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1 Introduction

Over the past decade, researchers have debated the theoretical and empirical merits of al-
ternative structural models of wage determination in labor search and matching models.
This paper steps back from that debate, initiated by Shimer (2005) and Hall (2005), and
instead asks: What properties of a generic wage-determination process are needed to match
the historical comovements of output, consumption, investment, unemployment, labor-force
participation, and job creation in the US? To answer this question, we estimate a search and
matching model that is structural in every way except for the determination of wages, which
we link to the fundamental shocks in the economy via a non-structural ARMA process. Be-
cause we do not take an a priori stance on how wages are determined, our specification nests
a variety of possible structural models of wage determination. Estimation of the model de-
livers a striking result: The estimated wage process is not consistent with either a rigid real
wage or Nash bargaining, yet productivity shocks account for the vast majority of aggregate
fluctuations in the economy, including labor market variables and observed wage measures.

Figure 1 depicts the response of our estimated wage process to a permanent neutral pro-
ductivity shock, which our estimation determines is the principal driver of business cycles.!
The impact response of the wage to a productivity shock is nearly as large as under Nash
bargaining, inconsistent with most models of real wage rigidity. However, while the Nash
wage continues to rise in the periods just after the shock, the estimated wage approaches
its new long-run level only gradually, with full adjustment taking several years. This combi-
nation of a strong impact response, but slow convergence—accommodated by our agnostic
approach to modeling wages—is the key feature that allows productivity shocks to simultane-
ously match the empirical properties of real quantities, labor market variables, and observed
wage measures. Our results thus provide new guidance in the ongoing search for structural
foundations of wage determination and offer strong support for technology as an important
driver of business cycle fluctuations.

We estimate a real dynamic stochastic general equilibrium (DSGE) model, endowed with
external habit formation, adjustment costs in investment, variable capital utilization, and
search and matching frictions in the labor market. More or less complicated versions of this

basic model underlie the vast majority of the recent literature on structural estimation of

'In addition to permanent total factor productivity, our model allows for fundamental shocks to
investment-specific technology, labor supply, government spending, labor tax rates, and a non-fundamental
shock directly impacting only wages.
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Figure 1: Impulse responses of the real wage to a permanent neutral productivity shock.

DSGE models. Critically, however, we do not commit to any particular wage-determination
mechanism. We are able to do this because, as observed by Mortensen (1992), Hall (2005),
Rogerson and Shimer (2011) and others, wages can coherently be treated as parametric so
long as they remain within the bargaining set. Our contribution is to treat the wage as a time-
varying parameter endowed with a flexible ARMA specification that, given a rich-enough
lag structure, is sufficient to describe the dynamics of wages under nearly all assumptions
the literature has made regarding wage determination.

We estimate the model on quantity data and a set of seven wage indicators (which
are assumed to be measured with error) and study the degree to which the model can
reconcile both wage and quantity fluctuations. We find that it does quite well: Unconditional
moments for quantities are closer to the data than typically found in other estimated medium-
scale DSGE models, and the implications for the latent wage are realistic. As a basis for
comparison, we also estimate equivalent models with (i) Nash bargaining and (ii) a slowly-
adjusting real wage following Hall (2005), and show that the baseline model is preferred by
the data.

Having shown that the estimated model performs quite well in terms of fit, we show
that the estimated ARMA process governing the real wage exhibits several distinctive fea-

tures. First, the share of joint match surplus allocated to workers varies significantly over



the business cycle, rising substantially during recessions. This type of variation is explic-
itly precluded by constant-share Nash bargaining. Second, the estimated wage process is
remarkably flexible in certain respects. In particular, wages respond strongly on impact to
permanent productivity shocks, but adjust slowly to their long-run level. Responses to other
shocks, including investment-specific technology, labor supply, and government spending also
exhibit strong impact effects followed by gradual reversion to long-run levels. There is little
in our estimation to suggest that the data call for hump-shaped responses to shocks.?
Given the apparent flexibility of wages, our model has a surprising implication regarding
the sources of business cycles: the vast majority of variation in both standard aggregate quan-
tities and labor market variables is driven by productivity shocks. In particular, roughly 70
percent of the variation in output, consumption, unemployment, and vacancies is accounted
for by permanent neutral productivity shocks. This result stands in sharp contrast with
other estimated labor search and matching models, which find a much smaller role for pro-
ductivity shocks.® Importantly, we arrive at this result despite estimating a high impact
elasticity of wages to productivity shocks and a relatively low value of non-market activity.*
The estimated process for wages is tied to seven wage indicator series via a factor struc-
ture similar to that of Boivin and Giannoni (2006): real compensation per worker, real
compensation per hour, real weekly compensation, two Employment Cost Index measures
(one that includes benefits and one that excludes benefits) and two quality-adjusted wage
series from Haefke et al. (2013) (one for all workers and one for new hires only). Because the
correspondence of the model wage concept with the data is imperfect and because we have
little reason to prefer any single measure, we let each series load differently on the underly-
ing model wage and assume that each is measured with error. We tie the model closely to
the wage data, however, by imposing tight priors that each wage series does in fact contain
substantial information regarding the wage in the model. Since the wage series have very
different dynamics, no single factor can capture them all. We find that the model prefers,

by a substantial margin, the compensation per worker measure of wages. While they have a

2Whether stickiness is real or nominal is not especially important, since nominal wage stickiness matters
only to the extent that it induces a sluggishness in real wages. Both types of frictions are potentially
encompassed by our ARMA specification of the wage process.

3Gertler et al. (2008) find that productivity shocks explain roughly one third of the variation in the growth
rate of output, and less than half of labor market outcomes. Lubik (2009) finds that productivity shocks are
critical for explaining output, but do not explain any of the variation in unemployment and vacancies.

4Hall (2005) generates volatility in unemployment by dispensing with Nash bargaining and simply as-
suming wages are inelastic with respect to productivity. Hagedorn and Manovskii (2008) achieve a similar
effect under Nash bargaining by assuming that workers have low bargaining power and that their outside
option is very close to the bargained wage. We estimate a replacement rate of roughly 25 percent.



short history and the magnitude of their fluctuation is muted, the Employment Cost Index
measures also do a good job capturing the cyclical patterns of our estimated wage process.

This paper contributes to a growing empirical literature on equilibrium search and match-
ing models of the labor market based on the seminal work of Diamond (1982), Mortensen
(1982), and Pissarides (1985). Early contributions include Mortensen and Pissarides (1994),
Merz (1995), and Andolfatto (1996). Following the Shimer (2005) critique, the literature
has modeled wage determination in many different ways. A few prominent examples include
Hall (2005), Farmer and Hollenhorst (2006), Hall and Milgrom (2008), Gertler et al. (2008),
and Kennan (2010). The working-paper version of Michaillat and Saez (2013) explicitly
treats wages as parametric in order to focus on the allocative role of market tightness. Our
treatment here builds on their work, treating the wage as a time-varying parameter that
may respond to fundamental shocks.

Methodologically, our approach belongs to a shorter literature that integrates non-structural
components within otherwise structural models. Structural models with non-structural
blocks have been estimated by Sargent (1989), Altug (1989), Ireland (2004), and Boivin and
Giannoni (2006). Also related is a literature initiated by McGrattan (1994), Hall (1996),
and Chari et al. (2007), which uses dynamic models as measurement tools to infer the non-
structural “wedges” driving the economy. Cheremukhin and Restrepo-Echavarria (2014) use
this approach in a labor search and matching model with (variable-share) Nash bargaining
in order to examine the sources of the RBC labor wedge.

The remainder of the paper is organized as follows: Section 2 develops the model, Section
3 outlines our estimation strategy, and Section 4 describes the results and their implications

for modeling the real wage. Section 5 concludes.

2 The Model

The economy consists of a representative household and a representative firm who each
trade in markets for consumption, labor, and capital. Consumption and capital markets are
competitive, while transactions in labor markets are subject to search and matching frictions

in the spirit of Mortensen and Pissarides (1994).



2.1 Households

The representative household consists of a continuum of ex-ante identical members each of
whose unit time endowment can be allocated to working, searching for work, or leisure.® The
household derives utility at time ¢ from consumption and leisure (non-participation) accord-
ing to the period utility function u(c, fi; Ci—1, t¢), where ¢; is household consumption, f; is
the household’s labor force participation, C;_ is lagged aggregate consumption capturing
the habit stock in the economy, and ¢; is a preference shock shifting the marginal disutility
of labor.® Each period, the household dedicates a portion s; of its members to search for a
match in the labor market. Searching members match with probability p;, which the house-
hold takes as given. Moreover, newly-created matches become productive within the period,

so that the total labor force participation of the representative household is given by

fe=ng+ (1 —pi)se, (1)

where f; denotes the measure of household members in the labor force, n; denotes the measure
of currently matched workers, and (1 — p;) s; denotes the measure of household workers who
search but fail to find a match in period ¢.” Each period, previously productive matches
dissolve with exogenous probability A, so that the law of motion for matched workers faced
by the household is

ny = (1 — N)ny_q1 + pese. (2)

The unemployment rate in the economy is therefore given by

_ (1 —pt)s
= ne + (1 —py)se )

Figure 2 displays the timing of events in labor markets.
In addition to choosing its consumption and labor force participation, each period the
household must also choose a level of capacity utilization for the current capital stock and

a new level of investment subject to an investment adjustment cost as in Christiano et al.

5Consistent with the labor search literature incorporating a participation margin, we interpret non-
participation in the labor force as leisure in the representative household’s optimization problem.

6As is common in the literature, we assume external habits. Since both aggregate consumption C;_;
and (; are exogenous to the representative household, we suppress the dependence of u(-) on Cy_; and ¢ in
subsequent expressions. Henceforth, we denote by capitalized letters aggregate counterparts to household-
and firm-specific variables.

"This timing convention is consistent with the evidence on labor market flows at quarterly frequency. See
Davis et al. (2006).
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Figure 2: Timing of events in labor markets.

(2005). The law of motion for the stock of capital is given by
kerr = (1 = 6(up))hee + i, (4)

where d(u;) is the depreciation rate of the capital stock, which is an increasing and convex
function of capacity utilization, denoted ;.

The household budget constraint is given by

-1

ce + i 2y (1 +& (Z—t)> + 7 = Ryugky + (1 — 7" )Wing + (1 — py)sehiy + dy. (5)

In equation (5), households take the rental rate of capital, the wage rate of labor, the
relative price of investment in consumption units, and benefits paid to unemployed workers
(Ry, Wy, Z; and k; respectively), as given. They also receive d;, lump-sum dividends from
firms to the household, pay 7', an exogenous distortionary tax on labor income, and pay
T¢, a lump-sum tax used to finance any exogenous stream of government expenditure and
unemployment benefits that remain unfunded after labor income tax revenue is collected. In

order to maintain balanced growth, we assume that the benefit paid to unemployed workers



gradually adjusts towards current wages,
Ko = (RWia)™ 7. (6)

Substituting the expression for f; in equation (1) into the utility function, the represen-

tative household’s problem may be expressed as

CtySt 0t Ut Mt K41

max Eg Z Btu(ct, ng + (1 - pt)St) (7)
t=0

subject to (2), (4), (5) and (6).

The first-order conditions for investment, #;, and capital next period, k;,, are given by

I ) ; ; . 2 )
= UetZy |1+ @ (Z—t) + (Z—t) o' (—_Zt ) ] — Et{ﬁuc,tHZtH (—Zt.ﬂ) P’ <—Zt.+1) }
L 111 Tt—1 141 Tt it
(8)

(1= 0(uesr)) s + uC,t+1Rt+1ut+1} } (9)

/Lf( = Et{ﬁ
where X denotes the Lagrange multiplier on the law of motion for capital in (4). Equation
(8) states that the utility gain from supplying an additional unit of capital must equal the
marginal utility of current consumption, taking into consideration the costs associated with
changing the level of investment. Equation (9) states that the utility gained from taking an
additional unit of capital into the next period is the sum of its after-depreciation continuation
value and the utility gained from consumption of future rental income. Observe that, absent
investment adjustment costs and a utilization margin, (8) implies that u = u.;Z, Vt, and
so from (9) we recover the familiar real business cycle Euler equation.

Optimality of capacity utilization requires
_ g K
'U/c’th =9 (Ut)/,l/t . (10)

Finally, after some simplification, the household’s labor force participation condition may be

expressed as

U 1-— U
— pe |(L=7 YW+ (1= N E; {Qt,t+1 < pt+1> <— fl fit+1) H + (1 — pt) ks,

Ue,t Pt+1 Uc,t+1
(11)



where ;441 = % This condition states that the utility gained from keeping one more
person out of the lalsor force (i.e. the marginal utility of leisure) is, at the optimum, equated
to the utility gained from sending one more person to search for a job. The utility from
joining the labor force to search, in turn, depends on the utility derived from consuming
out of the earned wage in the same period, plus the asset value of the job, both discounted
according to the exogenous job-finding probability. Note that as the matching probability

and separation rate tend to unity, equation (11) becomes the RBC labor supply condition.

2.2 Firms

The representative firm chooses labor, capital, and vacancy postings so as to maximize the
present value of real dividends, discounted according to the consumer’s stochastic discount

factor. The firm produces output with a production function of the form,
Yy = F(Utkty tht)a (12)

where X; is a non-stationary, labor-augmenting technology shock, with long-run growth rate

Ve
The law of motion of employed labor from the firm’s perspective is given by

ng = (1 = A)ne-1 + gy (13)

where v; denotes vacancies posted in the labor market, while ¢; denotes the probability of a

vacancy posting returning a match. Firm profits are given by the expression
dt = AtF<Utkt, tht) — tht — Rtutkt — QpU¢. (14)

where a,, governs the cost of posting a vacancy.

The problem of the firm may therefore be expressed as

vt,nt,kt

max E Z B idy (15)
=0

subject to (13) and (14). The first order condition for capital is given by

AtFk,t = Uth. (16)



The first-order condition for vacancies is given by ul¥ = a,/q; and the first-order condition

for labor is given by
,uiv = AtFn,t — Wt + (1 — >\)Et {Qt,tﬂ,uﬁl} . (17)

Equation (17) constitutes the vacancy posting condition, which states that the firm optimally
posts vacancies until the marginal cost of doing so is equalized with the marginal product of
labor net of the wage bill, plus the continuation value of a match. Note that as a, tends to
zero and the separation rate tends to unity, the vacancy posting condition approaches the

standard RBC labor demand condition.

2.3 Government

The government runs a balanced budget, financing an exogenous stream of aggregate pur-
chases G; through a combination of distortionary labor taxes 7;* and lump-sum tax revenues
7; net of unemployment benefit transfers to households (1 — p;)s;x;. The government’s re-

source constraint is thus given by
Gy =1+ 7 Wing — (1 — py)sike. (18)

We follow Schmitt-Grohé and Uribe (2012) in assuming that government spending consists

of a trend and stationary component
G, =GTG?. (19)

The trend component gradually adjusts to restore the long-run share of government spending

GT Pg,y
G;‘F = G;[—l < ;_1> ) (20)

in the economy,

while transient changes in government expenditure follow an AR(1) process, specified below.

2.4 Wages

In order to close the model, we must make an assumption regarding wage determination in

the economy. Rather than take a particular stand on the microeconomic foundations of wage



determination in frictional markets, our baseline specification builds on the observation of
Hall (2005) that prices can be treated as parameters in markets characterized by search and
matching frictions. However, instead of taking the level of wages as fixed, as do both Hall
(2005) and Michaillat and Saez (2013), we treat the statistical process by which wages evolve
in the economy as parametric, and it is this process that we seek to estimate.

The starting point of our exercise, therefore, is a representation of equilibrium wages as
log (W;) = BY (L)e;. (21)

Here, 8" (L) is an infinite-lag polynomial and €, potentially includes all shocks affecting the
economy. Equation (21) is generic, but in our implementation we restrict the wage process
in two ways. First, we assume that equilibrium wages are cointegrated with the stochastic
trends in the economy. This assumption is necessary in order to ensure the economy has a
balanced growth path, and is consistent with all of the wage-determination mechanisms that
we are aware of in the literature. Second, we need to assume that, when making their vacancy
posting decisions, firms take as given the eventual wage a hired worker earns. With single-
worker firms, or constant returns to scale production, there is very little loss of generality
with this assumption.® If we could estimate the infinity of coefficients implied in 8% (L),
we would therefore directly nest the vast majority of wage-determination mechanisms that
appear in the literature. Of course, in practice, such an estimation is infeasible. In Section
3, we discuss the parametric restrictions we place on equation (21) in order to implement
our empirical strategy.

For comparison, we contrast our baseline specification of wages with two alternatives. The
first alternative we consider is the model of a “wage norm”, or fixed real wage, as specified by
Hall (2005). Hall (2005) shows that a deterministic and commonly known trend can easily be
incorporated into the norm without changing the implications. With our stochastic trend,
the case is not quite so straightforward, since the wage norm needs to adjust to surprise
shocks at some horizon in order to stay within the bargaining set. Accordingly, we assume

that wages adjust slowly to permanent shocks according to the equation

_a \¢ _
WtHall —c (XtZtIﬂX) h ( t]i?ll>1 bn Ww,t; (22>

8With multiple worker firms and decreasing returns, firms may internalize the effect on surplus, and
therefore wages, created by hiring additional workers. In some contexts this leads to an inefficiency in which
firms hire excess labor in order to suppress marginal products and therefore all wages.

10



where the constant ¢ depends on the steady-state labor share of the economy, ¢ captures the
rate of adjustment, or error-correction, of the wage norm, and W,,, is a stationary function
of an exogenous shock to wages so that the structural wage model need not hold exactly
in all periods.” In the rigid-wage version of our economy, we assume ¢, = 0.025, or an
error-correction of 2.5 percent-per-quarter.

We also consider a version of the economy where the wage is determined by Nash bar-
gaining. Following a standard derivation (reproduced in Appendix C) the Nash-bargained

wage is given by

WtNB = {(1 — )k + 1 [AtFn,t + (1= A)E; {Qtvtﬂpt“/‘ﬁrl}] } Wt (23)

This version of the model explicitly allows for a calibration of low worker bargaining power
and high outside options, which Hagedorn and Manovskii (2008) argue can address the
challenge to Nash bargaining posed by Shimer (2005). As in equation (22), we allow for
independent shocks to the wage via W, ;, which generate exogenous fluctatuations in the

split of surplus between workers and firms.

2.5 Equilibrium

The number of matches formed in the labor market is governed by a constant returns match-
ing function m(V;, S;).S; represents the aggregate mass of job-seekers and V; represents the
aggregate mass of vacancies posted by firms. The probabilities of forming a match in the

labor market, which both the consumer and firm take as given, are respectively

. m(‘/ta St)
e = S, (24)
m(%) St)
=7 2
q v, ( 5)

Substituting out the matching probability definitions in (24) and (25), equilibrium is
described by a set of allocations {Cy, Sy, Iy, N¢, Vi, K1}, the capital rental rate Ry, the
capital utilization rate u;, and a Lagrange multiplier u that satisfy consumer optimality

conditions (8), (9), (10) and (11), firm optimality conditions (16) and (17), the aggregate

9The introduction of this error term allows for the Hall (and Nash) models to be compared directly with
our reduced-form wage model, which also contains direct shocks to the wage. We elaborate on this point
below.

11



laws of motion for labor and capital

N, = (1= AN, +m(V;, S)) (26)
K= (1= 8(w)) K, + I, (27)

and the aggregate resource constraint

1
Cy+ 1,7, (1 +@ ([—t)> + Gy = A F(u Ky, Xy Ny) — a, Vs (28)
t—1

taking as given the exogenous processes for X, Z;, v;, Gy, 7", as well as the parametric wage

process described in equation (21).

3 Empirical Strategy

3.1 Functional Forms

The representative household derives utility at time ¢ from the utility function

u(ey, fi) = [<Ct = 1) VUi Ltﬂ ! (29)

l1—0

where h represents the degree of external habit formation with respect to last period’s ag-

gregate consumption C;_;, and

(1= ) -1

1—Lt

V(ft; Lt) =1 (30)

where ¢; controls the curvature of the disutility of labor and is allowed to vary stochasti-
cally.® Output is produced using capital and labor according to a standard Cobb-Douglas
production function

F(uky, Xeng) = (ughy)*(Xymg) ™ (31)

The investment adjustment cost is given by

. . 2

(2 ¢ 1 il)
R e 32
(ZH) 5 <zt_1 Yoy (32)

10T the log-linearized model used in estimation, shocking ¢ is isomorphic to shocking 2, which is used to
calibrate the steady state.

12



1 L . L
so that in the steady state ®(7,7s ") = @ (7,75 ") =0, and @ (7,75 ') = ¢ > 0.1 The

depreciation rate depends on utilization according to

5(Ut) = 50 + 51(ut — ﬂ) + %(Ut — ﬂ)z (33)

so that 6(@) = 0y, 6 (@) = 0; > 0 and & (@) = d, > 0. Finally, we assume a standard
Cobb-Douglas matching function

m(Ve, i) = xSV, (34)

confirming ex post that matching probabilities remain between zero and one.

There are five fundamental exogenous processes hitting the economy:

108(Yet/V2) = P210g(Vai—1/72) + € (35)
10g(Vzt/V2) = 2 108(Vz-1/Ve) + € (36)
log(t:/7) = p,log(ts-1/7) + € (37)
log(GY) = pglog(Gy,) + € (38)
log(1") = pynlog(t ) + €. (39)

In the above v, = X; /X1 and v,; = Z,/Z;_; describe the growth rates of the two stochas-
tic trends in the economy. In preliminary estimations, we consistently find p, and p, close
to zero, and therefore fix these equal to zero in our baseline estimation. The preferences and
technology described here are consistent with balanced growth. Since we will linearize the
economy around a steady state, we must first stationarize the first-order conditions of the

economy. The details of these steps are given in Appendix A.

3.2 A Process for Wages

Because it is not feasible to estimate the infinity of coefficients of the MA representation
of the wage in equation (21), we seek a more compact representation that spans, as much
as possible, the same set of possible dynamics for wages. A large variety of representations
is feasible, and the most appropriate one is not a priori obvious. In order to maximize the

transparency of the estimated parameters, we proceed to directly parameterize the impulse

HOur investment adjustment cost function is a special case of the form specified in Christiano et al. (2005).

13



response of wages to each shock. Formally, we assume the log of the wage evolves as the

sum of six independent components
Wy =W+ Weyp + Wy + W, g+ Wyy + Wrn g+ Wy g (40)

Each term in the sum evolves according to a univariate ARMA(p, q) process, with a form that
depends on the specification of the underlying shock. For transitory shocks j € {¢, g, 7", w},

we assume a level-stationary process,
wig = p (L)wj—1 + ¢ (L)€ (41)
For the non-stationary shocks, j € {x, z}, we assume growth-stationary processes

Aw:c,t = px<L)AUt)ac,t—l + wx(L)ea:,t - QSCC (w:c,t—l - log(Xt—l)) (42)

log(Zt1)> (43)

«a
a—1

sz,t = pZ(L)AuA)z,tfl + wz(L>€z,t - ¢z (wz,tl -

where A, ; = Awgy —log(v,), A, = Aw,, — =%71og(7:) and the terms multiplied by the
¢; € (0,1] represent error-correction terms that ensure the level of the wage converges to a
constant ratio with the other trending variables in the economy.

Note that (40) contains an additional term, w,,, that follows the same ARMA process as
the other terms but does not correspond to one of the fundamental shocks in the economy.
The presence of this term is important for the interpretation of our results. If this term plays
a large role in driving wages, we would conclude that the data demand large disturbances
to the wage-determination arrangement itself, and that causality in the economy runs from
wages to other labor market variables and aggregate quantities. Conversely, if our estimates
indicate that wages largely respond to the other fundamental shocks hitting the economy,
then we can conclude that the data are consistent with a strong endogenous response of
wages to economic conditions, with causality running from those fundamental shocks to
wages. As noted above, we also include this term in the rigid-wage and Nash wage processes,
thus allowing for temporary deviations from those wage-determination arrangements in our
estimated versions of those economies.

We also estimate the model using our two alternative specifications of the wage. Rear-
rangement of equation (22) shows that the slow-adjustment specification is actually nested

in our ARMA specification when ¢, = ¢, = ¢;, and the remaining ARMA parameters are set

14



to zero. The Nash-wage specification is not explicitly nested in our ARMA process, and so
requires specification of an additional parameter, n, that is not present in either of our other
estimations. In order to ensure that our model comparison is not driven by prior choices on
non-nested parameters, we use the least-restrictive priors that prove feasible for parameters
related to wage determination. See Appendix D.2 for details on the prior choices.

We have also considered another natural candidate for the (stationarized) log-wage,
namely

U~)t = \I/l't, (44)

where x; represents the state vector, which includes both exogenous and endogenous vari-
ables. The advantage of this approach is that the endogenous states contain a summary of
the full history of past shocks, and in a linear combination that is by construction relevant
to the economy. This approach also directly nests many wage-determination mechanisms,
such as Nash bargaining, that do not themselves introduce additional states into the system.

This approach has drawbacks, however. First, it is hard to formulate priors on the pa-
rameter vector ¥ and, in practice, the endogeneity of some elements of x; makes it especially
difficult to constrain the Bayesian sampler (or any other search algorithm) to regions in
which equilibrium both exists and is unique. The endogenous elements of x; also mean that
it is quite difficult to characterize the restrictions implied by the representation in equation
(44) on possible dynamics for wages. These challenges notwithstanding, we have explored
representation (44) using a reliable global optimizer and found that it offers no advantage in

terms of model fit relative to the representation we adopt above.!?

3.3 Data

We estimate the model using quarterly data from 1972Q1 to 2013Q4, with an additional six
years of data used to initialize the Kalman filter. We classify the data used into two groups.
The first set of observations, }A/Lt, consists of real quantity indicators for which we have a
single measure. For these variables, the link between the model and data is uncontroversial,
and measurement errors are generally considered modest. Accordingly, with the exception

of output, we assume the data are a perfect measure of the corresponding model concept.

12The above discussion of determinacy contrasts with the common finding that ezogenously specifying a
price — e.g. the interest rate in New Keynesian models — often leads to indeterminacy of equilibrium.
In the labor search and matching model, the endogenous adjustment of market tightness clears markets,
thereby pinning down equilibrium.
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Table 1: Summary Moments - Data

‘Ay Ac A Ag Aur An

) 082 053 215 092 506 0.48
)/o(AY) | 1.00 0.64 262 112 6.15 0.58
p(Xi, X,—y) 1035 046 047 017 0.66 0.62
(X,AY) 1.00 0.62 0.74 023 -0.68 0.62

The vector }A/Lt consists of log-changes in real per-capita output, consumption, investment,
and government expenditure, as well as the unemployment rate, per-capita employment, and

labor tax rates. The measurement equation linking observables with model analogues is

Alogy, €yt
Alog ¢ 0

Alog i, 0

Yi.=| Aloggs |+ 0

Alogur, 0

Alogn, 0

0

Alog 7}

The covariance properties of these series are summarized in Table 1.

The inclusion of the measurement error in the output equation is necessary because the
resource constraint of the economy implies a fixed relation between output, consumption,
investment, government expenditure and vacancy postings. Since our model counterfactually
assumes balanced trade, the data do not exactly respect this relation. Nevertheless, this
measurement error is estimated to be quite small.

To these “basic” data, we then append an additional set of variables Yg,t, for which the
link to the model concepts, as well as the quality of measurement, is far less clear. In this
vector, we include two measures of vacancy postings as well as seven diverse measures of
the aggregate wage. The first measure of vacancies comes from the BLS JOLTS survey,
and is first available in 2001Q1. The second vacancy measure is given by the “Help-wanted”
advertising index produced by the Conference Board through 2009. This series demonstrates
a secular downward trend associated with the popularization of the internet and web-based
job search, so we therefore drop all observations from 2000Q1 onward. Summary statistic for

these series are included in Table 2. Given the rather different inputs into these two series,
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Table 2: Moments - Vacancy-posting Measures (Estimated Model)

| JOLTS Help-Wanted Model

o(X) 6.27 10.17 4.78
o(X)/o(AY) 7.63 12.38 5.37
p( Xy, Xio1) 0.49 0.68 0.59
p(X,AY) 0.38 0.78 0.78
Signal Power 0.58 0.91 1.00

we assume each represents a potentially rescaled version of the model concept, v;, measured
with error.

The choice of an appropriate empirical counterpart for the model wage is not obvious
for at least two reasons. First, the failure of standard measures of the wage to account for
unobserved worker heterogeneity can impart a countercyclical compositional bias upon real
wages, an issue noted by Alan Stockman and subsequently studied by Solon et al. (1994). In
recessions, unemployment should occur disproportionately among the low-skilled who earn
low wages. Average measured wages thus exhibit a countercyclical bias due to the changing
composition of the workforce, a fact that cannot be accounted for without comprehensive
individual-level data. Second, much recent literature has emphasized a distinction between
the wage of new hires in the economy and the wage of ongoing matches. In many search and
matching contexts it is the wage of new hires which plays the primary allocative role in the
economy.?

For the reasons cited above, we incorporate seven different real wage series in our es-
timation. The properties of these data are provided in Table 3. The first three series are
somewhat standard measures of compensation. The first is total real compensation per
worker. Given the lack of an explicit hours margin in our model, and the growing impor-
tance of non-wage compensation in the US economy, we view this as conceptually the closest
match to the real wage in our model economy. We add to this an index of compensation per
hour and real weekly compensation. These two measures are both somewhat more volatile
than our preferred measure of the wage. To address concerns about composition bias, we
include four additional series: two composition-adjusted series of the Employment Cost In-

dex (ECI), and two quality-adjusted series from Haefke et al. (2013). The Employment Cost

13For some recent theory and empirical work on the issue see Pissarides (2009) and Kudlyak (2014), among
others.
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Table 3: Moments - Wage Measures (Estimated Model)

‘cmp/wrkr cmp/hr wkly cmp ECI ECI+ben HSV HSV-new modl

o(X 0.61 0.79 111 0.29 029  1.06 525  0.58
o(X)/o(AY) 0.74 0.96 1.35  0.35 035  1.29 6.39  0.65
p(Xp, Xi—1) -0.01 -0.18 025 0.29 011 -0.12 0.19  0.26
p(X,AY) 0.33 -0.01 0.03 0.11 0.19  0.03 0.02 049
Signal Power 0.28 0.16 0.13  0.39 041  0.13 0.0l  1.00

Index, compiled by the BLS, seeks to follow wages holding constant the sectoral distribution
of labor in the economy. We consider the standard ECI and the ECI adjusted to include
benefits. The quality-adjusted series, constructed by Haefke et al. (2013), seek to adjust for
individual-level characteristics to better account for the cyclical variation in the quality of
workers. We consider their standard quality-adjusted series for all workers, as well as their
quality-adjusted series for new hires only. Several of the aforementioned series do not exist
for the full sample period, and so the wage data constitute an unbalanced panel. As with the
vacancy data, we assume each series represents a potentially rescaled version of the model
concept W; measured with error.

In summary, the vector Yg,t is related to the model according to the measurement equation

[ Vo1 Alog v, | [ €y t |
%,QA log v €vat
Yw, 1A log wy €wy t
Vw2 log wy €t

YZ,t = | YwslQlogw; | + | €uwsp | - (46)

’7w,4A log w; €wy t
Vw52 log wy Ews, t
Y6 log wy €.t

| Yw,rAlogw; | | Cwrt |

This approach to measurement is similar to the integration of DSGE and factor-based meth-
ods proposed by Boivin and Giannoni (2006). Further details on the data construction are

in Appendix D.2.
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Table 4: Calibrated Parameters

Parameter | Concept Value
I5; Discount factor 0.992
L Curvature of v(-) 5.000
o Risk aversion 2.500
Faw /y Compensation share of output 0.700
« Capital share of output 0.250
q Labor matching prob., firm side | 0.500
ur Steady-state unempl. rate 0.062
F Steady-state LFP rate 0.603
do Average depreciation rate 0.025
09 Curvature of depreciation rate 0.005
g/y Government share of GDP 0.205
" Steady-state labor tax rate 0.224
Ve Long-run TFP growth 1.002
Y. Long-run RPI growth 0.996

3.4 Identification

We log-linearize the model economy around the non-stochastic steady state and estimate it
using Bayesian methods. To do this, we first calibrate a subset of parameters according to the
values listed in Table 4. These parameters are either set to standard values, or to match long
run relationships found in the data. In particular, the compensation-to-output share s/,
is used to pin down the long-run wage in the economy, I’ pins down the scaling parameter
of the disutility of labor ¢, the long-run employment rate, ur, determines the separation
parameter A\, and the long-run firm matching probability ¢ pins down the vacancy cost a,,
which is exactly neutral to dynamics in the economy.

Model dynamics are driven by shocks to five fundamental exogenous AR(1) processes:
the growth rate of total factor productivity (7,:), the growth rate of the relative price of
investment (7.,), labor supply (i), government spending (GY), and the labor tax rate (77*).
We proceed to estimate the parameters governing these fundamental exogenous processes,

the preference and technology parameters,

@1 = {h7 ¢7€7p7"€7¢m¢g,y} ) (47>

and the parameters describing the ARMA wage processes.
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In order to implement the procedure, we need to select the order of the ARMA processes
underlying wages in the economy. For this we fix ex ante an ARMA(2,1) to describe the wage
response to each shock. We have experimented with adding subsequent autoregressive and
moving average terms, but find very little improvement of fit. In principle, one could estimate
the ARMA orders of each process within the Bayesian context following the strategy of
Meyer-Gohde and Neuhoff (2014). Given the complication involved and the modest increase
in fit that we find for models with higher order ARMAs, this step does not seem warranted.

We impose priors that enforce two additional identification assumptions on the estimated
parameters of the AR process. First, we impose the natural restriction that the impact
response of the wage to an innovation in permanent productivity is non-negative. Second,
we impose the restriction that the first autoregressive coefficient of the polynomial I';(L)
is non-negative for stationary shocks j € {¢,g,7", w}. This latter restriction prevents wage
responses from exhibiting periodic “zig-zags”, a feature we believe is unlikely to be implied by
structural models of wage determination. These restrictions do not come close to binding at
the posterior mode, but rather they help to prevent the MCMC algorithm from engaging in
occasional diversions into regions of the state space that we believe are reasonably excluded
on a priori grounds. See appendix D.2 for a detailed description of our choices for prior
distributions.

Given the relatively large number of parameters required to parameterize the exogenous
wage process, it is natural to wonder whether indeed the data contain sufficient informa-
tion to identify the relevant parameters in the context of the model. We therefore test
local identification using the method proposed by Iskrev (2010), which examines whether
a set of model moments displays linearly independent variation for a marginal adjustment
of parameters.* The model passes this test. We also check global identification within the
posterior distribution using a numerical optimizer that employs a genetic algorithm to dis-
cover a broad range of initial values, then completes the search for each starting value with a
hill-climbing procedure. We consistently find that the optimizer delivers the same posterior

mode regardless of starting point.

4Because it relies only on the model moments, the outcome of this test is independent of our prior choice.
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Table 5: Posterior Estimates of Model Parameters, Part 1.

Parameter | Concept Median 5% 95%
h Habit formation 0.77 0.73 0.80
0] Investment adj. cost 291 223 3.86
€ S share in matching fen. 0.05 0.04 0.06
D Labor matching prob., consumer side 0.96 0.95 097
K UI benefit replacement rate 0.24 0.07 0.53
Ow UI benefit adjustment rate 0.49 0.17 0.83
bgy Reversion to long-run government share 0.11 0.08 0.16
3 AR(1) coeff. on labor supply 0.99 099 1.00
Py AR(1) coeff. on government exp. 095 092 097
Pr AR(1) coeff. on labor tax 0.98 0.93 1.00
o® 100 x std. dev. of €* 1.05 094 1.19
o* 100 x std. dev. of €* 216 1.96 241
ot 100 x std. dev. of ¢ 045 041 0.49
o9 100 x std. dev. of € 0.93 085 1.02
o 100 x std. dev. of €™ 257 234 2.83
4 Results

Table 5 reports estimates of deep parameters of our model economy. The estimated values
of these parameters are generally consistent with values found elsewhere in the literature.
In particular, we estimate reasonable values for the extent of habit formation A, investment
adjustment costs ¢, and the household’s matching probability p (a quarterly matching prob-
ability of 0.96 is consistent with average unemployment duration of just over three months).
Notably, we estimate a relatively low value for the replacement rate of benefits k. The latter
suggests that our estimated model does not require a Hagedorn and Manovskii (2008)-style
calibration to match the data. Table 5 also reports estimated autoregressive coefficients and
standard deviations of innovations for the fundamental driving processes in our model. Our
estimates of these parameters are broadly in line with those found in the DSGE estimation
literature.'®

Table 6 reports the estimated reduced-form parameters governing the evolution of the
real wage. Interpreting these values in isolation is somewhat difficult. However, it is worth

observing that only contemporaneous shocks have statistically significant effects on the wage

process: All impact coefficients are statistically significant, whereas none of the MA(1)

15See, e.g., Christiano et al. (2005), Smets and Wouters (2007), Gertler et al. (2008).
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coefficients are. Furthermore, with the exception of TFP and the relative price of investment,
which are estimated to be pure random walks, the autoregressive elements of the wage process
for each of the remaining shocks only have significant first-order components. Our decision
to allow each component of the wage process to evolve according to an ARMA(2,1) therefore
seems to be allowing the model more than enough flexibility to match the data.

Because we use a reduced-form model of wages, we need to check if the estimated model
ever implies negative surplus for firms or households. In simulations, the estimated wage
never violates the participation constraint of households (i.e. the wage never falls below the

reservation wage) or firms.

4.1 Model Fit

The model does an exceptionally good job at matching moments from the data. Table 7
reports unconditional moments from the model for the corresponding series from Table 1.
Second moments, autocorrelations, and correlations with output growth all mirror the data
very closely. The covariogram in Figure 3 shows that the model fits the data very well at
both short and medium horizons, with the data lying in between the Bayesian 95 percent
confidence intervals at the vast majority of points. In fact, the alignment of the covariogram
with the data between the 1-quarter and 8-quarter horizons is comparable to that which
would be achieved with an unrestricted VAR of four lags; even more lags would be needed
to replicate the model’s performance at matching longer-horizon covariances.

Much of the debate concerning the textbook search and matching model’s inability to
generate adequate volatility in unemployment from productivity shocks focuses on the be-
havior of vacancies. Absent stochastic variation in the separation rate, search and matching
models require volatility in job creation in order to drive volatility in unemployment. Models
featuring Nash bargaining fail precisely because the wage is too elastic with respect to pro-
ductivity; employers stand to gain little from posting vacancies when increased productivity
is matched by commensurate increases in real wages. Models featuring a fixed real wage such
as Hall (2005), on the other hand, generate excessive volatility in vacancy creation. Table
2 indicates that our model does not suffer from these issues, and instead matches the cross

correlation of vacancies quite well.'

16These results are borne out in our own estimation of models featuring Nash bargaining and a rigid real
wage. See Tables 15 and 19, respectively, in Appendix D.4 for more details.
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Table 6: Posterior Estimates of Model Parameters, Part II.

Parameter | Concept Median 5% 95%
Vs Impact - TFP 0.35 0.29 042
W§ Impact - RPI -0.13 -0.17 -0.08
(I Impact - labor supply 0.19 0.14 0.23
(0 Impact - government spending 0.21 017 0.25
vy Impact - labor tax 0.02 0.00 0.05
(0 Impact - wage (exog. component) 0.22 0.19 0.25
W MA(1) - TFP 0.03 -0.09 0.15
WF e MA(1) - RPI 0.13 -0.03 0.28
(AWETA MA(1) - labor supply 0.03 -0.11 0.16
(U MA(1) - government spending 0.08 -0.04 0.21
U7 " MA(1) - labor tax -0.02 -0.18 0.14
VY Yy MA(1) - wage (exog. component) 0.05 -0.07 0.17
ot AR(1) - TFP 0.0l -0.12 0.14
06 AR(1) - RPI -0.11 -0.27  0.07
06 AR(1) - labor supply 0.79 0.60 0.89
I AR(1) - government spending 093 0.88 0.97
oy AR(1) - labor tax 047 0.15 0.84
Py AR(1) - wage (exog. component) 095 0.89 0.98
o AR(2) - TFP 0.01 -0.09  0.06
p? AR(2) - RPI 0.11 -0.22  0.00
P4 AR(2) - labor supply 0.01 -0.12 0.13
I AR(2) - government spending -0.07 -0.20 0.06
o7 AR(2) - labor tax 0.02 -0.14 0.18
pY AR(2) - wage (exog. component) -0.02 -0.16 0.11
o Error correction - TFP 0.06 0.03 0.10
0. Error correction - RPI 0.27 0.18 0.35
Note: For consistency of units, MA(0) terms (impact effects) are percent changes for a one-standard deviation shock and all MA(1) parameters

are normalized in terms of their MA(0) counterpart.

Table 7: Summary Moments (Estimated Model)

‘Ay Ac A Ag Aur An

X) 0.89 0.61 218 099 571 051
X)/o(AY) | 1.00 0.69 244 112 642 0.57
p(X;, X,—1) | 064 054 042 006 056 0.34
(X,AY) 1.00 0.84 0.89 0.15 -0.78 0.65
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Table 3 compares the moments of the model-implied wage with the set of seven empirical
wage measures. The final row provides a summary measure of the precision of the information
contained in each wage series.!” These moments suggest that the compensation per worker
measure of the wage, as well as both ECI measures, are the most consistent with observed
quantities, given the model. The standard deviation, autocorrelation, and correlation with
output growth for compensation per worker are all quite close to the model-based wage. The
signal power in the final row suggests that both ECI measures also conform closely to the
model wage.

Figure 4 delves a bit deeper into the wage measurement relationships by comparing the
compensation per worker measure of cumulative wage growth with the model-implied wage
over the same period. Inspection of the figure confirms the results in Table 3: Compensation
per worker tracks the model-implied wage quite closely over the sample period. The figure
indicates that, while the series can differ in non-trivial ways over short horizons, the match

between the two series improves over longer time periods.

L Measured
0.06 — — Smoothed

n
0.04 /
NN

0.02

-0.02

-0.06

-0.08

1 1 1 1 1 1 1 1 |
1972 1976 1980 1984 1988 1992 1996 2000 2004 2008 20122013

Year

Figure 4: Compensation per worker and the smoothed model wage.

Var(yw,iAlog wy)

1"We define the signal power of a particular wage measure i as Var(ATog o)

where w; ; denotes the
observation on empirical wage series 7 at time t.
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4.2 Impulse Responses

Figure 5 documents impulse responses of the real wage and labor’s share of match surplus to
each of the six shocks in the model (five fundamental shocks plus the residual wage shock)
for three cases: our estimated model, Nash bargaining, and our implementation of the Hall
(2005) rigid-wage model.’® By construction, the wage in the rigid-wage model only responds
to growth rate shocks and the residual shock to wages. Furthermore, as expected, the share of
match surplus accruing to labor in the Nash bargaining model only responds to the residual
shock to wages, as this may be thought of as the wedge between the model wage and the
structural Nash wage which implies constant surplus shares.

The responses of the estimated wage process differ significantly from both the rigid-wage
model and the Nash bargaining model. The estimated wage responds to permanent shocks on
impact—more rapidly than the rigid-wage model—but is slightly muted relative to the Nash
bargaining wage response in the case of permanent technology shocks. Furthermore, the
estimated wage responds to investment-specific technology shocks and labor supply shocks
in a manner that is broadly consistent with the Nash bargaining responses, but deviates
from the Nash bargaining responses markedly for the government spending, labor tax, and
residual wage shocks. Indeed, there is no consistent similarity between the wage responses
in the estimated model, the rigid-wage model, and the Nash bargaining model. Moreover,
there is no evidence in our estimated process for wages that the data call for hump-shaped
responses of the real wage. Instead, in response to both permanent and temporary shocks, the
pattern is that of a substantial impact response of the wage followed by gradual adjustment
to its long-run level.

The impulse responses of labor’s share of match surplus demonstrate, in part, how the
estimated model achieves realistic volatility in labor market variables without requiring a
fixed real wage. Because of dynamic decision making on the part of firms and households,
the surplus shares depicted depend on the full path of future wages. Thus, despite the fact
that the two processes indicate very different impact effects for wages, both the rigid and
estimated wage processes result in a strong initial increase in the household’s share of surplus.
The estimated wage process is therefore simultaneously capturing both the impact effects of

real wages and the fluctuations in labor’s surplus share needed to deliver fluctuations in

18Tn computing impulse responses, we fix fundamental parameters at their values estimated in the baseline
economy. Thus, differences in impulse responses in these figures are driven only by different assumptions
regarding wage determination.
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Figure 5: Impulse responses to each of the six shocks.
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Figure 6: Impulse responses to permanent neutral productivity shock.

vacancies and unemployment. This is possible because of the sluggish adjustment of wages
(relative to Nash bargaining) following the flexible initial response. Over time, the rigid-
wage model demonstrates a counterfactually large share of surplus accruing to firms, but
the qualitative response of the surplus share continues to resemble that of the rigid-wage
model. In short, while wages appear in many cases to roughly approximate the flexible Nash
benchmark, the implications for the division of surplus more closely resemble those of the
rigid-wage model.

Figure 6 documents impulse responses of output, consumption, investment, the real wage,
unemployment and vacancies to permanent neutral technology, the key shock according to
our estimated model. As with the wage and surplus share responses discussed above, the
agnostic specification of wages in our estimated model implies markedly different dynamics
for each of these variables than those implied by the Nash bargaining or rigid-wage models.
The response of the estimated model to technology shocks lies squarely between the rigid-
wage and Nash responses. On impact, output, consumption and investment respond similarly
to technology shocks in each of the three models, but responses subsequently fan out, with

Nash bargaining delivering relatively muted responses (due to its relatively flexible wage) and
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Table 8: Variance Decomposition of Observables: Business Cycle Frequency

T z L T

o o o o9 o o

77.0 150 47 13 0.1 19
72.1 180 82 1.6 0.0 0.1
61.0 304 35 41 05 0.5
ur [ 69.1 32 19 104 0.1 154
n |50.7 4.0 276 6.5 0.5 10.7
vn | 684 3.2 29 102 0.0 15.2
w 344 376 57 11.2 0.0 11.1

w

S0

Note: Unconditional variance decomposition of fluctuations with duration between 6 and 32 quarters, using the Baxter and King (1999) approximate
band-pass filter.

the rigid-wage model delivering relatively volatile responses. Similar dynamics are evident
in the responses of unemployment and vacancies, albeit with more divergent responses on

impact.

4.3 Variance Decomposition

Table 8 provides the unconditional variance decomposition for our estimated model. An over-
whelming majority of the variation in observable macroeconomic aggregates is attributable
to technology shocks. Indeed, roughly 70 percent of the variation in output, consump-
tion, unemployment and vacancies owes to technology shocks under our estimated model.
Moreover, technology shocks account for over half of the variation in investment and employ-
ment. Interestingly, and despite their importance for every macroeconomic quantity variable
included in estimation, technology shocks account for only one third of total variation in the
model wage. Although decidedly second-order, shocks to the growth rate of the relative price
of investment also account for a non-trivial share of variation in observables, most notably
investment (30 percent) and the real wage (37 percent).

Because our model wage process depends on the five structural shocks as well as a
reduced-form wage shock, Table 8 also allows us to assess the extent to which the “fun-
damental” components of our wage process are sufficient for accounting for variation in
observables. The sixth column of Table 8 suggests that less than 15 percent of variation
in the wage is accounted for by our wage shock, with the balance accounted for by the five
remaining structural shocks. More generally, the importance of the residual wage shock is

decidedly limited, as it explains no more than 15 percent of variation in any other observable.
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Table 9: Model Comparison

Model | P(M) Bayes Factor
Baseline 7471.5 exp(0)
Nash Bargaining | 7339.0 exp(132.5)
Fixed Wages 7318.2 exp(153.3)

Moreover, any limited relevance is confined to the labor market, as wage shocks explain only
two percent of variation in output, and less than one percent of variation in consumption

and investment.

4.4 Model Comparison

We have suggested that our baseline model provides a substantial improvement in fit relative
to prominent structural models of wage determination. To make this comparison rigorous, we
estimate otherwise identical models with (i) a flexible Nash-bargained wage and (ii) a rigid
wage that adjusts only slowly in response to permanent shocks. For both of the alternative
models, we allow for exogenous ARMA(2,1) deviations from the underlying model of wage
determination, exactly analogous to the reduced-form wage shock in our baseline model.
We then perform a Bayesian model comparison, computing marginal likelihoods for the
three models we wish to consider. Table 9 shows that, while the Nash bargaining model
outperforms the sticky real wage model, both are clearly dominated by our reduced-form
specification for the wage, with a Bayes factor on the order of exp(140).

The reasons for the failure of these two models are rather different, and in ways that
corroborate previous observations about these two wage-determination mechanisms. In par-
ticular, the model estimated with Nash bargaining is unable to generate sufficiently large
variation in vacancies, on account of an excessively volatile real wage. Interestingly, the data
do not seek a calibration that is consistent with Hagedorn and Manovskii’s (2008) sugges-
tion of a low bargaining power combined with a high replacement rate of benefits (median
estimates are n = 0.41 and x = 0.46, respectively). Conversely, the tables in Appendix D.4
show that the rigid-wage economy delivers counterfactually high volatility of unemployment

and, to a lesser extent, output growth.
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4.5 Discussion

We believe our results deliver several important insights that can guide future researchers
considering alternative models of wage determination. First, our results — in particular
the comparison to the alternative models — provide strong evidence that the endogenous
response of wages to fundamental shocks is crucial for our model to match the data. If
causality in the economy was passing from exogenous shocks in wage determination to the
broader economy, then the alternative models could easily account for such fluctuations
through the exogenous component of the wage process. Instead, the large role of fundamental
shocks (and relatively small role of exogenous wage shocks) in the baseline economy supports
the conclusion that wages are an endogenous outcome. It follows that there should exist a
structural wage-determination paradigm that is able to provide a comprehensive account of
the data without requiring substantial deviations from that paradigm.!® Unable to account
for the endogenous pattern of wage fluctuations, the alternative models rely far more heavily
on the exogenous component of wages to best-fit the data, and do so without approaching
the fit provided by the baseline model.

Second, we have shown that the data are consistent with relatively flexible real wages
and demand an important role for productivity shocks in driving both real quantities and
labor market variables. In Appendix D.4, we provide variance decompositions for the esti-
mated models featuring Nash bargaining and a rigid real wage, respectively. Interestingly,
the data do not demand a dominant role for productivity shocks in either case. In the case of
Nash bargaining, productivity shocks account for non-labor market variables—output, con-
sumption, and investment—but fail to account for any significant variation in labor market
quantities. This is consistent with the critique of Shimer (2005). Perhaps more surprisingly,
in the case of the rigid wage model a la Hall (2005), productivity shocks play a substantial
but smaller role than in the baseline economy. By construction, productivity shocks can
account for very little of the variation in the real wage, leading the model to depend largely
on residual wage shocks to explain wage fluctuations, and thus to a strongly counterfactual
countercyclical real wage.

By contrast, when the model is estimated with our more general wage specification,
the data demand a central role for productivity shocks. Our wage specification allows for

this precisely because it can accommodate wage fluctuations that are significantly correlated

19The orthogonal wage shocks in our model may be thought of as deviations from an underlying wage-
deterimination paradigm through which fundamental shocks drive wages.
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Figure 7: Labor’s share of surplus.

both with productivity and with the endogenous changes in surplus share that cause vacancy
postings to fluctuate. This contrast highlights a more general point that has guided our mod-
eling approach: Results concerning the sources of business cycle fluctuations are predicated
on the structural assumptions embodied in the model being estimated. By avoiding struc-
tural assumptions on wage determination, we have avoided making an a priori commitment
that would otherwise largely determine our conclusion regarding the importance of different
shocks.

Finally, our results provide a set of qualitative facts that can help in evaluating which
models of wage determination are likely to be consistent with aggregate data. Our results
indicate that successful wage-determination mechanisms will allow substantial flexibility of
wages on impact, with wages generally moving in the direction of a Nash-bargained wage.
However, the magnitude of the initial response is typically different from that implied by Nash
bargaining, and mean reversion is slower than under Nash bargaining. Moreover, as Figure
7 demonstrates, our estimated wage process implies that labor’s share of surplus should rise
during recessions, a result that is consistent with the hypothesis that firms provide some
degree of business cycle insurance to their workers.2 A model that captures these three
features — particularly in response to productivity shocks — is very likely to match the

data.

20Cheremukhin and Restrepo-Echavarria (2014) directly model an exogenous shock to bargaining power
and report a similar finding.
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5 Conclusion

The search and matching framework has become a popular modeling device in mainstream
macroeconomics. But no consensus has been reached on the nature of wage determination in
such markets. We draw upon search theory for what we consider to be critical components
for realistically representing market interactions—costly search, nontrivial job-finding rates,
equilibrium unemployment—while dispensing with a priori wage-determination mechanisms.
Instead, we model wages as evolving according to an ARMA process, thus approximately
nesting most structural wage-determination mechanisms used in the literature. We can do
this because the search and matching framework per se requires nothing of wages except that
they remain within the bargaining set. The flexibility of our approach allows us to study
the empirical properties of the search and matching framework constraining ourselves to a
particular theory of wages. The wage process that we estimate sheds light on the properties
that a data-consistent theory of the wage must have.

Our model is able to match the data remarkably well. We match key business cycle
frequency moments of output, consumption, investment, employment and the unemployment
rate with a high level of accuracy relative to existing DSGE estimation literature. The
dynamics of our estimated model are driven primarily by permanent shocks to productivity
while our estimated process for the wage suggests that real wages can be relatively flexible,
while still generating empirically realistic cyclical fluctuations. This result stands in marked
contrast with a large literature seeking amplification by way of nominal rigidities or other

partial adjustment mechanisms.
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Appendices

A Stationary Representation

The model described in the body of the text is trend stationary with respect to labor-
augmenting technological progress, X;, and the relative price of investment, Z;. Denoting
by tildes the stationary counterparts to non-stationary variables, we can rewrite the model

in terms of only stationary variables as follows:
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B Steady State and Calibration

We use the restrictions imposed by the deterministic steady-state of the model, together
with long-run values for p, g, N, un, ¢", @ taken from the data, to analytically solve for
values for all remaining endogenous variables, as well as x, A, ¥, a,, 6; and W. In what
follows, we make reference only to detrended variables, though we neglect tildes for ease of
notation.
The first-order conditions for investment and utilization, evaluated at the deterministic
steady state, imply
W= (65)

R = (4" /p)ér. (66)

Substituting these expressions into the household’s first-order condition for period-ahead

capital and solving for d;, we obtain

0= [(Qv)"" = 1+6] /u (67)
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from which we recover
From the firm’s first-order condition for capital, we obtain

1

K = [aAu" (7, N)'mor ] e (69)
from which, in turn, we can solve for output
Y = A(uK)*(y,N)'. (70)

The definition of the unemployment rate, together with its long-run value and that of total

employment, can be used to solve for steady-state labor force participation

N
F = —.
1 —un

(71)

The definition of the labor force, in turn, allows us to solve for the mass of searching workers,
F—-N

S = 5

(72)

The law of motion for employment (from the perspective of the household and the firm,

respectively) yield

pS
A= —

= (73)
=22 (74

From the definition of the matching function, we obtain

9:

23

(75)
which in turn allows us to solve for Y,
X =po*. (76)

Next, from the definition of labor’s share, together with its steady state value ¢V, we can
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solve for the real wage,

W = ¢V N “A(uK)*y~. (77)

With the steady-state real wage in hand, we use the vacancy posting condition to solve for

the vacancy posting cost

- j)Qm;‘il {(1 o4 (11\77()& - W] (7%)

where 2 = (8 (%yfj)i . The law of motion for capital and the aggregate resource con-

straint imply, respectively,

1

1 — (1= )y
1

I=K — (79)
vt
and

C=Y-G-a,V—n.1. (80)

Finally, making use of the labor force participation condition, we obtain

_a \1-0o
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(81)
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C Match Surplus and Nash Bargaining

In order to compare the dynamics of our estimated model with those implied by Nash
bargaining, we first use the expressions for household and firm match surpluses to derive
the wage associated with Nash bargaining in our model. This also yields expressions for
household and firm match surplus shares, which we discuss in the body of the text.

The wage that results from Nash bargaining between firms and workers is given by
WE = [Wy = U]"[Jg — V] (82)

where W, denotes the value of a match for the household, U; denotes the value of unem-

ployment for the household, J; denotes the value of a match for the firm, and V denotes the
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value of a vacancy for the firm. Free-entry of firms implies that Vi = 0, and our specification
of unemployment benefits, combined with the existence of a search margin for households,

implies that Uy = k;. Thus, the standard Nash sharing rule reduces to

W, - U, = (ﬁ) J.. (83)

The household match surplus (in units of consumption) may be expressed as the sum of the
wage payment earned in the period of the match (due to our timing assumption) and the

continuation value of the match, less the lump-sum transfer to the unemployed,
W —Ug =W, — ki + (1= N)EA{(1 = pey1)001(Wegr — Ugya) (84)

The value of a match to the firm (again, in units of consumption) is given by the current

marginal product of the match net of the wage bill plus the continuation value,
Je=AF Wi+ (1= NE A{Q141de41} - (85)
Note that the firm’s first-order conditions imply
Jy = ,Uiv : (86)

To solve for the wage associated with Nash bargaining, begin by substituting the expressions

for Wi and Uy into the Nash sharing rule,

W =k + (1= NE AN = pes) Qi (Wegn — Ugga)} = 1 th- (87)
Iterating the sharing rule forward and substituting in for W¢ 1 — Ugyq,
WNB Ui _n
P — R+ (1= A)E {(1 — Pe+1) 041 (E) Jt+1} =1 th- (88)

Replacing J¢ with the firm’s first-order condition for labor and then J¢ 1 with the time ¢t +1

41



Lagrange multiplier,

WtNB — ke + (1= N E; {(1 — Per1) Q41 (%) Uﬁﬂ}

- 1ﬁ—77 (AeFre = WP+ (1= NE Qe }) - Y
Solving for W}¥?, we obtain
WP = (1 =)k + 1 [AFne + (1= N E {Qesi1peipier 1 - (90)
From here, dividing by X; 1 Zt‘)‘_%l1 yields the stationary representation,
WtNB =(1—=n)k +n [Atpn,t + (1 - )\)’Yz,tWZt%Et {Qt,t+1pt+1ﬂi\j’1}j| . (91)

Then, for a given wage-determination mechanism, the standard expression for the house-

hold’s share of match surplus is given by

W -U
SS9t = 92
W-U+J-V (92)
and the expression for the firm’s share of match surplus is
J-V
Sst =1- 554, (93)

TW-_U+J-V
D Estimation Details

D.1 Data Construction

Nominal quantity variables are converted to their real per capita counterparts by dividing
by the seasonally-adjusted chain-weighted GDP deflator and the civilian non-institutional
population. Consumption is measured as the sum of personal consumption expenditures on
non-durables and services, while investment is measured as the sum of personal consumption
expenditure on durables and total private fixed investment. Unemployment is measured as
the number of unemployed persons as a percentage of the civilian non-institutional labor
force. The labor tax series is constructed by Arseneau and Chugh (2012), and ends in
2009Q4.
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D.2 Priors

The priors used in the baseline estimation are summarized in the tables below.

Table 10: Prior Distributions - I

Parameter [ Dist. [ Mean Std. Dev. Low High
h beta 0.60 0.20 0.10 1.00
1) gaminv 4.00 2.00 0.01  75.00
€ beta 0.50 0.20 0.01 1.00
P beta 0.50 0.20 0.01 1.00
K beta 0.50 0.20 0.01 1.00
b beta 0.50 0.20 0.01 1.00
bg,y beta 0.30 0.20 0.01 1.00
oo beta 0.60 0.20 0.00 1.00
Py beta 0.60 0.20 0.00 1.00
pr beta 0.60 0.20 0.00 1.00
o® gaminv 0.02 0.10 0.00 0.30
o* gaminv 0.02 0.10 0.00 0.30
ot gaminv 0.02 0.10 0.00 0.30
o9 gaminv 0.02 0.10 0.00 0.30
o™ gaminv 0.02 0.10  0.00 0.30
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Table 11: Prior Distributions - II

Parameter [ Dist. [Mean Std. Dev. Low High

DE gaminv 1.00 1.00 0.00  5.00
K norm 0.00 1.00 -5.00  5.00
Py norm 0.00 1.00 -5.00  5.00
¥ norm 0.00 1.00 -5.00  5.00
3" norm 0.00 1.00 -5.00  5.00
Py gaminv 1.00 1.00 0.00 5.00
PE [P norm 0.00 010 -0.99  0.99
norm . 0.10 -0.9 0.
»F g 0.00 1 0.99 99
e norm 0.00 010 -0.99  0.99
i 98 norm 0.00 0.10 -0.99  0.99
T J3" norm 0.00 0.10 -0.99 0.99
P} Y norm 0.00 010 -0.99  0.99
o norm 0.00 010 -0.99  0.99
5 norm 0.00 0.10 -0.99 0.99
oh beta, 0.50 020 0.00  1.00
o3 beta 0.50 0.20  0.00 1.00
o5 beta 0.50 0.20 0.00  1.00
oy beta, 0.50 020 0.00  1.00
oF norm 0.00 010 -0.99  0.99
i norm 0.00 0.10 -0.99 0.99
o4 norm 0.00 010 -0.99  0.99
ol norm 0.00 0.10 -0.99  0.99
o7 norm 0.00 0.10 -0.99  0.99
Y norm 0.00 0.10 -0.99 0.99
o beta 0.50 020  0.00 1.00
b= beta, 0.50 020 0.00  1.00

Table 12: Prior Distributions - 111

Parameter [ Dist. [ Mean Std. Dev. Low High
Yw,1 gaminv 1.00 0.20 0.00 5.00
Yw,2 gaminv 1.00 0.20 0.00 5.00
Yw,3 gaminv 1.00 0.20 0.00 5.00
Yw,4 gaminv 1.00 0.20 0.00 5.00
Yew,5 gaminv 1.00 0.20 0.00 5.00
Yw,6 gaminv 1.00 0.20 0.00 5.00
Yew,7 gaminv 1.00 0.20 0.00 5.00
Yo,1 gaminv 1.00 0.20 0.00 5.00
Yo,2 gaminv 1.00 0.20 0.00 5.00
oy gaminv 0.00 0.03 0.00 0.20
ow,1 gaminv 0.00 0.03 0.00 0.20
Ow,2 gaminv 0.00 0.03 0.00 0.20
Ow,3 gaminv 0.00 0.03 0.00 0.20
Ow,4 gaminv 0.00 0.03 0.00 0.20
Ow,5 gaminv 0.00 0.03 0.00 0.20
Ow,6 gaminv 0.00 0.03 0.00 0.20
Ow,7 gaminv 0.00 0.03 0.00 0.20
Ou,1 gaminv 0.01 0.03 0.00 2.00
0,2 gaminv 0.01 0.03 0.00 2.00
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D.3 Estimated Model

We compute the posterior parameter distribution using the MCMC algorithm with 12 chains
of 1.5 million draws each and dropping the first 25% of each chain. This appendix summarizes
the estimated parameters for the measurement equations (45)-(46), and provides impulses re-
sponses for the main quantities and labor market variables for each of the model’s six shocks.

The final figure also plots prior and posterior distributions for the estimated parameters.

Table 13: Posterior Estimates of Model Parameters, Part I11.

Parameter [ Concept [ Median 5% 95%
Yw,1 Wage loading - Total comp. per worker 0.62 0.53 0.73
Yw,2 Wage loading - Comp. per hour index 0.60  0.50 0.72
Yw,3 Wage loading - Real weekly comp. 0.74 0.60 0.93
Yw,4 Wage loading - ECI (wages) 0.41 0.35 0.46
Yw,5 Wage loading - ECI (wages and benefits) 0.42 0.37 0.49
Yw,6 Wage loading - Quality-adj. wage (HSvR) 0.73 0.58 0.92
Y, 7 Wage loading - Quality-adj. wage for new workers (HSvR) 0.93 0.70 1.28
Yu,1 Vacancy loading - JOLTS survey 1.01 0.82 1.25
Yo,2 Vacancy loading - Help-wanted 2.23 1.89 2.65
oy Meas. error - GDP 0.00 0.00 0.01
Ow,1 Measurement error - Total comp. per worker 0.01 0.01 0.01
Ow,2 Measurement error - Comp. per hour index 0.01 0.01 0.01
Ow,3 Measurement error - Real weekly comp. 0.01 0.01 0.01
Ow,4 Measurement error - ECI (wages) 0.00 0.00 0.00
Ow,5 Measurement error - ECI (wages and benefits) 0.00 0.00 0.00
Ow,6 Measurement error - Quality-adj. wage (HSvR) 0.01 0.01 0.01
Ow,7 Measurement error - Quality-adj. wage for new workers (HSvR) 0.05 0.05 0.06
Op,1 Measurement error - JOLTS survey 0.04 0.04 0.05
0y,2 Measurement error - Help-wanted 0.03 0.03 0.04
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Figure 8: Quantity impulse responses to six exogenous shocks.
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Figure 9: Prior (dashed) and posterior (solid) distributions for estimated parameter values.

D.4 Alternative Models

This appendix summarizes the implications of the estimated versions of the Nash-bargaining

and the rigid-wage economies.
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Table 14: Summary Moments (Nash Bargaining)

‘Ay Ac A Ag Aur An

o(X) 0.75 0.62 203 096 532 045
o(X)/o(AY) | 1.00 0.82 272 129 7.11 0.60
p(Xi, X,1) | 051 046 041 0.05 039 0.28
p(X,AY) 1.00 0.78 0.82 020 -0.40 0.40

Table 15: Moments - Vacancy-Posting Measures (Nash Bargaining)

| JOLTS Help-Wanted Model

o(X) 6.27 1017 5.18
o(X)/a(AY) 7.63 1238 6.92
p(Xp, Xi1) 0.49 0.68  0.40
p(X,AY) 0.38 0.78  0.41

Table 16: Moments - Wage Measures (Nash Bargaining)

‘cmp/wrkr cmp/hr wkly cmp ECI ECI+ben HSV HSV-new modl

o(X) 0.61 0.79 111 029 029 1.06 525  0.79
o(X)/o(AY) 0.74 0.96 135 0.35 0.35  1.29 6.39  1.06
p(Xe, Xi—1) -0.01 -0.18 0.25 0.29 011 -0.12 019  0.44
p(X,AY) 0.33 -0.01 0.03 0.11 019  0.03 0.02 054

Table 17: Nash Model, Variance Decomposition of Observables: Business Cycle Frequency

i

xZ z L T w

o o9 o
54.6 23.5 52 05 0.7 156
69.8 200 &7 14 0.0 0.1
470 438 33 26 12 21
wr | 0.1 01 00 00 1.0 988
n 0.8 14 247 0.2 3.8 69.1
vn| 01 0.1 01 0.0 1.2 985

w [ 559 21.7 05 02 04 213

(% o o

Sl 0@

Note: Unconditional variance decomposition of fluctuations with duration between 6 and 32 quarters, using the Baxter and King (1999) approximate
band-pass filter.
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Table 18: Summary Moments (Hall)

‘Ay Ac A Ag Aur An

o(X) 1.17 057 210 0.97 9.03 0.60
o(X)/o(AY) | 1.00 049 1.79 0.82 7.70 0.51
p(X:, X;—1) | 048 046 039 006 021 0.26
p(X,AY) 1.00 0.71 0.82 021 -0.90 0.85

Table 19: Moments - Vacancy-Posting Measures (Hall)

| JOLTS Help-Wanted Model

o(X) 6.27 10.17  12.38
o(X)/o(AY) 7.63 12.38  10.54
p( X, Xoo1) 0.49 0.68  0.25
p(X,AY) 0.38 0.78  0.90

Table 20: Moments - Wage Measures (Hall)

‘cmp/wrkr cmp/hr wkly cmp ECI ECI+ben HSV HSV-new modl

o(X) 0.61 0.79 111 029 029 1.06 525  0.50
o(X)/o(AY) 0.74 0.96 135 0.35 0.35  1.29 6.39  0.43
p(Xe, Xi—1) -0.01 -0.18 0.25 0.29 011 -0.12 0.19  -0.00
p(X,AY) 0.33 -0.01 0.03 0.11 019  0.03 0.02  -0.24

Table 21: Hall Model, Variance Decomposition of Observables: Business Cycle Frequency

i

xZ z L T w

o o9 o
67.3 270 22 06 01 29
66.3 20.5 11.1 1.8 0.0 0.2
485 444 35 2.5 09 0.1
ur | 59.5 21.7 1.3 0.5 0.1 16.8
n | 49.6 234 114 09 04 142
vn | 594 219 13 0.6 0.1 16.8

w 64 35 00 00 00 90.1

(% o o

Sl 0@

Note: Unconditional variance decomposition of fluctuations with duration between 6 and 32 quarters, using the Baxter and King (1999) approximate
band-pass filter.
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