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1 Introduction

New Keynesian models posit that inflation dynamics are driven by current and expected future

real marginal costs. Because real marginal costs are proportional to the labor share of income, the

labor market is implicitly given a key role in driving inflation. However, the characterization of

the labor market in the standard model abstracts from frictions. Krause, Lopez-Salido and Lubik

(2008), have shown that the explicit modelling of labor market frictions along the lines of Diamond

Mortensen and Pissarides adds a new term in the expression for real marginal costs, and thereby

potentially generates an independent role for frictions to affect inflation. However, these authors

find that this additional component is unlikely to quantitatively affect the transmission of shocks to

inflation dynamics. Gali (2010) finds similar results, and concludes that such frictions are too small

to affect the behavior of marginal costs as well as the co-movement of inflation with other variables.

His argument is simple: because hiring costs only account for about 1% of GDP, while the labor

share is around 66% of GDP, frictions cannot matter, ‘at least in the absence of implausibly large

fluctuations in net hiring costs relative to wages’. So the bottom line is that modelling labor market

frictions explicitly, complicates the model without affecting inflation dynamics. In this paper we

revisit this issue in a new way.

We embed convex hiring and investment frictions as in Merz and Yashiv (2007) and Yashiv (2014)

into a very simple New Keynesian DSGE model with intrafirm wage bargaining. We undertake two

explorations. First, in the spirit of Gali (2010) we look at how frictions affect the impulse responses of

marginal costs and inflation, or the co-movement with other real variables. Our reference framework

is Gali (2010), from which we depart by explicitly modelling capital. This allows us to extend the

analysis beyond hiring frictions: our frictions costs function allows for hiring and investment frictions

to be shut down one at a time, so as to disentangle their separate role and their general equilibrium

interaction in the propagation of shocks.

We show that introducing hiring frictions into a frictionless New-Keynesian model smooths the

response of real wages and thereby reduces the elasticity of the ‘labor share’to the underlying shocks.

This endogenous rigidity in the response of real wages operates through the response of the marginal

rate of substitution and the marginal revenue product of labor. However, wage stickiness magnifies

the response in the discounted value of jobs, boosting the response of the frictional component of

marginal costs. These two effects counteract each other; whether the net effect is null, positive or

negative, will depend on the particular calibration and on the shock. However, even in cases where

the response of marginal costs is independent of the presence of hiring frictions, this is not because

hiring frictions are to small too matter and the real wage response is virtually identical in the two

models. In our calibration, the wage component and the frictional component of marginal costs are

about equally important in driving marginal costs.

Hiring frictions produce a dramatic effect on the co-movement between inflation and real vari-

ables. As a result, models with and without hiring frictions imply radically different views on
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the propagation of shocks. As explained in Faccini and Yashiv (2015), hiring frictions offset the

mechanism at work in New Keynesian (NK) models in a non-trivial way. When hiring frictions are

calibrated to tiny values that are meant to capture only vacancy posting costs, as in Gali (2010), the

responses of real variables are close to the ones generated in the frictionless NK benchmark. But

these results are very sensitive to the precise parameterization. When hiring frictions are calibrated

to reflect conservative estimates of training costs, monetary policy loses effectiveness to stimulate

output, and the response of employment to technology shocks turns positive.

The conventional assumption that new capital operates in production only with a one quarter lag

implies that investment frictions do not affect current period marginal costs, but the expectations

of next period marginal costs. These frictions also smooth the response of employment, generating

endogenous rigidity in the wage component of marginal costs. In the absence of hiring frictions,

current period marginal costs are essentially driven by the wage component of marginal costs, so

the rigidity in wages directly translates into a dampened response of marginal costs and inflation.

Investment frictions also affect the conditional co-movement between inflation and real variables,

but their impact is less dramatic when compared to hiring frictions. So the bottom line of our

impulse response analysis is that labor frictions have first order implications for the co-movement of

inflation with real variables, while capital frictions mostly affect the response of inflation to shocks.

In a second exploration, we take the DSGE model to the data and carry out structural estimation

of various specifications of the model, where we restrict the frictions costs function so as to shut

down different frictions one at a time. Looking at the marginal data density for the whole model and

the conditional marginal data density for the inflation series, we find that adding labor frictions to

the New Keynesian benchmark greatly helps explain inflation dynamics, as well as the joint behavior

of our full set of observables. Adding investment frictions separately also helps fit both inflation

and the full set of observables, but less than hiring frictions. Adding both frictions simultaneously

increases statistical fit even further.

Our preferred version of the NK model, which includes both hiring and investment frictions,

produces a smoothed series of marginal costs that is considerably different from the one generated

by the frictionless benchmark model. In particular, from the 2000s onwards, marginal costs are

estimated to push up on inflation, as opposed to the results obtained in the frictionless benchmark.

The difference between the two series is largely driven by the behavior of the frictional component

of marginal costs, which is estimated to be quantitatively more important than the wage share of

income in driving the fluctuations of current marginal costs.

Our study shows that large fluctuations in net marginal hiring costs are not implausible, rather,

they are validated by our estimation. As we point out in the paper, the frictional component

of marginal costs can also be interpreted as the ratio of the marginal profit of a new hire over

the marginal product of labor. A large strand of research, which has extensively investigated

the determinants of unemployment fluctuations within search and matching models of the labor

market, has produced many different mechanisms of amplification to productivity shocks, but most
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of them rely on the ability to generate large fluctuations in marginal hiring profits to an underlying

productivity shock. So the role of marginal hiring profits has been found to be central in almost any

theory that can successfully account for unemployment fluctuations at business cycle frequencies.

By incorporating labor frictions into a New-Keynesian model, we are able to extend the importance

of fluctuations in marginal hiring profits to inflation dynamics.

Section 2 presents a short review of the relevant literature. Section 3 presents the model. Section

4 inspects the mechanism by which frictions affect marginal costs and the co-movement of inflation

with real variables, making use of calibration and impulse responses. Section 5 introduces estimation

of the full DSGE model, including discussion of the data, and the methodology. The results are

presented and discussed in Sections 6. The full derivation of the model is relegated to the Appendix.

2 Literature

This paper relates to three strands of literature:

(i) New Keynesian DSGE models —see Woodford (2003), Gali (2008) and Christiano et al (2010)

for surveys and discussions —which offer a model of inflation as a function of current and future

expected marginal costs.

(ii) Search and matching models of the labor market, which feature dynamic, optimal hiring

decisions by firms in the face of frictions; see Pissarides (2000), Yashiv (2007) and Rogerson and

Shimer (2011) for overviews and surveys. Hiring costs and time lags are the expression of frictions

in these models.

Within this literature, there is a strand that investigates the role of intrafirm wage bargaining

in macroeconomic models of the labor market. In an application of the bargaining model proposed

by Stole and Zwiebel (1996) to search and matching models, Cahuc and Wasmer (2001) have shown

that when firms are ‘large’, in the sense that they employ a positive measure of workers, and wages

are negotiated through Nash bargaining, the firm should anticipate the impact of its hiring policy

on the negotiated wage. This modification of the standard bargaining problem is known as intrafirm

bargaining. Cahuc, Marque and Wasmer (2008) have further shown that accounting for intrafirm

bargaining can have important implications for the equilibrium in the labor market.

(iii)Models of frictions in investment, following the seminal contributions of Lucas and Prescott

(1971) and of Tobin (1969) and Hayashi (1982). The idea in these models is that costs are key to

the understanding of investment behavior.

We note two important extensions in the current context:

First, In recent years, various studies have embedded frictional models of the labor market into

the standard New-Keynesian framework to shed light on the channels by which the modelling of

unemployment could affect inflation dynamics. Early work by Walsh (2005) and Trigari (2009)

sparked some enthusiasm about the possibility that explicitly modelling search frictions could help

understand inflation dynamics. Both studies found that accounting for unemployment increases
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inflation persistence. However, the robustness of these results have been questioned by Gali (2010),

while Heer and Maußner (2010), have found that they fade out when capital is introduced in the

model. As shown in Krause, Lopez-Salido and Lubik (2008), the explicit modelling of labor market

frictions adds a new term in the expression for real marginal costs, which can potentially affect infla-

tion. However, these authors find that this additional component is unlikely to quantitatively affect

the transmission of shocks to inflation dynamics. Gali (2010) finds similar results, and concludes

that such frictions are too small to affect the behavior of marginal costs.

Second, a body of evidence, reviewed by Yashiv (2014), has documented the existence of frictions

both in the capital and in the labor market. Work by Merz and Yashiv (2007) and Yashiv (2014)

has shown the importance of accounting for their interactions in explaining the joint behavior

of hiring and investment as well as the behavior of stock prices. Mumtaz and Zanetti (2015),

provide additional evidence in this direction by means of Bayesian estimation of a DSGE model.

While Mumtaz and Zanetti (2015) are interested in the estimation of the convexities in factor

adjustment costs and their ability to fit asset prices, our interest is understanding the role of hiring

and investment frictions for inflation dynamics.

3 The Model

3.1 The Set-Up

We introduce convex hiring and investment frictions in the spirit of Lucas and Prescott (1971), and

following the specification in Merz and Yashiv (2007), into a benchmark New-Keynesian model.

The model is an extension of Faccini and Yashiv (2015), to which we refer for a detailed exposition

of the mechanism at work.

3.2 Households

The representative household, indexed by the subscript j, comprises a unit measure of workers

searching for jobs in a frictional labor market. The mass of workers who are unemployed at the

beginning of the period is denoted by U0
j,t, and each unemployed worker finds a job by the end of

the period with probability xt. The law of large numbers implies that the measure of new hires in

each period t is given by xtU0
j,t. Assuming that at the end of each period workers lose their job with

probability δN , the stock of employed workers Nj,t obeys the law of motion:

Njt = (1− δN )Nj,t−1 + xtU
0
j,t. (1)

The household enjoys utility from the aggregate consumption index Cj,t and disutility from the

measure of workers in employment, Nj,t. The discount factor of the household is denoted by β.

Each period, the household receives a nominal wage income Wj,t from employed workers, dividends
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from ownership of firms Υj,t and pays lump sum government taxes Tj,t. Wealth takes the form of

nominal government bonds Bj,t, and can be transferred into the future at the present discounted

value Bj,t+1/Rt, where Rt is the gross nominal interest rate.

The intertemporal problem of the households is to maximize the discounted present value of

current and future utility:

max
{Ct+s}∞s=0

Et

∞∑
s=0

βs

[
ηpt+s ln (Cj,t+s − ϑCt+s−1)−

ηlt+sχ

1 + ϕ
N1+ϕ
j,t+s

]
,

subject to the budget constraint

PtCj,t +
Bj,t+1

Rt
= WjtNjt +Bjt + Υjt − Tj,t, (2)

and the law of motion of employment (1).

The parameters ϕ denotes the inverse Frish elasticity of labor supply, χ is a scale factor on the

disutility of work and ϑCt is an index of external habits in consumption. The variables ηp and ηl

denote preference and labor supply shocks, respectively.

Denoting by λj,t the Lagrange multiplier associated with the budget constraint, the first order

necessary conditions and co-states are:

λj,t =
ηp
t

Pt (Cj,t − ϑCt−1)
,

1

Rt
= βEt

λj,t+1

λj,t
, (3)

V N
j,t =

Wj,t

Pt
−
ηltχN

ϕ
j,t

λj,tPt
− xt

1− xt
V N
j,t + EtΛt,t+1 (1− δN )V N

j,t+1, (4)

where Λt,t+1 = β
λj,t+1
λj,t

Pt
Pt+1

= 1
Rt/πt+1

denotes the real discount factor and πt+1 = Pt+1/Pt.

The value of a job for the household expressed in units of the numeraire good equals the real

wage net of the opportunity cost of work
ηltχN

ϕ
j,t

λj,tPt
, and a re-employment value xt

1−xtV
N
j,t , plus the

continuation value. In a model with no frictions, where employment generates no rents and thus

V N
j,t = 0, the marginal rate of substitution equals the real wage: Wt

Pt
= ηltχN

ϕ
j,t/λj,tPt, which governs

labor supply.

3.3 Firms

We assume three types of firms: intermediate good producers, final good producers and retailers.

Intermediate producers hire labor and invest in capital to produce a homogeneous product, which

is then sold to final producers in perfect competition. Final producers transform each unit of the

homogeneous product into a unit of a differentiated product facing price rigidities a la Rotemberg
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(1982). We also assume that retailers buy a bundle of differentiated goods from the final producers

and transform it into homogeneous consumption and investment goods. In turn, these goods are

sold in perfect competition to the households, the government and the intermediate firms.

Firms: Retailers

We assume that identical and competitive retailers produce a homogeneous good Yt, using the

technology:

Yt =

 1∫
0

Yt(i)
(ε−1)/εdi

ε/(ε−1)

. (5)

Retailers choose the specialized inputs Yt(i) so as to maximize profits:

PtYt −
1∫

0

Yt(i)di,

subject to the technology in (5). The outcome of the maximization problem is a demand function

for each specialized product:

Yt(i) =

(
Pt(i)

Pt

)−ε
Yt. (6)

The retailers transform the output good Yt into a consumption good or an investment good. It

is assumed that one unit of the output good can be turned into one unit of the consumption good,

and one unit of the output good can be transformed into 1/ηqt units of the investment good. η
q
t is

the relative price of the investment good, which is assumed to follow an exogenous AR(1) stochastic

process.

Intermediate Goods Producers

A unit measure of intermediate firms combine capital and labor in order to produce a homoge-

nous, intermediate output good, denoted by Z, which is sold to final producers in perfect competi-

tion. The constant returns to scale production function is f(At, Nt,ut,Kt−1) = at (AtNt)
α (utKt−1)1−α,

where Kt−1 denotes physical capital and ut its utilization rate. We assume that ηAt = At/At−1 is a

labor-augmenting stochastic trend that follows the process

ln ηAt =
(
1− ρA

)
ln ηA + ρA ln ηAt−1 + ςAt−1, (7)

where ηA denotes a steady-state value that equals the economy’s growth rate µ. We further assume

that at denotes a transitory shock to the level of technology:

ln at = ρa ln at−1 + ςat .

We assume a frictions costs function g, capturing the disruption in economic activity that is
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associated with hiring and investment. As discussed in details in Faccini and Yashiv (2015), this

function is meant to capture all the frictions involved in getting newly employed workers to work

and capital to operate in production, including worker training costs, organizational costs, imple-

mentation costs, financial premia on certain projects, capital installation costs, learning the use of

new equipment, etc. So our notion of frictions extends beyond, say, just capital adjustment costs or

vacancy costs. Following Merz and Yashiv (2007) and Yashiv (2014) we assume that the frictions

costs function is constant returns to scale and is increasing in each of the firm’s decision variables.

In particular, we assume the following explicit functional form:

g(at, At, It,Kt−1, Ht, Nt) =

[
e1

2

(
It

utKt−1

)2

+
e2

2

(
Ht

Nt

)2
]
at (AtNt)

α (utKt−1)1−α , (8)

where the quadratic adjustment costs function is consistent with estimates in Yashiv (2014).1

The net output of a representative firm at time t is:

Zt = f(at, At, Nt,ut,Kt−1)− g(at, At, It, ut,Kt−1, Ht, Nt).

In every period t, the existing capital stock depreciates at the rate δK and is augmented by new

investment:

Kt = (1− δK)Kt−1 + It, 0 ≤ δK ≤ 1, (9)

Together with the production function, this law of motion implies, following a convention in DSGE

modelling, that newly installed capital only becomes effective with a one period (quarter) lag.

Similarly, the number of a firm’s employees decreases at the rate δN and it is augmented by new

hires Ht. The law of motion for employment reads:

Nt = (1− δN )Nt−1 +Ht, 0 ≤ δN ≤ 1, (10)

which implies that new hires are immediately productive.

The intertemporal maximization problem of the firm is to maximize the present discounted value

of cashflows:

maxEt

∞∑
j=0

Λt,t+j {mct+j [f(at+j , At+j , Nt+j , ut+j ,Kt+j−1)− g(at+j , At+j , It+j , ut+j ,Kt+j−1, Ht+j , Nt+j)]

−Wt+j(It+j , ut+j ,Kt+j−1, Ht+j , Nt+j)

Pt+j
Nt+j − ηqt+j [It+j + ν (ut)]

}
,

1A rationale for the use of such functional forms, emphasizing consistency of aggregate employment and capital
dynamics with hiring and investment decisions at plant level is provided by King and Thomas (2006) and Kahn and
Thomas (2008), respectively.
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subject to the laws of motion for capital (9) and labor (10), where Λt,t+1 =
λj,t+1
λj,t

Pt+1
Pt

= 1
Rt/πt+1

is the real discount factor of the households who own the firms, mct ≡ PZt /Pt is the relative price

of the intermediate firm’s good and ν (ut) = At

[
u1+ξ
t − u1+ξ

]
/ (1 + ξ) is a convex cost function

for the utilization of capital. This functional form implies that steady-state utilization costs ν (u)

are zero. Notice that when choosing factors of production and the utilization of capital, the firm

correctly anticipates the impact of its decisions on the negotiated wage bill.

The first-order necessary conditions and co-states for dynamic optimality are:

mct (fu,t − gu,t) =
Wu,t

Pt
Nt + ηqt ν

′ (ut) (11)

QKt = EtΛt,t+1

[(
mct+1(fK,t+1 − gK,t+1)− WK,t+1

Pt+1
Nt+1

)
+ (1− δK)QKt+1

]
, (12)

QKt = mctgI,t +
WI,t

Pt
Nt + ηqt , (13)

QNt = mct (fN,t − gN,t)−
Wt

Pt
− WN,t

Pt
Nt + (1− δN )EtΛt,t+1Q

N
t+1, (14)

QNt = mctgH,t +
WH,t

Pt
Nt, (15)

where QKt and QNt are the Lagrange multipliers associated with the capital and the employment

laws of motion, respectively. One can label QKt as Tobin’s Q for capital or the value of capital

and QNt as Tobin’s Q for labor or the value of labor. For an extensive discussion of their economic

significance, see Yashiv (2014) and Faccini and Yashiv (2015).

In a New Keynesian model with no frictions and no bargaining, these four equations boil down

to two standard first order conditions, which equate the real wage to the marginal revenue product

of employment

Wt/Pt = mctfN,t,

and the opportunity cost of capital to the marginal revenue product of capital:

ηqt = Et
1

Rt/πt+1

[
mct+1fK,t+1 + (1− δK)ηqt+1

]
.

Final good producers

There is a unit measure of monopolistically competitive final good firms indexed by i ∈ [0, 1].

Each firm i transforms Z(i) units of the intermediate good into Y (i) units of a differentiated good,

where Z(i) denotes the amount of intermediate input used in the production of good i. Monopolistic

competition implies that each final firm i faces the demand retailers’demand function (6).
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We assume price stickiness à la Rotemberg (1982), meaning firms maximize current and expected

discounted profits subject to quadratic price adjustment costs. We assume that adjustment costs

depend on the ratio between the new reset price and the one set in the previous period, adjusted

by a geometric average of steady state inflation and past inflation.

Final good firms maximize the following expression:

maxEt

∞∑
s=0

Λt,t+s
Pt
Pt+s

(Pt+s(i)− Pt+smct+s)Yt+s(i)−
ζ

2

(
Pt+s(i)

(πt+s−1)ψ (π̄)1−ψ Pt+s−1(i)
− 1

)2

Pt+sYt+s

 ,
subject to the demand function (6) from the retailers. The optimality condition is:(

Pt(i)

Pt

)−ε
Yt − ε

(
Pt(i)

Pt

)−ε−1 Pt+s(i)− Pt+smct+s
Pt

Yt

− ζ
(

Pt(i)

(πt−1)ψ (π̄)1−ψ Pt−1(i)
− 1

)
PtYt

(πt−1)ψ (π̄)1−ψ Pt−1(i)

+EtΛt,t+1
Pt
Pt+1

−ζ ( Pt+1(i)

(πt)
ψ (π̄)1−ψ Pt(i)

− 1

)
Pt+1Yt+1

− (πt)
ψ (π̄)1−ψ Pt+1(i)[

(πt)
ψ (π̄)1−ψ Pt(i)

]2

 = 0.

Since all firms set the same price and therefore produce the same output in equilibrium, the

above equation can be rearranged as follows:(
πt

(πt−1)ψ (π̄)1−ψ − 1

)
πt

(πt−1)ψ (π̄)1−ψ =
1− ε
ζ

+
ε

ζ
mct

+Et
1

Rt/πt+1

[(
πt+1

(πt)
ψ (π̄)1−ψ − 1

)
πt+1

(πt)
ψ (π̄)1−ψ

Yt+1

Yt

]
. (16)

This equation specifies that inflation depends on marginal costs as well as past and expected future

inflation. Solving forward equation (16), it is possible to show that inflation depends on the expected

marginal cost sequence.

In turn, an expression for current marginal costs can be obtained by rearranging the dynamic

optimality condition for employment in (14):

mct =
Wt
Pt

fN,t − gN,t
+

WN,t

Pt
Nt

fN,t − gN,t
+
QNt − (1− δN )EtΛt,t+1Q

N
t+1

fN,t − gN,t
, (17)

while the dynamic optimality condition for capital (12) can be solved to obtain a cross-equation

restriction for Etmct+1:

9



Etmct+1 = Et

WK,t+1

Pt+1
Nt+1

fK,t+1 − gK,t+1
+ Et

1

Λt,t+1

QKt − Λt,t+1(1− δK)QKt+1

fK,t+1 − gK,t+1
. (18)

For a detailed discussion of the terms in the two equations above we refer to Faccini and Yashiv

(2015).

Recent work by Gali (2010) has raised the question whether the frictional component of marginal

costs, i.e., the last term in equation (17) matters for marginal costs and inflation. Before getting

into the quantitative analysis, an intuitive way to approach this question is to notice that the term

QNt − (1− δN )EtΛt,t+1Q
N
t+1 in equation (14) equals the marginal flow profit of a match:

Π = mct (fN,t − gN,t)−
Wt

Pt
− WN,t

Pt
Nt,

so the frictional component of marginal costs in equation (17) equals the ratio of marginal hiring

profits to the marginal product of labor. A large literature that started following the work by Shimer

(2005), has developed a range of models to overcome the inability of the standard textbook search

and matching model to match the volatility of unemployment at business cycle frequencies. While

there is yet no consensus on what model is most appropriate to explain unemployment dynamics,

frictional models of the labor market can account for the volatility of unemployment only if the

volatility of marginal profits is suffi ciently high, or otherwise incentives for job creation would not

fluctuate enough over the cycle. A benchmark paper in this literature, Hagedorn and Manovskii

(2008), generates cyclical fluctuations in the ratio of marginal hiring profits to the marginal product

of labor, with a standard deviation that is over forty times as large as that of the labor share.2 A rule

of thumb calculation based on this result suggests that the importance of the frictional component

in driving marginal costs should be around 60% that of the labor share. In this new light, we would

find it surprising if hiring frictions didn’t matter for inflation dynamics.3

3.4 Wage bargaining

Wages are assumed to maximize a geometric average of the household’s and the firm’s surplus

weighted by the parameter γ, which denotes the bargaining power of the households:

Wt = arg max
{(
V N
t

)γ (
QNt
)1−γ}

,

The first order condition to this problem leads to the Nash sharing rule:

2Authors’calculations based on Hagedorn and Manovskii’s ( 2008) calibration, as illustrated in their Table 2, page
1701.

3Gali (2010) shows that a log linearization of the marginal costs yields: m̂ct = (1− Φ) ŝt+Φf̂t, where st denotes the
labor share, ft denotes the frictional component, a hat denotes percentage deviations from steady-state and Φ = f

f+s
'

0.015 assuming that at the steady state s is about 66% of GDP and f is roughly 1% of GDP. However, if f̂t ' 40ŝt,
then the contributions of the frictional component relative to the labor share is approximately 40Φ/ (1− Φ) ' 61%.
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(1− γ)V N
t = γQNt . (19)

Substituting (30) and (14) into the above equation and using the sharing rule (19) to eliminate the

terms in QNt+1 and V
N
t+1 one gets the following expression for the real wage:

Wt

Pt
= γmct (fN,t − gN,t)− γ

WN,t

Pt
Nt + (1− γ)

[
ηltχN

ϕ
t

λtPt
+

xt
1− xt

γ

1− γQ
N
t

]
. (20)

The analytic solution to this partial differential equation is provided in the Appendix.

3.5 Closing the model

We assume that the government runs a balanced budget:

PtGt − Tt =
Bt+1

Rt
−Bt, (21)

where Gt denotes real government consumption expenditures, which are given by:

Gt =

(
1− 1

ηGt

)
Yt,

and ηGt is a government shock that follows the stochastic process:

ln ηGt = ρG ln ηGt−1 +
(
1− ρG

)
ln ηG + ςGt .

The monetary authority obeys a standard Taylor rule:

Rt
R∗

=

(
Rt−1

R∗

)ρr1 (Rt−2

R∗

)ρr2 

(∏1

j=−2EtΠt+j

)1/4

Π∗t


φπ 

(∏1
j=−2EtỸt+j

)1/4

Ȳ


ry


1−ρ1r−ρ2r

ςRt ,

(22)

where Ỹt ≡ Yt/At and the bar sign over a variable denotes its steady-state value, the parameter rs
represents interest rate smoothing, and ry and rπ govern the response of the monetary authority to

deviations of output and inflation from their steady-state values. The term ηRt captures a monetary

policy shock. We assume that the monetary shock is Gaussian and iid whereas the process Π∗t
captures persistent deviations from the inflation target ln Π∗. More specifically, we assume that

ln Π∗t = (1− ρπ) ln Π∗ + ρπ ln Π∗t−1 + ςπt

Finally, consolidating the households and the government budget constraint, and substituting
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for the profits of intermediate and final good producers yields the market clearing condition:

Yt

 1

ηGt
− ζ

2

(
πt

(πt−1)ψ (π̄)1−ψ − 1

)2
 = Ct + ηqt [It+j + ν (ut)] = f − g. (23)

4 Frictions and Inflation Dynamics: an Impulse Response Analysis

This section explores the mechanisms by which frictions affect the response of marginal costs and

the co-movement of inflation with real variables. We first calibrate the steady-state equilibrium of

the model that allows for both hiring and investment costs. We will then inspect how frictions affect

marginal costs and inflation by comparing the impulse responses generated by the unrestricted model

and those obtained from three different versions of the model, where frictions are shut down one at

a time. Specifically, the version of the model with hiring (investment) frictions only is obtained by

restricting e1 ' 0 (e2 ' 0), while the standard New Keynesian model with no frictions corresponds

to the case of e1 = e2 = 0. In what follows we look at the calibrated (or prior) equilibrium in order

to compare models with the same parameter values except for the parameters of L and K frictions.

Remark 1 In the last paragraph do you mean = 0 or ' 0? RF: I mean =0 only in the frictionless

benchmark.

4.1 Calibration

The model is calibrated to the US economy over the period 1984Q1-2014Q2. The discount factor

β is consistent with a quarterly nominal interest rate of 1.34% as measured by the Federal Fund

Rate, a quarterly inflation rate of 0.62%, and an economy’s growth rate of 0.50%. Together, these

numbers imply a value for β = 0.9979. The job separation rate δN is set 0.122 to reflect separations

from employment into either unemployment or inactivity, while the capital depreciation rate δK is

set to 0.02 consistent with evidence in Yashiv (2015). Notice that this value for the depreciation rate

implies an investment to capital ratio of 2.5%, which is also consistent with the data.4 The inverse

Frisch elasticity on the extensive margin ϕ is set equal to 3, in line with the range of estimates by

Domeji and Floden (2006) and in between the value of 5 used in Gali (2010) and the more standard

value of 1 as in Christiano Eichenbaum and Trabant (2013) among many others. The elasticity of

substitution in demand ε is set to the conventional value of 11, implying a steady-state markup of

10%, consistent with estimates presented in Burnside (1996) and Basu and Fernald (1997). The

elasticity of output to the labor input α is set to 0.66, which implies a labor share of income around

2/3.5 The habit parameter is set to 0.6 as in ???.

4See Appendix B in Yashiv (2015) for details on the construction of these time series.
5 In this model the elasticity of output to the labor income does not correspond exactly to the labor share of income,

but these two values are close at the calibrated stationary equilibrium.
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Table 1

This leaves us with only five parameters to calibrate are: the bargaining power γ, the two scale

parameters in the frictions costs functions, e1 and e2, the scale parameter χ in the utility function

and the parameter, which governs the disutility of work, and the parameter ξ, which governs the

curvature of the utilization cost function. These parameters are calibrated to match: i) marginal

hiring costs, gH/ [(f − g)/N ], equal to 0.20 as estimated by Yashiv (2015), which corresponds to

nearly four weeks of wages; ii) marginal investment costs equal to 5% of the investment price

as estimated by Yashiv (2015); iii) an unemployment rate of 10%, which is consistent with our

measure of the separation rate that includes separation from employment into both unemployment

and inactivity and is in line with BLS estimates; iv) a replacement ratio of the opportunity cost of

work over the marginal revenue product around 0.75, as advocated by Costain and Reiter (2015).

We emphasize here that this implies a moderate calibration of the fundamental surplus fraction, so

our results that frictions matter for inflation dynamics do not hinge on extremely low values of this

notion of surplus; v) a value of the parameter ξ = uv′/ (u) /v′ (u) = 0.7 as estimated by Gertler Sala

and Trigari (2008).

Notice that our calibration allows labor frictions to account for a higher share of marginal costs

than in the papers of Krause, Lopez-Salido and Lubik (2008) and Gali (2010). These studies assume

that average and marginal hiring costs equal nearly 5% of quarterly wages, following empirical

evidence by Silva and Toledo (2009) on vacancy posting costs. Our functional form for frictions

costs allows for hiring costs to be interpreted in a wider sense, which also includes training as

well as all other sources of forgone output associated with hiring and discussed in Section 3.3. As

reported by Silva and Toledo (2009), average training costs are about 55% of quarterly wages,

nearly two months of wages. In the calibration marginal hiring costs equal approximately 30% of

quarterly wages, approximately one month of wages, while average hiring friction costs are about

half as large, around two weeks of wages. We consider this value as conservative in the light of

the evidence above. Faccini and Yashiv (2015) also show that the frictions costs function implies

only a mild degree of convexity: because marginal hiring costs can be expressed as a function of

the hiring rate and parameter values using the functional form in (8), it is possible to compute how

the ratio of marginal hiring costs over steady state wages changes with hiring rates. For a value

of the hiring rate equal to 0.161, which is the highest value measured in the data since they were

first collected in 1976Q1, the fraction of marginal hiring friction costs over wages is only 37% of

quarterly wages, implying an upper bound of marginal hiring costs that is well below the average

training costs reported by Silva and Toledo (2009).

4.2 Impulse responses

In what follows we focus on TFP, investment and monetary shocks. This is suffi cient to highlight the

following common themes: 1) the interaction of both hiring/investment frictions and price frictions
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dampens the response of employment. In turn, this reduces the response of the marginal rate of

substitution and real wages and implies a smoother response of the wage component of marginal

costs. 2) In models with labor frictions the smoother response of wages affects the value of a job

QNt in such a way that the frictional component of marginal costs offsets the response of the wage

component. Depending on the precise parameterization, this can result in a smaller, larger or perfect

offset. In the model with capital frictions instead, this offset does not take place, so for all shocks

there is no counter-effect of QNt and the change in mct is mitigated.

Remark 2 This last point is not clear. RF: Replace the emphasized text in the very last sentence
above with the following sentence and footnote: In the model with capital frictions only instead,

QNt is too small to matter, so this offset does not take place, and the change in mct is mitigated.6

3) Frictions do not offset the sign of the response of marginal costs and inflation on the impact

of shocks, but hiring frictions, and to a lesser extent investment frictions change the sign response

of real variables. This implies that hiring frictions, and to a lesser extent investment frictions, affect

the conditional co-movement of inflation with real variables.

4.2.1 Technology Shocks

Remark 3 I find the following sub-section not clear enough; can u use equations directly and speak
about their components? equations such as

Remark 4

mct =
Wt
Pt

fN,t − gN,t
+

WN,t

Pt
Nt

fN,t − gN,t
+
QNt − (1− δN )EtΛt,t+1Q

N
t+1

fN,t − gN,t
, (24)

Etmct+1 = Et

WK,t+1

Pt+1
Nt+1

fK,t+1 − gK,t+1
+ Et

1

Λt,t+1

QKt − Λt,t+1(1− δK)QKt+1

fK,t+1 − gK,t+1
. (25)

Figure 1 reports impulse responses for a set of key variables to a 1% increase in TFP. Figure

2 decomposes the impulse responses of marginal costs and real wages into contributions from the

various components on the right hand side of equations (17) and (20), respectively. Each figure

highlights the response of the four benchmark parameterizations discussed above. Figure 1 shows

that marginal costs and inflation fall in all models, but less strongly in the presence of capital

frictions. Hiring, investment, employment and capital fall in the frictionless NK model on the

impact of shocks. This reflects the standard mechanism at work in NK models: output is demand

driven when prices are rigid, therefore following an increase in productivity, less input is needed

to produce the same quantity of goods. Introducing separately hiring and investment frictions can

6Notice that with capital frictions only, QNt does not equal zero because the intra-firm bargaining term WH,t

PCt
Nt in

equation (15) is non zero
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reverse some of these responses. For instance, hiring frictions (but not investment frictions) turn the

response of employment to positive, while either hiring or investment frictions turn the response of

investment to positive. As discussed in Faccini and Yashiv (2015), the interaction between hiring or

investment frictions with price frictions generates a relative price effect on the value of employment

and capital that offsets the mechanism at work in the frictionless NK model.

The smoother fall in employment in the model with capital frictions, and the increase in employ-

ment in the model with labor frictions, imply that the marginal rate of substitution falls less, and

respectively rises, relative to the frictionless benchmark (see Figure 2). Because real wages increase

with the marginal rate of substitution (equation 20), hiring frictions, and to a lesser extent capital

frictions, endogenously dampen the fall in the real wage on the impact of the shock. In addition,

in the model with hiring frictions only, the low bargaining power decrease the impact of the fall in

marginal costs on the marginal revenue product and hence on the negotiated wage. Relative to the

frictionless model, the response of the marginal revenue product is dampened also in the presence

of capital frictions. As we explain in the next paragraph, the smooth response of real wages with

capital frictions translates into a dampened response of marginal costs. This feeds-back to the

negotiated wage, entailing a subdued response of the marginal revenue product. So the endogenous

rigidity in real wages arises in models with frictions through the endogenous responses of both the

marginal rate of substitution and the marginal revenue product (Figure 2).

The resilience of wages to technology shocks implies a dampening effect on QNt , and thereby a fall

in the frictional component of marginal costs. The response of the intrafirm component of marginal

costs is small, although not negligible, so the first-order effect is that the frictional component of

marginal costs almost entirely offsets the response of the wage component, resulting in a similar

response of marginal costs in the frictionless model and in the model with hiring frictions only. In

the model with capital frictions only instead, mct only depends on the real wage component. So

marginal costs and inflation will fall by less in this model, relative to the frictionless benchmark. In

the model with both hiring and investment frictions, the response of marginal costs and inflation

lies in between the values obtained in the parameterizations where only one friction is active. It is

worth emphasizing that in models with hiring frictions, the contribution of the frictional component

to changes in marginal costs appears to be about as important as that of the wage share of income,

even if hiring frictions are calibrated to relatively conservative values.

4.2.2 Monetary shocks

Figures 3 shows that following a negative shock to the interest rate, marginal costs and inflation

increase in all models. Hiring, investment, employment, capital and output increase in the fric-

tionless NK model, whereby an expansionary monetary shock engenders a fall in the real rate,

which stimulates both consumption and investment. The same variables increase also in the model

with capital frictions, albeit less strongly so, while in the model with hiring frictions they barely
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move. As explained in Faccini and Yashiv (2015), this reflects a relative price effect on the value of

employment and capital, which offsets the mechanism at work in the frictionless NK benchmark.

Remark 5 This is not clear without the analysis of the type we did in the other paper, i.e., with
showing expressions like Q̃N

mc

For slightly higher values of hiring frictions, the response of hiring, employment and output can

turn negative, generating a procyclical marginal cost conditional on monetary shock, in line with

evidence by Nekarda and Ramey (2013). The result that monetary policy is neutral, if not contrac-

tionary, is consistent with VAR evidence by Uhlig (2005), who, based on an agnostic identification,

concludes that a monetary stimulus is just as likely to increase output or to decrease it.

Remark 6 I find the rest of the sub-section unclear; it needs direct reference to equations

The smaller rise in employment in the model with capital frictions, implies a smoother response

in the marginal rate of substitution and in real wages. With hiring frictions, the response of the

MRS is muted, implying an even stronger dampening effect on real wages. In addition, for the same

reasons discussed for technology shocks, both hiring and investment frictions contain the response

of real wages by smoothing also the response of the marginal revenue product (Figure 4).

This rigid response of real wages translates into a dampened response of the wage component of

marginal costs, relative to the frictionless benchmark. However, in models with hiring frictions, wage

moderation implies a jump in the value of a job on the impact of the shock, and thus an increase

in the frictional component of marginal costs, which, in the current calibration more than offsets

the smoothing impact of frictions on the wage component. As a result, marginal costs increase

by more in the model with labor frictions only, relative to the frictionless case. In the model with

investment frictions only, instead, the wage share of income is the only component of marginal costs,

so the dampening impact of capital frictions on wages directly translates into a smoother response

of marginal costs and inflation. In the model with both labor and capital frictions, the response of

marginal costs and inflation lies in between the two benchmarks with either labor or capital frictions

only. In the model with hiring frictions only, the response of the frictional component of marginal

costs appears to contribute to changes in marginal costs more than the wage component, while in

the model with both capital and labor frictions, both component seem to be equally important.

4.2.3 Investment specific shocks

Remark 7 This is clearer but still would be helped by equations

Figure 5 shows that following an expansionary investment-specific technology shock, marginal

costs and inflation increase in all models. In the frictionless NK model, hiring, investment, employ-

ment, capital and output increase, both because of the direct effect of the shock on investment rates,
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and because of the indirect impact of marginal costs on the marginal revenue product of capital and

labor. Frictions offset this effect through a relative price effect on the values of labor and capital,

leading to smoother responses in all real variables.

The dampened response of employment in the models with frictions smooths the response of the

real wage via the marginal rate of substitution and the marginal revenue product of employment

(Figure 6). In turn, the smoother response of real wages translates into a dampened response of the

wage component of marginal costs, relative to the frictionless benchmark. With hiring frictions, the

lower increase in wages generates an increase in the current value of a job, and thus an increase in

the frictional component of marginal costs, which more than offsets the response of the wage share of

income in the case where only hiring frictions are active. With capital frictions only, the wage share

of income is the only component of marginal costs, so the smoother response in wages directly affects

the response of marginal costs. In the model with both capital and labor frictions, the response

of marginal costs and inflation is someway in between the responses of the two benchmarks with

either friction active; in this model both the wage and the friction component appear about equally

important in driving marginal costs.

5 Estimation of the DSGE Model

The previous section has shown that both hiring and investment frictions have crucial implica-

tions for the behavior of marginal costs and for the conditional co-movement of inflation with real

variables. We now undertake estimation of the full DSGE model to compare how the statistical

performance of the NK model changes with frictions. The question we address in empirical work is

what specification of the model is most likely to have generated the inflation series, given a common

set of observables and distributions of priors for the parameter values. This section describes the

methodology, the data used and the choice of priors. The subsequent sections provide analyses of

the results.

5.1 Methodology and Data

We estimate the model using Bayesian methods. First, we take a first-order approximation of the

system of equations around a deterministic steady-state with zero inflation. We then solve the

model and apply the Kalman filter to evaluate the likelihood function of the observable variables.

The likelihood function and the prior distribution of the parameters are combined to obtain the

posterior distributions. The posterior kernel is simulated numerically using the Metropolis-Hasting

algorithm.

We first estimate the full model described in Section 3 using the priors and the shocks discussed

below. Next, using the same shocks, the same observables and the same priors for all the parameters,

we estimate versions of the same model, where we restrict the parameters e1 and e2 so as to shut
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down one friction at a time. We thus estimate three versions of the model with frictions costs: the

unrestricted model, the model that allows only for hiring costs, restricting e1 = 0, and the model

that allows only for investment costs, restricting e2 = 0. We will denote these three models by

M1, M2, and M3, respectively. Each of these three versions is compared to the frictionless New

Keynesian model, obtained by restricting e1 = e2 = 0 and denoted byM0.

We estimate the model using the minimum set of observables and shocks that are required to

assess whether hiring and investment frictions costs help explain inflation dynamics in the context

of New Keynesian models. Inflation, output and the interest rate are typically considered the

very minimum set of observables when estimating any model of inflation dynamics. Given that

our theoretical mechanism affects marginal costs through the interplay of hiring and investment

dynamics, we add series of gross investment and gross hiring flows to this set of observables. Finally,

to discipline fluctuations in marginal costs we make the labor share of income observable to the

estimation. To keep both the model and the estimation as simple as possible, we have abstracted

from the government sector. Our data set will therefore include only observables pertaining to

the private sector in the spirit of Gali and Gertler (1999), thus not confounding the analysis with

government output, inflation, hiring and investment.

The model is estimated on quarterly US data over the period 1976 Q1 to 2014 Q2. The data

pertain to the U.S. private sector and have been downloaded from the Federal Reserve Economics

Data (FRED) set. We make the following mapping between model variables and observable data

series: output in the model corresponds to non-farm business sector output scaled by civilian non-

institutional population; inflation is the implicit price deflator; the interest rate is the effective federal

funds rate; investment corresponds to real gross private domestic investment scaled by civilian non-

institutional population; the hiring rate is gross hiring flows scaled by civilian non-institutional

population.7 The inflation rate and the interest rate series are demeaned prior to estimation, while

the output, investment, hiring and labor share series are detrended with an Hodrik-Prescott filter

with smoothing parameter 1,600.8

Because no assumption on the wage setting process is uncontroversial in models with frictional

labor markets, we include a measurement error in the observation equation for the labor share to

capture model misspecification. We then use five shocks to match the behavior of the remaining five
7The classification codes of the series used in the estimations are the following: FEDFUNDS for the effective

federal funds rate, IPDNBS for the price deflator, OUTNFB for output, GPDIC96 for investment, and CNP16OV
for the population series. The computation of the hiring series first builds on the flows between E (employment), U
(unemployment) and N (not-in-the-labor-force) that correspond to the E,U,N stocks published by CPS. The method-
ology of adjusting flows to stocks is taken from BLS, and is given in Frazis et al (2005). This methodology, applied by
BLS for the period 1990 onward, produces a dataset that appears in http://www.bls.gov/cps/cps_flows.htm. Here
the series have been extended back to 1976.

8The labor share series is detrended because it features a major trend decline starting in the years 2000s. King
and Watson (2012) argue that real factors might have influenced the trend in the labor share in ways that are largely
unrelated to inflation. Karabarbounis and Neiman (2014) document that the decline in the labor share is a global
phenomenon and can be attributed to a large extent to the secular decline in the price of investment goods. Because
our model cannot account for trends in the labor share we simply remove the low frequency component. The results
in this paper are robust to excluding the labor share from the set of observable series.
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observable series. The shocks include a preference shock, a technology neutral shock, a monetary

policy shock, a labor supply shock and an investment technology shock. All shocks are assumed to

follow a first-order autoregressive process with i.i.d. normal errors.

5.2 Parameter priors and posteriors

The model contains 13 structural parameters, excluding the shock parameters. For the parameters

that affect the steady state, the prior means of the estimated parameters and the value of the

parameters that are kept fixed in estimation, are assigned so as to follow the calibration discussed

in Section 4.1. In terms of the distributions for our priors, we use the Beta distribution for priors

that take values between zero and one, the Gamma distribution for parameters restricted to be

positive and the Inverse Gamma distribution for the standard deviation of the shocks. Table 2

reports the parameters that are kept fixed in estimation.

Table 2

Because the elasticity of substitution ε and the coeffi cient of price stickiness ζ are not jointly

identified, ε is fixed in estimation. A key feature of our estimation strategy is that we select priors

of the frictions costs function to be tight around the calibrated means. The reason why we do so

is because we are interested in understanding whether conservative parameterizations of frictions

costs can help explain and predict inflation in the context of New-Keynesian models, so we want to

enforce posterior estimates of frictions costs to remain at the lower end of the range of reasonable

values.

This strategy allows us to examine whether (moderate) frictions costs matter for inflation dy-

namics. For the same reason, as seen in Table 2, we keep fixed in estimation a number of parameters

that have a direct impact on the steady-state, and could therefore change the size of frictions costs

relative to output. We can think about these parameters as being estimated with infinitely tight

priors. A technical reason for either fixing or selecting tight priors for the parameters affecting

the steady-state is that doing so ensures convergence of the steady-state non-linear solver, which

is only possible if the starting values are not too far from the solution. So for these reasons, the

workers’separation rate δN and the capital depreciation rate δK are fixed, as in Gertler, Sala and

Trigari (2008), and the priors around the bargaining power parameter γ are tight. We select looser

priors for the parameters that do not affect the steady-sate, such as the coeffi cients of the Taylor

rule and the autocorrelation of shocks. We have also estimated versions of the model where we

estimate a larger number of parameters and/or assume looser priors on the parameters affecting the

steady-state. This alternative estimation strategy tends to increase the ability of frictions costs to

explain inflation dynamics. However, these imply larger frictions costs and hence are less suited to

address Gali’s (2010) point that hiring frictions are too small to matter.
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Tables 3 and 4 fully characterize the priors used for estimation as well as the posterior estimates.9

Tables 3-4

Overall, the posterior estimates of the parameters appear to be tightly estimated across all

specifications. The estimated elasticity of labor supply ranges from 0.28 to 0.33 in the four estimated

versions of the model, which is somewhat below our prior and in line with the synthesis of micro

evidence reported by Chetty et al. (2012), pointing to Frisch elasticities around 0.25 on the extensive

margin. Another result that is common across models is that the degree of interest rate smoothing

in the Taylor rule is estimated to be lower than the prior mean. Models with hiring frictions costs

tend to estimate a lower labor share of income than assumed in the calibration. In the specification

that allows for both hiring and investment frictions costs, an estimated coeffi cient of α = 0.57 maps

into a labor share of income of 60%. Models with frictions costs estimate a small sensitivity of

interest rates to output in the Taylor rule, as in Christiano, Eichenbaum and Trabandt (2013), who

also estimate a DSGE model with hiring frictions. Turning to the shocks, all models estimate that

preference shocks are quite persistent. In addition, both technology neutral and investment-specific

shocks are more persistent in models with frictions, while monetary shocks are persistent only in

the frictionless model.

6 Accounting for the Role of Frictions in Inflation

We now evaluate whether frictions costs affect marginal costs in a way that is useful to explain

inflation. We also seek to determine what specific form of frictions matters. Table 5 shows the

estimated marginal and total frictions costs for different specifications of the frictions costs function,

evaluated at the posterior means reported in Tables 3 and 4.

Table 5

The fullest model,M1, has total frictions costs at 2.4% of GDP and marginal costs at magnitudes

that were discussed in Section 4.1 above. TheM2 model is estimated to imply similar costs: 1.6%

of GDP for total costs and marginal hiring costs as inM1. The other model,M2 implies somewhat

lower total costs, 1% of GDP, and marginal investment costs as inM1. In what follows we explain

what role these frictions play in determining inflation.

6.1 Marginal Data Density Analysis

We rely on the marginal data density (MDD) as the measure of fit. The MDD is computed for

each model using the modified harmonic mean estimator introduced by Geweke (1999). Considering

9Each estimation of the model is based on five parallel chains, each one consisting of 250,000 draws from the
Metropolis algorithm, half of which are discarded as burn-in. Brooks and Gelman (1998) diagnostics provide evidence
on convergence. Acceptance rates for all the models vary between 20 and 34 percent.
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that this criterion penalizes overparametrization, models with less restrictions on the frictions costs

function would rank better only if the extra parameters are informative in explaining the data. The

relative fit of inflation across models is then assessed as in Neri and Ropele (2012) by computing

the conditional marginal data density for the inflation rate in each specifications of the modelMj

for j ∈ {0, 1, 2, 3}. The conditional MDD is the likelihood of observing the inflation rate series,

conditional on the model and on the set of observables that excludes inflation.

We denote the set of observables excluding inflation as DT and the inflation series as ΠT . The

conditional MDD of inflation for a modelMj is:

p (ΠT | DT ,Mj) =
p (DT ,ΠT | Mj)

p (DT | Mj)
, j ∈ {0, 1, 2, 3} ,

where the numerator of the ratio on the right hand side is the unconditional MDD of the model

estimated on the full set of observables, and the denominator is the MDD of the same model

estimated on the restricted sample (the full set without inflation).10

Table 6 reports the results.

Table 6

As shown in the table, the conditional MDD of inflation in the frictionless model is 377 log

points. Introducing hiring and investment frictions costs separately increases the conditional MDD

to 456 and 415 log points, respectively. As we discuss below, this improvement in log-likelihood, is

very strong evidence that both hiring and investment frictions considered independently, help the

New-Keynesian model fit inflation. Importantly, introducing hiring frictions into the benchmark

NK model increases the ability of the model to fit both the inflation series and the whole set of

observables much more than investment frictions. This result suggests that the important changes

generated by hiring frictions in the co-movement between the observables are supported by the

data. Introducing investment frictions on top of a NK model with hiring frictions significantly helps

explaining the behavior of inflation and the other observables, but most of the increase in ability to

fit the data relative to the frictionless benchmark is driven by the hiring frictions.

To provide some intuition on how large the estimated differences in log-points are, we follow

Melosi (2014) and perform a Bayesian test of the null hypothesis that a model with frictions costs

is at odds with the behavior of inflation. We do so by comparing the conditional MDD of inflation

associated with a particular specification of frictions costs and the frictionless NK model.

10The conditional MDD can also be written as:

p (ΠT | DT ,Mj) =

∫
p (ΠT | Θ, DT ,Mj) p (Θ | DT ,Mj) dΘ,

where p (ΠT | Θ, DT ,Mj) is the conditional likelihood and p (Θ | DT ,Mj) is the conditional distribution of the pa-
rameters Θ.
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The posterior probability of a model with frictions costs, conditional on the inflation series and

denoted by p (Mj |ΠT ) is:

p (Mj |ΠT ) =
p (ΠT |DT ,Mj) p0 (Mj)

p (ΠT |DT ,Mj) p0 (Mj) + p (ΠT |DT ,M0) p0 (M0)
, j ∈ {1, 2, 3} ,

where p (ΠT |DT ,Mj) are the conditional MDD defined above, while p0 (Mj) and p0 (M0) = 1 −
p0 (Mj) are the prior probabilities in favor of the two models. Given our estimates for the conditional

MDDs, the null can be rejected so long as the prior probability in favor of the model with investment

costs only and hiring costs only are not less than 2.2E-16 and 3.5E-34, respectively. Similarly, for

the unrestricted model, the null can be rejected so long as the prior probability in its favor is

no less than 1.E-53, an extremely small number, which offers substantial evidence in favor of the

unrestricted model.

6.2 Decomposition of Marginal Costs

In order to understand what drives the different behavior of inflation in the two models

Remark 8 two models or different models?

we investigate the determinants of the estimated marginal costs series. In what follows we

restrict our attention to the benchmark without frictions and our preferred specification of the

model with frictions (M1), which is the one that allows for both hiring and investment costs. As

reported in Table 5, the estimated frictions costs are moderate in this model. The smoothed series

for estimated total frictions costs relative to output oscillates between 1.7% and 2.4% in sample, and

marginal frictions costs exhibit very moderate fluctuations, so we are not estimating large swings

in total or marginal frictions costs.

Marginal costs can be decomposed using either the optimality condition for employment or

capital, which we report again for convenience in equations (26) and (27), respectively:

mct =
Wt
Pt

fN,t − gN,t
+

WN,t

Pt
Nt

fN,t − gN,t
+
QNt − (1− δN )EtΛt,t+1Q

N
t+1

fN,t − gN,t
, (26)

Etmct+1 = Et

WK,t+1

Pt+1
Nt+1

fK,t+1 − gK,t+1
+

1

Λt,t+1
Et
QKt − Λt,t+1(1− δK)QKt+1

fK,t+1 − gK,t+1
. (27)

In the frictionless model, marginal costs are proportional to the labor share, as the second and third

term in equation (26) disappear. Equation (27) posits that expected future marginal costs must

equal the sum of the positive expected impact of capital on wages and the expected change in the

value of capital, both divided by the net marginal product of capital. In the frictionless model there

is no intra-firm bargaining, which implies that the expected next-period marginal cost only reflects
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expected changes in the value of capital. In turn, this term only reflects expected changes in the

relative price of the investment good.11 Allowing for both hiring and investment frictions costs can

potentially modify the dynamics of the marginal cost series by allowing for frictions and intrafirm

bargaining to matter in both equations.

Figure 7 compares the smoothed estimates for the inflation series obtained in the benchmark

NK model and in the preferred specification with frictions. The figure shows that the two series

are very different: the marginal cost obtained by estimating the model with frictions is much more

volatile than in the frictionless benchmark.12

Figure 7

Remark 9 should we not add the data series to figure 7?

Figure 8 decomposes marginal costs, using equation (26) and the preferred friction-cost specifi-

cation M1.

Figure 8

In this model, as shown by the figure, most of the fluctuations are explained by the frictional

component. Specifically, we estimate hiring frictions to explain about 51% of the variation in

marginal costs, the wage component of marginal costs to explain around 35%, while the remaining

14% is accounted for by the direct impact of intrafirm bargaining on marginal costs. Note, too, that

these results have been obtained with moderate total and marginal frictions costs, as reported in

Table 5. The result that labor frictions are more important than the labor share in driving marginal

costs at business cycle frequencies, stands in contrast to previous literature, but should not come as

a surprise in the light of the numerical properties of the model described in Section 4.1. This is an

important result since New-Keynesian models of the labor market have so far identified marginal

costs with the labor share of income, thereby implying that the labor share is the sole determinant

of inflation dynamics.

Figure 9 plots the decomposition of the estimated marginal costs series using the optimality

condition for investment in equation (27).

Figure 9
11 In the frictionless model the first two terms in equation (13) wash out, so the marginal value of capital coincides

with the relative price of investment.
12We have estimated versions of the model where we do not make the labor share of income observable to the

estimation. In this case both the benchmark NK model and the model with frictions tend to estimate similar
marginal cost series. However, the magnitude of fluctuations in the estimated marginal cost is much larger than
observed fluctuations in the labor share of income, and therefore is incompatible with the notion of marginal costs
implicit in the frictionless NK model. Fluctuations in the wage component of marginal costs are much less pronounced
in the estimated model with frictions, because most of the variation in the marginal cost is explained by labor frictions.
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The two determinants of expected marginal costs exhibit nearly perfect positive correlation, but

the intrafirm bargaining component quantitatively plays a minor role. This term captures the effect

of capital on wages and reflects a classical hold up problem.

As noted in Section 3.3, the frictional component of marginal costs can be interpreted as the

ratio of marginal hiring profits, Πt, to the marginal product of labor. A high elasticity of marginal

profits to the marginal product of labor has been shown to be key for matching unemployment

fluctuations at business cycle frequencies (Shimer (2005)). It turns out that in the context of New

Keynesian models with frictional labor markets, the estimated behavior of marginal hiring profits

relative to the marginal product is also key to explain changes in real marginal costs and, as a

result, inflation. This is shown in Figure 10, which plots a decomposition of the New Keynesian

Phillips curve delineated in equation (16), where the marginal cost is in turn decomposed in three

components, using equation (26):

πt(1 + πt) =
1− ε
ζ

+
ε

ζ

[
Wt
Pt

fN,t − gN,t
+

WN,t

Pt
Nt

fN,t − gN,t
+

Πt

fN,t − gN,t

]
(28)

+ Et
1

1 + rt
(1 + πt+1)πt+1

yt+1

yt

Figure 10

We estimate that the forward looking component of inflation, i.e. the last term in the above equa-

tion, explains almost 40% of current inflation, while the contribution of hiring frictions, Πt
fN,t−gN,t ,

accounts for 32%, the wage component accounts for 20% and the intrafirm component for the re-

maining 8%. The figure shows that current marginal hiring profits (Πt) are nearly as important as

the forward looking term of the Phillips curve in explaining current inflation. The figure also sug-

gests that labor market frictions might have been an important force counteracting the deflationary

pressure arising from expected inflation during the great recession and more in general throughout

the years 2000s.

7 Conclusions

In the standard New Keynesian DSGE model there is no independent role for unemployment as

a determinant of inflation over and above that of employment. The absence of unemployment

from this model of inflation is in stark contrast with its prominence in monetary policy debates and

strategies. In recent times central banks such as the Federal Reserve or the Bank of England, publicly

committed to anchor their interest rate policies to the dynamic behavior of the unemployment rate.

These monetary strategies make it even more important to achieve a better understanding of the

linkages between the unemployment rate and inflation rate dynamics. This can only be achieved

by properly modelling frictions in the labor market. We see our work as a step in this direction.
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We set-up a very streamlined model in order to closely compare to a reference NK model and

highlight sharply the role that hiring and investment frictions play in the transmission of shocks

to inflation dynamics. We find that both frictions have crucial implications for the behavior of

marginal costs and the conditional co-movement of inflation and real variables. In sharp contrast

with the literature, we find that hiring frictions are more important than the labor share in driving

inflation dynamics, and they account for about 50% of the variation in marginal costs. These

frictions in equilibrium equal the ratio of marginal hiring profits to the marginal product of labor,

an object that is closely related to the fundamental surplus fraction (Ljungqvist and Sargent (2015)).

So, our result that marginal hiring profits are important in driving inflation dynamics echoes the

well-known result on their importance for driving unemployment dynamics.

Remark 10 Same as above, regarding Ljungqvist and Sargent. RF: addressed.

Quite clearly, our simple model will be misspecified. But when we take the model to the data,

and compare the statistical performance of different specifications of the model, each version of the

model is equally misspecified except for frictions. The result that both frictions and particularly

hiring frictions considerably help explain inflation dynamics provides some evidence in favor of the

hypothesis that the very different structure of conditional co-movement generated by hiring frictions

is supported by the data. An important exercise to carry-out in future work is to verify whether such

results also hold in a richer model. While this might not prove diffi cult per se, understanding the

role that each additional assumption plays in the transmission of shocks might be more complicated;

the interaction between hiring frictions and other frictions in a NK model might not be trivial. This

is exemplified in work by Krause and Lubik (2009), who show that wage rigidities are irrelevant

for the dynamics of marginal costs when introduced in a NK model with search frictions, in sharp

contrast with the canonical result that would arise in the absence of frictions.

Remark 11 I do not understand the emphasized sentence.

The estimated marginal cost series in the models with and without frictions appear to exhibit

very different behavior. In particular, the hiring frictions component of marginal cost is estimated

to have pushed up on marginal costs substantially since the early 2000s. This estimated role of

frictions can potentially help reconcile within the NK framework the disconnect between the steady

rate of inflation and the declining labor share observed over the last fifteen years. More in particular,

during the Great Recession and in its aftermath, hiring frictions are estimated to have counteracted

the deflationary pressure arising from expected inflation. This could potentially offer an explanation

for the resilience of inflation in recent years, which can hardly be accounted for within the confines

of a frictionless NK model, a point made by Hall (2011) in his presidential address to the American

Economic Association. We leave this analysis for future work.
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Appendix A1
The model

Households

Using U0
j,t =

Uj,t
1−xt and Uj,t = 1−Nj,t, rewrite the law of motion for employment in (1) as:

Njt = (1− δN )Nj,t−1 +
xt

1− xt
(1−Nj,t)

We can write the Lagrangean as:

maxL =Et

∞∑
s=0

βs

{
ηp
t+s

ln (Cj,t+s − ϑCt+s−1)−
ηlt+sχ

1 + ϕ
N1+ϕ
j,t+s

−λj,t+sPt+sVNj,t+s
[
Nj,t+s − (1− δN )Nj,t+s−1 −

xt+s
1− xt+s

(1−Nj,t+s)

]
−λj,t+s

[
Pt+sCj,t+s +

Bj,t+s+1

Rt+s
−Wj,t+sNj,t+s −Bj,t+s −Υjt + Tj,t

]}
The FOCs with respect to Cj,t, Bj,t+1, and Nj,t are:

λj,t =
ηp
t

Pt (Cj,t − ϑCt−1)
, (29)

1

Rt
= βEt

λj,t+1

λj,t
,

VNj,t =
Wj,t

Pt
−
ηltχN

ϕ
j,t

λj,tCj,t
− xt

1− xt
VNj,t + β (1− δN )Et

Cj,t
Cj,t+1

VNj,t+1. (30)

Market clearing condition

Consolidating the households’and the government budget constraints in (2) and (21) yields:

PtCt + PtGt = WtNt + Υt. (31)

The term Υt comprises the profits from both intermediate and final good producers.

The profits from the final good producers are given by:

Pt (1−mct) (f − g)− ζ

2

(
πt

(πt−1)ψ (π̄)1−ψ − 1

)2

PtYt,

while the profits of the intermediate good producers are given by:

Ptmct (f − g)−WtNt − ηqtPt [It + ν (ut)]

30



Consolidating profits yields:

Υt = Pt (f − g)− ζ

2

(
πt

(πt−1)ψ (π̄)1−ψ − 1

)2

PtYt −WtNt − ηqtPt [It + ν (ut)]

Substituting Υt in the consolidated budget constraint in (31) gives:

Yt = Ct +Gt + ηqt [It + ν (ut)] +
ζ

2

(
πt

(πt−1)ψ (π̄)1−ψ − 1

)2

Yt = (f − g) .

Using

Gt =

(
1− 1

ηGt

)
Yt,

we get:

Yt = Ct +

(
1− 1

ηGt

)
Yt + ηqt [It + ν (ut)] +

ζ

2

(
πt

(πt−1)ψ (π̄)1−ψ − 1

)2

Yt = f − g,

and rearranging:

Yt

 1

ηGt
− ζ

2

(
πt

(πt−1)ψ (π̄)1−ψ − 1

)2
 = Ct + ηqt [It + ν (ut)] = f − g,

which is the market clearing condition specified in the main text.
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Appendix A2
Solving for the Wage Function with Intrafirm Bargaining

We rewrite below the wage Nash sharing rule derived in equation (19):

(1− γ)VNjt = γQNit , (32)

where we make use of subscripts j and i to denote a particular household j and firm i bargaining

over the wage Wit.

Substituting (4) and (14) into the above equation one gets:

γ

{[
mcit (fN,it − gN,it)−

Wit

Pt
− WN,it

Pt
Nit

]
+ (1− δN )EtΛt,t+1QNit+1

}
=

(1− γ)

[
Wi,t

Pt
−
ηltχN

ϕ
j,t

λj,tPt
− xt

1− xt
V N
j,t + EtΛt,t+1 (1− δN )V N

j,t+1

]
.

Using the sharing rule in (32) to cancel out the terms in QNit+1 and VNjt+1 we obtain the following

expression for the real wage:

Wit

Pt
= γmcit (fN,it − gN,it)− γ

WN,it

Pt
Nit + (1− γ)

[
ηltχN

ϕ
j,t

λj,tPt
+

xt
1− xt

γ

1− γQ
N
t

]
. (33)

Ignoring the term in square brackets, which is independent of Nit, and dropping all subscripts

from now onward with no risk of ambiguity, we can rewrite the above equation as follows:

WN +
1

γN
W − Pmc

(
fN
N
− gN
N

)
= 0 (34)

The solution of the homogeneous equation:

WN +
1

γN
W = 0, (35)

is

W (N) = CN
− 1
γ , (36)

where C is a constant of integration of the homogeneous equation. Assuming that C is a function

of N and deriving (36) w.r.t. N , yields:

WN = CNN
− 1
γ − 1

γ
CN

−1− 1
γ . (37)
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Substituting (36) and (37) into (34) one gets:

CN = N
1−γ
γ Pmc(fN − gN ). (38)

Integrating (38) yields:

C = Pmc

N∫
0

z
1−γ
γ (fz − gz)dz +D, (39)

where D is a constant of integration. Let’s solve for the two integrals in fz and gz, one at a time.

Assuming that f(a,A, z, u,K) = a (Az)α (uK)1−α, we can write:

Pmc

N∫
0

z
1−γ
γ fzdz = Pmcα

γ

1− γ (1− α)
aAαN

1−γ(1−α)
γ (uK)1−α . (40)

Given our assumptions on the functional form of g as in (8), the function gN can be rearranged as

follows:

gN = −aAα (uK)1−α e2H
2Nα−3 + αaAα (uK)1−α

[
e1

2

(
I

uK

)2

Nα−1 +
e2

2
H2Nα−3

]
. (41)

Integrating the first term in the R.H.S. of the above equation yields:

Pmc

N∫
0

z
1−γ
γ aAα (uK)1−α e2H

2zα−3dz = Pmce2H
2aAα (uK)1−α γ

1− γ (3− α)
N

1−γ(3−α)
γ , (42)

Integrating separately the two terms in square brakets in equation (41) yields:

−Pmc
N∫

0

z
1−γ
γ αaAα (uK)1−α e1

2

(
I

uK

)2

zα−1dz = −Pmce1

2

(
I

uK

)2

αaAα (uK)1−α γ

1− γ (1− α)
N

1−γ(1−α)
γ ,

(43)

−Pmc
N∫

0

z
1−γ
γ αaAα (uK)1−α e2

2
H2zα−3dz = −Pmce2

2
H2αaAα (uK)1−α γ

1− γ (3− α)
N

1−γ(3−α)
γ ,

(44)

Denoting A1 ≡ γ
1−γ(1−α) and A2 ≡ γ

1−γ(3−α) , we can now rewrite (39) as follows:

C = D+PmcaAα (uK)1−α
{
αA1N

1/A1 + e2H
2A2N

1/A2 − αe1

2

(
I

uK

)2

A1N
1/A1 − αe2

2
H2A2N

1/A2

}
.

(45)
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Plugging (45) into (36) one gets:

W (N) = DN
− 1
γ + PmcaAα (uK)1−α

{
α

[
1− e1

2

(
I

uK

)2
]
A1N

α−1 +
(

1− α

2

)
e2H

2A2N
α−3

}
.

(46)

In order to eliminate the constant of integration D we assume that limN→0NW (N) = 0. The

solution to (33) therefore is:

Wt

Pt
= γmctatA

α
t (utKt−1)1−α

{[
1− e1

2

(
It

utKt−1

)2
]

αNα−1
t

1− γ(1− α)
+
(

1− α

2

) e2H
2
tN

α−3
t

1− γ (3− α)

}

+ (1− γ)

[
ηltχN

ϕ
t

λtPt
+

xt
1− xt

γ

1− γ

(
mctgH,t +

WH,t

Pt
Nt

)]
. (47)
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Appendix A3
The stationary model

Let X̃t ≡ Xt/At for any variable Xt and ηAt ≡ At/At−1. Also letW r
t denote the real wageWt/Pt,

and W r
x,t denote it’s first order derivative with respect to the argument x. The stationary model is

characterized by the following equations:

The Euler equation (3):

1

Rt
= βEt

ηpt+1 (Ct − ϑCt−1)

ηpt (Ct+1 − ϑCt)
1

πt+1

= βEt
ηpt+1

(
C̃tAt − ϑC̃t−1At−1

)
ηpt

(
C̃t+1At+1 − ϑC̃tAt

) 1

πt+1

= βEt
ηpt+1

(
C̃t − ϑC̃t−1/η

A
t

)
ηpt

(
C̃t+1ηAt+1 − ϑC̃t

) 1

πt+1
,

where πt+1 = Pt+1/Pt.

The production function f(at, At, Nt,ut,Kt−1) = at (AtNt)
α (utKt−1)1−α:

f (at, At, Nt, ut,Kt−1)

At
≡ f̃t = atN

α
t

(
utK̃t−1

)1−α (
ηAt
)α−1

.

The capital law of motion in eq. (9):

K̃t = (1− δK) K̃t−1
1

ηAt
+ Ĩt. (48)

The employment law of motion in eq. (10):

Nt = (1− δN )Nt−1 +Ht.

The adjustment cost function eq. (8)

g(at, At, It, ut,Kt−1, Ht, Nt)

At
≡ g̃t =

e1

2

(
Ĩt

utK̃t−1

ηAt

)2

+
e2

2

(
Ht

Nt

)2
 atNα

t

(
utK̃t−1

)1−α (
ηAt
)α−1

.

The derivative of the adjustment cost function with respect to hiring:

gH(at, At, It, ut,Kt−1, Ht, Nt)

At
≡ g̃H,t =

e2
Ht
N2
t
f

At
= e2

Ht

N2
t

f̃t.
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The derivative of the adjustment cost function with respect to investment:

gI(at, At, It, ut,Kt−1, Ht, Nt) = e1
Ĩt

K̃2
t−1

(
ηAt
)2
f̃t.

The derivative of the adjustment cost function with respect to employment:

gN (at, At, It, ut,Kt−1, Ht, Nt)

At
≡ g̃N,t =

−e2
ft
Nt

H2
t

N2
t

+ αgt
Nt

At
= −e2

f̃t
Nt

H2
t

N2
t

+
αg̃t
Nt

.

The derivative of the adjustment cost function with respect to capital:

gK(at, At, It, ut,Kt−1, Ht, Nt) = −e1ft
I2
t

u2
tK

3
t−1

+
(1− α)gt
Kt−1

= −e1f̃t
Ĩ2
t

u2
t K̃

3
t−1

(
ηAt
)3

+
(1− α)g̃t

K̃t−1

ηAt .

The derivative of the adjustment cost function with respect to the capital utilization rate:

gu(at, At, It, ut,Kt−1, Ht, Nt)

At
≡ g̃u,t = −e1

ft
At

I2
t

u3
tK

2
t−1

+
(1− α)gt
Atut

= −e1f̃t
Ĩ2
t

u3
t K̃

2
t−1

(
ηAt
)2

+
(1− α)g̃t

ut
.

The resource constraint in eq. (23):

Ỹt = C̃t + ηqt

[
Ĩt + ν̃ (ut)

]
+ G̃t =

(
f̃t − g̃t

)1− ζ

2

(
πt

(πt−1)ψ (π̄)1−ψ − 1

)2
 , (49)

where ν̃ (ut) equals

ν̃ (ut) ≡
ν (ut)

At
=
u1+ξ
t − u1+ξ

1 + ξ
.

The first order conditions with respect to capital utilization in equation (11):

mct

(
f̃u,t − g̃u,t

)
=
W̃u,t

Pt
Nt + ηqt ν̃

′ (ut) ,

where f̃u,t is given by:

f̃u,t ≡
fu,t
At

=
(1− α) ft
Atut

=
(1− α) f̃t

ut
,

and ν̃ ′ (ut) equals:

ν̃ ′ (ut) ≡
ν ′ (ut)

At
= uξt .

The first order conditions with respect to capital in equations (12) and (13) can be merged by
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eliminating QK , which yields:

(
mctgI,t +W r

I,tNt + ηqt
)

= EtΛt,t+1

{
mct+1(fK,t+1 − gK,t+1)−W r

K,t+1Nt+1

+(1− δK)
(
mct+1gI,t+1 +W r

I,t+1Nt+1 + ηqt+1

)}
, (50)

where the superscript r denotes real variables, the real discount factor is

Λt,t+1 = Et
1

Rt/πt+1
,

and the marginal product of capital is:

fK,t = at (AtNt)
α (1− α) (utKt−1)−α ut = (1− α)

ft
Kt−1

= (1− α)
f̃t

K̃t−1

ηAt .

The first order conditions with respect to employment in equations (30) and (15) can be merged

by elimitating QN , and expressed as follows:

mctg̃H,t + W̃ r
H,tNt = mct

(
f̃N,t − g̃N,t

)
− W̃ r

t − W̃N,tNt

+(1− δN )EtΛt,t+1

(
mct+1g̃H,t+1 + W̃ r

H,t+1Nt+1

)
ηAt+1, (51)

where

f̃N,t ≡
fN,t
At

=
αatA

α
t N

α−1
t (utKt−1)1−α

At
= α

ft
AtNt

= α
f̃t
Nt
.

The Phillips curve eq. (16):(
πt

(πt−1)ψ (π̄)1−ψ − 1

)
πt

(πt−1)ψ (π̄)1−ψ =
1− ε
ζ

+
ε

ζ
mct

+Et
1

Rt/πt+1

[(
πt+1

(πt)
ψ (π̄)1−ψ − 1

)
πt+1

(πt)
ψ (π̄)1−ψ

Ỹt+1

Ỹt
ηAt+1

]
. (52)

The Taylor rule eq. (22) TO BE REWRITTEN:

Rt
R∗

=

(
Rt−1

R∗

)rs [( 1 + πt
1 + π∗

)rπ ( Ỹt
Ȳ

)ry]1−rs

ηRt , (53)

The equation for the real wage is derived by substituting for λtPt =
ηpt

(Ct−ϑCt−1) into eq. (47) :

W̃ r
t = γmctat

(
ηAt
)α−1

(
utK̃t−1

)1−α

1− e1

2

(
Ĩt

utK̃t−1

ηAt

)2
 αNα−1

t

1− γ(1− α)
+
(

1− α

2

) e2H
2
tN

α−3
t

1− γ (3− α)


37



+ (1− γ)

ηltχNϕ
t

(
C̃j,t − ϑC̃t−1/η

A
t

)
ηpt

+
xt

1− xt
γ

1− γ

(
mctg̃H,t + W̃ r

H,tNt

) , (54)

The derivative of the wage function with respect to investment:

W r
I,t = −γmctatAαt (utKt−1)−α e1

It
utKt−1

αNα−1
t

1− γ(1− α)

= −γmctat
(
ηAt
)α+1

(
utK̃t−1

)−α
e1

Ĩt

utK̃t−1

αNα−1
t

1− γ(1− α)

The derivative of the wage function with respect to hiring:

W̃ r
H,t ≡

W r
H,t

At
=
γmctatA

α
t (utKt−1)1−α (1− α

2

) 2e2HtN
α−3
t

1−γ(3−α)

At

= γmctat
(
ηAt
)α−1

(
utK̃t−1

)1−α (
1− α

2

) 2e2HtN
α−3
t

1− γ (3− α)

The derivative of the wage function with respect to capital:

W r
K,t =

(1− α)

Kt−1

{
W r
t − (1− γ)

[
ηltχN

ϕ
t (Ct − ϑCt−1)

ηpt
+

xt
1− xt

γ

1− γ
(
mctgH,t +W r

H,tNt

)]}
+ γmctatA

α
t (utKt−1)−α e1

I2
t

utK2
t−1

αNα−1
t

1− γ(1− α)

=
(1− α)

K̃t−1

ηAt

W̃ r
t − (1− γ)

ηltχNϕ
t

(
C̃t − ϑC̃t−1/η

A
t

)
ηpt

+
xt

1− xt
γ

1− γ

(
mctg̃H,t + W̃ r

H,tNt

)
+ γmctat

(
ηAt
)α (

utK̃t−1

)−α e1

ut

(
Ĩt

K̃t−1

ηAt

)2
αNα−1

t

1− γ(1− α)
.

The derivative of the wage function with respect to the rate of capital utilization:

W̃ r
u,t ≡

W r
u,t

At
=

(1− α)

Atut

{
W r
t − (1− γ)

[
ηltχN

ϕ
t (Ct − ϑCt−1)

ηpt
+

xt
1− xt

γ

1− γ
(
mctgH,t +W r

H,tNt

)]}
+ γmctatA

α−1
t (utKt−1)−α e1

I2
t

u2
tKt−1

αNα−1
t

1− γ(1− α)

=
(1− α)

ut

W̃ r
t − (1− γ)

ηltχNϕ
t

(
C̃t − ϑC̃t−1/η

A
t

)
ηpt

+
xt

1− xt
γ

1− γ

(
mctg̃H,t + W̃ r

H,tNt

)
+ γmctat

(
ηAt
)α+1

(
utK̃t−1

)−α
e1

Ĩ2
t

u2
t K̃t−1

αNα−1
t

1− γ(1− α)
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The derivative of the wage function with respect to employment:

W r
N,t

At
= W̃ r

N,t =
γmctatA

α
t (utKt−1)1−α

At

{[
1− e1

2

(
It

utKt−1

)2
]
α (α− 1)Nα−2

t

1− γ(1− α)

+
(

1− α

2

) e2H
2
t (α− 3)Nα−4

t

1− γ (3− α)

}
,

W̃ r
N,t = γmctat

(
ηAt
)α−1

(
utK̃t−1

)1−α

1− e1

2

(
Ĩt

utK̃t−1

ηAt

)2
 α (α− 1)Nα−2

t

1− γ(1− α)

+
(

1− α

2

) e2H
2
t (α− 3)N

α−4
t

1− γ (3− α)

}
.
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Appendix A4
The Steady State Equilibrium

Normalization of labor force participation:

1 = N + U (55)

Using (??):
δNN =

x

1− xU (56)

Using (51), and substituting for the real discount factor Λ ≡ 1
R/π̄ = β

µ :

[1− β (1− δN )]
(
mcg̃H + W̃ r

HN
)

= mc(f̃N − g̃N )− W̃ r − W̃ r
NN, (57)

where the superscript r denotes real variables.

Using (50): [
1− (1− δK)

β

µ

]
(1 +mcgI +W r

IN) =
β

µ
[mc (fK − gK)−W r

KN ] (58)

Using (54):

W̃ r = γmcµα−1
(
uK̃
)1−α


1− e1

2

(
Ĩ

uK̃
µ

)2
 αNα−1

1− γ(1− α)
+
(

1− α

2

) e2H
2N

α−3

1− γ (3− α)

 ,

+ (1− γ)

[
χNϕC̃ (1− ϑ/µ) +

x

1− x
γ

1− γ

(
mcg̃H + W̃ r

HN
)]

(59)

Using (49):

f̃ − g̃ = C̃ + Ĩ (60)

Using (48):

K̃ =
Ĩ

1− (1− δK) /µ
(61)

by definition of job finding rate:

x =
Ht

Ut/ (1− x)
(62)

and using (16)

mc =
ε− 1

ε
. (63)

This system solves for N,U,H, Ĩ, W̃ r, C̃, K̃, x,mc once the production function, the friction cost

function, their derivatives and the derivatives of the wage function are substituted for.
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Table 1: IR Analysis: Calibrated Parameters and Steady State Values

Description Parameter Value Source/Target

Discount factor β 0.99 Annual interest rate 4%

Separation rate δN 0.133 Yashiv (2014)

Capital depreciation rate δK 0.02 Yashiv (2014)

Elasticity of output to labor input α 0.66 calibration

Adj. cost function investment term e1 20.3 calibration

Adj. cost function hiring term e2 1.75 calibration

Elasticity of substitution ε 11 Basu and Fernald (1996)

Workers’bargaining power γ 0.28 calibration

Inverse Frisch elasticity ϕ 3 Domeij and Floden (2006)

External habits ϑ 0.6

Elasticity parameter of utilization cost fn ξ 0.7 Gertler Sala and Trigari (2008)

Scale factor disutility of work χ calibration

Trend growth µ 0.6 US data

Panel B: Steady State Values

Definition Expression Value

Total adjustment cost/ output g̃t/Ỹt 0.02 Yashiv (2014)

Marginal investment adjustment cost gI,t/(Ỹt/K̃t) 0.80 Yashiv (2014)

Marginal hiring adjustment cost g̃H,t/(Ỹt/Nt) 0.20 Yashiv (2014)

Labor share of income (W̃ r)

[(f̃−g̃)/N]
2/3 US National Accounts

Opportunity cost of work/real wage χNϕC̃(1−ϑ/µ)

mc(f̃N−g̃N)
0.75 Costain and Reiter (2008)

Unemployment rate ut 0.12 BLS

Table 2: Non-Estimated Parameters in the Frictions Models

Panel A: Parameters

Definition Parameter Value Target/Source

Discount factor β 0.99 Annual interest rate 4%

Separation rate δN 0.133 Yashiv (2014)

Capital depreciation rate δK 0.02 Yashiv (2014)

Elasticity of substitution ε 11 Basu and Fernald (1996)
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Table 3: Prior and Posterior Distributions for the Structural Parameters and the Shocks

Prior dist. Posterior dist.

Model M0 M1

Parametric restrictions e1 = e2 = 0 none

Distr. Mean,Std Mean,Std Mean,Std

Structural Parameters

Adj. Fn investment e1 G 40, 2.0 - 42.0, 1.73

Adj. Fn hiring e2 G 1.5, 0.1 - 1.75, 0.11

Workers’bargaining power γ B 0.28, 0.01 - 0.29, 0.01

Inverse Frisch elasticity ϕ G 3, 0.2 3.6, 0.05 3.0, 0.14

Elasticity of output to labor α B 0.66, 0.02 0.59, 0.01 0.57, 0.018

Price stickiness ζ G 120, 10 69.5, 2.6 83 ,7.5

Taylor response to infl rπ G 1.5, 0.10 2.1, 0.09 1.32, 0.07

Taylor response to output ry G 0.125, 0.05 0.31, 0.03 0.01, 0.003

Interest rate smoothing rs B 0.75, 0.10 0.13, 0.03 0.27, 0.05

Shocks: autoregressive parameters

Technology neutral ρA, B 0.5, 0.2 0.66, 0.03 0.98, 0.01

Technology investment ρq B 0.5, 0.2 0.68, 0.02 0.86, 0.02

Monetary policy ρr B 0.5, 0.2 0.80, 0.02 0.07, 0.03

Preferences ρp B 0.5, 0.2 0.90, 0.02 0.90, 0.02

Labor supply ρl B 0.5, 0.2 0.74, 0.05 0.59,0.06

Shocks: standard deviations

Technology neutral σA IG 0.01, 0.1 0.01, 0.001 0.010, 0.001

Technology investment σq IG 0.01, 0.1 0.011, 0.001 0.007, 0.001

Monetary policy σr IG 0.01, 0.1 0.006, 0.001 0.005, 0.001

Preferences σp IG 0.01, 0.1 0.022, 0.003 0.011, 0.001

Labor supply σl IG 0.01, 0.1 0.016, 0.001 0.063, 0.006

Measurement error labor share σls IG 0.01, 0.1 0.014, 0.001 0.018, 0.001
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Table 4: Prior and Posterior Distributions for the Structural Parameters and the Shocks

Prior dist. Posterior dist.

Model M2 M3

Parametric restrictions e1 = 0 e2 = 0

Distr. Mean,Std Mean,Std Mean,Std

Structural Parameters

Adj. Fn investment e1 G 40, 2.0 − 46.5, 2.5

Adj. Fn hiring e2 G 1.5, 0.1 1.79, 0.09 −
Workers’bargaining power γ B 0.28, 0.01 0.295, 0.01 0.28, 0.06

Inverse Frisch elasticity ϕ G 3, 0.2 3.0, 0.1 3.5, 0.2

Elasticity of output to labor α B 0.66, 0.02 0.54, 0.01 0.70, 0.01

Price stickiness ζ G 120, 10 79, 5.9 68, 1.4

Taylor response to infl rπ G 1.5, 0.10 1.52, 0.08 1.3, 0.07

Taylor response to output ry G 0.125, 0.05 0.015, 0.004 0.01, 0.003

Interest rate smoothing rs B 0.75, 0.10 0.28, 0.04 0.24, 0.05

Shocks: autoregressive parameters

Technology neutral ρA, B 0.5, 0.2 0.98, 0.01 0.99, 0.004

Technology investment ρq B 0.5, 0.2 0.83, 0.02 0.85, 0.02

Monetary policy ρR B 0.5, 0.2 0.03, 0.02 0.22, 0.05

Preferences ρp B 0.5, 0.2 0.94, 0.02 0.88, 0.02

Labor supply ρl B 0.5, 0.2 0.62, 0.06 0.92, 0.04

Shocks: standard deviations

Technology neutral σA IG 0.01, 0.1 0.01, 0.001 0.01, 0.001

Technology investment σq IG 0.01, 0.1 0.007, 0.001 0.007, 0.001

Monetary policy σR IG 0.01, 0.1 0.005, 0.001 0.005, 0.001

Preferences σp IG 0.01, 0.1 0.015, 0.002 0.009, 0.001

Labor supply σl IG 0.01, 0.1 0.057, 0.007 0.020, 0.001

Measurement error labor share σls IG 0.01, 0.1 0.018, 0.002 0.024, 0.002

Table 5: Frictions Costs Implied by Estimation

Specification g
f

gI
f
K

gH
f
N

mean % std. % mean std. mean std.

M1 both hiring and investment 2.4 0.13 0.84 0.067 0.23 0.021

M2 hiring costs only 1.6 0.05 − − 0.24 0.021

M3 investment costs only 1.0 0.12 0.93 0.067 − −
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8 Measurement Equations

The same dataset as in Smets and Wouters. The data set ranges from 1966Q1 to 2007Q2.

∆ lnConst ≡ ∆ lnCt = ∆ ln C̃t + ∆ lnAt

= ∆ĉt + ln ηAt

where

ln ηAt =
(
1− ρA

)
ln ηA + ρA ln ηAt−1 + ςAt−1,

The same applies to the GDP:

∆ lnGDPt ≡ ∆ lnYt = ∆ŷt + ln ηAt

∆ ln Invt ≡ ∆ ln It = ∆ı̂t + ln ηAt

∆Wt/Pt = ∆ŵrt + ln ηAt

All data are quarterly and in percent

Rescaling by 100..change prior for stdev

shocks on and off
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