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TABLE 1
Summary Statistics, Quarterly U.S. Data

x u v hue heu hee p

SD(x)/SD(p) 9.56 10.9 5.96 5.48 5.98 1
Autocorr(x) .872 .909 .822 .698 .597 .760
Corr(7, x):

u 1 �.902 �.916 .778 �.634 �.283
v . . . 1 .902 �.778 .607 .423
hue . . . . . . 1 �.677 .669 .299
heu . . . . . . . . . 1 �.301 �.528
hee . . . . . . . . . . . . 1 .208
p . . . . . . . . . . . . . . . 1

Note.—The seasonally adjusted unemployment rate, u, is constructed by the Bureau
of Labor Statistics (BLS) from the Current Population Survey (CPS). The seasonally ad-
justed Help-Wanted Advertising Index, v, is constructed by the Conference Board. The
UE and EU rates, and , are constructed from the seasonally adjusted unemploymentue euh h
rate and the short-term unemployment rate as explained in App. B. The EE rate, , iseeh
constructed by Nagypál (2007) from the CPS microdata as explained in App. B. The
variables u, v, , , and are quarterly averages of monthly series. Average laborue eu eeh h h
productivity, p, is seasonally adjusted real average output per worker in the nonfarm
business sector constructed by the BLS. The series for u, v, , , and p cover the periodue euh h
1951(I)–2006(II). The series for covers the period 1994(I)–2006(II). The standardeeh
deviation of is expressed relative to the standard deviation of p over the period 1994(I)–eeh
2006(II), and the correlation of with u, v, , , and p refers to the period 1994(I)–ee ue euh h h
2006(II). All variables are reported in logs as deviations from a Hodrick-Prescott (HP)
trend with smoothing parameter 1,600.

I. Introduction

In the U.S. labor market, workers move frequently between employment
and unemployment and across different employers. On average, the
rate at which unemployed workers move into employment (henceforth,
the UE rate) is 42 percent a month, the rate at which employed workers
move into unemployment (the EU rate) is 2.6 percent a month, and
the rate at which workers move from one employer to the other (the
EE rate) is 2.9 percent a month. These transition rates are not only
large but also very volatile at the business cycle frequency (relative to
labor productivity), thus contributing to the large volatility of unem-
ployment and vacancies. As documented in table 1, the UE, EU, and
EE rates are five times as volatile as labor productivity, and the unem-
ployment and vacancy rates are more than 10 times as volatile as labor
productivity. Moreover, the cyclical fluctuations in the UE, EU, and EE
rates display a clear pattern of correlations with the cyclical fluctuations
in unemployment and vacancies. As documented in table 1, the UE and
EE rates are strongly negatively correlated with unemployment and pos-
itively correlated with vacancies, and the EU rate is strongly positively
correlated with unemployment and negatively correlated with vacancies.

This paper proposes a model of directed search on the job in which
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the workers’ transitions between employment and unemployment and
across different employers are driven by heterogeneity in the quality of
different firm-worker matches. Like models of random search on the
job (e.g., Burdett and Mortensen 1998; Postel-Vinay and Robin 2002),
our model can account for the frequency and pattern of the transition
of individual workers across employment states. Unlike models of ran-
dom search on the job, our model can be easily solved in and out of
the steady state, and hence, it can be used to study the behavior of
workers’ transitions, unemployment, and vacancies over the business
cycle.

In this paper, we use our model to measure the response of the labor
market to cyclical fluctuations in aggregate productivity. We find that
this response critically depends on whether the quality of a firm-worker
match is observed before or after the match is created. If the quality is
observed after the match is created (i.e., if matches are experience
goods), aggregate productivity shocks generate large fluctuations in un-
employment, vacancies, and workers’ transition rates. If the quality is
observed before the match is created (i.e., if matches are inspection
goods), the effect of aggregate productivity shocks on the labor market
is negligible.

In our model, the search process is directed—as in Shimer (1996)
and Moen (1997)—rather than random—as in Mortensen (1982) and
Pissarides (1985). On one side of the market, firms choose how many
and what type of vacancies to create. On the other side of the market,
workers choose what type of vacancies to search. The type of a vacancy
is defined by the conditions under which it hires a worker and by the
value of the employment contract that it offers to a new hire. Workers
and vacancies searching for each other are brought into contact by a
constant returns to scale meeting function. Upon meeting, a worker
and a firm observe a signal about the idiosyncratic productivity (i.e.,
quality) of their match. If the signal meets the conditions specified by
the vacancy’s type, the worker and the firm begin to produce and,
eventually, observe the actual quality of their match. If the signal does
not meet those conditions, the worker returns to his previous employ-
ment position. Depending on the informativeness of the signal, the
model captures different views about the matching process. If the signal
is completely uninformative, a match is an experience good. If the signal
is perfectly informative, a match is an inspection good. If the signal
contains some but not all information, a match is partly an inspection
and partly an experience good.

In the theoretical part of the paper, we formulate the social planner’s
problem and characterize its solution. Then we prove that there exists
a unique equilibrium for the market economy. This equilibrium is block
recursive in the sense that the agents’ value and policy functions depend
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on the aggregate state of the economy only through the realization of
the aggregate shocks, and not through the entire distribution of workers
across employment states (i.e., unemployment and employment in dif-
ferent matches). Because of this property, we can solve our model with
heterogeneous agents and aggregate shocks as easily as one would solve
a representative agent model. Moreover, we prove that the equilibrium
is efficient in the sense that it decentralizes the social planner’s allo-
cation. Because of this property, we can characterize the behavior of
the economy using the first-order conditions of the planner’s problem.

The equilibrium is block recursive because the search process is di-
rected. In fact, with directed search, workers in different employment
states choose to search for different types of vacancies. Workers in low-
value employment states (i.e., unemployment and employment in low-
quality matches) choose to search for vacancies that offer a low value
but are easy to find (because the number of vacancies per applicant is
high). Workers in high-value employment states (i.e., employment in
high-quality matches) choose to search for vacancies that offer a high
value but are hard to find. As a result of this self-selection process, a
firm that opens a particular type of vacancy knows that it will meet only
one type of worker. Hence, the firm’s expected value from meeting a
worker does not depend on the distribution of workers across employ-
ment states, and because of firms’ free entry, the probability that the
firm meets an applicant must have the same property. In turn, the fact
that the meeting probabilities are independent of the distribution of
workers across employment states is sufficient to guarantee that the
agents’ value and policy functions will also be independent of the
distribution.

In the quantitative part of the paper, we consider two versions of the
model that, a priori, provide an equally plausible description of the
labor market. Specifically, we consider a version of the model in which
matches are experience goods and a version in which matches are in-
spection goods. We calibrate the parameters of these two versions of
the model using data on the frequency at which workers move between
employment and unemployment and across different employers, as well
as data on the relationship between tenure and the frequency at which
workers leave their jobs.

Given the calibrated parameter values, we simulate the two versions
of the model to measure the effect of aggregate productivity shocks on
the labor market. When matches are experience goods, we find that
the fluctuations in unemployment, vacancies, and workers’ transition
rates generated by productivity shocks display the same pattern of co-
movement as in the data. Moreover, we find that the volatility of un-
employment, vacancies, and workers’ transition rates generated by pro-
ductivity shocks accounts for a large fraction of the empirical volatility
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of these variables. Specifically, we find that productivity shocks generate
fluctuations in the UE, EU, and EE rates that are (respectively) three,
six, and five times larger than the fluctuations in the average productivity
of labor and fluctuations in unemployment and vacancies that are (re-
spectively) eight and three times larger than the fluctuations in average
productivity. In contrast, when matches are inspection goods, we find
that productivity shocks account for only a negligible fraction of the
empirical volatility of the labor market. As we will discuss in Section VI,
the difference between the predictions of the two versions of the model
is partly due to the fact that the informativeness of the signals affects
the way in which the economy responds to the shocks (given the same
parameter values) and partly due to the fact that the informativeness
of the signal affects the calibrated parameter values.

The paper makes two contributions. On the theoretical side, the con-
tribution of the paper is to develop a model of search on the job that
is rich enough to match the pattern of workers’ transitions between
employment and unemployment and across employers and tractable
enough to study business cycles. The model is tractable because the
equilibrium is block recursive. In earlier work, Shi (2009) proves the
existence of a block-recursive equilibrium for a stationary model of
directed search on the job. In this paper and in a companion piece
(Menzio and Shi 2010a), we generalize proof of existence of a block-
recursive equilibrium to models of directed search on the job with ag-
gregate shocks. These generalizations are not trivial as they require
qualitatively different existence proofs than in a stationary environment.
In the companion paper, where we consider a large class of employment
contracts, we are able to prove only that the model admits a block-
recursive equilibrium. In this paper, where we restrict attention to bi-
laterally efficient contracts, we are able to prove that the only equilib-
rium is block recursive.

When the search process is random, models of search on the job are
not block recursive in the sense that the agents’ value and policy func-
tions depend on the entire distribution of workers across employment
states. For this reason, models of random search on the job are difficult
to solve outside of the steady state. To circumvent this difficulty, the
existing literature has had to impose some strong restrictions on the
environment. For example, in order to solve their models outside of
the steady state, Moscarini and Postel-Vinay (2009) and Robin (2009)
assume that the rate at which workers and firms meet is exogenous. In
contrast, in our model, this contact rate is endogenous, and it is the
key channel through which aggregate productivity shocks are transmit-
ted to the workers’ transition rates and unemployment. Similarly, in
order to solve their models outside of the steady state, Mortensen (1994),
Pissarides (1994, 2000), and Ramey (2008) assume that an employed
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worker moves into unemployment before bargaining the wage with his
new employer. Hence, these models cannot capture the idea that on-
the-job search affects the competitiveness of the labor market. Moreover,
these models can be solved outside of the steady state only under the
assumption that all matches are identical at the time they are created.
Hence, these models cannot be used to study the cyclical behavior of
the labor market when matches are inspection goods.

On the empirical side, the contribution of the paper is to measure
the effect of aggregate productivity shocks on the labor market using a
model that is calibrated to match the frequency and pattern of the
workers’ transitions between employment and unemployment and
across employers. By calibrating the model, we discover that search on
the job and match heterogeneity are both quantitatively important. By
simulating the model, we discover that if matches are experience goods,
productivity shocks can account for the empirical pattern of comove-
ment between unemployment, vacancies, and workers’ transition rates
and for a large fraction of their empirical volatility. These findings are
novel. In models that abstract from search on the job and match het-
erogeneity (e.g., Shimer 2005), productivity shocks generate very small
movements in labor market variables. In models that allow for match
heterogeneity but abstract from search on the job (e.g., Mortensen and
Pissarides 1994; Merz 1995), productivity shocks generate a counterfac-
tual comovement between vacancies, unemployment, and workers’ tran-
sition rates. We explain these differences at the end of Section V. Our
findings are also different from those of Ramey (2008), who, using the
model of random search on the job by Mortensen (1994), finds that
productivity shocks generate implausibly small movements in the UE
rate.1 Moreover, we find that if matches are inspection goods, produc-
tivity shocks account for a very small fraction of the empirical volatility
of the labor market. This finding is novel since, as far as we know, there

1 There are two differences between our measurement exercise and Ramey’s (2008)
that might account for the differences in the results. First, we use a model of directed
search on the job, whereas he uses the model of random search on the job by Mortensen
(1994). As we have already discussed, there are important economic differences between
these models. Second, while we calibrate all the parameters of the model to match the
frequency and pattern of the transition of individual workers between employment states,
Ramey chooses some parameters arbitrarily (e.g., the efficiency of search on the job and
the scale and shape of the distribution of match-specific productivity).

There are other, less related papers that study business cycle dynamics using models of
search on the job. Nagypál (2007) studies a model of random search on the job in which
workers have private information about the amenity value of their jobs. Using a calibrated
version of the model, she finds that productivity shocks generate large fluctuations in
unemployment and vacancies. Krause and Lubik (2007) reach similar conclusions using
a model of segmented search on the job with two different types of vacancies. The am-
plification mechanism in these models is very different from ours.
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are no other papers that study the cyclical behavior of the labor market
using a model in which matches are inspection goods.

The remainder of the paper is organized as follows. In Section II, we
describe the physical environment of the economy, formulate the social
planner’s problem, and characterize its solution. In Section III, we de-
scribe the structure of the labor market and prove that its equilibrium
is unique, efficient, and block recursive. In Section IV, we describe the
strategy that we adopt to calibrate the parameters of the model. In
Sections V and VI, we measure the effect of aggregate productivity shocks
on the labor market using, first, the version of the model in which
matches are experience goods and, then, the version in which matches
are inspection goods. Section VII presents conclusions. The proofs of
all propositions and theorems are in Appendix A.

II. Planner’s Problem

A. Preferences and Technologies

The economy is populated by a continuum of workers with measure 1
and a continuum of firms with positive measure. Each worker is endowed
with an indivisible unit of labor and maximizes the expected sum of
periodical consumption discounted at the factor . Each firmb � (0, 1)
operates a constant returns to scale technology that turns one unit of
labor into units of output. The first component of productivity, y,y � z
is common to all firms, and its value lies in the set Y p {y , y , … ,1 2

, where and is an integer. The second…y } y ! y ! ! y N(y) ≥ 2N(y) 1 2 N(y)

component of productivity, z, is specific to a firm-worker pair, and its
value lies in the set , where and…Z p {z , z , … , z } z ! z ! ! z1 2 N(z) 1 2 N(z)

is an integer.2 Each firm maximizes the expected sum of profitsN(z) ≥ 2
discounted at the factor b.

Time is discrete and continues forever. At the beginning of each
period, the state of the economy can be summarized by the triple

. The first element of w denotes aggregate productivity,w p (y, u, g)
. The second element denotes the measure of workers who arey � Y

unemployed, . The third element is a functionu � [0, 1] g : Z r [0,
, with denoting the measure of workers who are employed in1] g(z)

matches with the idiosyncratic productivity z. Let W denote the set in
which w belongs.

2 The assumption that y and z are discrete random variables simplifies the notation but
plays no role in the derivation of our theoretical results. In fact, it is straightforward to
generalize the proof of the linearity of the planner’s problem (theorem 1) and the proof
of the existence, uniqueness, and block recursivity of the equilibrium (theorem 2) to the
case in which y and z are continuous random variables. Moreover, the assumption plays
no role in the derivation of our quantitative results because continuous random variables
would eventually have to be discretized in order to simulate the model.
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Each period is divided into four stages: separation, search, matching,
and production. At the separation stage, the planner chooses the prob-
ability with which a match between a firm and a worker isd � [d, 1]
destroyed. The lower bound on d denotes the probability that a match
is destroyed for exogenous reasons, .d � (0, 1)

At the search stage, the planner sends workers and firms searching
for new matches across different locations. Specifically, the planner
chooses how many vacancies a firm should open in each different lo-
cation and which location a worker should visit if he has the opportunity
to search. The cost of maintaining a vacancy for one period is .k 1 0
The worker has the opportunity to search with a probability that depends
on his employment status. If the worker was unemployed at the begin-
ning of the period, he can search with probability . If thel � [0, 1]u

worker was employed at the beginning of the period and did not lose
his job during the separation stage, he can search with probability

. Finally, if the worker lost his job during the separation stage,l � [0, 1]e

he cannot search. As is standard in models of directed search (e.g.,
Acemoglu and Shimer 1999; Burdett, Shi, and Wright 2001; Shi 2001),
the planner will find it optimal to send workers in different employment
states (i.e., unemployment and employment in a match of type z) to
search in different locations but will have no incentive to send workers
in the same employment state to different locations. Thus, there is no
loss in generality in assuming that there are exactly locations.N(z) � 1

At the matching stage, the workers and the vacancies that are search-
ing in the same location are brought into contact by a meeting tech-
nology with constant returns to scale that can be described in terms of
the vacancy-to-worker ratio v (i.e., the tightness). Specifically, the prob-
ability that a worker meets a vacancy is , where is ap(v) p : � r [0, 1]�

twice continuously differentiable, strictly increasing, and strictly concave
function that satisfies the boundary conditions andp(0) p 0 p(�) p

. Similarly, the probability that a vacancy meets a worker is , where1 q(v)
is a twice continuously differentiable and strictly de-q : � r [0, 1]�

creasing function such that , , and .q(v) p p(v)/v q(0) p 1 q(�) p 0
When a firm and a worker meet, nature draws the idiosyncratic pro-

ductivity of their match, z, from the probability distribution ,f(z) f :
. Nature also draws a signal about the idiosyncratic productivityZ r [0, 1]

of their match, s. With probability , the signal is equal to z;a � [0, 1]
with probability , the signal is drawn from the distribution f in-1 � a

dependently of z. After observing s but not z, the planner chooses
whether to create the match or not. If the planner chooses to create
the match, the worker’s previous match is destroyed (if the worker was
employed). If the planner chooses not to create the match, the worker
returns to his previous status (unemployment or employment in the
previous match).
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Notice that the information structure above encompasses a number
of interesting special cases. If , the planner has no informationa p 0
about the quality of a match when choosing whether to create it or not,
in which case a match is a pure experience good. If , the plannera p 1
has perfect information about the quality of a match before choosing
whether to create it or not, in which case a match is a pure inspection
good. If , a match is partly an experience good and partly ana � (0, 1)
inspection good.

At the production stage, an unemployed worker produces unitsb 1 0
of output. A worker employed in a match with idiosyncratic productivity
z produces units of output,3 and z is observed. At the end of thisy � z
stage, nature draws next period’s aggregate component of productivity,
, from the probability distribution , . Through-ˆ ˆy f(yFy) f : Y # Y r [0, 1]

out the paper, the caret indicates variables or functions in the next
period.

B. Formulation of the Planner’s Problem

At the beginning of a period, the social planner observes the aggregate
state of the economy . At the separation stage, the plannerw p (y, u, g)
chooses the probability of destroying a match of quality z,d(z) d :

. At the search stage, the planner chooses , the ratio ofZ r [d, 1] vu

vacancies to workers at the location where unemployed workers look
for matches, and , the ratio of vacancies to workers at the locationv(z)e

where workers employed in matches of quality z look for new matches,
, . At the matching stage, the planner chooses thev � � v : Z r �u � e �

probability with which a meeting between an unemployed workerc (s)u

and a firm is turned into a match given the signal s, . Also,c : Z r [0, 1]u

the planner chooses the probability with which a meeting betweenc (s, z)e

an employed worker and a firm is turned into a match given the signal
s, . Given the choices (d, , , , ), aggregate con-c : Z # Z r [0, 1] v v c ce u e u e

sumption is given by

3 The assumption that y and z enter additively in the production function plays no role
in the derivation of our theoretical results. Indeed, we can prove theorems 1 and 2 using
a generic production function. Moreover, the assumption does not appear to have a large
effect on our empirical findings. Indeed, we find that the predictions of the model re-
garding the effect of aggregate productivity shocks on the labor market are similar if we
assume that y and z enter additively or multiplicatively in the production function. Spe-
cifically, for the version of the model in which matches are experience goods, the volatility
of the UE, EU, and EE rates generated by aggregate productivity shocks is, respectively,
2.5, 6.2, and 5.5 times larger than the volatility of labor productivity if y and z are additive
and 2.3, 5.4, and 4.8 times larger if y and z are multiplicative. The volatility of unem-
ployment and vacancies is, respectively, 7.8 and 2.5 times larger than the volatility of labor
productivity if y and z are additive and 7 and 2.3 times larger if y and z are multiplicative.



efficient job search 477

ˆ( )F(d, v , v , c , cFw) p �k l v u � {[1 � d(z)]l v(z)g(z)} � bu�u e u e u u e ez (1)

ˆ� [(y � z)g(z)],�
z

where denotes the distribution of workers across employmentˆ ˆ(u, g)
states at the production stage and, hence, at the beginning of next
period.

To compute and , it is useful to derive the transition probabilitiesˆ ˆu g
for an individual worker. First, consider a worker who enters the period
unemployed. With probability , the worker does not meet1 � l p(v )u u

any firm at the matching stage. In this case, the worker remains un-
employed. With probability , the worker meets a firm during thel p(v )u u

matching stage. In this case, the worker and the firm receive a signal s
about the quality of their match. With probability , the match1 � c (s)u

is not created and the worker remains unemployed. With probability
, the match is created and its idiosyncratic produc-c (s)[a � (1 � a)f(s)]u

tivity is . With probability , the match is created′ ′z p s c (s)(1 � a)f(z )u

and its idiosyncratic productivity is . Overall, at the production′z ( s
stage, the worker is unemployed with probability , where1 � l p(v )mu u u

, and he is employed in a match of type with prob-′m p � [c (s)f(s)] zu us

ability . Next, consider a worker who en-′ ′l p(v )[ac (z ) � (1 � a)m ]f(z )u u u u

ters the period in a match of type z. It is easy to verify that, at the
production stage, this worker is unemployed with probability ; hed(z)
is employed in the same match as at the beginning of the period with
probability , where ;[1 � d(z)][1 � l p(v(z))m (z)] m (z) p � [c (s, z)f(s)]e e e e es

and he is employed in a new match of type with probability′z [1 �
.′ ′d(z)]l p(v(z))[ac (z , z) � (1 � a)m (z)]f(z )e e e e

After aggregating the transition probabilities of individual workers,
we find that the measure of workers who are unemployed at the pro-
duction stage is given by

û p u[1 � l p(v )m ] � [d(z)g(z)]. (2)�u u u z

Similarly, the measure of workers who are employed in matches of type
is given by′z

′ ′ ′ĝ(z ) p ul p(v )[ac (z ) � (1 � a)m ]f(z )u u u u

′ ′ ′ ′� g(z )[1 � d(z )][1 � l p(v(z ))m (z )] (3)e e e

′ ′� g(z){[1 � d(z)][l p(v(z))][ac (z , z) � (1 � a)m (z)]f(z )}.� e e e ez

The planner maximizes the sum of present and future consumption
discounted at the factor b. Hence, the planner’s value function, ,W(w)
solves the following Bellman equation:
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ˆW(w) p max F(d, v , v , c , cFw) � b�W(w) (4)u e u e
(d,v ,v ,c ,c )u e u e

subject to (2) and (3),

d : Z r [d, 1], v � � , v : Z r � ,u � e �

c : Z r [0, 1], c : Z # Z r [0, 1].u e

Throughout this paper, the expectation operator is taken over the future
state of the aggregate economy, , unless it is specified otherwise.ŵ

The planner’s problem depends on the aggregate productivity, y, the
measure of workers who are unemployed, u, and the measure of workers
who are employed in the different types of matches, g. If isN(z) N(z)
large—as it is needed to properly calibrate and simulate the model—
solving the planner’s problem might be difficult as it involves solving a
functional equation in which the unknown function has many dimen-
sions. Theorem 1 below shows that this potential difficulty does not arise
in our model because the planner’s problem breaks down into

problems that depend only on the aggregate productivity y.N(z) � 1
Theorem 1 (Separability of the planner’s problem). (i) The plan-

ner’s value function, , is the unique solution to (4). (ii) isW(w) W(w)
linear in u and g. That is, , whereW(w) p W (y)u �� [W(z, y)g(z)]u ez

and are called the component value functions. The com-W (y) W(z, y)u e

ponent value function is given byW (y)u

ˆW (y) p max{�kl v � [1 � l p(v )m ][b � b�W (y)]u u u u u u u
(v ,c )u u (5)

′ ′ ′ ˆ′� l p(v )� [ac (z ) � (1 � a)m ][y � z � b�W(z , y)]}u u z u u e

subject to

v � � , c : Z r [0, 1].u � u

The component value function is given byW(z, y)e

ˆW(z ,y) p max {d[b � b�W (y)] � (1 � d)kl ve u e e
(d,v ,c )e e

ˆ� (1 � d)[1 � l p(v)m ][y � z � b�W(z, y)]e e e e (6)
′ ′

′� (1 � d)l p(v)� [ac (z ) � (1 � a)m ][y � ze e z e e

′ ˆ� b�W(z , y)]}e

subject to

d � [d, 1], v � � , c : Z r [0, 1].e � e

(iii) is strictly increasing in z. (iv) The policy correspondencesW(z, y)e

( , , , , ) associated with (4) depend on w only through y andd* v* v* c* c*u e u e

not through (u, g).
Each of the planner’s problems is associated with a workerN(z) � 1
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in a different employment state (unemployment and employment in a
match of different quality). In the problem associated with an unem-
ployed worker, (5), the planner chooses and to maximize thev c (s)u u

present value of the output generated by this worker, net of the cost of
the vacancies assigned to him. Similarly, in the problem associated with
a worker employed in a match of type z, (6), the planner chooses

, , and to maximize the present value of the output gen-d(z) v(z) c (s, z)e e

erated by this worker, net of the cost of the vacancies assigned to him.
Since each of these worker-specific problems depends only on the ag-
gregate productivity, y, solving the planner’s problem in our model is
just as easy as solving the planner’s problem in a representative agent
model.

The planner’s problem can be decomposed into worker-specific prob-
lems that depend only on the aggregate productivity, y, because the
search process is directed rather than random. Under random search,
the planner has to choose the same tightness for workers in different
employment states because all workers search in the same location. For
this reason, the planner’s problem cannot be decomposed into worker-
specific problems, and its solution will depend not only on the aggregate
productivity, y, but also on the distribution of workers across employ-
ment states, (u, g). In contrast, under directed search, the planner can
choose a different tightness for each different worker because different
workers search in different locations. This property, together with the
linearity of the production function, is sufficient to guarantee that the
planner’s problem can be decomposed into worker-specificN(z) � 1
problems that depend on the aggregate productivity, y, but not on the
distribution of workers, (u, g).

C. Solution to the Planner’s Problem

The efficient choice for the probability of turning a meeting between
a firm and an unemployed worker into a match is ifc*(s, y) p 1u

ˆ ˆb � b�W (y) ≤ a[y � s � b�W(s, y)]u e (7)
′ ′ ˆ′� (1 � a)� [y � z � b�W(z , y)],z e

and otherwise, where s is the signal about the quality of thec*(s, y) p 0u

match. Similarly, the efficient choice for the probability of turning a
meeting between a firm and an employed worker into a match is c*(s,e

ifz, y) p 1

ˆ ˆy � z � b�W(z, y) ≤ a[y � s � b�W(s, y)]e e (8)
′ ′ ˆ′� (1 � a)� [y � z � b�W(z , y)],z e

and otherwise, where z is the quality of the worker’sc*(s, z, y) p 0e
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current match and s is the signal about the quality of the new match.
These conditions are intuitive. The left-hand side in (7) and (8) is the
value of keeping the worker in his current employment position (un-
employment and employment in a match of type z). The right-hand
side of (7) and (8) is the value of moving the worker to the new match.
This is equal to the value of a worker employed in a match with idio-
syncratic productivity , where is equal to s with probability a and to′ ′z z
a value drawn randomly from the distribution f with probability .1 � a

The planner finds it optimal to create the match if and only if the left-
hand side is smaller than the right-hand side. Notice that the left-hand
side of (7) is independent of s, whereas the right-hand side is strictly
increasing in s. Hence, the creation probability is an increasingc*(s, y)u

function of s and can be represented by a reservation signal suchr*(y)u

that if and if . For the samec*(s, y) p 0 s ! r*(y) c*(s, y) p 1 s ≥ r*(y)u u u u

reason, the creation probability can be represented by a res-c*(s, z, y)e

ervation signal such that if andr*(z, y) c*(s, z, y) p 0 s ! r*(z, y) c*(s,e e e e

if . Moreover, since the right-hand side of (8) isz, y) p 1 s ≥ r*(z, y)e

strictly increasing in z, is increasing in z.r*(z, y)e

The efficient choice for the vacancy-to-worker ratio at the location
visited by unemployed workers is such thatv*(y)u

′ ˆ ˆk ≥ p (v*(y)) (a{y � s � b � b�[W(s, y) � W (y)]}�u e us ≥ r*(y)u (9)
′ ′ ˆ ˆ′� (1 � a)� {y � z � b � b�[W(z , y) � W (y)]})f(s),z e u

and , with complementary slackness. Similarly, the efficientv*(y) ≥ 0u

choice for the vacancy-to-worker ratio in the location visited by workers
employed in matches of quality z is such thatv*(z, y)e

′ ˆ ˆk ≥ p (v*(z, y)) (a{s � z � b�[W(s, y) � W(z, y)]}�e e es ≥ r*(z,y)e (10)
′ ′ ˆ ˆ′� (1 � a)� {z � z � b�[W(z , y) � W(z, y)]})f(s),z e e

and , with complementary slackness. We discuss only (10)v*(z, y) ≥ 0e

since the two conditions above are similar. The left-hand side is the
marginal cost of increasing the vacancy-to-worker ratio at the location
visited by workers employed in matches of quality z. The right-hand side
is the marginal benefit of increasing this vacancy-to-worker ratio, which
is given by the product of two terms. The first term is the marginal
increase in the probability with which a worker employed in a match
of quality z meets a firm. The second term is the value of a meeting
between a worker employed in a match of quality z and a firm. If

is positive, the marginal cost and the marginal benefit of in-v*(z, y)e

creasing the vacancy-to-worker ratio must be equal. Otherwise, the mar-
ginal cost must be greater than the marginal benefit. Notice that the
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left-hand side does not depend on z, whereas the right-hand side strictly
decreases with z. Hence, as long as , the vacancy-to-workerv*(z, y) 1 0e

ratio is a strictly decreasing function of z.v*(z, y)e

Finally, the efficient choice for the probability of destroying a match
is ifd*(z, y) p 1

ˆb � b�W (y) 1 �kl v*(z, y)u e e

ˆ� [1 � l p(v*(z, y))m*(z, y)][y � z � b�W(z, y)]e e e e (11)
′

′� l p(v*(z, y))� {[ac*(z , z, y)e e z e

′ ′ ˆ� (1 � a)m*(z, y)][y � z � b�W(z , y)]},e e

and otherwise, where z is the idiosyncratic productivity ofd*(z, y) p d

the match. The left-hand side of (11) is the value of a worker who is
unemployed and does not have the opportunity to search for a new
match in the current period. This is the value of destroying the match.
The right-hand side is the value of a worker who is employed in a match
of type z and has the opportunity to search for a new match with prob-
ability . This is the value of keeping the match alive. When the left-le

hand side is greater than the right-hand side, the planner destroys the
match with probability one. Otherwise, nature destroys the match with
probability d. Notice that the left-hand side does not depend on z,
whereas the right-hand side is strictly increasing in z. Hence, the de-
struction probability is a decreasing function of z and can bed*(z, y)
represented by a reservation productivity such that ifr*(y) d*(z, y) p 1d

and if .z ! r*(y) d*(z, y) p d z ≥ r*(y)d d

We summarize the properties of the efficient choices in the propo-
sition below.

Proposition 1 (Planner’s policy functions). (i) The policy corre-
spondences ( , , , , ) are single valued. (ii) There is suchd* v* v* c* c* r*(y)u e u e d

that if and else. (iii) There isd*(z, y) p 1 z ! r*(y) d*(z, y) p d r*(y)d u

such that if and else. Similarly, therec*(s, y) p 0 s ! r*(y) c*(s, y) p 1u u u

is such that if and else.r*(z, y) c*(s, z, y) p 0 s ! r*(z, y) c*(s, z, y) p 1e e e e

Moreover, is increasing in z. (iv) is decreasing in z.r*(z, y) v*(z, y)e e

With respect to a standard search model (e.g., Pissarides 2000, chap.
1), our model identifies a number of additional channels through which
an aggregate productivity shock may affect the transitions of workers
across employment states. First, by affecting not only and but alsov* v*u e

and , an aggregate productivity shock may affect not only ther* r*u e

probability that a worker meets a firm but also the probability that a
meeting between a firm and a worker turns into a match. Clearly, both
channels may contribute to the response of the UE and EE rates to an
aggregate productivity shock. Second, by affecting , an aggregate pro-r*d
ductivity shock may affect the probability that the match between a firm
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and a worker is destroyed and, hence, it may affect the EU rate. As we
shall see in Sections V and VI, the quantitative importance of these
additional channels depends on the informativeness of the signals and
on the shape of the distribution of match-specific productivity.

III. Decentralization

In this section, we describe a market economy that decentralizes the
efficient allocation. We first describe the structure of the labor market
and the nature of the employment contracts. We then derive the con-
ditions on the individual agents’ value and policy functions that need
to be satisfied in the market equilibrium. Finally, we establish that there
exists a unique equilibrium for the market economy and that this equi-
librium is efficient, in the sense that it decentralizes the solution to the
planner’s problem, and block recursive, in the sense that the agents’
value and policy functions depend on the aggregate state of the econ-
omy, w, only through the aggregate productivity, y, and not through the
entire distribution of workers across employment states, (u, g). The
equilibrium is block recursive because, with directed search, workers in
different employment states choose to search in different submarkets.

A. Market Economy

For the planner’s problem in Section II, we needed to describe only
the physical environment of the economy. For the analysis of equilibrium
here, we also have to describe the structure of the labor market and
the nature of the employment contracts. We assume that the labor mar-
ket is organized in a continuum of submarkets indexed by (x, r), (x,

, where x is the value offered by a firm to a worker and r isr) � � # Z
a selection criterion based on the signal s. Specifically, when a firm
meets a worker in submarket (x, r), it hires the worker if and only if
the signal s about the quality of their match is greater than or equal to
r. If the firm hires the worker, it offers him an employment contract
worth x in lifetime utility. The vacancy-to-worker ratio of submarket (x,
r) is denoted as v(x, r, w). In equilibrium, v(x, r, w) will be consistent
with the firms’ and workers’ search decisions.

At the separation stage, an employed worker moves into unemploy-
ment with probability . At the search stage, each firm choosesd � [d, 1]
how many vacancies to create and in which submarkets to locate them.
On the other side of the market, each worker who has the opportunity
to search chooses which submarket to visit. At the matching stage, each
worker searching in submarket (x, r) meets a vacancy with probability

. Similarly, each vacancy located in submarket (x, r) meets ap(v(x, r, w))
worker with probability . When a worker and a vacancy meetq(v(x, r, w))
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in submarket (x, r), the hiring process follows the rule specified for that
submarket; that is, the worker is hired if and only if the signal is higher
than r and, conditional on being hired, he receives the lifetime utility
x. At the production stage, an unemployed worker produces b units of
output, and a worker employed in a match of type z produces y � z
units of output.

We assume that the contracts offered by firms to workers are bilaterally
efficient in the sense that they maximize the joint value of the match,
that is, the sum of the worker’s lifetime utility and the firm’s lifetime
profits. We make this assumption because there are a variety of speci-
fications of the contract space under which the contracts that maximize
the profits of the firm are, in fact, bilaterally efficient. In a previous
version of this paper (Menzio and Shi 2009), we prove that the profit-
maximizing contracts are bilaterally efficient if the contract space is
complete in the sense that a contract can specify the wage, w, the sep-
aration probability, d, and the submarket where the worker searches
while on the job, , as functions of the history of the aggregate(x , r )e e

state of the economy, w, and the quality of the match, z. This result is
intuitive. The firm maximizes its profits by choosing the contingencies
for d, , and so as to maximize the joint value of the match and byx re e

choosing the contingencies for w so as to deliver the promised value x.
Moreover, we can prove that the profit-maximizing contracts are bilat-
erally efficient even if they can specify the wage only as a function of
tenure and productivity (while the separation and search decisions are
made by the worker). This result is also intuitive. The firm maximizes
its profits by choosing the wage in the first period of the employment
relationship so as to deliver the promised value x and by choosing the
wage in the subsequent periods so as to induce the worker to maximize
the joint value of the match (this is accomplished by setting the wage
equal to the product of the match). Alternatively, profit-maximizing
contracts are bilaterally efficient if they can specify severance transfers
that induce the worker to internalize the effect of his separation and
search decisions on the profits of the firm.

B. The Problem of the Worker and the Firm

First, consider an unemployed worker at the beginning of the produc-
tion stage, and let denote his lifetime utility. In the current period,V (w)u

the worker produces and consumes b units of output. In the next period,
the worker matches with a vacancy with probability ,l p(v(x, r, w))m(r)u

where (x, r) is the submarket where the worker searches and m(r) p
is the probability that the signal about the quality of the match� f(s)s ≥ r

is above the selection cutoff r. If the worker matches with a vacancy, his
continuation utility is x. If the worker does not match with a vacancy,
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his continuation utility is . Thus,ˆV (w)u

ˆ ˆ ˆV (w) p b � b� max {V (w) � l D(x, r, V (w), w)}, (12)u u u u
(x,r)

where D is defined as

D(x, r, V, w) p p(v(x, r, w))m(r)(x � V ). (13)

We denote as the policy functions for the optimal choicesˆ ˆ(x (w), r (w))u u

in (12).
Second, consider a worker and a firm who are matched at the be-

ginning of the production stage. Let denote the sum of theV(z, w)e

worker’s lifetime utility and the firm’s lifetime profits. In the current
period, the sum of the worker’s utility and the firm’s profit is equal to
the output of the match, . In the next period, the worker and they � z
firm separate at the matching stage with probability d, in which case
the worker’s continuation utility is and the firm’s continuationˆV (w)u

profit is zero. The worker and the firm separate at the next matching
stage with probability , where (x, r) is the(1 � d)[l p(v(x, r, w))m(r)]e

submarket where the worker searches for a new match. In this case, the
continuation utility of the worker is x and the firm’s continuation profit
is zero. Finally, the worker and the firm remain together until the next
production stage with probability , in(1 � d)[1 � l p(v(x, r, w))m(r)]e

which case the sum of the worker’s continuation utility and the firm’s
continuation profit is . Thus,ˆV(z, w)e

ˆ ˆV(z, w) p y � z � b� max {dV (w) � (1 � d)[V(z, w)e u e
(d,x,r) (14)

ˆ ˆ� l D(x, r, V(z, w), w)]},e e

where D is the function defined in (13). We denote as andˆd(z, w)
the policy functions for the optimal choices in (14).ˆ ˆ(x (z, w), r(z, w))e e

At the search stage, a firm chooses how many vacancies to create and
where to locate them. The firm’s cost of creating a vacancy in submarket
(x, r) is k. The firm’s benefit from creating a vacancy in submarket (x,
r) is

q(v(x, r, w)) {[aV(s, w) � (1 � a)� V(z, w) � x]f(s)}, (15)� e z es ≥ r

where is the probability of meeting a worker, is theq(v(x, r, w)) V(s, w)e

joint value of the match if the signal is correct, is the joint� V(z, w)z e

value of the match if the signal is not correct, and x is the part of the
joint value of the match that the firm delivers to the worker. When the
cost is strictly greater than the benefit, the firm does not create any
vacancy in submarket (x, r). When the cost is strictly smaller than the
benefit, the firm creates infinitely many vacancies in submarket (x, r).
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And when the cost and the benefit are equal, the firm’s profit is in-
dependent of the number of vacancies it creates in submarket (x, r).

In any submarket visited by a positive number of workers, the tightness
v(x, r, w) is consistent with the firm’s incentives to create vacancies if
and only if

k ≥ q(v(x, r, w)) {[aV(s, w) � (1 � a)� V(z, w) � x]f(s)}, (16)� e z es ≥ r

and with complementary slackness. In any submarket thatv(x, r, w) ≥ 0
workers do not visit, the tightness v(x, r, w) is consistent with the firm’s
incentives to create vacancies if and only if k is greater than or equal
to (15). However, following the literature on directed search with het-
erogeneous workers (i.e., Shi 2009; Gonzalez and Shi 2010; Menzio and
Shi 2010a, 2010b), we restrict attention to equilibria in which v(x, r, w)
satisfies the above complementary slackness condition in every sub-
market.4

C. Equilibrium, Block Recursivity, and Efficiency

Definition 1. A block-recursive equilibrium (BRE) consists of a
market tightness function , a value function for thev : � # Z # Y r ��

unemployed worker , a policy function for the unemployedV : Y r �u

worker , a joint value function for the firm-worker(x , r ) : Y r � # Zu u

match , and policy functions for the firm-worker matchV : Z # Y r �e

and . These functions satisfyd : Z # Y r [d, 1] (x , r ) : Z # Y r � # Ze e

the following conditions: (i) v(x, r, y) satisfies (16) for all (x, r, w) �
; (ii) satisfies (12) for all , and are� # Z # W V (y) w � W (x (y), r (y))u u u

the associated policy functions; (iii) satisfies (14) for allV(z, y) (z,e

, and and are the associated policyy) � Z # W d(z, y) (x (z, y), r(z, y))e e

functions.
Condition i guarantees that the search strategy of an unemployed

worker maximizes his lifetime utility, given the market tightness function
v. Condition ii guarantees that the employment contract maximizes the
sum of the worker’s lifetime utility and the firm’s lifetime profits, given
the market tightness function v. Condition iii guarantees that the market
tightness function v is consistent with the firm’s incentives to create

4 This assumption pins down the tightness of an inactive submarket by a firm’s indif-
ference condition. That is, the tightness is such that a firm’s expected profit from visiting
any inactive submarket is equal to the firm’s expected profit from visiting one of the active
submarkets. A justification for this assumption comes from the following thought exper-
iment. Imagine a sequential game in which unemployed workers choose (with a tremble)
where to look for vacancies and, then, firms choose where to create their vacancies. Because
of the tremble, the tightness is well defined everywhere. As the probability of the tremble
goes to zero, the tightness of every submarket remains well defined and converges to the
one given by (16).
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vacancies. Taken together, conditions i–iii ensure that in a BRE, just as
in a recursive equilibrium, the strategies of each agent are optimal given
the strategies of the other agents. However, contrary to a recursive equi-
librium, in a BRE, the agent’s value and policy functions depend on
the aggregate state of the economy, w, only through the aggregate pro-
ductivity, y, and not through the distribution of workers across different
employment states, (u, g). For this reason, a BRE is much easier to solve
than a recursive equilibrium. But does a BRE exist? And why should we
focus on a BRE rather than on a recursive equilibrium?

The following theorem answers these questions. Specifically, the the-
orem establishes that a BRE exists, that a BRE is unique, and that it
decentralizes the solution to the social planner’s problem. Moreover,
the theorem establishes that there is no loss in generality in focusing
on the BRE because all equilibria are block recursive.

Theorem 2 (Block recursivity, uniqueness, and efficiency of equilib-
rium). (i) All equilibria are block recursive. (ii) There exists a unique
BRE. (iii) The BRE is socially efficient in the sense that (a) v(x (y),u

and ; (b) ; and (c)r (y), y) p v*(y) r (y) p r*(y) d(z, y) p d*(z, y) v(x (z,u u u u e

and .y), r(z, y), y) p v*(z, y) r(z, y) p r*(z, y)e e e e

The equilibrium is block recursive because searching workers are
endogenously separated in different markets, and as in the social plan-
ner’s problem, such separation is possible only when search is directed.
To explain why directed search induces workers to separate endoge-
nously, note that workers choose in which submarket to search in order
to maximize the product between the probability of finding a new match
and the value of moving from their current employment position to the
new match. For a worker in a low-value employment position (unem-
ployment or employment in a low-quality match), it is optimal to search
in a submarket where the probability of finding a new match is relatively
high and the value of entering the new match is relatively low. For a
worker in a high-value employment position (i.e., employment in a high-
quality match), it is optimal to search in a submarket where the prob-
ability of finding a new match is relatively low and the value of entering
the new match is relatively high. Overall, workers in different employ-
ment positions choose to search in different submarkets. As a result of
the self-selection of workers, a firm that opens a vacancy in submarket
(x, r) knows that it will meet only one type of worker. For this reason,
the expected value to the firm from meeting a worker in submarket (x,
r) does not depend on the entire distribution of workers across em-
ployment states and, because of the free-entry condition (16), the prob-
ability that a firm meets a worker in submarket (x, r) has the same
property. Since the meeting probability across different submarkets is
independent from the distribution of workers across employment states,
it is easy to see from (12) and (14) that the value of unemployment
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and the joint value of a match will also be independent from the
distribution.

If we replaced the assumption of directed search with random search,
the equilibrium could not be block recursive. Under random search,
workers in high- and low-value employment positions all have to search
in the same market. When this is the case, the firm’s expected value
from meeting a worker depends on how workers are distributed across
different employment positions, as this distribution determines the
probability that the employment contract offered by the firm will be
accepted by a randomly selected worker. In turn, the free-entry con-
dition implies that the probability that a firm meets a worker must also
depend on the distribution of workers. Since the meeting probability
between firms and workers depends on the distribution, so do all of the
agents’ value and policy functions.5

It is important to clarify that the assumption of bilaterally efficient
contracts is not necessary for establishing the existence of a block-
recursive equilibrium. In fact, in some of our work (Shi 2009; Menzio
and Shi 2010a, 2010b), we have shown that block-recursive equilibria
exist also in economies in which the contract space is so limited that
bilateral efficiency cannot be attained (e.g., economies in which con-
tracts can specify only a wage that remains constant over the entire
duration of an employment relationship).

However, we use the assumption of bilaterally efficient contracts in
order to establish the equivalence between the block-recursive equilib-
rium and the social plan and to rule out equilibria that are not block
recursive. When contracts are bilaterally efficient, the joint value of a
match to the firm and the worker satisfies the equilibrium condition
(14). After solving the free-entry condition (16) for x and substituting
the solution into (14), we get

ˆ ˆV(z,w) p y � z � b� max dV (w) � (1 � d)l kv � (1 � d)lV(z,w){e u e e e
(d,v,r)

′ˆ ˆ� (1 � d)l p(v) [aV(s,w) � (1 � a)E V(z ,w) (17)�e e z es ≥ r

ˆ� V(z,w)]f(s) .}e

One can easily verify that (17) is satisfied not only by the joint value of
a match to the firm and the worker, , but also by the value of anV(z, w)e

employed worker to the planner, . Moreover, one canˆy � z � b�W(z, y)e

5 One should clearly distinguish block recursivity from the property that the market
tightness is independent of unemployment in simple models of random search (e.g.,
Pissarides 1985; Mortensen and Pissarides 1994). The latter feature arises only when search-
ing workers are identical, so that a vacancy knows exactly the type of worker it will meet.
In fact, when there is on-the-job search or when searching workers are heterogeneous ex
ante, random search will cause the market tightness to depend on their distribution.
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verify that the functional equation (17) is a contraction mapping and,
hence, it admits a unique solution. Therefore, the joint value of a match
to the firm and the worker must be equal to the value of an employed
worker to the planner. Similarly, one can establish the equivalence be-
tween the value of unemployment to a worker, , and the value ofV (w)u

an unemployed worker to the planner, . The equivalenceˆb � b�W (y)u

between the value functions of individual agents and the component
value functions of the planner is sufficient for establishing that any
equilibrium is efficient and block recursive.

IV. Calibration

In the previous two sections, we have developed a directed search model
of workers’ transitions between employment and unemployment and
across different employers. In this section, we calibrate the parameters
of the model using data on the movements of workers across employ-
ment states in the U.S. labor market. In the next two sections, we will
use the calibrated model to measure the effect of aggregate productivity
shocks on unemployment, vacancies, and workers’ transition rates. We
carry out this quantitative analysis for the version of the model in which
matches are pure experience goods (i.e., ) and for the one ina p 0
which matches are pure inspection goods (i.e., ).a p 1

Households’ preferences are described by the discount factor b and
the value of leisure b. Firms’ technology is described by the vacancy cost
k, the distribution of match-specific productivity f, the stochastic process
for the aggregate component of productivity f, and the exogenous
match destruction probability d. We restrict f to be a 200-point approx-
imation of a Weibull distribution with mean , shape , and scale .6m n jz z z

We also restrict the stochastic process for aggregate productivity to be
a three-state Markov process with unconditional mean , autocorrela-my

tion , and standard deviation . The matching process is describedr jz y

by the search probabilities and , the meeting probability p, and thel lu e

precision of the signal about the quality of a new match, a. As in most
of the related literature (e.g., Shimer 2005; Mortensen and Nagypál
2007), we restrict to be of the form , .gp(v) min {v , 1} g � (0, 1)

6 The Weibull density function is
n �1 nz z

n z � m 1 z � m 1z z zf(z) p � G � 1 exp � � G � 1 ,[ ( )] { [ ( )] }j j n j az z z z z

where G is the gamma function. The parameters and control, respectively, the shapen jz z

and the variance of the distribution. In particular, the shape of the Weibull distribution
is similar to the shape of the exponential distribution for , to the lognormal dis-n p 1z

tribution for , to the normal distribution for , and to a left-skewed version ofn p 2 n p 4z z

a normal distribution for . To keep the calibration manageable, we restrict attentionn p 10z

to these four values of .nz
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In order to calibrate the parameters of the model, we use data on
the transitions of workers across employment states in the U.S. labor
market (see App. B for details). We choose the model period to be 1
month.7 We normalize to one and choose the parameters , k, andl lu e

d so that the average UE, EU, and EE rates are the same in the model
as in the data. We set the value of g so that the model matches the
empirical elasticity of the UE rate with respect to the vacancy-to-
unemployment ratio. We set the value of b so that the model matches
the empirical ratio of labor productivity at home and in the market as
measured by Hall and Milgrom (2008). We normalize to zero andmz

choose the values of and that minimize the distance between then jz z

distribution of workers across tenure lengths generated by the model
and its empirical counterpart. Finally, we normalize to one and choosemy

and to match the empirical autocorrelation and standard deviationr jy y

of average labor productivity.
Most of the calibration strategy outlined above is standard (see, e.g.,

Shimer 2005). The main novelty is to calibrate the shape and scale of
the distribution of match-specific productivities using the empirical ten-
ure distribution.8 Let us briefly explain why these two distributions are
related. In the model, matches with different idiosyncratic productivity
have a different probability of surviving from one year to the next. In
particular, a low-productivity match has a lower survival probability than
a high-productivity match because a worker employed in a low-produc-
tivity match is more likely to move into unemployment and into a new
match. This implies that the distribution of match-specific productivities
affects the fraction of matches that survive for t years and, consequently,
the cross-sectional tenure distribution. Figure 1 shows the fit of the
empirical tenure distribution obtained with the experience and inspec-
tion versions of the model.

Table 2 summarizes the calibration outcomes. Notice that, for the
version of the model in which matches are experience goods, search
on the job and match heterogeneity (the two central elements of our
model) are both quantitatively important. The search probability for an

7 In our benchmark calibration, workers can change employment status only once a
month. However, in the data, some workers experience multiple changes in their em-
ployment status within a month. As pointed out by Shimer (2005), this discrepancy between
the model and the data may lead to biased estimates of the parameters of the model and
to a mismeasurement of the causes of business cycle fluctuations. In order to address this
potential concern, we calibrated and simulated a biweekly version of our model. We found
that aggregate productivity shocks have a similar effect on workers’ transition rates, un-
employment, and vacancies whether we use the biweekly or the monthly version of the
model.

8 This identification strategy has a precedent in the paper by Moscarini (2003), who
considers a model of random search on the job in which workers and firms learn over
time the quality of their match by observing their output. He uses the empirical tenure
distribution to identify the precision of output as a signal of match quality.



490 journal of political economy

Fig. 1.—Fraction of employed workers who have been on the same job for t years in
the data (solid black line), in the experience model (dashed black line), and in the
inspection model (dashed grey line).

TABLE 2
Calibration Outcomes

Description EXP INS P-00 MP-94

b Discount factor .996 .996 .996 .996
b Home productivity .907 .716 .710 .739
lu Off-the-job search 1 1 1 1
le On-the-job search .735 .904 0 0
g Elasticity of p with respect to v .600 .250 .270 .270
k Vacancy cost 1.55 2.37 1.85 1.89
d Exogenous destruction .012 .026 .026 .012
mz Average idiosyncratic productivity 0 0 0 0
jz Scale idiosyncratic productivity .952 .008 0 .467
az Shape idiosyncratic productivity 4 10 . . . 10

Note.—Calibrated parameters for different versions of the model. The column EXP
refers to the version of the model in which matches are experience goods. The column
INS refers to the version of the model in which matches are inspection goods. The column
P-00 refers to a version of the experience model in which the parameters and arel je z

constrained to be equal to zero. The column MP-94 refers to a version of the experience
model in which the parameter is constrained to be equal to zero.le

employed worker, , is 73 percent per month, nearly as high as thele

search probability for an unemployed worker. The scale of the distri-
bution of match-specific productivity is 0.95, which implies that ajz

match at the 90th percentile of the distribution is nearly twice as pro-
ductive as a match at the 10th percentile. For the version of the model
in which matches are inspection goods, the calibrated value of is evenle

higher but the calibrated value of is lower.jz
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V. Experience Model

In this section, we study the effect of aggregate productivity shocks on
unemployment, vacancies, and workers’ transition rates for the version
of the model in which matches are experience goods. In this version
of the model, workers and firms have no information about the quality
of their match before starting production. Hence, every time a worker
and a firm meet, they match. An unemployed worker is hired as soon
as he meets a firm. After the worker is hired, he begins production and
observes the quality of the match with his employer. If the quality of
the match is sufficiently low, the worker returns into unemployment. If
the quality of the match is sufficiently high, the worker stays in the
match and stops searching (i.e., he searches in submarkets without va-
cancies). If the quality of the match takes on intermediate values, the
worker stays in the match but continues searching and moves to another
employer as soon as he meets one.

A. The Effect of Aggregate Productivity Shocks

We examine the response of the economy to a positive shock to the
aggregate component of productivity (henceforth, y shock). Specifically,
we carry out the following experiment. The economy at time ist p 0
at the steady state associated with the average realization of aggregate
productivity. That is, at time , the aggregate component of pro-t p 0
ductivity y is given by and the distribution of workers across employ-my

ment states (u, g) is given by the ergodic distribution associated with
. At time , aggregate productivity jumps up by 1 percent and,m t p 1y

afterward, remains at this higher level. Figures 2–4 illustrate the response
of unemployment, vacancies, and workers’ transition rates to this ag-
gregate productivity shock.

To better understand these responses, it is useful to discuss the effect
of the y shock on the policy functions , , and . The y shock lowersr v vd u e

, the cutoff on the idiosyncratic component of productivity below whichrd

matches are endogenously destroyed. Intuitively, an increase in aggre-
gate productivity raises the social value of employment relative to un-
employment, and so it lowers the threshold on the idiosyncratic pro-
ductivity below which it is more efficient to break up a match than to
maintain it.

The y shock increases , the tightness of the submarket where un-vu

employed workers look for jobs. Intuitively, an increase in aggregate
productivity increases the social value of moving workers out of un-
employment and into employment, and hence, it increases the efficient
vacancy-to-applicant ratio of the submarket visited by unemployed
workers.
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Fig. 2.—Experience model, percentage change of the UE rate (dashed black line), the
EU rate (dashed grey line), the EE rate (solid grey line), and the unemployment rate
(solid black line) in response to a 1 percent increase in y.

The effect of the y shock on , the tightness of the submarketv(z)e

where workers employed in matches of quality z look for new jobs, is
more complicated. In fact, the y shock increases for low values ofv(z)e

z and it lowers for high values of z. It is easy to explain this phe-v(z)e

nomenon. A positive shock to y raises the social value of a high-quality
match relative to a low-quality match, because a worker employed in a
better match is more likely to be employed in the future and, hence,
more likely to take advantage of the increase in y. For this reason, a
positive shock to y increases (decreases) the social value of moving a
worker from a low- (high-) quality match to a new match, and so it
increases (decreases) the efficient vacancy-to-applicant ratio in the sub-
market visited by workers who are currently employed in low- (high-)
quality matches.

Figure 2 shows the response to the y shock of the UE rate, ,ue gh p vu

the EU rate, , and EE rate,eu eeh p [� d(z)g(z)]/(1 � u) h p {� [1 �
. The UE rate goes up because the increase ingd(z)]l v(z) }/(1 � u) ve e u

raises the probability that an unemployed worker finds a job. The EU
rate falls because the decline in lowers the fraction of new matchesrd

that are destroyed after their idiosyncratic productivity is revealed. On
impact, the EE rate increases because of an increase in the average
tightness of the submarkets where employed workers look for new jobs.
Over time, the EE rate continues to grow because the distribution of
employed workers shifts toward matches with lower idiosyncratic pro-
ductivity, which have a higher probability of terminating with a job-to-
job transition. Quantitatively, the 1 percent increase in y leads to a 2
percent increase in the steady-state UE rate, a 4 percent decline in the
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Fig. 3.—Experience model, percentage change of total vacancies (solid black line),
vacancies for unemployed workers (dashed black line), and vacancies for employed workers
(dashed grey line) in response to a 1 percent increase in y.

steady-state EU rate, and a 4 percent increase in the steady-state EE
rate. As a result of both the increase in the UE rate and the decline in
the EU rate, the steady-state unemployment rate falls by 6 percent.

Figure 3 shows the response to the y shock of the number of vacancies
created for unemployed workers, ; the number of vacanciesv p uvu u

created for employed workers, ; and the totalv p � [1 � d(z)]l v(z)g(z)e e e

number of vacancies in the economy, . On impact, in-v p v � v vu e u

creases because of the increase in the number of vacancies that are
created for each unemployed worker. Over time, as the number of
unemployed workers falls toward its new steady-state value, returnsvu

to its initial level and then falls below it. The response of is different.ve

On impact, jumps up because of the increase in the average numberve

of vacancies created for each employed worker. Over time, as the num-
ber of employed workers grows toward its new steady-state value, ve

continues to increase. Quantitatively, the 1 percent increase in y leads
to a 2.5 percent decline in the steady-state value of and to a 5 percentvu

increase in the steady-state value of . Since and , thev v p v � v v ∼ ve u e u e

steady-state number of vacancies increases by 2 percent.
Figure 4 shows the response of the average idiosyncratic productivity,

, and the average labor productivity, . The¯ ¯z p [� zg(z)]/(1 � u) p p y � z
y shock has two opposing effects on . On the one hand, the y shockz̄
tends to lower because it lowers the endogenous destruction cutoffz̄

. On the other hand, the y shock tends to increase because it increases¯z zd

the probability that a worker employed in a low-quality match finds a
better job. In practice, the first effect dominates the second one, and
the 1 percent increase in y leads to a 0.3 percent decline in the steady-
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Fig. 4.—Experience model, percentage change of the aggregate component of pro-
ductivity (dashed grey line), the average idiosyncratic component of productivity (dashed
black line), and the average labor productivity (solid black line) in response to a 1 percent
increase in y.

state value of . Since and , the 1 percent increase in¯ ¯ ¯z p p y � z z ∼ y/3
y leads to a 0.7 percent increase in the steady-state value of average
labor productivity.

Let us summarize our findings. According to the version of our model
in which matches are experience goods, an aggregate productivity shock
induces vacancies and average labor productivity, the UE rate and the
EE rate move in the opposite direction from unemployment, and it
induces the EU rate to move in the same direction as unemployment.
Table 1 shows that this is exactly the same pattern of comovement that
is observed in the U.S. labor market at the business cycle frequency.
Moreover, according to the version of our model in which matches are
experience goods, an aggregate productivity shock induces large move-
ments in unemployment, vacancies, and workers’ transition rates. Spe-
cifically, the percentage change in unemployment is approximately eight
times larger than the percentage change in the average labor produc-
tivity p. The percentage change in vacancies is three times larger than
the percentage change in p. And the percentage changes in the UE,
EU, and EE rates are, respectively, two, six, and five times larger than
the percentage change in p. Table 1 shows that these movements in
unemployment, vacancies, and workers’ transition rates constitute a
large fraction of the overall volatility of the U.S. labor market at the
business cycle frequency. In fact, in the U.S. data, unemployment is 10
times more volatile than p, vacancies are 11 times more volatile than
p, and the UE, EU, and EE rates are approximately five times more
volatile than p. Finally, table 3 shows that the implications of our model
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TABLE 3
Experience Model

x u v vu ve hue heu hee p

SD(x)/SD(p) 7.88 2.54 4.29 8.21 2.51 6.23 5.59 1
Autocorr(x) .850 .637 .748 .824 .799 .772 .823 .762
Corr(7, x):

u 1 �.807 .841 �.980 �.976 .972 �.979 �.977
v . . . 1 �.380 .855 .897 �.898 .858 .894
p . . . . . . �.729 .984 .999 �.979 .983 1

Note.—Summary statistics of the last 6,000 months of a 9,000-month-long time series
for u, v, , , , , , and p generated by the experience model with aggregateue eu eev v h h hu e

productivity shocks. Section IV provides details on the stochastic process for productivity.
All variables are quarterly averages of monthly series. All variables are reported in logs as
deviations from an HP trend with smoothing parameter 1,600.

are substantially the same if, instead of looking at the response to a y
shock, we simulate the stochastic economy and compute the volatility
of the model-generated time series for unemployment, vacancies, and
workers’ transition rates.

B. Role of Match Heterogeneity and Search on the Job

In Section IV, we showed that the model needs match heterogeneity
and search on the job in order to fit the main acyclical features of
worker reallocation in the U.S. labor market. Here, we show that these
two features of the model are also needed in order to properly measure
the effect of aggregate productivity fluctuations on the U.S. labor mar-
ket. To make this point precise, we calibrate and simulate two con-
strained versions of the model. First, we calibrate and simulate a version
of the model in which the parameters and are constrained to bel je z

zero and, hence, matches are homogeneous and search takes place only
off the job. We refer to this version of our model as P-00 because it is
equivalent to the textbook model by Pissarides (2000, chap. 1). Second,
we calibrate and simulate a version of the model in which is allowedjz

to be positive but is constrained to be zero, and hence, search onle

the job is ruled out. We refer to this version of the model as MP-94
because it is very similar to the classic model by Mortensen and Pissarides
(1994).

Panel A of table 4 presents a statistical summary of the effect that
aggregate productivity shocks have on unemployment, vacancies, and
workers’ transition rates in P-00. Notice that in P-00, y shocks generate
approximately one-tenth of the unemployment volatility that they gen-
erate in our model. This dramatic difference is due to the fact that in
P-00, y shocks generate much less volatility in the UE and EU rates than
they do in our model.
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TABLE 4
P-00 and MP-94 Models

x u v p vu
ueh euh p

A. P-00 Model

SD(x)/SD(p) .82 2.69 .91 0 1
Autocorr(x) .815 .677 .994 1 .745
Corr(7, x):

u 1 �.932 �.936 0 �.972
v . . . 1 .990 0 .990
p . . . . . . .999 0 1

B. MP-94 Model

SD(x)/SD(p) 5.98 4.55 .83 6.61 1
Autocorr(x) .674 .453 .740 .397 .736
Corr(7, x):

u 1 .726 �.737 .906 �.732
v . . . 1 �.267 .481 �.259
p . . . . . . .998 �.583 1

Note.—Summary statistics of the last 6,000 months of a 9,000-month-long time series
for u, v, , , , and p generated by a version of the experience model in which theue euv h hu

parameters and are constrained to be equal to zero. All variables are quarterly averagesl je z

of monthly series. All variables are reported in logs as deviations from an HP trend with
smoothing parameter 1,600.

It is easy to explain why the volatility of the UE rate is lower in P-00
than in our model. The elasticity of the UE rate with respect to y is
given by the product between the elasticity of the job-finding probability
with respect to the vacancy-to-applicant ratio, g, and the elasticity of
the vacancy-to-applicant ratio in the submarket visited by unemployed
workers with respect to y, that is, . The value ofd log (v /u)/d log yu

is similar in the two models. However, the value of gd log (v /u)/d log yu

is much smaller in P-00 than in our model. To understand this, remem-
ber that g is chosen so that the elasticity of the UE rate with respect to
the vacancy-to-applicant ratio is the same as in the data (0.27). That is,
g is chosen so that

ued log h d log (v/u)
p 0.27 ⇒ g p 0.27 . (18)

d log (v/u) d log (v /u)u

In our model, is twice as large as because thed log (v/u) d log (v /u)u

elasticity of the number of vacancies created for employed workers is
higher than the elasticity of the number of vacancies created for un-
employed workers. Hence, in our model, . In P-00,g p 0.6 d log (v/u)
equals because, without search on the job, there are nod log (v /u)u

vacancies created for employed workers. Hence, in P-00, .g p 0.27
It is also easy to explain why the volatility of the EU rate is lower in

P-00 than in our model. In our model, a shock to the aggregate com-
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ponent of productivity affects the EU rate because it affects the cutoff
on the idiosyncratic component of productivity below which a matchrd

is endogenously destroyed. Quantitatively, the effect on the EU rate is
large because, according to the calibration, the distribution of idiosyn-
cratic productivity has a high density around the steady-state value of

. In P-00, the distribution of idiosyncratic productivity is constrainedrd

to be degenerate at , and so an aggregate productivity shock hasz p 0
no effect on the EU rate.

In light of these observations, it is clear why models that abstract from
match heterogeneity and search on the job typically predict that the
response of the unemployment rate to aggregate productivity shocks is
implausibly small (e.g., Shimer 2005) unless additional amplification
mechanisms are introduced (e.g., training costs in Mortensen and Na-
gypál [2007], countercyclical vacancy costs in Shao and Silos [2009],
exogenous wage rigidity in Hall [2005] and Gertler and Trigari [2009],
and endogenous wage stickiness in Menzio [2005], Kennan [2010], and
Menzio and Moen [2010]).

Panel B of of table 4 presents a statistical summary of the effect that
aggregate productivity shocks have on unemployment, vacancies, and
workers’ transition rates in MP-94. Notice that in MP-94, y shocks gen-
erate one-third of the UE volatility that they generate in our model and
the same EU volatility as in our model. As a result, in MP-94, y shocks
generate 30 percent less unemployment volatility than they do in our
model. These findings are easy to explain. The volatility of the EU rate
is similar in the two models because the calibrated distribution of the
idiosyncratic productivity is similar and because the aggregate produc-
tivity shocks have a similar effect on the destruction cutoff . The vol-rd

atility of the UE rate is lower in MP-94 because the calibrated value of
g is smaller (for exactly the same reason why it is smaller in P-00).

Next, note that the correlation between total vacancies and labor
productivity is negative in MP-94 whereas it is positive in our model.
Let us explain this difference. In our model, a positive shock to y gen-
erates a decline in the number of vacancies created for unemployed
workers, , and an increase in the number of vacancies created forvu

employed workers, . Since the second effect dominates the first one,ve

a positive y shock leads to an increase in the total number of vacancies
in the economy, v. In MP-94, a positive y shock also generates a decline
in . The reason is that the fall in the EU rate is so large that thevu

increase in the number of vacancies created for each unemployed
worker, , is dominated by the decline in the number of unemployedvu

workers, u. However, in MP-94, a positive y shock has no effect on ve

because, without search on the job, firms do not create any vacancies
for employed workers. Hence, in MP-94, the total number of vacancies
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in the economy falls in response to a positive aggregate productivity
shock.

These observations explain why models that abstract from search on
the job tend to predict a positive correlation between vacancies and
unemployment whenever the EU rate is strongly countercyclical either
for endogenous reasons (e.g., movements in the endogenous destruc-
tion cutoff as in Mortensen and Pissarides [1994] and Merz [1995])rd

or for exogenous reasons (e.g., shocks to the match destruction prob-
ability as in Shimer [2005]).9

VI. Inspection Model

In this section, we study the effect of a 1 percent increase in aggregate
productivity on unemployment, vacancies, and workers’ transition rates
for the version of the model in which matches are inspection goods. In
this version of the model, workers and firms receive a perfectly infor-
mative signal about the quality of their match before starting produc-
tion. Hence, an unemployed worker searches off the job until he finds
a match that is more valuable than unemployment. Similarly, an em-
ployed worker searches on the job until he finds a match that is more
valuable than the one he has with his current employer. Note that, since
the value of all matches that are created is greater than the value of
unemployment, employed workers move back into unemployment only
when their match is hit by the exogenous destruction shock d.

In the version of the model in which matches are inspection goods,
the �1 percent shock to y increases , the tightness of the submarketvu

where unemployed workers look for matches, and it lowers , the cutoffru

on the idiosyncratic productivity above which a match between an un-
employed worker and a firm is created. Intuitively, an increase in ag-
gregate productivity increases the social value of employment relative
to unemployment, and for this reason, it increases the efficient vacancy-
to-applicant ratio and it lowers the efficient creation cutoff in the sub-

9 In a paper contemporaneous with ours, Ramey (2008) makes a similar point. Specif-
ically, using a model of random search on the job, Ramey shows that the correlation
between unemployment and vacancies generated by aggregate productivity shocks is pos-
itive when employed workers are not allowed to search, and it is negative when employed
workers search as frequently as unemployed workers. There are two differences between
this result and ours. First, our result is obtained using a model of directed search, whereas
Ramey’s result is obtained using the random search model by Mortensen (1994). As we
discussed in the introduction, there are important economic differences between these
two models. Second, Ramey shows that the correlation between unemployment and va-
cancies is negative when employed workers search as frequently as unemployed workers.
This arbitrary assumption might drive Ramey’s result since it is likely to overestimate the
importance of search on the job. In contrast, in this paper, the frequency at which em-
ployed workers get the opportunity to search is calibrated to match the average EE rate
observed in the data.
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Fig. 5.—Inspection model, percentage change of the UE rate (dashed black line), the
EU rate (dashed grey line), the EE rate (solid grey line), and the unemployment rate
(solid black line) in response to a 1 percent increase in y.

market visited by unemployed workers. For the same reason, the positive
shock to y lowers , the cutoff on the idiosyncratic productivity belowrd

which a match is endogenously destroyed.
In contrast, the y shock has no effect on and , the tightnessv(z) r(z)e e

and the creation cutoff in the submarket where workers employed in
matches of quality z look for new jobs. It is easy to explain this effect.
An increase in y raises the social value of matches with different quality
by exactly the same amount because workers employed in matches with
different quality have exactly the same probability of being employed
in the future (i.e., ) and, hence, the same probability of taking1 � d

advantage of the increase in y. For this reason, an increase in y has no
effect on the social value of moving a worker from a match of quality
z to a new match, and so it has no effect on the efficient vacancy-to-
applicant ratio, , and the efficient creation cutoff, .v(z) r(z)e e

Figure 5 shows the response to the y shock of the UE rate, ueh p
, EU rate, , and EE rate,g eu eev m h p [� d(z)g(z)]/(1 � u) h p {� [1 �u u

. The UE rate increases for two reasons.gd(z)]l v(z) m (z)g(z)}/(1 � u)e e e

First, the increase in increases the probability that an unemployedvu

worker meets a firm. Second, the decline in increases the probabilityru

that a meeting between an unemployed worker and a firm turns into
a match. Quantitatively, the steady-state UE rate increases by 0.8 percent.
The EE rate increases because of a composition effect. The shock affects
neither nor , and hence, it affects neither the probability thatv(z) r(z)e e

a worker employed in a match of quality z meets a new firm nor the
probability that such a meeting turns into a match. However, because
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it lowers , the y shock shifts the distribution of employed workersru

toward matches with lower quality, which have a higher probability of
terminating with a job-to-job transition. Quantitatively, the steady-state
EE rate increases by 0.05 percent. The EU rate does not respond to the
shock. This result is intuitive. Since the quality of a match is perfectly
observed before the match is created, a worker moves from employment
to unemployment only when the match is hit by the destruction shock,
an event that occurs with the exogenous and time-invariant probability
d. From the response of the workers’ transition rates, it follows that the
steady-state unemployment rate falls by 0.75 percent.

Figure 6 shows how the y shock affects the number of vacancies for
unemployed workers, , the number of vacancies for employed workers,vu

, and the total number of vacancies in the economy, v. The steady-ve

state value of increases because the increase in the number of va-vu

cancies created per each unemployed workers, , dominates the declinevu

in the number of unemployed workers, u. The steady-state value of ve

increases both because of an increase in the average number of vacancies
created for each employed worker, , and because of an increase�v(z)e

in the number of employed workers, . Quantitatively, the steady-1 � u
state value of increases by 2.5 percent and the steady-state value ofvu

increases by 0.1 percent. Since and , the steady-statev v p v � v v ∼ ve u e u e

value of v increases by 2.75 percent. Finally, figure 7 shows that the y
shock decreases the average quality of a match by 0.05 percent and
increases the average productivity of labor by 0.99 percent.

Overall, the response of unemployment, vacancies, and workers’ tran-
sition rates to the y shock is smaller when matches are inspection goods
rather than when they are experience goods. In particular, notice that
when matches are inspection goods, the percentage decline in unem-
ployment (relative to the percentage increase in average productivity)
is only one-tenth of what it is when matches are experience goods. This
striking difference is due to the fact that the decline in the EU rate and
the increase in the UE rate are both much smaller when matches are
inspection goods. It is not surprising to find that the decline in the EU
rate is smaller when matches are inspection goods than when they are
experience goods. However, it is rather surprising to find that the in-
crease in the UE rate is smaller when matches are inspection goods
considering that, in this version of the model, the y shock increases not
only the probability that an unemployed worker meets a firm but also
the probability that the meeting turns into a match. There is a simple
explanation for this seemingly surprising result. The elasticity of the UE
rate with respect to y is given by

ued log h d log m d log vu up � g . (19)
d log y d log y d log y
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Fig. 6.—Inspection model, percentage change of total vacancies (solid black line),
vacancies for unemployed workers (dashed black line), and vacancies for employed workers
(dashed grey line) in response to a 1 percent increase in y.

Fig. 7.—Inspection model, percentage change of the aggregate component of produc-
tivity (dashed grey line), the average idiosyncratic component of productivity (dashed
black line), and the average labor productivity (solid black line) in response to a 1 percent
increase in y.

The parameter g is calibrated so as to match the empirical elasticity of
the UE rate with respect to the vacancy-to-unemployment ratio, that is,

ued log h 0.27d log (v/u) � d log mup 0.27 ⇒ g p . (20)
d log (v/u) d log (v )u

Substituting (20) into (19), one obtains
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ued log h d log (v/u)

p 0.27 . (21)
d log y d log y

The previous expression demonstrates that, once g is calibrated, the
elasticity of the UE rate with respect to y does not depend on the
elasticity of the probability with which a meeting turns into a match. It
depends only on the empirical elasticity of the UE rate with respect to

and on the elasticity of with respect to y. And since the elasticityv/u v/u
of with respect to y is smaller when matches are inspection goodsv/u
(because of the smaller response in ), so is the elasticity of the UEve

rate.

VI. Conclusion

In this paper, we developed a model of directed search on the job in
which the transitions of workers between employment and unemploy-
ment and across different employers are driven by heterogeneity in the
quality of different firm-worker matches. In the theoretical part of the
paper, we proved that the unique equilibrium is efficient, in the sense
that it decentralizes the solution to the planner’s problem, and block
recursive, in the sense that the agents’ value and policy functions depend
on the aggregate state of the economy only through the realization of
aggregate shocks and not through the entire distribution of workers
across employment states (unemployment and employment in different
matches). Because the equilibrium is block recursive, the model can be
easily solved outside of the steady state and, hence, used for studying
the cyclical dynamics of the labor market. In the empirical part of the
paper, we first calibrated the model to match the frequency and pattern
of the transition of individual workers across employment states. We
then simulated the model to measure the effect that cyclical fluctuations
in aggregate productivity have on the labor market. We found that, when
matches are experience goods, aggregate productivity shocks account
for the empirical pattern of comovement between unemployment, va-
cancies, and workers’ transition rates and for a large fraction of their
empirical volatility. In contrast, when matches are inspection goods,
aggregate productivity shocks can account for only a negligible fraction
of the empirical volatility of the labor market.

Appendix A

Proofs

Proof of Theorem 1

Part i: Let be the set of bounded continuous functions with theC(W) R : W r �

sup norm . Define the operator T on byFF�FF p sup R(w) C(W)w�W
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ˆ(TR)(w) p max F(d, v , v , c , cFw) � b�R(w)u e u e
(d,v ,v ,c ,c )u e u e

subject to

û p u[1 � l p(v )m ] � [d(z)g(z)],�u u u z

′ ′ ′ĝ(z ) p ul p(v )[ac (z ) � (1 � a)m ]f(z )u u u u

′ ′ ′ ′� g(z )[1 � d(z )][1 � l p(v(z ))m (z )] (A1)e e e

′ ′� g(z){[1 � d(z)][l p(v(z))][ac (z , z) � (1 � a)m (z)]f(z )},� e e e ez

d : Z r [d, 1], v � � , v : Z r � , c : Z r [0, 1], c : Z # Z r [0, 1].u � e � u e

The return function F is defined as

ˆF(d, v , v , c , cFw) p �k (l v u � {[1 � d(z)]l v(z)g(z)}) � bu�u e u e u u e ez (A2)

ˆ� [(y � z)g(z)].�
z

First, we prove that TR is bounded. Take an arbitrary . Since R isR � C(W)
bounded, there exist and such that for all . Hence,ˆ ˆR R R ≤ R(w) ≤ R w � W

is bounded below by and it is bounded(TR)(w) [N(z) � 1] min {b, y � z } � bR1 1

above by . Now, we prove that TR is continuous[N(z) � 1] max {b, y � z } � bRN(y) N(z)

in w. Let be defined asv

�1v p k {[N(z) � 1][max {b, y � z } �min {b, y � z }] � b[R � R]}.N(y) N(z) 1 1

Note that the maximand in (A1) is strictly smaller than [N(z) � 1] min {b, y �1

for any or for any . Therefore, the problem in (A1) isz } � bR v 1 v v(z) 1 v1 u e

equivalent to the problem in which the constraint is replaced withv � �u �

and the constraint is replaced with . For thev � [0, v] v : Z r � v : Z r [0, v]u e � e

modified problem, the maximand is continuous in (w, d, , , , ) and set ofv v c cu e u e

feasible choices for (d, , , , ) is compact. Then it follows from the Theoremv v c cu e u e

of the Maximum (theorem 3.6 in Stokey, Lucas, and Prescott [1989]) that TR
is continuous in w. Hence .T : C(W) r C(W)

The operator T maps the set of bounded continuous function into itself,C(W)
and one can easily verify that it satisfies the monotonicity and discounting hy-
potheses in Blackwell’s sufficient conditions for a contraction (theorem 3.3 in
Stokey et al. [1989]). Hence, the operator T is a contraction mapping, and it
admits one and only one fixed point . Since for alltR* � C(W) lim bR*(w) p 0tr�

, it follows from Stokey et al.’s theorem 4.3 that is equal to the planner’sw � W R*
value function W.

Part ii: Let be the set of functions that are bounded,′C (W) O C(W) R : W r �

continuous, and linear in the measure of unemployed workers, u, and in the
measure of workers employed in matches of type z, . Clearly, if′g(z) R � C (W)
and only if there exist two functions and such thatR : Y r � R : Z # Y r �u e

R(w) p R (y)u � R (z, y)g(z). (A3)�u ez

Consider an arbitrary function R in . Then, after substituting the con-′C (W)
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straints into the maximand of (A1), we obtain

ˆ ˆ(TR)(w) p R (y)u � R (z, y)g(z), (A4)�u ez

where is given byR̂ (y)u

ˆ ˆR (y) p max {�kl v � [1 � l p(v )m ][b � b�R (y)]u u u u u u u
(v ,c )u u (A5)

′ ′ ′ ˆ′� l p(v )� [ac (z ) � (1 � a)m ][y � z � b�R (z , y)]}u u z u u e

subject to , , and is given byˆv � � c : Z r [0, 1] R (z, y)u � u e

ˆ ˆR (z, y) p max d[b � b�R (y)] � (1 � d)kl ve u e e{
(d,v ,c )e e

ˆ� (1 � d)[1 � l p(v)m ][y � z � b�R (z, y)]e e e e (A6)

′ ′� (1 � d)l p(v) [ac (z ) � (1 � a)m ][y � z�e e e e′z

′ ′ˆ� b�R (z , y)]f(z )e }
subject to , , .d � [d, 1] v � � c : Z r [0, 1]e � e

Since R is an arbitrary function in , (A4) implies that′ ′C (W) T : C (W) r

. Moreover, since is a closed subset of and ,′ ′ ′ ′C (W) C (W) C(W) T : C (W) r C (W)
corollary 1 to theorem 3.2 in Stokey et al. (1989) implies .′W � C (W)

Part iii: Let be the set of functions such that the′′ ′C (W) O C (W) R : W r �

associated component is nondecreasing in z. Let R be an arbitrary functionRe

in . From part ii, it follows that and the associated components′′ ′C (W) TR � C (W)
and satisfy the equations (A5) and (A6). Since the maximand in (A6) isˆ ˆR Ru e

nondecreasing in z and the feasible set in (A6) is independent of z, is non-R̂e

decreasing in z. Hence, . Since is a closed subset of′′ ′′ ′′T : C (W) r C (W) C (W)
, corollary 1 to theorem 3.2 in Stokey et al. (1989) implies thatC(W) W �
.′′C (W)

Part iv: From part ii, it follows that the policy correspondences solve(v*, c*)u u

the maximization problem (A5) for . Since the maximand(R , R ) p (W , W )u e u e

and the constraints in (A5) do not depend on (u, g), depend on w only(v*, c*)u u

through y and not through (u, g). Similarly, the policy correspondences (d*,
solve the maximization problem (A6) for . Since thev*, c*) (R , R ) p (W , W )e e u e u e

maximand and the constraints in (A6) do not depend on (u, g), depend(v*, c*)u u

on w only through y and not through (u, g). QED

Proof of Proposition 1

For any , and are the solutions to the maximization problemy � Y v*(y) c*(z, y)u u

ˆmax {�kl v � [1 � l p(v )m ][b � b�W (y)]u u u u u u
(v ,c )u u (A7)

′ ′ ′ ˆ′�l p(v )� [ac (z ) � (1 � a)m ][y � z � b�W(z , y)]}u u z u u e

subject to , . Notice that the above maximization problemv � [0, v] c : Z r [0, 1]u u
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can be rewritten as

ˆmax �kl v � b � b�W (y) � l p(v )u u u u u{¯v �[0,v]u (A8)

′ ′ ′ ˆ ˆ′# max � [ac (z ) � (1 � a)m ]{y � z � b � b�[W(z , y) � W (y)]} .z u u e u }
c :Zr[0,1]u

First, consider the inner maximization problem in (A8). The maximand is
linear in , and its derivative with respect to is given byc c (s)u u

′ ′ˆ ˆ ˆ′a[y � s � b�W(s, y)] � (1 � a)� [y � z � b�W(z , y)] � b � b�W (y). (A9)e z e u

Hence, the solution to the maximization problem is if (A9) is positivec*(s, y) p 1u

and if (A9) is strictly negative. Therefore, is unique. Moreover,c*(s, y) p 0 c*(s, y)u u

since (A9) is increasing in s, is increasing in s. Therefore, there existsc*(s, y)u

such that if , and else. This completes ther*(y) c*(s, y) p 1 s ≥ r*(y) c*(s, y) p 0u u u u

proof of parts i and iii of the proposition for .c*u
Next, consider the outer maximization problem in (A8). The derivative of

the maximand with respect to is given byvu

′ ˆ ˆ�k � p (v ) (a{y � s � b � b�[W(s, y) � W (y)]}�u e us ≥ r*(y)u (A10)
′ ′ ˆ ˆ′�(1 � a)� {y � z � b � b�[W(z , y) � W (y)]})f(s).z e u

The expression above is strictly decreasing in because , and it is′′v p (v ) ! 0u u

strictly negative at because . Hence, the unique solution to the′v p v p (v) p 0u

maximization problem, , isv*(y)u

′ ˆ ˆk ≥ p (v*(y)) (a{y � s � b � b�[W(s, y) � W (y)]}�u e us ≥ r*(y)u (A11)
′ ′ ˆ ˆ′� (1 � a)� {y � z � b � b�[W(z , y) � W (y)]})f(s),z e u

and with complementary slackness. This completes the proof of partv*(y) ≥ 0u

i of the proposition for . The proofs of parts i and iii for , , and asv* c* v* d*u e e

well as the proofs of parts ii and iv are omitted for the sake of brevity. QED

Proof of Theorem 2

Parts i and ii: Let (v, , , , , d, , ) be an equilibrium. We take five stepsV V x r x ru e u u e e

to prove that the equilibrium is unique and block recursive.
Step 1. Unify the notation for and . Let the functionV V V : {0, 1} # Z #u e

be defined as for all andW r � V(0, z, y) p V (w) (z, w) � Z # W V(1, z, y) pu

for all . Given the definition of V, we can rewrite theV(z, w) (z, w) � Z # We

equilibrium conditions (12) and (14) as
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ˆ ˆV(a, z, w) p a y � z � b� max {dV(0, z, w) � (1 � d)V(1, z, w)(
(d,x,r)

ˆ� (1 � d)l p(v(x, r, w))m(r)[x � V(1, z, w)]}e ) (A12)

ˆ� (1 � a) b � b� max {V(0, z, w)(
(x,r)

ˆ ˆ� l p(v(x, r, w))m(r)[x � V(0, z, w)]} .u )
Step 2. Express the value offered in submarket x as a function of the tightness

v, the reservation signal r, and the aggregate state of the economy w. Let x(v,
denote the value offered to a worker in a submarket with tightnessr, w) v(x,

. From the equilibrium condition (16), it follows thatr, w) p v 1 0

1 k
x(v, r, w) p {[aV(1, s, w) � (1 � a)� V(1, z, w)]f(s)} � . (A13)� z( )s ≥ rm(r) q(v)

In any submarket with , the value offered to a worker cannot bev(x, r, w) p 0
expressed uniquely as a function of (v, r, w). However, the value offered to a
worker in these submarkets is irrelevant because the worker meets a vacancy
with zero probability. Hence, without loss in generality, let be given byx(v, r, w)
(A13) in all submarkets with tightness .v(x, r, w) p v p 0

Step 3. Reformulate the equilibrium condition for V. Substituting x with
and with v, we can rewrite (A12) asx(v, r, w) v(x, r, w)

ˆV(a, z, w) p a y � z � b� max dV(0, z, w) � (1 � d)l kv{ e(
(d,v,r)

ˆ� (1 � d)[1 � l p(v)m(r)]V(1, z, w)e

′ˆ ˆ� (1 � d)l p(v) [aV(1, s, w) � (1 � a)� V(1, z , w)]f(s) (A14)� }e z )s ≥ r

ˆ� (1 � a) b � b� max �kl v � [1 � l p(v)m(r)]V(0, z, w)u u( {
(v,r)

′ˆ ˆ� l p(v) [aV(1, s, w) � (1 � a)� V(1, z , w)]f(s) .�u z })s ≥ r

Step 4. Establish the uniqueness of V and its independence from (u, g). Let
and let denote the space of bounded continuous func-Q p {0, 1} # Z # W C(Q)

tions , with the sup norm. Let denote the operatorR : Q r � T : C(Q) r C(Q)
associated with (A14). It is straightforward to verify that (i) and′R, R � C(Q)

implies ; (ii) and implies′ ′R ≤ R T(R) ≤ T(R ) R � C(Q) e ≥ 0 T(R � e) p
. Therefore, by Blackwell’s sufficient conditions, it follows that the op-TR � be

erator T is a contraction and that it admits a unique solution. Hence, V is unique.
Next, notice that if R depends on only through , then depends on wˆ ˆw y T(R)
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only through y. Hence, the fixed point of the operator T depends on w only
through y. That is, .V(a, z, w) p V(a, z, y)

Step 5. Establish the uniqueness of the policy functions (v, , , d, , ) andx r x ru u e e

their independence from (u, g). Since depends on w only through y,V(a, z, w)
we can rewrite the equilibrium condition (16) as

k ≥ q(v(x, r, w)) {[aV(s, y) � (1 � a)� V(z, y) � x]f(s)} (A15)� e z es ≥ r

and with complementary slackness. It is easy to verify thatv(x, r, w) ≥ 0 v(x, r,
is unique and depends on w only through y; that is, .w) v(x, r, w) p v(x, r, y)

Since and depend on w only through y, we can rewrite theV(a, z, w) v(x, r, y)
equilibrium condition (12) as

ˆ ˆ ˆV (y) p b � b� max {V (y) � l p(v(x, r, y))m(r)[x � V (y)]}. (A16)u u u u
(x,r)

Since the maximization problem in (A16) depends on only through , theˆ ˆw y
associated policy functions depend on only through . That isˆ ˆ ˆ ˆ(x (w), r (w)) w yu u

. Similarly, we can show that the policy functionsˆ ˆ ˆ ˆ(x (w), r (w)) p (x (y), r (y))u u u u

and depend on only through . That is, andˆ ˆ ˆ ˆ ˆˆ ˆd(w) (x (w), r(w)) w y d(w) p d(y)e e

. This completes the proof that there exists a uniqueˆ ˆ ˆ ˆ(x (w), r(w)) p (x (y), r(y))e e e e

equilibrium and that this equilibrium is block recursive.
Part iii: To establish the equivalence between the equilibrium and the plan-

ner’s allocation, we rewrite the component value functions (5) and (6). Recall
that, in the planner’s allocation, a match is formed if and only if the signal s is
greater than or equal to the cutoff level for an unemployed worker andr*(y)u

for a worker employed in a type z match (see proposition 1). Usingr*(z, y) re u

and as the choices instead of , we can rewrite (5) asr (c , c )e u e

ˆW (y) p max �kl v � [1 � l p(v )m ][b � b�W (y)]{u u u u u u u
(v ,r )u u (A17)

′ ′ ˆ′� l p(v ) ({aW(s, y) � (1 � a)� [y � z � b�W(z , y)]}f(s)) .� }u u e z es ≥ ru

Similarly, we can rewrite (6) as

ˆW(z, y) p max d[b � b�W (y)] � (1 � d)kl v{e u e e
(d,v ,r )e e

ˆ� (1 � d)[1 � l p(v)m ][y � z � b�W(z, y)]e e e e (A18)

ˆ� (1 � d)l p(v) ({a[y � s � b�r(s, y)]�e e es ≥ re

ˆ� (1 � a)� [y � z � b�r(z, y)]}f(s)) .}z e

Using these equations, we can verify that (A14) is satisfied by the function
defined as and′ ′ ′ˆW (a, z, y) W (0, z, y) p b � b�W (y) W (1, z, y) p y � z �u

. Since V is the unique solution to (A14), it follows thatˆb�W(z, y) V (y) p b �e u

and . Finally, notice that the equilibriumˆ ˆb�W (y) V(z, y) p y � z � b�W(z, y)u e e

allocation solves the maximization problems in (A14) and the efficient allocation
solves the maximization problems in (A17) and (A18). With the relations

and , it is not difficult to see thatˆ ˆV (y) p b � b�W (y) V(z, y) p y � z � b�W(z, y)u u e e

the two sets of allocations coincide. QED
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Appendix B

Data and Calibration

We choose the model period to be 1 month. We set b so that the real interest
rate in the model is 5 percent per year. We choose k and d so that the average
UE and EU transition rates are the same in the model and in the data. In the
model, the UE rate is given by , and the EU rate is given byueh p p(v )mu u

. In the data, we measure these transition rates follow-euh p [�d(z)g(z)]/(1 � u)
ing the methodology developed by Shimer (2005).10 Specifically, we measure
the UE rate in month t as , where is the CPS unemploymentue sh p u /(1 � u ) ut t�1 t t

rate in month t and is the CPS short-term unemployment rate in monthsut�1

. Similarly, we measure the EU rate in month t as eut � 1 h p 1 � (u �t t�1

.su )/ut�1 t

We normalize to one, and we choose so that the average EE transitionl lu e

rate is the same in the model as in the data. The EE rate in the model is given
by . The EE rate in the data has beeneeh p {� [1 � d(z)]l p(v(z))m (z)g(z)}/(1 � u)e e e

measured by Nagypál (2008) using the CPS microdata. Specifically, Nagypál
measures the EE rate in month t as , where is the number of workerseeh p s /e st t t t

who are employed at different firms in months t and , and is the numbert � 1 et

of workers who are employed in month t.
We choose g so that the elasticity of the UE rate with respect to the vacancy-

to-unemployment ratio is the same in the model as in the data. In the model,
the vacancy-to-unemployment ratio is given by , where the aggregate measurev/u
of vacancies v is given by the sum of and . In the data,l v u � [1 � d(z)]l v(z)g(z)u u e e

the vacancy-to-unemployment ratio is measured as the ratio of the Conference
Board Help-Wanted Index and the CPS unemployment rate.

We normalize to zero. We choose the scale and shape parameters inm n jz z z

the distribution of the idiosyncratic productivity to minimize the distance be-
tween the tenure distribution generated by the model and its empirical coun-
terpart. In the model, the tenure distribution is defined as the fraction of workers
who are employed and have been in the same match for t years. In the data,
the analogous distribution is measured by Diebold, Neumark, and Polsky (1997)
using the 1987 CPS tenure supplement.11

We normalize to one and choose and so that the average productivitym r jy y y

of labor in the model has the same autocorrelation and standard deviation as
in the data. In the model, the average productivity of labor is measured as

. In the data, average labor productivity is measuredp p [� (y � z)g(z)]/(1 � u)

10 There are two differences between the cyclical measures of the UE and EU rates
constructed by Shimer (2005) and ours. First, Shimer multiplies the short-term unem-
ployment rate by 1.1 in every month after February 1994 in order to correct for the fact
that the 1994 redesign of the CPS changed the way in which unemployment duration is
measured. In this paper, we follow Elsby, Michaels, and Solon (2009), who argue that the
short-term unemployment rate should be multiplied by 1.15, not 1.1. Second, Shimer
computes the cyclical component of the log of quarterly workers’ transition rates by using
an HP filter with a smoothing parameter of 100,000. In this paper, we use an HP filter
with the more standard smoothing parameter of 1,600.

11 Diebold et al. (1997) also show that the empirical tenure distribution is stable over
time. For this reason, it is appropriate to compare the empirical tenure distribution ob-
served in 1987 with the tenure distribution generated by the steady state of the model.
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as the CPS output per worker in the nonfarm business sector. Note that, because
the distribution of workers across matches with different idiosyncratic produc-
tivity may vary over time, the autocorrelation and standard deviation of average
labor productivity need not be the same as and . Finally, we choose b sor jy y

that the ratio of the value of leisure to the average productivity of labor is 0.71,
the value recently estimated by Hall and Milgrom (2008).
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