>b

S:r+a+ﬁAw+(1—ﬁ)Af' (11)

From the free-entry condition, (9), and the vacancy value equation, (6), we have —c+ As(1—

B)S = (r + 6) q. Therefore, we can also express the surplus as

(r+06)g+c
(1=B)Ar

These two expressions for the surplus can be combined to yield an expression that defines

S = (12)

equilibrium labor-market tightness

p+c—> _ (r+6)qg+c (13)
r+o+ BN (0) + (1 =B)Ar(0)  (L=0B)Ar(0)

The wage that supports the Nash bargaining solution can be obtained after using the

surplus sharing rule in the value equation for matched workers

w=FB[p—(r+6)q+(1-0)rU. (14)



Thus the wage is a weighted average of the net-flow return from production, where we
subtract the flow cost equivalent of the machine cost, and the flow return on unemployment.
In a steady state, u(t) = 0, so the evolution for unemployment as given by equation (4)

becomes

o(1 —u) = Ayu. (15)

Thus, in steady state the flow into unemployment—the separation rate in existing matches
times the number of matches—must equal the flow out of unemployment—the probability

for each unemployed to match times the number of unemployed.

3 Comparative statics

We now analyze how different parameters influence the endogenous variables. In particular,
how does unemployment respond to changes in productivity and the cost of machines? Here,
we emphasize that these are steady-state comparisons: we find the long-run effect of the
change in the parameter. For most variables—all except u(t) and v(t)—the influence of a
permanent change in the parameter is instantaneous, because ¢ immediately moves to its
new long-run value (see the discussion in the previous section). Of course, in the section
below where some of the primitives are stochastic, their changes need not be permanent, and
slightly different results apply.

In sum: if, say, we are looking at a one-percent permanent increase in productivity, p, the
comparative statics analysis in this section will correctly describe the effect on 6 both in the
long and in the short run, whereas the effect on unemployment recorded here only pertains
to how it will change in the long run. The short-run effect on unemployment of a permanent
change in a parameter is straightforward to derive nevertheless: it simply involves tracing
out the new dynamics implied by the linear differential equation (4) evaluated at the new
permanent value for A\, (which instantaneously adopts its new value because 6 does). In
particular, one sees from the differential equation that, say, an increase in # will increase A,

and thus increase the speed of adjustment to the new steady-state rate of unemployment.

3.1 Steady-state elasticities

We are mainly interested in how the economy responds to changes in productivity, p, and the

price of capital, g, but we will also record the responses to ¢, and b. We compute elasticities,



i.e., we use percentage changes and ask by how many percent 6 and u will change when p, ¢, b,
and ¢ change by 1 percent. In Appendix A we derive the relevant expressions by employing
standard comparative static differentiation of (13) and (15).

Using & to denote dlog(x) = dx/z, it is straightforward to derive for the economy with

vacancy posting costs only, ¢ = 6 = 0, that

é:

r+o+ B [p b
a(r+o)+ Py p—bp p—2>b

and for the economy with investment costs only, ¢ = 0,

r+o+ A+ (1—05) X { P .
a(r+o)+ Bl

b— c] : (16)

9:

b -
- b— gl . 1
p—b p—b q} )

In both economies the response of the unemployment rate to a change in labor-market

tightness is

A

i=—(1-u)(l—a)d. (18)

The effect of an increase in productivity: From equation (16) we see that an increase
in p of one percent leads to more than a one-percent increase in 6, since a < 1. Comparing
equations (16) and (17) we see that with the same degree of labor market turnover, this effect
is larger in the economy with investment costs than in the economy with vacancy posting
costs. We also see that to the extent that b is close to p, the effect can be large; in fact, as
p is increased the effect is weakened as p/(p — b) moves closer and closer to one. Intuitively,
p increases the value of matches, and given that firms capture some of the benefits of this
increase in value, there will be an increase in the number of firms per worker seeking to
match. The larger the fraction of the surplus going to the firm (3 small), the more vacancies
and market tightness will respond to a change in labor productivity. Why is this effect larger
the closer b is to p? When (p — b) ~ 0, the profit from creating vacancies is small, and 6 ~ 0.
Hence, even a small change in p induces very large changes in 0 in percentage terms.

Because the job finding rate ), equals A6'~“, we obtain that A = (1-— oz)@, so the
effect of p on 6 is higher than that on job finding rates by a constant factor 1/(1 — «). If we
look at the effect on unemployment, note from (18) that a one percent increase in 6 lowers

unemployment by (1 — u)(1 — a) percent.?

3Note the difference between percent, which we use here, and percentage points: at a zero unemployment
rate, a one-percent increase in 6 decreases unemployment by 1 — « percent, but by zero percentage points.



The effects of changing b, ¢, and ¢: We see, from (16), that b has a very similar effect
to that of p but with an opposite sign. Increasing b, in particular, lowers 6 significantly if b
is near p, but it has very little effect on 6 if b is close to zero. The effects on labor-market
tightness of higher vacancy-posting costs ¢ or higher investment costs g are negative: a one
percent increase in the vacancy cost lowers the labor-market tightness. Again, comparing
equations (16) and (17) we see that the effects of changes in b and ¢ in the investment-cost
model are bigger than the corresponding changes in b and c¢ in the vacancy posting cost
model.

The effects on the job finding rate of all the above changes in primitives are all (1 — «)
times the effect on 6. Similarly, the effects on unemployment are —(1 —u)(1—a) times those

on 6.

3.2 The model with aggregate risk

The economy with aggregate risk can be analyzed in almost closed form—because free entry
makes vacancies adjust immediately to any shock. While unemployment is a state variable,
it will only influence its own dynamics (and, residually, that of vacancies and total output),
whereas all other variables will depend only on the exogenous stochastic shocks in the econ-
omy. The argument that backs this logic up proceeds by construction: specify an equilibrium
of this sort and show that it satisfies all the equilibrium conditions.

Consider an economy with shocks to labor productivity and the cost of capital only.
Suppose that each variable can take on only a finite number of values. The state of the
economy is then characterized by the pairs (p,q), and there is a finite number of states
1 =1,...,n,. Changes of the state are determined by a Poisson process with state-contingent
arrival rates, 7;, and state-contingent transition probabilities, m;; = Pr[j|i]. The value

equations can then be rewritten as

TJZ':pi—wi—€(JZ'—‘/Z')—(SJZ'—FTiZWﬁ(Jj—JZ‘) (19)
J
rVi=—c+ A (0;) (Ji = Vi) = 8Vi+ 73 Y7 (V; = Vi) (20)
J
rWi = w; — o (Wi = Us) +7; 37 (W — Wi) (21)
J
rUs = b+ X (6:) (Wi = Up) + 73 Y 75 (U = Uy), (22)

J
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Adding equations (19) and (21) and subtracting equations (20) and (22) one gets the surplus

equations as
[T+O’+TZ+(1—ﬂ>)\f(ez>+ﬂ)\w(l91)]sz—TzZﬂ'ﬂS] :pi+C—b (23)
J

For the vacancy cost posting economy the free entry conditions are

Vi=0 (24)
and for the investment cost economy they are

Vi =a. (25)

This condition also embodies a free-exit assumption: a firm can always liquidate its capital
at the price for new capital and then exit.

For each economy we can combine the free entry conditions with the vacancy value
equations and obtain a second system of equations for the surplus expressions. For the

vacancy posting cost economy, this system of equations is

c=(1=P)As(6:) S; (26)

and for the investment cost economy this system of equations is
(l—ﬁ)Af(Qz‘)Si:(T—f-(s—f—’i')qi—TiZﬂ'jiq]‘ (27)
J

Equations (23) and (26), respectively (23) and (27), define a system of equations in the
vector of state-contingent labor-market tightness.

In Appendix B we derive the elasticity of labor-market tightness with respect to produc-
tivity and vacancy posting costs for persistent, but not permanent shocks. For the vacancy

posting economy these elasticities are

_ r 4o+ By p (28)
o ar+o+27)+ 0 \yp—0
r+o+27+ B,
Noe = — 6 (29)

a(r+o+27)+ Bl
Note that as 7 — 0, the elasticities converge to the steady-state elasticities for permanent
shocks. In particular, labor-market tightness responds more strongly to a productivity in-

crease the more persistent is the increase of labor productivity. Conversely, for relatively
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large values of the job-finding rate and the worker surplus share, labor-market tightness
responds more strongly the less persistent is the change in vacancy-posting costs.
For the investment cost economy the elasticities of labor-market tightness with respect

to productivity and investment costs are

. T+U+ﬁ)\w+<1—ﬂ))\f P
Moy = a(r+oc+27)+ BNy p—0 (30)
r+o+27+ A+ (1—0) As ( 27’)

Cafr4o+27+ B+ (1 — ) By r+6

n@,q - (31)

Note that persistence of the investment costs now plays a much bigger role: for large values
of 7, i.e., when investment costs are not persistent, the response of labor-market tightness

increases linearly with 7.

4 'To rent or own: A digression on the treatment of
capital in matching models

We will now discuss to what extent our vintage model of capital differs from the standard
treatment of capital in matching models. Pissarides (2000) provides a nice description of
the standard approach. At a formal level the two approaches only differ in that firms own
their capital in our vintage model, whereas firms rent their capital in the standard setting.
The two approaches are equivalent in the sense that we can rewrite our ‘owned’ capital story
as a ‘rented’ capital story. The two approaches differ in terms of what they assume about
the ability of a firm to adjust its capital stock. Our vintage capital model assumes that
firms in an existing match can never adjust their capital stock in response to a change in the
environment, whereas the standard model assumes that firms can adjust their capital stock
continuously. This difference has implications for how changes in the relative price of capital
affect outcomes.

Pissarides (2000) describes an environment where firms that are matched with workers
can rent capital in a frictionless market at the rate c,. It is assumed that the output of
a matched worker-firm pair, i.e., gross labor productivity, is a function of the per-worker

capital stock k,
where z is exogenous aggregate technical change. Thus, independently of how wages are

determined, firms choose a capital stock that maximizes the net of capital payments revenue,
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i.e., net labor productivity:

p =max {zf (k) — cuk} = 2f [k (cu, 2)] (33)

Suppose the price of capital is a function of the aggregate state. Then the capital value

expression determines the state-dependent rental rates
TG = Cui — 0¢; + T; Z i (95 — ¢) - (34)
J

Changes in the price of capital affect labor-market outcomes only through their impact on
net labor productivity. Since the standard matching model treats net labor productivity as
a reduced-form expression, it already incorporates all effects of ISTC. Furthermore, with a
Cobb-Douglas production function, y = zf (k)* with 0 < a < 1, net-labor productivity is

proportional to gross labor productivity:
p=(1—-a)zk*=(1—-a)y. (35)

We can rewrite our vintage-capital model so that firms rent rather than own their capital.
For our vintage model we assume that a firm cannot adjust the quantity of capital: & is fixed
at 1. Also, we assume that firms have to rent capital once they post a vacancy, so that
the state-contingent flow cost of posting a vacancy is ¢; = ¢,; and the net-return from a
productive match is p; = y; — ¢y;. Since the firm rents the capital the free-entry condition
is now V; = 0. This vacancy-posting model is formally equivalent to our investment-cost
economy where the firm owns the capital.*

A calibration of the vintage model will, however, have different implications for the effects
of changes in the price of capital. First, capital price changes now represent shocks to vacancy
posting costs. Second, conditionally on the calibration of gross labor productivity, capital
price changes represent shocks to net labor productivity.

The assumption of a fixed capital stock is a bit extreme. In Appendix C we describe
an extended version of our vintage capital model that allows capital-stock adjustment for
firms that have not yet been matched to workers. This version retains the flavor of a vintage

capital model. It is, essentially, a simplified version of Michelacci and Lopez-Salido (2007).

4Hagedorn and Manovskii (2006) use a combination of the standard rental model of capital and our rental
version of the vintage model. They allow for an adjustable firm capital stock, but assume that vacancies have
to rent capital. They also assume that the rental price of capital is constant or that the firm’s production
function is Cobb-Douglas.
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5 Quantitative analysis

In the previous section on comparative statics we have seen how steady states change when
primitives change. In particular, we have analyzed qualitatively how a persistent productivity
change influences labor-market tightness—recall that the effect is the same in the short as
well as in the long run—and how it influences unemployment in the long run. However,
what are the magnitudes of these effects? In order to answer this question we need to assign
values to the parameters, and we will do this using “calibration”: we will, to the extent
possible, select parameter values based on long-run or microeconomic data. Hence, we will
not necessarily select those parameters that give the best fit for the time series of vacancies

and unemployment, since we restrict the parameters to match other facts.

5.1 Calibration

We first calibrate the vacancy-cost model following Shimer (2005). The only difference here
is that we think of a unit of time as representing a year rather than a month. The monthly
interest rate is 0.004, which corresponds to an annual interest rate of about 5 percent:
r = 0.048. The monthly hazard rate for job separations is 0.034, which corresponds to a
job separation rate o = 0.415.° Thus jobs last for about two and a half years on average.
Shimer estimates a monthly hazard rate of 0.45 for exit from the pool of unemployed. Thus,
the job-finding rate is A\, = 7.17. Shimer estimates the elasticity of the matching function
to be a = 0.72.% Given the job-finding rate and the job-separation rate, condition (15) now
yields steady-state unemployment of 5.5%, which is roughly consistent with the data.

Hall (2005) argues that jobs are filled at about twice the rate that unemployed workers
find jobs, i.e., that labor-market tightness is about one half: A\; = 14.34 and 6 = 0.5. We
follow Hall and set & = 0.5, but note that the properties of the vacancy posting economy,
equations (16), (28), and (29), are independent of the worker finding rate A;. We therefore
could equally well have normalized labor-market tightness at one as Shimer (2005) does.
Conditionally on labor-market tightness, 6, the matching function elasticity, «, and the

job-finding rate we determine the scale parameter of the matching function, A.

5Given a monthly hazard rate h, the arrival rate A for the continuous-time Poisson process defined for a
unit time period of one year is A = —12log(1 — h).

6Mortensen and Nagypal (2006) point out that this estimate of the elasticity is at the lower end of the
range of plausible estimates for matching elasticities, in Petrongolo and Pissarides (2001), i.e., [0.3,0.5].
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For the worker surplus share the matching literature commonly appeals to the so-called
Hosios (1990) condition for efficient search. The matching frictions in the economy introduce
an externality since vacant firm when making their entry decision do not take into account
that variations in the vacancy rate affect the rate at which they meet unemployed workers. In
an economy like the present one the Hosios condition says that firm entry is socially efficient
when the surplus-sharing parameter (§ is equal to the elasticity parameter of the matching
function, a.

The system of equilibrium conditions is homogeneous of degree one in p, b, and c¢. There-
fore, we normalize it so that p = 1 in steady-state. It is common to regard b as being the
monetary compensation for the unemployed. The OECD (1996) computes average “replace-
ment rates” across countries, i.e., the ratio of benefits to average wages, and concludes that,
whereas typical European replacement rates can be up to 0.70, replacement rates are at
most 0.20 in the United States.” Shimer (2005) sets b equal to 0.4, which is even beyond
this upper bound for the replacement rate since it turns out that the wage is close to one
in his calibration. One reason why b should be higher than 0.2 is that it also includes the
value of leisure associated with unemployment. Vacancy-posting costs are then determined
residually from the free-entry condition and the vacancy value equation.

The wage share of the calibrated economy with vacancy posting costs is close to one:
w/p = 0.973. This share of wages in production is substantially higher than what we see
in the NIAs, but note that, following Pissarides (2000), it can be interpreted as the wage
share in output net of capital rental payments. Recently, Hagedorn and Manovskii (2006)
have followed this route in their alternative calibration of the matching model with vacancy

posting costs.
[Table 1 about here]

The calibration of the economy with investment costs proceeds essentially the same as
the calibration of the economy with vacancy posting costs, with one exception. In order to
determine the worker surplus share the observed wage income share plays a crucial role. In

Appendix D we show that with investment costs the worker surplus share implied by the

"In the United States, unemployment insurance replaces around 60 percent of past earnings, but in the
data, unemployed workers earn much less than the average wage.
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observed wage income share (in total output) and the rates of labor market turnover is

1

= l-wrt+ot+iy 1 °
]'+ w r+o+Ay 1—p

g

(36)

We can therefore calibrate our search model along the same lines as the calibration of the
growth model. In particular, we determine the worker surplus share 3 based on the observed
wage income share: w = w/y = 2/3.

The investment rate is the flow expenditure on new capital goods divided by the flow

output

€rC

op=—
(1—u)p

In the Appendix we show that the steady-state investment rate implied by the labor income

(37)

share, the turnover rates in the labor market, and the depreciation rate is

O'+>\f 5

qs:(l_w)r—ka—i—/\fr—ké'

(38)

Shimer (2005) considers variations in gross labor productivity y as the major potential
source for variations in labor-market tightness. In our setup with capital investment we
consider an additional source of variations, namely changes in the relative price of capital
q. Greenwood, Hercovitz, and Krusell (1997) have argued that capital-embodied technical
change, as reflected in the secular decline of the relative price of capital, is a major source of
growth. Recently, Fisher (2004), building on the work of Greenwood et al. (1997, 2000) and
its extension in Cummins and Violante (2002), has argued that this measure of technical
change is a source of employment fluctuations. We measure the relative price of capital as the
price of business equipment and software relative to the price of non-durable consumption
goods and services. The capital goods category seems to be about right for our purposes; it
is neither too broad, such as private business fixed investment that includes non-residential
structures, nor too narrow, such as information technology equipment and software.® The

average annual depreciation rate for business equipment and software is 14 percent: 6 = 0.14.

5.2 A preliminary analysis of amplification

Shocks in the calibrated investment-cost model have a larger impact on labor-market tight-

ness than in the calibrated vacancy-posting model, but the impact remains limited if the

8The data are from Haver: private fixed investment (equipment and software) personal consumption
expenditure, prices, and values, for nondurable goods and services.
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shocks are persistent. In Table 2 we display the local elasticity of labor-market tightness with
respect to labor productivity and investment /vacancy costs for various degrees of persistence
in the shocks.

The impact of shocks to labor productivity remains limited: in the investment cost
economy the response of labor-market tightness to a labor productivity shock is only about
60 percent higher than in the vacancy posting economy, independently of the persistence of
the shock. This amplification mostly reflects the fact that a one-percent increase in gross
labor productivity represents a one and a half percent increase in net labor productivity.
This improvement is insubstantial compared to the fact that the vacancy posting cost model
falls well short of what is required to match observed volatility; see Shimer (2005).

Capital price shocks can have a substantial impact in the investment-cost model if they
are not persistent. If capital prices were to change on average every half-year then the
amplification of shocks would be a factor of ten: firms would take advantage of temporary
good investment opportunities. On the other hand, if the price of capital changes on average
only every five years, then the amplification falls to a factor of about three. Whether capital
prices can generate a substantial amount of unemployment volatility thus depends crucially

on the persistence properties of capital prices.

[Table 2 here]

5.3 Statistical properties of the data

We now replicate Shimer (2005)’s analysis of the U.S. economy. With the exception of the
relative price of capital all data are from Shimer’s website. The sample covers the time
period 1951-2003, the data are quarterly. The focus of the analysis is on fluctuations at the
business-cycle frequencies, and hence low-frequency movements in the data should be filtered
out. We therefore detrend the log of all variables. We consider three alternative filters. First,
we follow Shimer (2005) who detrends the data with an Hodrick-Prescott (HP) filter with
smoothing parameter 10°, HP(10°), which generates a very smooth trend. The standard
practice in business-cycle analysis is to use an HP filter with the smoothing parameter set to
1600, HP(1600), when applied to quarterly data. This allows for a more variable trend. For
the third filter we use a band-pass filter, as in Baxter and King (1999). The band-pass (BP)

filter removes a similar trend as does the HP(1600)-filter, but in addition it also eliminates

17



a high-frequency (low-periodicity) component of the data: the filter delivers cycles with a
periodicity between one and a half years and eight years.

We illustrate the properties of the three filters in Figures 1, 2, and 3, which display the
trend and trend deviations of the unemployment rate, labor productivity, and the relative
price of capital. The fact that the smooth trend for the HP(10°)-filter implies a relatively
larger volatility of the detrended series is clearly recognizable. It is also apparent that
the volatility increase relative to the HP(1600)-filter and the BP filter is the same for the
unemployment rate and for labor productivity. Figure 3 illustrates a shortcoming of the
HP(10%)-filter when there is a break in the ‘true’ trend line. From the graph it is apparent
that there were breaks in the long-run trend of the price of capital in the early 1950s and the
mid-1970s. Since the HP(10°)-filter imposes a very smooth trend, it cannot capture these
breaks. As a result, the deviations from the HP(10%) trend become extremely persistent

around the time of the break.
[Figures 1, 2, and 3 here]

In Table 3 we report the detrended variables’ standard deviations and first-order autocor-
relation coefficients for each filter. As we can see, using a different filter affects the volatility
level of the detrended series, but it does not affect the relative volatilities. Contemporane-
ous correlations of the detrended series are also not much affected by the choice of filter.
We therefore report only the contemporaneous correlations for the band-pass filter. We can
summarize the data as follows. First, unemployment (u), labor-market tightness (6), and
job finding rates ()\,) are all much more volatile than labor productivity (y): u is about
ten times more volatile, 6 is about twenty times more volatile, and \,, is about eight times
more volatile. Real wages (w) are about as volatile as labor productivity, and the price of
capital is more or less volatile than labor productivity p depending on the filter. Second,
labor-market tightness, the job finding rate, and real wages are positively correlated with
labor productivity, i.e., they are pro-cyclical. On the other hand, the unemployment rate and
the price of capital are counter-cyclical. Third, all series tend to be highly auto-correlated,

the most extreme case being the relative price of capital with an HP(10%)-filter.

[Table 3 here]
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For the following simulations we assume that labor productivity and the price of capital

follow a first-order Markov-process.

HZ]:[“HZEMZZ] (39)

We choose the autocorrelation coefficient and the standard deviations of the errors so that
the standard deviations and the first-order autocorrelation coefficients of the detrended series
in the simulations are close to the standard deviations and the first-order autocorrelation
coefficients of the detrended actual series. As we have argued above the HP(10°)-filter
probably overstates the persistence in the price of capital series. We therefore have to choose
between the HP(1600)-filter and the BP-filter. It turns out that, given the assumed Markov
structure for y and ¢, we cannot generate enough persistence in the simulated detrended time
series of ¢ for the HP(1600)-filter. We therefore use the BP filter to compare the statistical

properties of actual detrended and simulated detrended series.

5.4 Simulations

The investment-cost model with shocks to labor productivity and the price of capital goes
some way towards accounting for the observed volatility of unemployment and the job finding
rate. This is qualified success only, however, since the model can account for at most one
half of the observed unemployment volatility, and it does so only if we make the price of
capital less persistent than it likely is. We note that the amplification of capital price shocks
in the model is very sensitive with respect to the persistence of these shocks. Introducing
capital price shocks not only increases unemployment volatility, but it also substantially
increases the volatility of real wages relative to labor productivity. Essentially, this reflects
the sensitivity of real wages with respect to changes in the outside option value of workers,
a feature of the model already pointed out by Shimer (2005) and Hall (2005).

The simulations are performed as follows. We calibrate the continuous-time version of the
model as described in the previous section. We then construct a discrete-time approximation
where a time unit represents a week: A = 1/52. For the discretization we set the arrival
rates of individual state changes to be proportional to the length of the time unit; e.g., we
define the job loss rate as ¢/A and the time discount factor as e™™®. We derive the steady

state of the discretized economy and construct a log-linear approximation around the steady
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state.” We simulate the economy and time-aggregate the weekly data to obtain quarterly
observations, which are then detrended with the Baxter and King (1999) bandpass filter.

The price process for capital cannot be too persistent, since otherwise it does not have
an appreciable impact on the labor market. We consider three parameterizations of the
shock process (39) with p equalling 0.995, 0.98, and 0.96. We adjust the innovations to
the shock process (39) so that the unconditional standard deviations of the BP-filtered
labor productivity and price of capital from the simulations are reasonably close to the
observed volatilities and so that there is a weak negative correlation between detrended
labor productivity and the price of capital. We report the results from our simulations in
Table 4.

In the basic Mortensen-Pissarides search model with vacancy-posting costs, labor pro-
ductivity shocks can account for at most one half of a percent of the observed unemployment
volatility; see Table 4.A.1. This is consistent with Shimer (2005). In the investment-cost
model, labor productivity shocks alone have a bigger impact on unemployment, but the
change is not dramatic: labor productivity shocks alone now account for five percent of
observed unemployment volatility; see Table 4.A.2(a). This is an improvement, but five per-
cent is still a small fraction of total unemployment volatility. Once we introduce persistent
changes of the price of capital, the investment-cost model can account for more than ten
percent of observed unemployment volatility; see Table 4.A.2(b). With an autocorrelation
coefficient (p) of 0.995 for the underlying weekly observations, the price of capital for the
BP-filtered and time-aggregated simulated observations is quite persistent and has an auto-
correlation coefficient close to that of the observed price of capital. All variables are strongly
correlated contemporaneously; see Table 4.B. Labor-market tightness, the job-finding rate,
and real wages are procyclical, and the unemployment rate and the price of capital are
countercyclical.

The price of capital has an even larger impact on unemployment volatility if we reduce
the persistence of the Markov process. For an autocorrelation coefficient of 0.98, simu-
lated unemployment is about one third (half) as volatile as actual unemployment; see Table

4.A.2(c&d). These parameterizations of the autocorrelation coefficient are likely at the lower

9We have also solved the continuous-time model with a finite number of aggregate states for labor pro-
ductivity and the price of capital, not using any approximations. The statistical properties of the models are
very much the same. We have chosen the log-linear approximation method for the discrete-time version since
it is computationally more convenient to work directly with the Markov process (39) rather than finding its
Poisson-process analogue.
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bound of what can be justified by data, given that the implied autocorrelation coefficients
from the simulated time-aggregated and filtered data are 0.88 and 0.85.

The price of capital becomes the major source of shocks as it becomes less persistent. This
is especially apparent in the accompanying increase of real wage volatility. With the least
persistent capital price series, for example, the real wage is about five times more volatile than
is labor productivity. Shimer (2005) has argued that for the given parameterization of the
basic Mortensen-Pissarides search model, real wages are so responsive to workers’ outside
options that an increase in job finding rates, due to more entry because of higher labor
productivity, gets immediately translated into a wage increase. This strong wage response
then reduces the benefits from entry and dampens the effects of labor productivity on job
finding rates and unemployment. In our investment-cost economy this same sensitivity of
wages to outside options generates substantial wage volatility in excess of that generated by
volatility in labor productivity. This high wage volatility is reflected in a partial wage-labor-

productivity elasticity that ranges from 1.6 to 1.8.

[Table 4 here]

6 Conclusion

We have enriched the standard Mortensen-Pissarides model of business-cycle fluctuations
with a second source of aggregate fluctuations: fluctuations in capital costs, or investment-
specific productivity. This second source of fluctuations is now widely held as an important
source of business cycles, and it is different in nature from neutral, or disembodied, produc-
tivity shocks, especially in its implications for labor markets. In particular, a below-trend
value of the price of capital induces firms to enter, and thereby make a capital gain since the
shock is trend-stationary and expected to return toward trend. Thus, with low persistence,
investment-specific shocks can generate significant fluctuations in firm entry and, thus, in
unemployment and vacancies. Our analysis is based on a continuous-time formulation and
it can be solved in closed form. We calibrate the primitive parameters to relevant micro-
economic and long-run data and, in the case of investment-specific technology, to relative
price data for capital. We estimate the key persistence parameter for this relative price in
various ways, and we conclude tentatively that persistence is a little “too high” for calling

our enterprise a full success: we generate additional volatility in labor-market variables, but

21



not enough to close, or almost close, the gap between model and data.

A second problem with our results is that the real wage fluctuates more in our setting
than when investment-specific shocks are excluded from the analysis. This is a problem
since real wages appear quite smooth in the data; it is a problem also for the model without
our added shock, albeit a smaller problem. Exploring this property further is an important
agenda for future research. First, one needs to establish to what and why extent real wages,
and especially those wages which are relevant for firm entry (such as wages for starting
jobs), really do not fluctuate so much. Second, one needs to further explore mechanisms
that generate smoothness in the real wage. Interesting analyses in this direction include Hall
(2005), Briigemann and Moscarini (2007), Rudanko (2007a, 2007b), and Reiter (2007).
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Appendix

A Steady-state comparative statics

The total differential of the equation determining equilibrium labor-market tightness (13) is

Hﬂ(l—a)%w—(l—ﬂ)aﬁ (T+6)q+ﬁ(1—a))\—wc}d0

0 0
+{[r+o+6+ 6 s+ (1 —0B) ] (r+6)}dq
+{r+o+06+ G} dc

= dp—db.

The steady-state elasticities simplify considerably for the two cases we consider. In the
standard matching model with flow costs of vacancies only, ¢ = 6 = 0, so we obtain

r4 o0+ 6l [p b l;—é}
a(r+o)+ A p—bp p—>b '

0 =
In the model with sunk costs only, ¢ = 0, so we obtain

rtot Bt A-BA | p o b 5
a(r+o)+ Bl p—bp p—>b 1

h =
B Local approximations for the economy with aggre-

gate risk

B.1 The economy with vacancy-posting costs

Consider an economy with two aggregate states only. Either labor productivity can be low

or high, or vacancy posting costs can be low or high:

po= p-(1—=A)andp,=p-(1+A), with A >0, (B.1)
cg = c¢-(I1=A)and ey =c-(14+A), with A > 0. (B.2)

The equilibrium surplus expressions (23) and (26) then simplify to

[r4+0+ Ay (0:) + (1 —=B)Ap(60;) +7]Si —7S_i=pi —b=1p; (B.3)
(1= B) s () S: = ez (B.4)
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If the state changes then the economy switches from state i to state —i: from 1 to 2 or from
2 to 1.

For a local approximation at a point where the two states are identical (A = 0), the
equilibrium is symmetric such that 6; goes down by the same percentage amount as that
by which 65 goes up. For this case, we can show explicitly how the equilibrium elasticity

depends on the persistence parameter 7. Consider the total differential of (B.3) and (B.4):

Aw A
[5(1 —04)7 — (1—5)047’”} Sdf; + [r+ o+ 71+ B, + (1 — B) A\f] dS;
— [(1 —0) Q%S] df; + [(1 — B) A\f] dS; = dc;. (B.6)
Because of symmetry, dS; = —dS_; and df; = —df_;, so we can rewrite these expressions
as
de;
0 = [f(1—a), —(1—0)al] 7
dS;  pdp;

+[r+o+27+ B + (1 —5) Af] S TS5 (B.7)
0 = —Oée—i‘S—?. (BS)

Start with the case where labor productivity has two states and the vacancy-posting cost
is constant. With no change in the vacancy cost, expression (B.8) simply states S, = Ozéi,
which we can substitute into (B.7). After some algebra we obtain

B r—+ o+ B, D
na’p_a(r—i-a—i-ZT)—i-ﬁ)\wp—b'

(B.9)

Now consider the case where the vacancy posting cost has two states and labor produc-
tivity is fixed. Then we can solve (B.8) for S; and substitute the result into (B.7). After
some algebra we obtain the elasticity of labor-market tightness with respect to the cost of

capital:
B r+o+427+ (A
Toe = a(r+o+27)+ Ay

Inspecting the result, we note that as the aggregate state becomes more persistent, i.e.,

(B.10)

T converges to zero, the response of labor-market tightness to productivity converges to the
response to a one-time permanent shock. In particular, the absolute value of the elasticity

with respect to labor productivity is higher, the more persistent the shock is.
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B.2 The economy with investment costs

We can perform the same exercise for the economy with investment costs. Again suppose
that there are only two aggregate states. Either labor productivity can be low or high or the

price of capital can be low or high:
@g=q-(1—A) and g =¢q-(1+A), with A > 0. (B.11)
We again obtain the equilibrium surplus expression (B.3), so expression (27) simplifies to
(1—=B)Af(0;)Si—(r+6+7)q+ 719 =0. (B.12)

Again, consider the total differential of (?77), expression (B.5), and the total differential
of (B.12):

— {(1 — ﬁ) Q%S} d@z + [(1 - ﬁ) )\f] dSZ - (T‘ +6+ 7') dq,' + TdQ—i =0. (B13)

Using symmetry, dS; = —dS_; and dg; = —dq_;, so these expressions simplify to (B.7) and
to

= — — O+27) ——————— | —. B.14

0 a€+S {(r—i— +T>)\f(1—ﬂ)5 . (B.14)

Start with the case where labor productivity has two states and the price of capital is
constant. With no change in the price of capital, expression (B.14) simply states S; = oz@i,

which we can substitute into (B.7). After some algebra we arrive at

A

_ b r+o+ (1 =0B)A+B\ p
op =gn = a(r+o+4+27)+06 s p—0>

(B.15)

Note that as 7 — 0, i.e., the state change becomes permanent, the elasticity converges to
the steady-state elasticity.

Now consider the case where the price of capital has two states and labor productivity
is fixed. Then we can solve (B.14) for S; and substitute the result into (B.7). After some

algebra we obtain the elasticity of labor-market tightness with respect to the cost of capital:

A

0, _ r+o 427+ A + (1= 0) As (1 27’)

Toa = gA Calr+o+2r+ 8] + (1 —a) B, r+6

(B.16)

Note that as 7 — 0, the elasticity converges to the steady-state elasticity.
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C A vintage model with intensive and extensive mar-
gins

We have discussed two extreme ways of introducing capital into the basic Mortensen-Pissarides
search model. On the one hand, Pissarides (2000) assumes that a match can continuously
adjust the capital stock it rents in response to exogenous changes. Thus, the aggregate
capital stock adjusts simultaneously on the extensive margin (number of firms) and on the
intensive margin (capital per firm). With a Cobb-Douglas specification of the firm’s produc-
tion function the effects of changes in the relative price of capital are completely captured
by movements in labor productivity. On the other hand, in our vintage-capital model we as-
sume that the capital stock in each firm is fixed and that the aggregate capital stock adjusts
only at the extensive margin. In this model capital price changes have effects that are not
completely captured by changes in labor productivity. Michelacci and Lopez-Salido (2006)
consider a hybrid environment where new entrants can always choose their capital stock, and
existing firms also have limited opportunities to adjust their capital stock. We now describe
a version of their environment, where the equilibrium can potentially be characterized in a
way that is similar to what we have done in this paper.

As in Section 3.2, assume that there is a finite number of exogenous aggregate states ¢
and that the evolution of these states follows a Poisson process. Assume that a firm can
choose the size of its capital stock, k, before it posts a vacancy, and production of a matched
firm is then determined by aggregate productivity z and the capital stock: p = zk*. A
vacant firm can always sell its capital stock at the current price of capital (¢). Once a firm
is matched with a worker it cannot adjust its capital stock. An equilibrium of this economy
involves a non-degenerate distribution over firm types, i.e., firms that operate machines with
different capital content. A characterization of optimal decisions remains, however, relatively
straightforward since decisions—in particular, the posting of vacancies—depend only on the
exogenous aggregate state of the economy. We will show this by constructing an equilibrium
with this property.

Let k;; denote the capital content of a machine that is matched with a worker in state
J and is operating in the current state i. The output of such a match is p;; = z;k$'. The

capital value equations (19)-(22) of the vintage economy with aggregate risk are modified as
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follows:

rdiy =pij —wig — e (Jy = Vi) = 8T+ 710 Y7 (Joj — i) (C.1)

Vi = —c+ Ap(0:) (Jii — Vi) = 6Vii + 7 iﬂsi (Vsi — Vi) (C.2)
J

rWij = wij —0 (Wi —Up) + 73 Y mai (Wej — W) (C.3)

rU; = b+ Ay (6:) (Wi — U;) + T > mi (Ua—Ui), (C.4)

where V;; = V; (k;) and analogously for J;; and W;;. The surplus of a match is defined as
before:

Sz‘j = Jij + VVZ‘]‘ — V;j — UvZ (C5)

There is free entry of firms, and a firm chooses its capital stock optimally:
0 > maxV; (k) — ¢;k. (C.6)

A vacant firm can always ‘reorganize,’ i.e., buy or sell additional capital so that it has the
optimal capital stock for the given aggregate state. Thus, if there is an exogenous separation
of the match without the machine depreciating, the firm can sell its capital stock, and the

value of a firm that loses its worker is simply

All firms that are vacant then choose the optimal capital stock for the current state ¢ and
there are only type (i, ) firms in the vacancy pool. Therefore the capital value of unemployed
workers depends only on the current state.

In the following we will assume that there is positive entry for all states, i.e., that the
free-entry condition (C.6) holds as an equality. For the time being, we also assume that
there is no endogenous exit, i.e., that the surplus for all existing matches is non-negative.'

The surplus equations can be written as

(7’ +O'+7'i) S’L'j — Tizﬂ-sissi = Zlkja — (7" +7'1) UZ +TiZ7TS’iUS

— (7’ + (5 —+ Ti) q; — T; Z Tsi(s kj. (CS)

10Michelacci and Lopez-Salide (2006) consider the possibility of endogenous match separations. Allowing
for exit in our environment is straightforward.
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We obtain this expression from the sum of equations (C.1) and (C.3), using the surplus
definition (C.5) and the capital value equation (C.7) for a matched firm that becomes vacant.
Implicit differentiation of the surplus equation for the capital stock yields

95, (k;) 05, (k,)
(7" +o+ Tz) ok — T Zs: Tss ok (Cg)

= azki' - (T+5+Ti)Qi—TiZ7TsiQs ;

which we can use in the free-entry condition with equation (C.7) to obtain

0S; (k)
ok

(1—70) A =(r+6+7)q—T1; Zwsiqs. (C.10)

The surplus equation (C.8) and the optimality conditions (C.6) and (C.10) can be solved for
the state-contingent equilibrium values of labor-market tightness 6; and firm capital k;.

Let p; denote the measure of worker-firm pairs that are matched when the aggregate
state j prevails. If the current state is ¢, then this employment distribution and implicitly

the measure of unemployed workers evolves according to

fi; = { —o;ff&mu g7 (C.11)
u = —Awi—kaz,uj, (C.12)
j
and aggregate output is
p=2 Z kS (C.13)
J

D Calibration of the investment cost economy

The investment rate in the Mortensen-Pissarides model with capital is the flow expenditure

on new capital goods divided by the flow output:

I-wp  (I-u)p

After substituting for the steady-state vacancy rate and the unemployment rate we obtain

e b6(v+1—wu
4 74 ( ) q

_ Tt A

(D.1)
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We can use the definition of the investment share in the expression for the wage income

share, substituting for ¢/p in (14), to arrive at

w rU r+0 )\f
pu— —_— _— — 1_
w ’ ( mzj+ﬁ o— vl
=5
Aw = AU+ (Ar = Ap) (1—¢) with Ay = (1= 3) Ay. (D.2)

Combining the surplus equation with the free-entry condition and substituting for the relative

investment costs from (D.1), we obtain
M (1=10) =d(r+a+)y). (D.3)

Substituting out U from (D.2) and (D.3) we arrive at the steady-state investment rate

O'+>\f )
r+o+Ar+06

6=(1-w (D.4)

We can use the definition of the investment rate (D.1) together with (D.4) to obtain an
expression for the calibrated relative investment cost:

s 1

: D.
P w>r+0+)\f7“+5 (D-5)

Now start with the unemployment value equation and use the surplus sharing rule, the
free-entry condition, and expression (D.5) for the relative investment cost to obtain an ex-
pression for the flow value of unemployment

B Aw-

0 = gt 2y D6
0= pot 7 (D.6)

Substitute this expression in equation (D.2) and after some simplifications an expression for

the worker surplus share emerges:

1

B: l-wrt+ot+iy 1 °
]'+ w r+o+Ay 1—p

(D.7)

31



Table 1. Steady-State Calibration

Variables and parameters common to both economies

interest rate r =0.048
replacement rate p=04
scale of matching function A =28.706
matching function elasticity a=0.72
worker finding rate, A= 14.34
job finding rate, Ap=T.17
job separation rate, total o= 0.42
unemployment rate u = 0.055

Other variables and parameters

vacancy cost investment cost

worker surplus share 0=« 6 = 0.699
wage income share w = 0.986 w=2/3
entry cost c=0.432 q=1.717
unemployment flow payment b = 0.394 b=0.267
job separation rate E=0 e =0.28
depreciation rate 6=0 6=0.14

Table 2. FElasticity of Tightness with Respect to Productivity
and the Price of Capital, Local Approximation

T 0.00 0.01 0.02 0.05 0.10 0.50
average duration (in years) oo 25.00 1250 5.00 250  0.50

elasticity of # with respect to p, Mo.p

with vacancy posting 1.56 1.56 155 1.54 1.52 1.38
with capital investment 2.50 249 248 246 243 2.20
elasticity of 6 with respect to c, Mg.c
with vacancy posting -1.02 -1.02 -1.03 -1.03 -1.03 -1.07
with capital investment -1.83 -2.02 -2.22 -2.79 -3.75 -11.23
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Table 3. The U.S. Economy

u 0 Aw w  y/n q
(1) HP(10°)-filter

Std Devs | 18.99 38.17 16.42 2.29 2.00 2.46

AR(1) 094 095 091 078 089 097

(2) HP(1600)-filter

Std Devs | 12.48 25.66 10.63 1.59 1.34 1.25

AR(1) 0.87 089 080 062 076 0.89

(3) BP-filter

Std Devs | 12.24 25.79 10.28 1.22 1.29 1.23

AR(1) 091 092 092 091 090 0.93

(4) Cross Correlations for BP-filter

u 1.00 -0.99 -0.97 -0.55 -0.42 0.25
6 - 100 098 055 041 -0.27
Aw - - 100 052 035 -0.29
w - - - 1.00 0.65 -0.39
y/n - - - - 100 -0.23

Note: The variables are as follows: u is the unemployment rate; 6 is the vacancy-unemployment
ratio; ), is the job-finding rate; w is labor compensation; y/n is labor productivity; ¢¢ is
the price of equipment and software relative to the price of NDR consumption goods and
services. Except for the relative price of capital, the data was constructed by Robert Shimer.
For additional detail see his webpage http://home.uchicago.edu/"shimer/data/mmm. The
log-level of all variables is detrended. We use different filters: (1) a Hodrick-Prescott filter
with smoothing parameter 10°, (2) a Hodrick-Prescott filter with smoothing parameter 1600,
and (3&4) a Baxter-King (1999) bandpass filter for periodicities between one and a half years

and 8 years and a 6 year window.
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Table 4. Model Simulations

A. Standard Deviations and Autocorrelations

u 0 Ao w o y/n g
A.1 vacancy posting, p = 0.995

Std Devs | 0.54 2.08 0.58 1.25 1.27 0.00
AR(1) 091 0.90 0.90 0.90 0.90 0.00
A.2 investment cost economy

A2 (a) y/n only, p = 0.995

Std Devs | 0.78 3.05 0.85 1.83 1.25 0.00
AR(1) 091 0.90 090 0.90 0.90 0.00
A2 (b) y/n and q, p = 0.995

Std Devs | 1.62 6.45 1.75 242 1.27 1.23
AR(1) 0.90 090 090 090 090 0.90
A2 (c) y/nand q, p=0.98

Std Devs | 3.58 14.77 3.88 4.13 1.26 1.22
AR(1) 0.89 0.88 0.88 0.88 0.88 0.88
A2 (d) y/nand q, p=0.96

Std Devs | 6.09 29.60 6.69 6.68 1.31 1.20
AR(1) 0.86 0.85 0.85 0.85 0.85 0.85

B. Contemporaneous Cross-Correlations, p = 0.995

u 0 Aw w  y/n q
U 1.00 -0.96 -0.97 -0.91 -0.57 0.85
0 1.00 1.00 093 0.58 -0.86
Aw 1.00 0.93 0.59 -0.87
w 1.00 0.83 -0.64
y/n 1.00 -0.13

Note: All variables are as defined in the text. Statistics are calculated for a Baxter-King
(1999) bandpass filter for periodicities between one and a half years and 8 years and a 6 year
window. Results are for simulations of 200 samples with quarterly data, and each sample is

50 years long.

34



Log-Level

Percentage Deviation

220

200

180

160

140

40
30
20
10

-10
-20
-30
-40

Actual and Trend

HP 1600
BP
| | | | | | 1
1955 1960 1965 1970 1975 1980 1985 1990 1995 2000
Deviations from Trend
T T i E— —

— P 10°
HP 1600

1955 1960 1965 1970 1975 1980 1985 1990
Year

Figure 1. Unemployment Rate
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