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1 Introduction

A robust empirical finding is that money wages do not fall to any significant degree during an economic
downturn. A large number of studies report substantial downward nominal wage rigidity in the U.S.

1 Overall, the evidence points towards a sharp asymmetry in the

as well as in Europe and Japan.
distribution of nominal wage changes around zero. That is, money wages rise but they seldom fall.

Recently, Schmitt-Grohe and Uribe, 2010 raised the puzzle that most central banks targets an
annual inflation rate of two percent, whereas current monetary models implies a Ramsey optimal in-
flation rate that is usually negative.? This paper addresses this puzzle by studying how far asymmetric
nominal wage rigidities in combination other rigidities/frictions can take us towards understanding
the stated inflation targets of central banks.

To this end, we develop a DSGE model that can account for several important factors in deter-
mining the optimal inflation rate. To capture the Friedman argument for deflation, to avoid inefficient
economizing in money balances, we introduce a transaction cost (as in Schmitt-Grohe and Uribe, 2004).
To include the Tobin argument for a positive rate of inflation in order to grease the wheels of wage for-
mation in the presence of downward nominal wage rigidity (see Tobin, 1972), we introduce price- and
wage-setting frictions.® Since our ultimate aim is to study the optimal inflation rate, it is important
to allow optimal price- and wage-setting decisions to depend on the inflation rate. In order to do so we
model price- and wage-setting decisions as state dependent. Specifically, price setting follows Dotsey,
King, and Wolman, 1999, while wage setting is based on a modified version of the bargaining model
in Holden, 1994. Beside costs stemming from the potential break up of the firm/worker match when
initiating bargaining under disagreement, firms and workers also face a fixed costs of disagreement,
such as disruptions in business relationships and deteriorating management-employee relationships.?
Another key feature of the model is that, consistently with empirical evidence, work proceed at the old
contract, if no party credibly can threaten with disagreement. Moreover, since the fixed disagreement
costs need not be identical for workers and firms, this opens up for downward nominal wage rigidities

as a rational outcome. Finally, to provide a scope for a surplus to be bargained over, the model

!The empirical evidence ranges from studies using data from personnel files presented in Altonji and Devereux, 2000,
Baker, Gibbs, and Holmstrom, 1994, Fehr and Goette, 2005, and Wilson, 1999, survey/register data in Altonji and
Devereux, 2000, Akerlof, Dickens, and Perry, 1996, Dickens et. al., 2007, Fehr and Goette, 2005, Holden and Wulfsberg,
2008, Kuroda and Yamamoto (2003a, 2003b) to interviews or surveys with wage setters like Agell and Lundborg, 2003,

and Bewley, 1999, just to mention a few.
2An exception is Kim and Ruge-Murcia, 2010 who finds an optimal inflation rate of about 0.4 percent in a model

with downward nominal wage rigidity. However, including productivity growth would, almost certainly push this figure
substantially below zero. See Amano et. al., 2009, for the effect of productivity growth on optimal inflation. For a

detailed overview of the literature, see Schmitt-Grohe and Uribe, 2010.
3 Another reason for a positive steady state inflation rate is to avoid the non-negativity constraint in nominal interest

rates to bind too frequently, see e.g. Billi and Kahn, 2008.

4We thus modify the bargaining set up in Holden, 1994 by assuming that disagreement can lead to a break up of the
firm/worker match rather than a conflict period. This generates a bargaining formulation that is in line with standard
search-matching models used in the macro literature (see e.g. Trigari, 2009 and others)



features a search-matching labor market akin to the model of Trigari, 2009 and Christoffel, Kuester,
and Linzert, 2009.

To parametrize the distribution of disagreement costs in the model, we use a minimum distance
estimation approach to match the nominal wage change distribution implied by the model to the
empirical nominal wage change distribution observed in U.S. micro data. The estimated model yields a
distribution of wage changes that captures the main features of the empirical wage change distribution.
A key feature of our model that allows the model to fit the micro data with any precision is the
introduction of firm-level heterogeneity in terms of productivity, as well as, aggregate productivity
growth. The first feature is needed to capture the large variance of the distribution of nominal wage
changes in the data and the second feature is needed to capture the fact that nominal wages increase
more than the inflation rate on average. The introduction of these two features also has implications
for the optimal inflation rate via effects through the steady state wage distribution.’

Two related papers are Kim and Ruge-Murcia, 2010, and Fagan and Messina, 2009. They analyze
the effects on the optimal inflation target from downward wage rigidity. Both these papers rely on
asymmetric adjustment costs in wages as in Rotemberg, 1982 to generate downward wage rigidities. It
thus becomes key for the planner to avoid these costs in the design of optimal policy. We take a different
stand on the underlying reason for downward wage rigidities. We think of this friction as stemming
from disagreement costs and the implied effects on the threat points in the wage bargaining. Since
disagreement will not occur in equilibrium, these costs are of no direct consequence for the planner
when designing optimal policy. Though indirectly, via the effect on nominal wage formation through
private sector behavior, these costs will affect the design of optimal policy. Importantly, we model
wage dispersion explicitly and thus capture the associated inefficiencies that are due to suboptimal
levels of hours and output across firms and workers. This strategy also implies that we can match
the model to micro data, which allows us to put additional empirical discipline on the analysis. The
paper by Fagan and Messina, 2009 also uses micro data when estimating their model, but in contrast
to them, we allow for inflation to affect price- and wage-setting frequencies, a role for money as a
medium of exchange and solve for the Ramsey policy. The study by Kim and Ruge-Murcia, 2010 also
contains the latter two of these features, but relies only on macro data for estimation and evaluation.

We find that the optimal annual inflation rate under downward nominal wage rigidity is around
1.2%. The optimal annual inflation rate found here is significantly larger than in the baseline monetary
models discussed in Schmitt-Grohe and Uribe, 2010 where the optimal inflation rate is generally at

most around zero, and more in line with the targeted inflation central bank for most inflation-targeting

>The effect of aggregate productivity growth has been studied previously by Amano et. al., 2009, finding a negative
impact on the optimal steady state inflation rate.



central banks. Thus, the features added in this model to the canonical monetary model can take us
quite some distance in understanding the Schmitt-Grohe and Uribe, 2010 puzzle. However, we also
show that varying the degree of flexibility in wage formation has large effects on this conclusion.
Specifically, letting new hires wages to be perfectly flexible leads to an optimal annual inflation rate
of around zero.

The increase in inflation relative to a model with flexible wages and price adjustment frictions is
a little more than two percentage units. The introduction of downward nominal wage rigidities into
a model with flexible wages can be decomposed into two effects. First, wage adjustment frictions are
introduced and second, the frictions become asymmetric. The effects of introducing wage adjustment
frictions is a little larger than when introducing asymmetries; wage adjustment frictions increases
the yearly inflation rate by approximately 1.3 percentage units, while also introducing asymmetries
increases the inflation rate by around 0.8 percentage units.

This paper is organized as follows, in section 2, we outline the model. In section 3, the optimal
policy is described, in section 4 the calibration of the model is presented and in section 5 the results

are presented. Finally, section 6 concludes.

2 The Economic Environment

The basic framework shares many elements of standard DSGE models. There is a monopolistically
competitive intermediate goods sector where producers set prices facing a known random (periodically)
fixed cost of price adjustment as in Dotsey, King, and Wolman, 1999. Thus, for tractability, we assume
that prices have a finite duration of at most J periods. There is also a wholesale sector that uses capital
and labor to produce an input for the intermediate-goods sector.® The input is sold on a perfectly
competitive market. The wholesale sector rents capital on a competitive capital market and post
vacancies on a search and matching labor market. Wages are bargained between workers and the firm
following a slightly modified version of Holden, 1994. In the model, the parties bargain every period.
Each bargaining round starts with one of the parties making a bid, then the other party responds
yes or no. If the response is no, there is a choice whether to continue bargaining in good faith and
post a counter offer or enter into disagreement. If the latter choice is made, there is a probability
that the match breaks down and the wage is determined in a standard Rubinstein-Stahl fashion.
Moreover, in case a party initiate bargaining under disagreement, both parties face their own known

fixed disagreement cost (randomly drawn at the beginning of each period). This cost may be due to

SFor simplicity, we abstract from capital accumulation, though.



deteriorating firm /worker and customer relationships.” In case none of the parties chooses to bargain
under disagreement, but being unable to settle on a new wage, work continues according to the old
contract. If the disagreement cost is sufficiently high, it is not credible for a party to threaten with
disagreement in order to achieve a new wage contract. Instead, the outcome will be to continue to work
according to the old contract already in place, thus endogenizing nominal wage rigidity. To capture
the downward nominal wage rigidity observed in micro data it is required that firms, on average, face
higher disagreement cost. As with prices, we assume that wage contracts last for at most J*“ periods.

In order to introduce complete consumption insurance, we assume that there is a representative
family as in Merz, 1995. Finally, notation is simplified by assuming a flexible price retail sector that
repacks the intermediate goods in accordance with consumer preferences and sells them to consumers

on a competitive market.

2.1 Retalil firms

We follow Erceg, Henderson, and Levin, 2000 and Khan, King, and Wolman, 2003 and assume a
competitive retail sector that buy intermediate goods and sell a composite final good. The composite
good is combined from intermediate goods in the same proportions as households would choose.
Given intermediate goods output levels Y;j produced by intermediate goods firms j, the amount of

the composite good Y; is

fed

o1 o—1

J-1 o1
vi= Yl (V)T (1)
j=0

where o > 1 and w/ is the share of retail firms producing Ytj at price Ptj . The price P; of one unit of

the composite good is

1—0o

J-1 ) Nl—o
7=0

2.2 Intermediate goods firms

The intermediate goods firms optimally choose whether to change prices, given a menu cost ¢, of
changing prices. Adjustment costs are drawn from a cumulative distribution function Gp. Let the
probability of adjusting prices in a given period be denoted by ag, given that the firm last adjusted

it’s price j periods ago. We assume that there is some J > 1 such that o’ = 1.

"Note that there is no disagreement in equilibrium, and hence the equilibrium disagreement cost is zero. Thus, in
contrast to state-dependent pricing, these cost neither enter resource constraints nor firm/worker value functions.



2.2.1 Prices

Given that an intermediate goods firm last reset prices in period ¢ — j, the maximum remaining
duration of a price contract is J — j, where J is the maximum duration of a price contract and ag is
the adjustment probability j periods after the price was last reset. The intermediate goods firms buys
a homogeneous input from the wholesale firms at the real price p;’. Finally, the average or expected
(real) adjustment cost, in terms of aggregate output, is given by
—1(
Ejt = i (%) zdGp (z). (3)

J
a; Jo

Note that the upper bound is given by the maximum menu cost ¢, that induces price adjustment, i.e.,
the ¢, that solves ag = Gp(cp). As in Khan, King, and Wolman, 2003, but extended as in Lie, 2010

to allow for state-dependent pricing, an intermediate producer chooses the optimal price P so that
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where P; is the aggregate price level, 8 the discount factor and A ;1 the ratio of Lagrange multipliers

where

in the problem of the consumer tomorrow and today (i.e., relative value of consumption today versus

tomorrow). The values v] evolve according to
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Note that the term within the square brackets is just the firm’s per unit profit in period ¢ + k, given
that prices were last reset in period t.

The first-order condition to the problem (4) is

(1 )Pt0+ elyol L g B (1-aty) Div By =0 (7)
o 2 oy t P, 14V, +1 Q1) Y10 Pri) P =0,



where, noting that Ptj_kj = P?, the derivative Djv} can be computed by using

(P j2 Y/ , , P/ 1
Dl (L) = [1—0)2L +op?| 2L + EA (1- o) Duff! | 5
1V} (Pt> [( o)) iz + opy 2 + EtAg 418 0y | Pty P B )
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Thus, optimal pricing behavior is fully characterized by expressions (7) and (8).

We model price adjustment probabilities as in Dotsey, King, and Wolman, 1999 and others. Thus,

0__,J
adjustment probabilities are chosen endogenously by the firm and is one if ¢, < Utpwvt and zero if
. t
o_,J
cp > %' Adjustment costs are drawn from a cumulative distribution function Gp and the share of
t

firms among those that last adjusted the price j periods ago that adjusts the price today is given by

; ’UO—’Uj

Moreover the shares of firms with duration j since the last price change is denoted by w{. For j > 1

we have
wl = (1-of)wiZ], (10)
and, for j =0,
J-1
0 -
wp = Zagwg_l. (11)
j=1
Assume that G p follows a beta distribution, i.e., the probability density is gp = mxllﬂ (1—2x).

2.3 Households

Households have preferences

o0 \1+E
Et;:jtﬁH [u (c;) — / nL%di] , (12)

where h;; denotes the households hours worked at firm 4. In contrast to Christoffel, Kuester, and
Linzert, 2009 and Khan, King, and Wolman, 2003, consumption purchases are subject to a proportional

transaction cost s = Av + % —2v/AB as in Schmitt-Grohe and Uribe, 2004.% The budget constraint

$Note that the transaction cost function have a satiation point v ensuring that transactions demand is bounded and

that, since v, = ;t, the transaction cost increases in ¢; and decreases in m; as long as ﬁ; is above the satiation point.



of the family is given by

b
RgCt <1 + s (%)) + Ptmt =+ ﬁt =+ Gt—l—lPt (E — Zt) > Pt_lmt_l + s + Wt, (13)
t t

where P; is the price level, M, is money holdings and m; = %’5 is real money balances, b; bonds, 6;1
is the share of intermediate product firms, F; the value of firms (measured on a pre-dividend basis
Fy — Z;)° and Z; nominal dividends, o, is wealth at the start of time ¢, R; is the one period nominal

interest rate, b; denotes one period nominal bonds and where
1
W, = / E Wi di + (1 — nt) by, (14)
0

with b, representing the value of home production. Moreover, W;; denotes the households nominal
wage. Each family own an equal share of all firms and of the aggregate capital stock. Finally, note

that 1 — n; is equal to the unemployment rate. Moreover, we have
Wt — gtPtFt + btfl.

The household first-order conditions are

1
et ouc(e) =M (1 +s <i> + 8’ <i) —> ;
my me ) Mg

At

b+ EpBVy (b, me,nit1) = R, (15)
C% / Ct
me _)\t (——28 <—> + 1) + Et,BVT% (bt,mt,nt_H) = 0,
m3 me

where Vi (by, my, ni41) and Vi, (by, my, ny41) are the derivatives of the household value function.
Using the envelope theorem and the first-order condition with respect to b; we can write the

household Euler equation as
At

At+1
— g, 2t 1
Ry b ( 6)

1+ T4l
2.4 Search and matching

In each period wholesale firm ¢ post v;; vacancies and employs n;; workers. The aggregate number of

vacancies is

1
v = / Eyoudi, (17)
0

9Note that the net cost of buying a unit of claims is Fy — Z;.



and aggregate employment is
1
ny = / E{I’thdl (18)
0

As in Christoffel, Kuester, and Linzert, 2009, the number of unemployed workers is
U =1 —ny. (19)
We assume that the number of matches my is given by the following constant-returns matching function
mé = opudtv 00, (20)

where wu; is unemployment and v; the number of vacancies. The probability that a worker is matched

to a firm
a_ M
St Uy ) ( )
and the probability that a vacancy is filled is
myg
= —, 22
qt s ( )

Finally, a match is broken with probability 1 — p.

2.5 Wage determination

Wage determination also closely follows the model in Christoffel, Kuester, and Linzert, 2009. Thus
wholesale firms bargains with workers with some positive probability at‘w in the j,,’th period following
the last renegotiation. Though, in the model at hand, these probabilities are endogenous.

In the wholesale sector, wage adjustment probabilities are given by at'“’ with a;]w = 1 for some
Jyw > 1. In the model, these adjustment probabilities may depend on whether wages increase or

decrease.

2.6 Value functions

The wholesale firm ¢ use capital k;; and labor h; as inputs to produce output y;; using a constant

returns technology

yir = (aihit)' 7. (23)

where a;; = €7r'e? with v, being the growth of technology and €% an idiosyncratic shock. Also, let
A denote the set of productivity levels. For simplicity, however, we will suppress the idiosyncratic

productivity dimension in the notation in what follows.



The value for the family of a worker at wholesale firm 7 is in period ¢ is, letting ¥ (a;+1, a¢) denote

the transition probability from productivity state a; to a;11,

. 1te
. . . . I (ht (wiw’ a’t))
‘/t]w (wgw’ at) = wgwht ('wiw’ at) — K 1T é_ + B Z EtAt,t—f—lﬁ (at+1, (It)
at+1€A

jw+1 Jw—+1
X Kpaiﬁ (w;j 7at+1) Vi (wiyr, aer1) + (1= p) Ut+1) (24)

1 et 1 et
+ (P <1 — oy (wi_&_ 7at+1>> Vi (w,@rf 7at+1> +(1-p) Ut+1>} ,

Wwiw

where wt‘“’ =—Fis the real wage and, since the firm has the right to manage, hours h; <w¥w, at> are

determined by the firm by maximizing the per-period payoff in
PPy — wit hat,
with respect to hj;, taking technology (23), wages and p}” as given. The value when being unemployed
is
Up = by + BEAs 41 (741 Va1 + (1= sti1) Uggr) - (25)

where, letting wt'w <w{if1, at> denote the share of workers with wage wt‘w and productivity ag,

Jw—1

Va:,t = Z Z w‘Zuz (wiii‘rla a’t) ‘/;]w <w‘zw7at> ) (26)

jwzo ateA

is the average value of employment, where the expectation is taken over all firms. Then the bargaining
surplus (defined by j,, = 0) for the worker is, as usual in bargaining models with a probability of match

breakdown, given by the difference between the value of employment and unemployment
Y (wi ) = Vi (i, a;) - U, (27)

and hence, the value of an additional employee for the household can then be written as

. 11e
‘ ‘ . . . <ht (wi“’,at»
ng ('w-gw7at> = wgw h: <'U‘)g“’7 at) — K 11¢ —b.+0 Z EtAt,t—i—lﬁ ((It+1, at)
at+1€A

Jw+1 Jw+1 0 0 a
X [(patil (wtil 7at+1) Hpyy (Wi, aier) — St+1H$7t+1> (28)

Juw+1 Juw+1 Jw+1 Juw+1
+ (P (1 — Qg <wt+l ,at+1>> Hiyy <wt+1 ,at+1> - 3?+1Hz,t+1>} .
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where

Hzt = V:L",t - Ut-

)

For the firm wholesale firm, the value of an additional employee is

JJw (wt ,at> = p/ (atht (wt ,at))l_v — wt“’ht (wt ,at) - P

w+1 w1
+8 > Argad (a1, an) ofy (UJfJ ’at+1> (pJ2h1 (w1, arsr)) (29)

at41 cA

+1 +1 +1 +1
+8 ) A (a1, ar) (1 o] (wﬁl ,at+1>> I (wiil ,at+1)
at+1€A

where ® are fixed consisting of a fixed labor cost @7 and a fixed capital cost ®x as in Christoffel,
Kuester, and Linzert, 2009. A firm that last renegotiated wages j periods ago can credibly disagree if

the gain from adjusting the wage
dJ]v <wt ,at> = JP (w), ar) — Jiv <wt ,at> ;
is larger that the disagreement cost. Similarly, the worker disagree if
dHw (wgw,at> = Ht0 (w?,at) ij <wt ,at> ,
is larger that the workers disagreement cost.

Wage determination Wages are determined in bargaining between firms and the household mem-
ber employed by the firm. Akin to Holden, 1994, if it is not credible to threaten with disagreement
the parties settle on the previous periods wage. If it is credible to threaten with disagreement the
wage is determined in a standard Rubinstein-Stahl barging game. Since there is equivalence between
the standard non-cooperative approach in Rubinstein, 1982 and the Nash bargaining approach, we
use the latter method. The nominal wage W is then chosen such that is solves the following problem

max (HY (w), a;))? (J9 (wf,ar))" %, (30)

W'L' t

and ¢ denotes the bargaining power of workers. The first-order condition with respect to the nominal

wage WJ corresponding to (30) is
@Jp (wf, a;) DwH} (wf,a) + (1 — @) HY (wf, a;) Dw J7 (wf, a) =0, (31)
where Dy HY (wf, a;) and Dy J? (wf,as) are computed using expressions (28) and (29).

11



2.6.1 Adjustment probabilities

The disagreement costs for the firm follow the cumulative distribution function G : [0, 87] — [0, 1]
and the disagreement cost of workers follow the cumulative distribution function G : [0, BH] — [0, 1]

with upper bounds B’ and B, respectively. The adjustment probabilities are given by
04{“’ (wg“’,at> , (32)

and depend on both G” (thj“’ <wz“’, at>> and GH (dHtJ“’ <wg“’, at>>. A detailed description on how

there are computed are given in the appendix.

2.6.2 The hiring decision and employment flows

Firms chooses it’s hiring so that the hiring cost of an additional employee is equal to the value. Thus,
hiring is determined by

Jw—1
rop=m{B Y > Ewl (w{ifl,am) Av i1l (w{il, at+1> , (33)

Jw=0atr1€A
where the expectation is taken across all firms. This assumption makes wage setting in our model akin
to Gertler and Trigari, 2009 and Christoffel, Kuester, and Linzert, 2009, where newly hired workers
is paid the going wage in the firm. Here, however, we need to adjust that assumption to fit into the
single-employee firm assumption, which we use as a modeling short cut.'® Below, we also analyze the
case with fully flexible wages for new hires.

Since there has been a significant controversy in the literature whether the wages of newly hired
workers are more flexible than for incumbent workers, we find it important to motivate this assump-
tion. Micro-data studies, summarized in Pissarides, 2009, seem to indicate that newly hired workers
wages are substantially more flexible than incumbents wages. However, answering the question wether
newcomers wages are more cyclical than incumbents wages is associated with severe identification
problems. Especially, the studies summarized in Pissarides, 2009 generally fail to control for effects
stemming from variations in the composition of firms and match quality over the cycle. It might
thus be that the empirical evidence just reflect that workers move from low wage firms (low quality
matches) to high wage firms (high quality matches) in boom periods and vice versa in recessions.

The approach taken by e.g. Gertler and Trigari, 2009 to address this issue is introduce a job-specific

'%0ne rationale for the formulation of the hiring condition is to think of a two-level structure in wholesale firms.
First, large wholesale firms, who write staggered contracts with intermediate firms, produce a homogenous labor input
according to a constant returns technology and buys input from small wholesale firms with no mark down. Secondly,
small (single employee) wholesale firms who post vacancies and who are randomly assigned to a large wholesale firm
after a match is found, which in turn determines the wage in the match.

12



fixed effects in a regression of individual wages on the unemployment rate and the interaction of the
unemployment rate and dummy variable indicating if the tenure of the worker is short. This should
control for composition effects in workers, firms and match quality. The problem, however, is that
the interaction effect is then only identified with the within-match variation. It answers the question
wether wages for workers with short tenure responds more to cyclical factors than wages for workers
with longer tenure after that the worker has already been hired. Albeit an interesting question in
itself, it is not the question at hand. Thus, existing micro-data studies can only takes us so far.
If we instead turn to survey evidence, like Bewley, 1999, Bewley, 2007 for the U.S. and the study
performed within the Eurosystem Wage Dynamics Network (WDN) covering about 17,000 firms in
17 European countries, we see strong evidence of that the wages of new hires are tightly linked to
those of incumbents. As reported by Galuscak et al., 2010, about 80% percent of the firms in the
WDN survey respond that internal factors (like the internal pay structure) are the more important
factor driving wages of new hires rather than external or market conditions. Finally, turning to the
macro evidence, De Walque, 2009, develops a DSGE model that allows for a separate analysis of the
flexibility of new and incumbent workers wages via different probabilities of being able to negotiate the
wage. Estimates of this model relying on the European AWM database (presented in the final report
of the WDN; see Lamo and Smets, 2009), indicate that new hires negotiate their wage in the same
proportion as incumbents, in line with the survey evidence. Thus, all in all, we view the assumption
underlying (33) as the natural baseline. However, we also explore the implications of modeling new
hires wages as perfectly flexible.

w

Finally, the employment flow between categories n;" is given by

Ju 0
L . 9 (a

) =3 Y Danam poder (et ) m e + e (3

jw:1at,1€A
and, for j,, > 0,

ju uet [, w1 w1 nl” (ar)

ni(a) = Y W(anar)p(1—afy (wlnha) ) el (a) + = omy (35)
at_1€A

When the wages of newly hired workers are completely flexible, hiring is determined by

0,0
w; (w Q1
Kivy = mif E E, ¢ ( b )

At7t+1Jz?+1 (w?+1 CLt+1) (36)
at41€A Zat-ﬂ €A wg (w?+17 at+1) ’ ’
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instead of (33) and the value of getting a job is

0 (,,0

Wt (wtaat) 0 0
o v, 37
t a; >aeawd (W), ar) D (wy, ar) .

instead of (26). Moreover, the flow equations for employment will change to

Juw 0
. _ . _ . _ n a
() = Y- 0 pay (e aen ) ol o) o, (39)
Juw=1 ant (at)
and, for j,, > 0,
g (ar) = Y 9(at,ar-1)p (1 — "y <w§fl—1= at—l)) it (ara). (39)
atfleA

3 Optimal Policy

In the model we have several distortions. First, there is imperfect competition in the product market.
There is also a distortion due to transactions costs in the final goods market. Furthermore, there are
relative price and relative wage distortions. Finally, there are distortions in the hiring decision on the
labor market.

The policymaker maximizes (12) subject to the constraints (7), (8), (16) the resource constraint,

equating supply with demand!'!

J—1 y J—1 o J—1 e o
Sl - Y wlodz = Yl (4) [ (1+(H)> (40)
§=0 =0 §=0

+miv + @png — (1 —ng) by,

the flow equation of prices

j—1
Pi_1
1 —|-7T757

P = (41)

expressions (2), (4), (6), (9), (15), (19), (21), (28), (29), (31), (32), (33), (34), (35) and the flow

equation of wages

w!
i Wi 42
wt 1 +7Tt. < )

"'Note that, since adjustment costs is in terms of aggregate output, the left-hand side is total output, net of these

costs. The right-hand side consists of the weighted sum across firm demand (p{ )_U yd with

y;i =c (l-l-s (i)) +miv + Prny — (1 —ne) by

my

See Christoffel, Kuester, and Linzert, 2009.
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The problem of the policy maker is given by

N1+
U* ($r-1,51) = minn}i?x [u (ct) — /i’fL%di + U™ (¢4, St+1) (43)

+A§ (¢t7 ¢t—17 dt) + Btc (¢t7 ¢t—17 dt)] )

where ¢, a vector of lagrange multipliers, ¢; is a vector of state variables in period ¢, d; a vector of
control variables, Bf are the constraints from wage setting and A7 the remaining constraints. The
problem is stated fully in the appendix, see Marcet and Marimon, 1998 for details. Numerically, we

solve the problem using the method proposed in Schmitt-Grohe and Uribe, 2009.

4 Calibration

For our numerical exercises, we assume that u (¢;) = logc¢;. The calibration of the deep parameters
are presented in Table 2. To find the steady state of the model, we set the capital share y to 1/3 and
average productivity growth is 1.004 on a quarterly basis. To model the idiosyncratic productivity

process, we use a four-state Markov chain with a quarterly persistence of 0.6 (bounded from above

due to numerical reasons) and with a ratio between the max and the min state of g:%gg ~ 0.76. The

Table 1. Baseline Calibration of the Model

Parameters
15} 0.9928 b, 048
o 10 p 09
& 2 o, 0.6
vy 1/3 o, 0.83
g*  1.004 A 0.0111
pe 0.096 B 0.07524
K 0.085 ¢ 0.5
dr 1/3 kb 243
®;  0.0069

value of b, implies a replacement rate (the ratio of home production value to the average wage) of
around 0.6. The parameter x implies that vacancy costs are around 0.14% of steady-state output.
We set the bargaining power ¢ = 0.5 implying symmetrical bargaining. For the job separation rate
1 — p, we follow Gertler, Sala, and Trigari, 2008 and set p = 0.895. For the parameters ®x and
®; we follow Christoffel, Kuester, and Linzert, 2009. The values for A and B in the transaction
cost function are collected from Schmitt-Grohe and Uribe, 2004. We assume that the distribution of
menu costs in price setting follow the beta distribution with parameters as in Lie, 2010, i.e., letting
gp = ﬁml_l (1- :c)ri1 denote the probability density function we have [ = 2.1, r = 1.0 and upper
bound 0.015.
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5 Results

To find the optimal rate of inflation, we first need to pin down the parameters of the disagreement

cost distributions. These costs also follow the beta distribution g/ = L__li=1 (1 — )" for
B(ZH,TH)
workers and g7 = ﬁ(l‘;l,rJ)leil (1- :18)”_1 for firms. As for price setting, we set Iy = 2.1, rg = 1

and [y = 2.1, ry = 1. To find parameters,i.e., the bounds of the distribution, we fit the dispersion
of yearly wage changes in the model (given a yearly inflation rate of 2%) to the (average) empirical
dispersion of yearly wage changes in the US during the period 1993 — 1997 using a minimum distance
estimator.'> The time period is chosen since it represents a period with stable inflation close to two
percent.

In this version we estimated the upper bounds for the two distributions. This procedure yields
parameters B = 0.0168 for workers and for firms B = 0.2213. When imposing a symmetry restric-
tion, we find the upper bounds to equal B = B’ = 0.0519. Moreover, the maximum length of a wage
(price) contract is set to 7 (9) quarters.'3

Given the resulting disagreement cost distributions, we then compute the optimal steady state
inflation rate. To analyze the effects of downward nominal wage rigidity, we compare the optimal
inflation rate to the optimal rate in a model where these rigidities are not present. Moreover, it is
interesting to try to distinguish between the effects of just adding (symmetric) wage setting frictions
from the effect of adding asymmetries, i.e., downward nominal wage rigidity. We do this by also
looking at third model; a model with sticky wages but symmetric adjustment probabilities (averaging
parameters of the two disagreement cost distributions). Finally, we analyze the case with flexible
wages for new entrants.

Figure 1 (2) illustrates the model (empirical) distribution of nominal wage changes for stayers.

Comparing the two figures, we see that the model captures key features of the empirical wage
distribution fairly well. For example, the spike at zero nominal wage change and the peak around 5

% as well as the absence of any substantial mass on nominal wage cuts.

Table 2: Yearly optimal inflation rate under the Ramsey policy

Asymmetric wage frictions Symmetric wage frictions Flexible wages
Baseline 1.21 0.36 —0.96
Flex wages for new hires 0.00 —0.96

We find that the optimal annual inflation rate under downward nominal wage rigidities is about

'2The micro data on wages is collected from the the Panel Study of Income Dynamics and is corrected from measure-

ment errors as described by Dickens et. al., 2007.
13The difference in contract length between prices and wages is due to the increase in the computational burden of

increasing the maximum length of wage contracts.

16



0.25

0.2 i
0.15f h
0.1 h

0.05F h

I

0
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

Figure 1: The nominal wage change distribution implied by the model.

0.35

0.25 i

0.2 h

0.151 b

0.05f h

T R e = B
0
-0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2 0.25

Figure 2: Empirical distribution of nominal wage changes in the US during the period 1993-1997
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1.2% in the baseline calibration. The optimal annual inflation rate found here is significantly larger
than in the baseline monetary models discussed in Schmitt-Grohe and Uribe, 2010 where the optimal
inflation rate is at most around zero.

The increase in inflation relative to a model with flexible wages and price adjustment frictions is
about 2.2 percentage units. The introduction of downward nominal wage rigidities into a model with
flexible wages can be decomposed into two effects. First, wage adjustment frictions are introduced
and second, the frictions become asymmetric. The effects of introducing wage adjustment frictions
is larger than when introducing asymmetries; wage adjustment frictions increases the yearly inflation
rate by approximately 1.3 percentage units, while also introducing asymmetries increases the inflation
rate by around 0.8 percentage units. 4

Next, we experiment by letting newly hired workers become flexible. We then find an optimal
annual inflation rate of zero. Thus the treatment of the wage flexibility of newly hired workers has a

large impact on the optimal policy prescription.

6 Concluding Discussion

We develop a DSGE model where there is a role for money as a medium of exchange, as well as,
when declining nominal wages might not be a viable margin for adjustment. To capture the Friedman
argument, we introduce a transaction cost (as in Schmitt-Grohe and Uribe, 2004). To include the
Tobin argument, we introduce price- and wage-setting friction. Since our ultimate aim is to study
the optimal inflation rate, it is important to allow optimal price- and wage-setting decision to depend
on the inflation rate. To this end, both price and wage decisions are modeled as state dependent.
Price-setting frictions are introduce as in Dotsey, King, and Wolman, 1999). Wage setting is based on
the bargaining model in Holden, 1994, where downward nominal wage rigidities can arise as a rational
outcome. Finally, the model feature a search-matching labor market akin to the model of Christoffel,
Kuester, and Linzert, 2009. To parametrize the distribution of wage adjustment costs in the model, we
use a minimum-distance estimation approach to match the nominal wage change distribution implied
by the model to the empirical nominal wage change distribution observed in U.S. micro data. The
estimated model yields a distribution of wage changes that captures the overall shape of the empirical
wage distribution. An important feature that allows the model to fit the data with any precision, is
the introduction of firm-level heterogeneity in terms of productivity, as well as, aggregate productivity

growth.

" Note that the result for flexible wages is very much in line with Lie, 2010.
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We find that the optimal annual inflation rate under downward nominal wage rigidities is 1.2%. The
optimal annual inflation rate found here is significantly larger than in the baseline monetary models
discussed in Schmitt-Grohe and Uribe, 2010 where the optimal inflation rate is at most around zero.
However, we also show that the flexibility of the wage formation has large effects on this conclusion.

Letting new hires wages to be perfectly flexible leads to an optimal annual inflation rate of around

Z€ero.
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Appendix
This appendix briefly describes wage adjustment probabilities and the optimal policy problem

stated in section 3. For detailed derivations, see the accompanying technical appendix.

A Wage Adjustment Probabilities

The fraction of firms that disagree is

1 if B <dJj* (wt ,at>
G’ (dﬂw <wt ,at>> 0 < dJjv (wt ,at) < B/,
0 dJJ“’ (wt ,at) <0.

Similarly, the fraction of workers that has an incentive to disagree to force a renegotiation of the wage

contract is

1 if BH<de“J (wt ,at> ,
GH (ij <wt ,at>> 0< dHJ” (wt ,at> < BH,
0 dHj" (wt @ ) <0.

The adjustment probabilities are then
ol (wgw,at> = 1.
if if B/ <d.J7® (fwt ,a ) or if BY <dH}" (fwt ,at>

o (w{w,at> _ o/ <dJ]w (wt .a )) +GH <dHJw (wt ,at)>
—GH (dHtj“’ (wg“’,at>> G’ (thj“’ (wi”’,cu)) ;

it 0 < dJi* (wgw, ) < B and 0 < dHJ" (wt ,at> < BH,

ot (vt ) =6 (47 (st

if 0 < dJ]w (wt ,a ) < B’ and dHJw (wt ,at> <0,

o () = (i ut0).

if dJ]” <wt ,a ) <0and 0 < de” <wt ,Q ) < BH and zero otherwise.
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B Optimal Policy

Note first that, following the method in Khan, King, and Wolman, 2003, we can write the price setting

first-order condition (7) and intermediate goods firms value derivatives (8) as

wox (pg, ) + BEiX1 1415 (44)

Xt = Wi <va > + BEX 1,441
and
XJj-14 = WJj-1T (pijfl, >

where

2 (vl..) = 3w (1= 0)pi +omp'| Y7
Similarly, for the bargaining problem, we define
J h w Jw 1=y Jw Jw
Y (wt s Ot ) = M| p; <atht (wt >at)> —wy" hy (wt ;at> -,

1+¢
yH (wgw,at,.> = N “’h (wt ,at> — Kkl (ht <w; _;C;t» -b 1,

J Gw 8yJ (wi , t, )
x (wt ,ag, ) = — ,
ow;

v ay (wtwa at, )
xH <wi ,(lt,.) = P W 5
wy
and
%2]7]10 (at) _ )\tJ]w ( Z‘tw’at)
A ) = nf (o).
T;:ij (at) = )\tD J ( Z;f ,at)
Tf’jw (at) = )\tD ij( z;ﬁ (It>
and

%ﬁt = )\tHx,t
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Then we can write

0 = @i (a) /% (ar) + (1 — ) 56" (ar) 7" (ar)
%}Jw,t (ar) = Z/J (w{w,at, ) + Bp Z EiAy 419 (agq1, ar)
at+1€A

w41 w41
X [aiﬂ (at+1) 54 141 (ae1) + BEep (1 — oy (at+1)> 4 (at+1)} ;

Ao (a) = oy (wfw’at’->+5ﬂ Z EiAg 119 (agv1, ar)

at+1€A
[at+1 0,t4+1 (at+1) + BEp ( 0‘%+1 (at+1)> X416+ (at+1) — S?H%Em} )
] Jw— 1
poralar) = o' (w!"han),

w41
Thoy(a) = (wi ,a ’>+5 > EtAtt+119(at+1vat)P(1—afeﬂ (at+1)> Tt (@r41)

at+1€A
yw w+1
mhi(a) = o (wi 7at7-)+5 > EtAt,t+119(at+1=at)P(1—04+1 (at+1)> e (a)
at+1€A

i if, Jv—1
TJw—l,t(at) = Z <wt 7at7->-

The optimal policy problem (43) is

)1+
U (4 1v51) = minma [u<ct>— [ i U () (45)

+Af (¢ta¢t—1adt) + By (¢t7¢t—17dt)] )

where, using the household Euler equation (16), the constraints (44), (45) from price setting, the

resource constraint (40), the price aggregator (2), the flow equation of prices (41) and the first-order
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condition of the household with respect to ¢; and m; in expression (15) gives

A
Ai () = <— - BE 1] +t7J:+1> + ¢¢ (woz (p,.) + BEiX1411)

+ Z ¢ (Wﬂ’ (Piv ) + BEX 11,041 — Xj,t)
=1
+¢f <WJ71$ (p%],l’ ) - XJA,t)

Z njwt (athjwe) Zwtoatajt Zw3< >

Jv=0

X <ct (1 +s <%>> +mivy + ®png — (1 — nt)br>]

1
— 1—e

ij (p{>1_8 +Z<t (p] i _pj,t>
7=0
+0y (e (cr) — At( (vt)+vts <vt>))

v (o8 (00 - ) + ZO (

and
B () =Y [Bu+ Ba+ By, (46)
a:€A

where, using the constraints (31), (28), (29), (33) and rewriting following the lines in Khan, King,

and Wolman, 2003,
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_ J Jjv
Jo L Wy (wt—f—l? at+1>

S,
By = Z wt J ARtV — m?ﬁ Z E; ;
§v=0 °

jw
at41€A Zat+1 cAWt <wt+17 ar+1

J v
> s (agen)

i [0 (@) 7 (@) + (1 = ) 2 (ar) 7" (ar)|
Jw—1

J, Sw yw {]7 S w
+ Z (T [a:‘] (wg ,at, ) — 77 (ar)
j7=0

w41 W J, jw+1
+ Z Etﬂ(atﬂ,at)ﬂ?(l—oéiﬂ (w§+1,at+1>>7t+]1 (at41)
at+1€A
JY—1

H7 Jw H X H7 X
+ Z (U [:E (wi ,at,.> — 717 (ar)

Jw=0

wl [ w Hjuwtl H,jv
+p Z B (aty1,at) p <1 — iy (wi—&-l’ at+1>> T () =7 (@)
at+1€A

T (") £ ()

and
Jw—1 )
Jiv | g jw jw jw J,0
By = Z 3y J Yy (wi > At ) +8 Z E) (a1, at) p [OC%H (wi-i,-l; at+1> M (at+1)
Jjw=0 air1€A

wtl [ jw Jjuw+1 Jj*
+E <1 — Qg (wg+17 at+1>> i (at+1)] -7 (at)}

PO (4 a0 ) " ()

JY—1
H,jw H jw w41 jw H,O
+ E Sy (1 <wt , at, > + 5 E Eyd (a1, at) p {Oliﬂ Wy, a1 ) 744 (A1)
Jw=0 at+1€A
w41 jw H.juw+1 H,j®
j J J a J
[+Et (1 — Q4 <wt+17 at+1>) " (at+1)} - 3t+1%§,t+1 - (at)}
HJY (W ( Jw H
+3y (y (w , at, ) — jw_1y (at)) ,
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and, using the constraints (34), (35), (19), (21) and the flow equation of wages (42)

mg 1-
Bt3 = Nf (8? — u_t> +Nu (ut — 1+Tlt) +Nt ( O'mug’Ut J)
A Jv—1 Gw—1
—|—N0’{L nOt E E 19 at,at 1 POét 1 <wt71 y a1 ) My (at—l)
Jw=lai_1€A
L
nt
Jv—1
A Jw—1 Jjv—1 Jw—1
+ E Ny | njw s (ar) E I (at, ap—1) (1—aw (fwtfl ca—1 ) ) ity (ai—1)
JU=1 at—1€A
n (a) Juw—3 w Juw—2
jw,t (At j
A ) mg] + 2 : N?jﬁerl i 2 : Na,jw jw ,
¢ 0 1+7Tt+1
=

and in addition the constraints imposed by the adjustment probabilities as described in section A.
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