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Abstract

In a standard dynamic stochastic general equilibrium model with deterministic price stag-
gering, Chari, Kehoe, and McGrattan (1998) find that staggered price contracts in the spirit of
Taylor (1979,1980) cannot generate persistence in real effects of monetary disturbances. This
paper reconsiders the ability of staggered contracts to generate persistent effects of monetary
disturbances. In a model with price and wage contracts in the spirit of Calvo (1983), I demon-
strat that the “contract multiplier” is generated by nominal rigidities in both labor and goods
markets. Other features of business cycles, such as the hump-shaped responses of output, real
wage acyclicality, and the persistence in inflation rate are also well explained by the model.
Calibration exercises and analytical solutions of stripped-down versions of the model suggest
that wage stickiness is more effective in generating persistence, since it directly controls the
marginal cost of firms and thereby dampens the incentive for firms to raise prices after expan-
sionary monetary shocks. Comparing stochastic and deterministic staggered contracts, I find
that the oscillatory responses (hence, no persistence) in output in CKM is due to a counterin-
tuitive nuisance feature of deterministic staggered price contracts (i.e., the initial overshooting
of prices reset after monetary disturbances), and that, free of such nuisance feature, stochastic
staggering is in principle capable of generating persistence even if marginal costs are highly
procyclical.

1 Introduction

In this paper, I construct a stochastic general equilibrium model in which nominal disturbances
generate considerable business cycle fluctuations, and use the model to address the following
questions: i) staggered nominal contracts can be a propagation channel through which monetary

shocks can generate persistent output variability; i) two alternative sources of nominal rigidities
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(i.e., wage stickiness and price stickiness) have equivalent implications to the real consequences of
nominal disturbances; and iii) two alternative schemes of staggered contracts (i.e., deteministic
and stochastic staggering) work in a similar way to generate persistence in real variability after
nominal shocks.

This paper builds on the long tradition of incorporating staggered nominal contract to induce
persistence into rational expectation models. Dating back two decades, the early New Keynesian
rational expectation models pioneered in providing a promising channel for generating persistence
via staggered nominal prices and/or wages. For example, Taylor (1979, 1980) describes an econ-
omy in which deterministic (or time-dependent) staggered wage contracts as short as one year
generate movements in aggregate variables with patterns of persistence similar to those observed
in the postwar US business cycles. Blanchard (1983) shows that similar results also obtain when
prices rather than wages are staggered by firms. A different strand of staggering scheme, one
known as stochastic staggering, has also been used by some authors. For example, Calvo (1983)
and Rotemberg (1982) develop dynamic price setting rules, which show how a rational firm would
select its price in the current period given that it will have to keep its price fixed for an interval
of stochastic length.

Recently, the prototype business cycle models have been enriched by New Keynesian features
nature and sources of fluctuations other than technology shocks. Such expansion of the research
arena results in models aiming toward the reconciliation of the real business cycles framework
with New Keynesian features of market imperfections.!

Having nominal rigidities as inherent elements, models in the NNS literature can easily pro-
duce real effects of monetary shocks in a predictable way, and some are highly successful in
replicating essential empirical features of data.? More recently, however, the challenging work of
Chari, Kehoe, and McGrattan (1998, henceforth CKM) put into question the ability of staggered
price contracts, possibly one of the most promising transmission channels for nominal shocks,
to generate persistent real effects of monetary disturbances. Their surprising conclusion is that,
once cast into a business cycle model, staggered prices in the spirit of Taylor cannot deliver an

endogenous persistence in output. The authors attribute the inability of their model to account

'The tendency toward the intellectual fusion has been conspiuous enough for Goodfriend and King (1997) to
coin out the terminology “New Neoclassical Synthesis (NNS)”, the key elements of which are summarized as: i)
intertemporal optimization, i) rational expectations, ii) imperfect competition, and iv) costly price adjustments.

2For example, in a “menu cost” framework Kim(2000) succeeds in getting persistence in output.



for persistence in output the high procyclicality of marginal costs(especially labor costs) implied
by standard assumptions about preference and factor market clearing.

The gauntlet thrown down by CKM brought forth a voluminous literature incorporating var-
ious New Keynesian features to help generate the persistence in output. As emphasized by Ball
and Romer (1990), price stickiness only occurs if the “cost push” effects of marginal costs are
moderate after the economy is perturbed by an expansionary nominal shock.?Motivated by this
penetration, several recent papers investigate the role of labor market frictions in accounting for
contract multiplier without having to incorporate a large exogenous component of price stickiness.
For eample, Erceg (1997) replaces the assumption of spot labor market-clearing as in CKM with
the wage-setting process a la Taylor, and obtains a modest increase in the degree of persistence
in output. Jeanne (1997) follows Calvo in specifying nominal rigidity in the goods market, but
introduces real rigidity in the labor market through an ad hoc real wage function in terms of
aggregate hours and output. Erceg et al. (2000) formulate a model with both staggered wages
and prices follwoing Calvo (1983), and examines optimal monetary policy.

Among the proponents of staggered wages, general consensus has been reached once Taylor
deterministic staggering is granted : i) while the staggered prices necessarily produce dampened
oscillation in output after nominal shocks, models with staggered wages produce monotonically
dampening responses, and i) the reason for the poor performance of price staggering is the highly
procyclical real marginal costs, as argued by CKM.

This paper reconsiders staggered wage contracts as a transmission mechanism either comple-
mentary or supplementary to staggered price contracts. My approach is to introduce nominal
rigidities in the spirit of Calvo (1983) into both goods and labor markets. The intuition behind
this dual staggering is: by introducing staggered wage contracts, the marginal cost curve of indi-
vidual firms will be “flattened” and thereby the incentive of firms to raise prices after expansionary

monetary shock will decrease, and this mechanism will be further reinforced by staggered price

3 An inexhaustive list of the literature includes the following: Dotsey, King, and Wolman (1999) mitigate the
rise in marginal cost by assuming a high degree of labor supply elasticity. Kiley (1997) also considers an infinite
labor supply elasticity, and increasing returns to scale in addition. Bergin and Feenstra (1998) move away from the
CES specification of preferences and consider a translog functional form instead. Using this form, they develop an
endogenous pricing rule of a firm which is not only a simple markup over marginal costs but directly influenced by
competitors’ prices as well. Edge (2000) moderates the increase in marginal costs after an expansionary nominal
shock assuming firm-specific labor input. More specifically, she argues that the increase in price by a firm reduces
demand for its output, causing reduced demand for its specific labor input, which in turn lowers the wage rate and
marginal costs the firm pays.



contracts.

I find that results from the full and stripped-down versions of the model square with the
intuition and the general consensus described above: in the presence of both wage and price
staggering, the magnitude of the contract multiplier increases significantly, and wage staggering
is a better and possibly dominant device for persistence, generating typical hump-shaped responses
in output unlike price staggering. I interpret the latter finding as running counter to the seeming
equivalence of wage and price stickiness.

I also find Taylor and Calvo price staggering have qualitatively different implications for
the responses of output after a nominal shock: while the former necessarily leads to oscillatory
responses of output, the latter produces monotonically dampening responses even if the real
marginal costs are highly procyclical. This finding implies that the “lack of persistence” and the
“oscillation in output”, which are interpreted as equivalent by CKM, are not necessarily the same
phenomenon, and that the procyclicality of real marginal cost is not the only force behind the
lack of persistence in CKM.

To further examine the different implications of Taylor and Calvo staggering, I construct both
a full and stripped down versions of a DSGE model with Taylor staggered contracts. Based on
calibration exercises and analytical solutions, I argue the lack of persistence in CKM is due to a
nuisance feature inherent in deterministic price staggering: after an expansionary monetary shock
there occurs an initial overshooting in prices set by the optimizing firms, and hence the “catch-
up” behavior of aggregate price level cannot be replicated. In contrast, this anomaly does not
appear under staggered wage contracts, whether they are of stochastic or deterministic nature.
I interpret this “robustness” across different staggering scheme as another sense in which wage
stickiness is favorable.

The outline of the paper is as follows. Section 2 is devoted to the description of the model
with nominal rigidities. A stationary rational expectation equilibrium is defined, and the solution
of log-linearized model is obtained by the method of Sims (2002). In Section 3, the economy
is calibrated and the time series properties of the model-generated variables are investigated. I
address the main question of whether staggered nominal contracts can generate persistence in
output, using different versions of the theoretical model developed in section 2. I also examine
which version better replicates some important empirical features of data. Section 4 provides the

intuition for the results obtained from the calibration exercises using stripped-down versions of



the model. Section 5 reconsiders the finding of CKM in the context of stripped-down models with
deterministic staggering. Section 6 concludes the paper. The appendix contains the derivation of

key equations and some nontrivial steady state values of system variables.

2 The Model

This section presents the model used as the framework of analysis that follows later. There are
four types of agents in the economy: households, firms, government, and the aggregator. The
aggregator performs two roles: in the labor market, it transforms heterogeneous labor (supplied
by households) into a single composite labor, used as an input for production by firms. In the
goods market, it transforms differentiated goods (supplied by producers) into a single composite
good which households use for consumption and investment. Since each household and firm have
monopoly power over their own labor and products, respectively, they face individual demands by
the aggregator. Firms are monopolistic competitors producing differentiated goods with capital
(rented from households) and a bundle of labor service (purchased from the aggregator), and they
satisfy all individual demand at posted prices. Households purchase output from the aggregator
and supply capital (to firms) and differentiated labor (to the aggregator). They are also assumed
to satisfy all individual demands for labor at posted wages. The government manages the supply
of nominal money by making lump-sum transfers.

Key features of the model are the rigidities in aggregate price and wage. Following the spirit
of Calvo (1983), price and wage settings are staggered and overlapped in a stochastic fashion: at
any given period, randomly selected fractions of producers and households optimally determine
their nominal prices and wages, respectively, considering the stochastic length of the time over
which prices and wages are fixed. Since the two sources of nominal rigidities will interact with
each other in dampening the incentive of firms and households to raise prices or wages after
expansionary monetary shocks, I expect a considerable degree of contract multiplier even with

standard specification of production and utility functions.

2.1 Aggregator

The function of the aggregator is to collect and transform all the differentiated goods and labor

service into a single composite good and labor service, respectively, and supply them to their



ultimate demanders. The transform technologies are

1
Y = (/ Y;" dj)7, and (2.1)

a1
L= / L% iy (2.2)
where Y and L; denote differentiated goods and labor service, respectively. I assume 0 < 0y, 07, <

1.4The aggregator maximizes its profits in goods and labor markets by solving

max PY — /Pijdj, and (2.3)

max WL — /WiLidi (2.4)

where P; is the output price of firm j, Y; is the output supply of firm j, and P is the aggregate
price index defined below. W;, L;, and W are defined in a similar way.
>From the above maximization problems of the aggregator, I obtain the following demand

functions individual firms and households are faced with:

Py 1

Y = (FJ;)f)rlYt, and (2.5)
L1

Lit = (%)GL_I Lt (26)

where the aggregate price level P and wage rate W defined respectively as

Ty —1 0y —1
P = (/Pj dj) v , and (2.7)
4
0,1 op—1
W= (| Wy di) (2.8)

2.2 Firms
2.2.1 Technology and Costs

It is useful to assume a firm maximizes its profit through two steps of decision making: First, the
production unit minimizes production costs given the factor prices and the level of output it is

directed to produce by the pricing unit. Second, the pricing unit determines the price of firm’s

4 1

ﬁ and T=g,; measure the elasticity of substitution between different goods and labor service, respectively.
For example, 0y —1 implies all goods become perfect subsitutes.



output, taking into account demand and cost conditions in the present and future periods. This
subsection is devoted to studying the firms’ decisions concerning production and factor demand.
The problem of optimal pricing is deferred to the next subsection.

There is a continuum of firms, indexed by j and distributed on the unit interval [0,1] . They

have access to the identical production technology
Vji =KLy ™, a€(0,1) (2.9)

where Kj; is the capital input and Lj; is the quantity of composite labor used by firm j.

The production unit solves the static problem
min U(Yj) = ZeKje + Wiy st Y= KGLy' ™ (2.10)

where Z; is the nominal rental price of capital determined by the demand supply of capital good,
and W; is the nominal price of composite labor determined by equation (2.8). Since firms are
assumed to be price takers in the factor market, standard microeconomic conditions for cost

minimization yield the following conditional factor demands and cost functions:

K, = Z27'Wl (1 — ) ol Y, (2.11)
LY, = ZPW; (1 — o) Y (2.12)
L(Yje) = Z8W, (1 = a)* ™Yy, (2.13)
MCj = ZPWE (1 — a)* ta™ (2.14)

where I'(Yj;) and MC}; are the total and marginal costs for producing Yj; units of output, re-
spectively, both in nominal terms.
Since equation (2.11) and (2.12) hold for all firms in the economy, the economy-wide capital

to labor ratio is also determined as
Lt . Zt 11—«
Kt - Wt (0%

. (2.15)

Equation (2.15) will be used later when I impose factor market equilibrium conditions.



2.2.2 Price Setting and Nominal Rigidity

The structure of price setting employed in this paper follows the legacy of Calvo (1983): at each
period ¢, a randomly selected fraction ¢y of firms area allowed to revise their prices according to
the simple indexation rule:®

Pjy =1IPj;—1, j€rev(t) (2.16)

where 1II is the steady state gross inflation rate, and rev(t) denotes the set of producers revising
their prices at t. The remaining 1-¢y- fraction of producers, denoted by j € flex(t), choose Pj; so

as to maximize their expected present discounted stream of real profits by solving

max B, i Pjr Tt PjTYjT; I'(Yjr) (2.17)
=t Pt T
where p;./p; is the stochastic discounting factor for firm j’s real profit in the period 7.

Since firms are not allowed to reoptimize on their prices every period, the optimal pricing
problem of a firm is inherently dynamic. Suppose that a firm j € flex(t) is chosen to optimize on
its price in the current period ¢t. Then with probability (,b;_t, the demand it faces from the period
t on evolves as

1
Yir = [ﬁﬁr_t‘Pjt/PT} R Yo, 721 (218)

Using equation (2.18) and equating dynamic marginal revenue and marginal cost (with respect

to Pj;), I obtain an optimal price for firm j € flex(t):

o0 — 1 Oy
E | ooy T 1) MO PTY Y,
1 T=t

Py = — 2.19
= g - 0 (2.19)

Ep | > pjroy L= P Y,

T=t
where

MC; = Z°Wr (1 —a)* ta™, 7>t (2.20)

Equation (2.19) has an interpretation that firm j € flex(t) determines its nominal price
as a weighted average of its future expected marginal costs, scaled up by the constant markup
factor 1/0y which is greater than one. In fact, putting ¢y = 0 in equation (2.19) leads to the

optimization condition that would hold when all prices are flexible: Pj; = %M Cjt.

5T follow Yun (1996) in assuming indexation, since it helps simplify mathematics. In equation (2.18), for example,
by assuming indexation I can avoid dealing with infinitely many future steady state relative price of firm j.



2.3 Households

There is a continuum of identical households indexed by ¢ and distributed on the unit interval
[0,1]. T also assume households optimize on their nominal wages at infrequent intervals in an
isomorphic way to price setting in the goods market: at each period, a randomly selected fraction
¢, of households revise their wages according to a simple indexation rule, and the other 1-¢;
fraction of households choose their nominal wages optimally. Other than its wage income, a
household receives capital rental income, interest income from bond holding, a lump-sum transfer

from the government, and a constant share of profits.

2.3.1 Preference

A typical household ¢ € [0, 1] solves

max Ey[Y  B7U(Cir,1 = Lir, Mir / P;)] (2.21)

T=t
subject to the budget constraint

Mz Mir—1  Bir  Bir— (2.22)

Cir + Kj 741 — (1- ) Kir+

PP PP
WiTLiT Z-,-Ki-,- f Sinjq-dj Bi T—1
T J Pt [ it
=~ P, + P, + Lir + P, +7rr—1 P,

and a borrowing constraint B;; > —B for a large positive number B. In equation (2.22) above,

the uses of the household’s date ¢ wealth are consumption Cj, net investment K; -1 —(1—-6)K; -,

L , M; . . .
net acquisition of money balance A]{,” - L and net acquisition of one-period nominal bonds
T T

Bir _ Bigr—1

o 75— The sources of wealth are current labor income WipL”, return on capital rental %,
T T T T

.. . i Tjrdj . :
the net lump-sum government transfer 7T, dividend income w, and the interest income
T

from the previous period’s bond holding r,_; B’ﬁ —L where r,_1 is the net nominal interest rate

between the period 7 — 1 and 7. I assume s;;, household i’s share of the firm j, is fixed beyond
the control of the household. The term § denotes the depreciation rate of capital.

I follow CKM and specify the instantaneous utility function U as

U1 - Lo g = [cia-10f] T /1= o) (2.23)
l1-0o
= |@rrngta-ne| a-o)

9



in which consumption C' and real money balances % interacts through a CES function, and the
instantaneous utility is a CRRA transform of the “basket” of the consumption bundle C* and
leisure 1 — L.

It is also convenient to break down the problem of households into two steps. First, a
household either indexes or optimizes on its wage, depending on whether it is chosen reset its
nominal wage in the current period. Second, given the level of its nominal W;; determined in

the first step, the household chooses rules for consumption, capital investment, money and bonds

holding.
I first consider the FOCs for choosing (C, M, K, B) in that order:
oU;
=A; 2.24
aCy " (2.24)
oUy 1 Ay Aigia
w2 pE L 2.25
omy Py B PE: Py (2.25)
Z
Ait — BE; [ANig+1(1 —9)] = BE; |:Ai,t+1 Ptﬂ} (2.26)
t+1
A; A;
0="% _BRE, [ ”‘“] (2.27)
Py b1

where A;; is the Lagrangian multiplier on the household i’s budget constraint (2.22), and Ry =
1 + r; is the gross nominal interest rate. As in Kim (2000), equations (2.24), (2.25) and (2.27)

yield the following money demand function:
1= Ryt = b(P,Cli/Mi)' ™" (2.28)

from which it is deduced that two households need the same quantity of money if they consume

the same amount of final good . This fact will be used in aggregating households’ equations later.

2.3.2 Wage setting

Now I address the problem of wage setting by households. As with producers, I denote by rev(t)

and flex(t) the set of households revising and optimizing on their nominal wages in the current

SThe instantaneous utility function is somewhat nonstandard in that the “basket” CF(1 — L;)¥ is not of the
usual Cobb-Douglas form appearing in the literature. I can transform U into

1 1-3

U=(1+9) |07 (1-L)™F |  /(1-3)

where ¥71 = 2 > ( is the intertemporal elasticity of substitution appropriate for the new Cobb-Douglas basket
o+ Y &

1 b
C T (1 L)

10



period t, respectively’. Therefore, a household i € rev(t) revises its nominal wage following®
Wit = ﬁwWi,t,l, i € rev(t) (2.29)

where II,, is the steady state growth rate of nominal wage rate.

Since households are not allowed to reoptimize on their wage rates every period, the optimal
wage setting problem of a household is also inherently dynamic. Suppose that a household ¢ €
flex(t) is chosen to optimize on its wage rate in the current period ¢. Then with probability ¢2_t,

the demand it faces from the period ¢ on evolves as
1
Lir = [ﬁ:)itWit/WT} Pr Ly, 7>1 (230)

Using equation (2.30), I get the first order condition for household i € flex(t) to determine its

optimal wage:

[e'¢) [e'¢)
_,O0U;; dL; i Nir—=r—t dL;
_E T—1  T—1 1T 1T - F T—t  T—1 ZTH LiT i—zT 2.31
LD BTL aL”dWit] t[ZB ¢or 'L ( +Wtd%)] (2.31)

T=t T=t

Equation (2.31) gives a straightforward interpretation. First note that —%% is the marginal
disutility of working (with respect to Wj), and % (Ll't + Wit%v%) is the marginal utility of
labor income from working (with respect to Wy). Therefore, equation (2.31) means that the
optimal wage is so determined as to equate the present discounted value of marginal disutility from
work and that of real wage income measured in utility terms through the Lagrangian multiplier

AZ‘T,VT >t.

Rearranging equation (2.31), I obtain the following formula to set optimal wage rate:

LB L;BT‘%E"*S—%}:H? W LT}
Wip = e — R (2.32)
E, Ztﬁ“tcbz*t%;nw LWL,
T=

Equation (2.32) says that the optimal wage of household i € flex(t) is set as a weighted
average of its future expected marginal disutility from working, scaled up by a “markup” factor

%, which is greater than one. Putting ¢; = 0 in equation (2.32) yields the same optimization

T At the risk of possible confusion, I use the same notation for both firms and households.
8Since I assume no growth in real variables, II is equal to II,, which in turn is equal to the rate of growth in

money. In case real variables are assumed to follow a balanced growth path with the rate of growth G, II is equal
to 1L, /G.
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condition as in flexible wage models: Ait% = —g%z. It is worth noting that the structure of

labor market stipulates households meet all demand for their labor at their respective nominal
wage, determined either by equation (2.31) or by equation (2.32). This is an essential feature
of this paper: by assuming so, I can break the link between the wage rate and marginal rate
of substitution between leisure and consumption and discard the implausibly high elasticities of

labor supply with respect to wage, often assumed to generate persistent effects of monetary policy.

2.4 Monetary Policy

Monetary policy is implemented by distributing new money balance to consumers in a lump-sum

fashion:
My — My
— =T 2.33
2 i (2.33)
where M; = [ Mydi, and T; = [ Ty di.
Nominal money stock grows following
M,
= 2.34
Mtf]_ Hy ( )

where 1, denotes the growth rate of the money stock. Its stochastic properties are given by

log(py) = pylog(p—1) + (1 — p,) log(r) + epe (2.35)

where 7i is the steady state rate of money growth. I assume p,, € (—1,1) and g,; ~ WN(0, az).

2.5 Intuition: Are the Two Rigidities Equivalent?

As described before, the model economy has two distinctive sources of nominal rigidities. A seem-
ingly innocuous conjecture around the two sources of rigidities would be: they will have equivalent
implications to the real effects of nominal shocks, especially when the production function is CRS
and labor is an intensively used production factor. Despite their seeming equivalence, however,
some recent work has emphasized their non-equivalence. For example, in a simple two period
model, Andersen (1998) shows that staggered wage contracts a la Taylor can produce output

persistence and inflation inertia, while staggered prices implies oscillatory responses of output

12



and lack of inflation persistence. Huang and Liu (1998) also compares the implications of stag-
gered price and wage contracts in the context of a dynamic general equilibrium model, and obtain
similar results.

In this subsection, I check the validity of the above conjecture in a static version of the model
with either one or the other rigidity. More specifically, I assume i) production function is CRS,
i1) labor is the sole production factor, 7ii) budget constraint of household is L;;W;; = P,Cy, and

iv) the instantaneous utility function is of the form?

L1+
1+

U(C,L)zlog[C— ], v >0

2.5.1 The Effects of Wage Stickiness

A monopolistically competitive firm maximizes its single period profit

0y 1
Wi = py  RYi—p; YW, (2.36)
= Y PY: — g W (2.37)

where equation (2.36) gives the profit of a firm j in terms of its relative price pj; = Pj;/P;, while
equation (2.37) does in terms of its relative output y;; = Yj:/Y;.
Firm j maximizes its profit by equating marginal revenue and marginal cost. If its relative

price is used as the decision variable, the profit maximization condition is given by equating!

0 =
MR = ey—’ilpjg 'RY, (2.38)
and
1 5%
MC = m jtYﬁ Y, W,. (2.39)

Equivalently, firm j may use its relative output as the decision variable. In this case, the

corresponding marginal revenue and marginal cost curves are given by, respectively,
mr = Oyy)y ' PY; (2.40)

and

me = Wiy (2.41)

9This form of utility function is used by King and Wolman(1999).
'"Note that the marginal revenues and marginal costs implied by equations (2.38) and (2.39) are negative because
Oy is smaller than 1.
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Figure I illustrates the optimal relative price is determined at the intersection of M R and MC
curves in panel (a), and the optimal relative output is determined at the intersection of mr and
mec curves in panel (b).!!

To see the impact of wage stickiness on firms’ price and output decisions, suppose there occurs
an disturbance in the form of the increase in money stock. Panel (a) illustrates the changes in the
firm’s optimal price decision after the disturbance: the increase in money stock shifts down the
marginal revenue (in terms of relative price) curve from M Ry to M R; in proportion to the rate
of increase in money. If wages are flexible, the marginal cost (also in terms of relative price) curve
also shifts down from MCjy to M C1by the same proportion, leading to the same optimal relative
price of firm j as before the disturbance. Now suppose that the aggregate wage is somehow sticky
and that the increase in aggregate wage after the disturbance is half of what under wage flexibility.
The lower aggregate wage level after the shock is reflected by the shift of MCg to MC'y, which lies
halfway between MCy and MC'y. The resulting new optimal price at E2 under wage stickiness is
lower than that under wage flexibility.

Panel (b) describes the same phenomenon in terms of firm j’s relative output: the increase in
money stock shifts up the marginal revenue (in terms of relative output) curve from mry to mmry
in proportion to the rate of increase in money. If wages are flexible, the marginal cost (also in
terms of relative output) curve also shifts up from mcy to mc;by the same proportion, leading to
the same optimal relative output of firm j as before the disturbance. However, if the aggregate
wage somehow sticky and the increase in aggregate wage after the disturbance is half of what
under wage flexibility, the mcy curve shifts up to mco, by half as much as under wage flexibility.
The resulting new optimal output under wage stickiness is higher than that under wage flexibility.
In summary, panels (a) and (b) shows the relative price of firm j is 14% lower and its relative

output is 40% higher as a result of wage stickiness.

'Th those panels, I assume 0y = 0.5,Y; =1, and 0y P, = W,.
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2.5.2 The Effects of Price Stickiness

Now I consider the problem of a household. Eliminating the budget constraint, I can show the

problem of a household 7 is to maximize

ot w% 1
Up = 1og[witL*1WtLt—1Z:L—7Lt+’YPt]—1ogPt (2.42)
1+
— log[l’rW,L; — litVL””P —log P 2.43
og[l WiLy T 3] — log Py (2.43)

where (2.42) formulates the utility of household ¢ in terms of its relative wage wy = W /W,
while (2.43) does in terms of its relative hours worked l;; = Ly /L.

Household ¢ maximizes its utility by equating marginal utility of consumption and marginal
disutility from working. If its relative wage is used as the decision variable, the utility maximiza-

tion condition is given by equating!'?

O o=
MU = QL — 1wit WtLt (244.)
and
1 2—0p+v 1
MD = 5— wy L7P, (2.45)

Equivalently, household 7 can use its relative hours as the decision variable. In this case, the

corresponding marginal utility and marginal disutility curves are given by, respectively,
mu = ngfthltht (246)

and

md =1],L; P, (2.47)

Figure I illustrates the optimal relative wage is determined at the intersection of MU and
M D curves in panel (c), and the optimal relative hours are determined at the intersection of mu
and md curves in panel (d).!* To see the impact of price stickiness on households’ wage and
hours decisions, suppose there occurs an disturbance in the form of the increase in money stock.
Panel (c) illustrates the changes in the households’ optimal wage decision after the disturbance:

suppose the aggregate wage rate has increase due to an expansionary nominal disturbance. Then

2Note that the MU and MD in equations (2.44) and (2.45) are negative because 0y, is smaller than 1.
13To make the situation in the labor market isomorphic to that in the goods market, I put 6z = 0.5, L, = 1, and
0L W, = P,. 7y is set to be 0.1, which implies a highly elastic labor supply. Wy is also normalized to one.
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the marginal utility (in terms of relative wage) curve shifts down from MUy to M U; in proportion
to the rate of increase in aggregate wage. If prices are flexible, the marginal disutility (also in
terms of relative wage) curve shifts down from MCy to MCiby the same proportion, leading to
the same optimal relative wage rate of household i as before. Now suppose that the aggregate
price is somehow sticky and that the increase in aggregate price after the disturbance is half of
what under price flexibility. The lower aggregate price level after the shock is reflected by the
shift of MCy to MC5, which lies halfway between MCy and MC;. The resulting new optimal
wage rate under price stickiness is lower than that under price flexibility.

Panel (d) describes the same phenomenon in terms of household i’s relative hours: the nominal
disturbance shifts up the marginal utility (in terms of relative hours) curve from mugy to muy
in proportion to the rate of increase in aggregate wage rate. If wages are flexible, the marginal
disutility (also in terms of relative hours) curve shifts up from mdy to md;by the same proportion,
leading to the same optimal relative hours of household ¢ as before. However, if the aggregate price
level is somehow sticky and therefore it increases by half of its increase under price flexibility, the
mdgo curve shifts up to mcy, by half as much as under price flexibility. The resulting new optimal
hours under price stickiness is higher than that under price flexibility. In summary, panels (c)
and (d) shows the relative wage of household 7 is 12% lower and its relative hours are about 30%

higher as a result of price stickiness.

2.5.3 Equivalence?

So far, I have examined how the two sources of nominal rigidities work in generating real effects
of nominal disturbances. Despite the apparent symmetry between the two propagation channels,
Figure I implies generally wage stickiness is more potent: with the same degree of rigidities, the
increase in output due to wage stickiness is 33% higher and the increase in price is 14% lower
than under price stickiness.

The reason for this non-equivalence of the two rigidities is simple: while the marginal cost
optimizing firms face is flat in panel (b), the marginal disutility of optimizing households is
upward sloping in panel (d), due to the convexity of the utility function in terms of hours worked.
The key parameter is 7, which measures how fast the marginal disutility from working increase
as a households increases its labor supply. As = increases the MD curves in panel (c¢) and (d)

become steeper than the MC curves in panel (a) and (b), and hence price stickiness cannot be
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passed on to wage stickiness in one-to-one fashion.!* At least up to these simple static versions
of the model, the two rigidities are equivalent only when either i) v = 0, i.e., marginal disutility
of labor is constant, or i) marginal costs of individual producers are increasing (or decreasing)

in their own output (or prices).!?

2.6 The Equilibrium

To make the system complete, I need a relation between the stochastic discount factors for house-
holds and those for firms. Although not specified in the budget constraints of households, I assume
that every agent in the economy has access to complete markets for contingent claims, so that for
all possible states s* and s in period t and T > t, respectively,

BA(sT) _ BAw(sT)
Ai(s')  Ai(s")

L Viil € [0,1], 7>t (2.48)

i.e., all households share the same market rate of discount between the period ¢t and 7 > ¢. 1

further assume that s;; = s; Vi, € [0, 1] all households have the same share of profits of the firm

416 Then the unique market discount factor implies the following equation holds at all states:!”
Pj(ST) _ BA(sT)
pi(st)  A(s)

where A(s)is the “average” marginal utility of consumption in the state s', defined as [ A;(s")di.

Vjelo,1],7>¢ (2.49)

An equilibrium for this economy is a collection of allocations for consumers Cj, K 11, My, By

d

and L; for i € [0,1] ; allocations for producers K;-lt and Lf for j € [0,1]; allocations for the

""When I use more general utility function U = [C*(1 — L)' ~¢] e /(1—0), the optimal relative wage and hours
worked are constants independent of the degree of price stickiness.

15Other than the trivial assumption of decreasing returns to scale in the production function, one possible way
to have increasing marginal costs at firm level is to assume firm-specific production factors with a CRS production
function. Edge (2000) argues that both rigidities are equivalent when labor service is firm-specific, which is a
mechanism to generate decreasing returns.

'SThis implies implies s;; = 1,V4,j € [0, 1],

17T state sToccurs in the period 7 > t, the present discount value of the firm j’s profit in the period t+1 in terms
of its shareholders’ utilities is

Ai(s7) 5 (sT)di
//BA(st)S” i(sT)d

7

o) [ A

I
Sy
=
=
V)
2
=
3
<
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aggregator Y, Ly, Yy, and Ly for 4, j € [0, 1]; together with prices { Pj¢, Wi, Z¢, 7t < 4,5 € [0, 1]} that
satisfy the following conditions: (i) given all prices but its own, the wage W set by a household
i € flex(t) solves (2.32); (ii) given all prices, each household solves the utility maximization
problem (2.21) - (2.22); (iii) given all prices but its own, the price Pj; set by a firm j € flex(t)
solves (2.19); (iv) taking as given all prices, each firm solves its profit maximization problem
(2.10); (v) given all prices, the allocations of the aggregator solves (2.3) and (2.4); (vi) the goods
market, capital market, labor market, bonds market, and money market clears; (vii) monetary
policy is implemented by (2.33) and (2.34).

In what follows, I focus on a symmetric equilibrium in which producers (or households) j (or
i) € flex(t) make identical decisions. Equation (2.49) justifies this kind of symmetry among the
optimizing firms, since the optimal price is the same for all j € flex(t) if equation (2.19) has a
unique solution P. To impose the symmetry across households i € flex(t), I use rather strong
assumption that consumption of all households, regardless of whether they belong to flexz(t) or
not, are completely pooled and therefore they choose the same amount of consumption.'® That
assumed, I can use the single C; and M, for all households in [0, 1], and further impose the
symmetry in the nominal wages set by all households in flex(t).

In this economy, the aggregate output Y defined by equation (2.1) is different from the simple
sum of individual output [ Yj:dj. To simplify aggregation, I use an auxiliary price index defined
as

R oy =1 Oy —1
=B a4 (2.50)

The new price index is useful in representing aggregate market clearing conditions in goods
and capital market. For example, the nonstandard output aggregate Y and the simple sum of all

firms’ output are related by:

1
PR\ oy —1
/thdj —y, (%) v (2.51)

t

In this paper, I will focus on a stationary equilibrium. Before going on further to the descrip-

tion of it, however, note that nominal variables in the model grow over time in the steady state,

181n fact, I resort to the assumption that state contingent claims allow households to insure themselves against
the idiosyncratic consumption risk they suffer because they change their respective wages at different dates. Note
that, even in a symmetric equilibrium of this sort, the cross-household differential in wages and labor hours requires
one to trace out individual Ajs. As will be shown in the appendix, however, I can circumvent this problem resorting
to the “random sampling” nature of Calvo staggering.
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due to the positive rate of money growth. Therefore, in order to impose stationarity, I transform
a nominal variable X; into x; = X;/7i’, where T is the steady state growth rate of money. After
variables are transformed appropriately, the whole system is log-linearized around the steady state

and cast into the form!?

Fozy =T1Zi—1 + Toe + T's(zy — Ev—17y) (2.52)

where z; = logz; — logZ is the percentage deviation of z; from its steady state value, I'js are
matrix functions of deep parameters in the model, and ¢ is the vector of exogenous disturbances.
I obtain linear decision rules by solving equation (2.52) using the method developed by Sims

(2002). The resulting solution will have the form
ft = \Iflftfl + \1/2615 (253)

which allows one to simulate the model and compute impulse responses.

3 Findings from Model Simulation

3.1 Contract Multiplier: the Resurrection

Table I reports the parameter values used for calibration purpose, many of which are obtained
from CKM with a few exceptions: i) to impose “symmetry”, I set the value of fy and 01, which
measure the elasticity of individual output and labor demand, respectively, to be 0.9, i) 1, the
share parameter for leisure in the utility function, is determined so that the steady state value
of aggregate labor L will be 1/3 given the values of all relevant parameters, iii) b, the coefficient
on the real balance in the utility function, is calibrated by using money demand equation (2.28)
and the corresponding actual dataset,?’ and iv) when needed, I set ¢y and ¢;, the proportion
of non-optimizing firms and households, respectively, to be 3/4 to make the time structure of the

model comparable to CKM.?!

TABLE 1: PARAMETER VALUES

Y The log-linearized version of the stationary-transformed system is given in the appendix.

20T use per capita real M2 balance, Federal Funds rate, per capita consumption, and GDP deflator, spanning
the period 1959: T - 1999:1I11. b is determined to match the RHS and LHS of equation (2.28), constructed from the
variables above.

2L¢y = ¢, = 3/4 implies firms and households are chosen to optimize every four quarters on average. Especially

when II = 0, the average duration of price fixity is ﬁ = 4 quarters.
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Preference v=-1752 ¢Y=13472 o=5 b = 0.00298
Technology a=0333 6=1-097 0y =09 6,=0.9
Stickiness oy =3/4 ¢, =3/4

Money Growth 7= 1.065  p, = 0.57

Discount Factor [ = 0.961

Now I perform the experiment with a shock raising the growth rate of money one percent
above the steady state level. As a benchmark case, I first examine how much output changes
following a monetary shock in a rigidity-free version of the model with ¢; = ¢y = 0. Figure 2
displays the percentage deviations of some key variables from their steady state values, the plots
of which verify that money is neutral when all prices are flexible: there are virtually no changes
in real variables such as output, real wage, and real marginal cost, whereas all nominal variables
including price and wage adjust toward the new steady state levels almost all at once toward the
new steady state level 1/(1 — ,0#):2.3256.22

Then I consider the case with ¢; = 0 and ¢y = 3/4, where nominal rigidity exists only in goods
market?3. Figure 3(a) shows output rises about 1.77% initially as a result of monetary expansion.
One year after the shock output is still above its long-run level, but only by 0.26%. Therefore, the
model with price stickiness alone generates a rather weak degree of contract multiplier. In fact,
the “boom-bust” responses of output to monetary shock is reminiscent of CKM, who argue that
price staggering fails to produce significant persistence due to the high procyclicality of marginal
costs?*. Other panels of Figure 3 help explain what is behind the weak persistence. The increase
in output require a large increase in labor demand, which in turn causes the aggregate wage rate
to rise significantly. As a result, the wage rate increases by 4.5% initially, as displayed in panel
(e). The resulting rapid increase in real marginal cost displayed in panel (d) induces optimizing
firms to raise their prices much. Hence, the aggregate price level rises about 1% initially and
increases rapidly toward new steady state level as panel (c) displays. Panel (c) also shows that
most of the adjustment in price level is completed within a year after the shock.

However, when I incorporate wage stickiness as an additional source of nominal rigidity, the
story is quite different. Figure 4 is drawn for ¢;, = ¢y = 3/4 to allow both sources of nominal

stickiness in the model. In panel (a), output rises by about 1.6% initially and still stays 1% above

*2The subsequent adjustments in price and wageare due to the AR(1) specification of the monetary disturbance.

23This case is interesting because it corresponds the the experiment of CKM, who consider only the effect of price
stickiness.

24But note that we observe monotonically dampening rather than oscillation, unlike CKM. I will come back to
this issue later.
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the long-run level after two years. Panels (c) and (e) show that aggregate price and wage rise much
more slowly in the presence of wage stickiness than in its absence. Panels (d) and (e) illustrate
the reason introducing wage additionally brings forth such qualitatively different results. Unlike
in Figure 3, nominal wage increases only gradually after the shock due to wage stickiness. But
the price setting rule depends on the CES bundle of individual wage rates, only one quarter of
which are newly set in any period. Therefore, real marginal cost in panel (d) increases just 1.03%
initially, dampening the incentive of optimizing firms to raise their prices.

Some other features of Figure 4 are worth noting as well: First, as displayed in panel (b),
real wage is almost invariant over the typical business cycle frequencies unlike in the previous two
figures. Therefore, the model with both sources of stickiness better captures another stylized fact
of business cycle, i.e., the real wage acyclicality, without having to assume either implausibly high

elasticity of labor supply or ad hoc real wage functions®®

. Second, panel (a) of Figure 4 shows
that the model reproduces the hump-shaped responses in the cyclical component of output, which
has been frequently documented by many authors.

Other than the criticism by CKM on staggered-price DSGE models regarding their “lack of
output persistence”, Fuhrer and Moore (1995) raise another issue about the inflation persistence.
Using a highly stylized model with wage staggering a la Taylor, they argue that such a model
cannot explain inflation inertia which is a prominent feature of actual data?6. They also point out
the lack of inflation persistence leads to the counterfactual implication that a credible disinflation
policy can achieve its goal without inflicting any output cost to the economy.

Panel (f) of Figure 4 displays the impulse responses of inflation rates, where inflation rates
exhibit a higher degree of persistence than under pure price stickiness: after showing a hike by
0.4 % following the monetary shock, the inflation rate returns gradually to its long run rate.

Now the question “which rigidity better explains persistence and other empirical features?’
in the context of a full dynamic general equilibrium model. For that purpose, I do another
experiment using model with wage rigidity alone, i.e., ¢y» = 0 and ¢; = 3/4. The conclusion is:
wage rigidity is a better device to replicate various empirical features of data. Panel (a) of Figure
6 shows that with wage rigidity alone the impulse responses of output are qualitatively the same

as what was obtained in the presence of both rigidities: the hump-shaped and persistent responses

*When I decrease ¢; to 0.6, the real wage shows moderate procyclicality as shown in Figure 5.
26This is because the equation for inflation rate has no lagged inflation terms in their model.

21



of output is generated under pure wage rigidity, though with a slightly smaller magnitude. This
result suggests that, in terms of output persistence, wage rigidity is a better channel for the
propagation of nominal shocks than price rigidity. A rather surprising fact is that the price level
increases more slowly under pure wage rigidity than under pure price rigidity: compared with
Figure 3(c) drawn for the pure price rigidity case, Figure 4(c) shows price level display smaller
initial response and more gradual adjustment toward its steady state level. Also, in Figure 6(b),
real wage shows weakly countercyclical behavior over the business cycle frequency. Compared
with Figure 3 showing too procyclical real wage, wage rigidity performs better, although not
much, than price stickiness does.

My interpretation of these results is that they square with those obtained earlier in the context
a static model of rigidities: as can be seen from Figure 3 and 6, wage stickiness is per se better
than price stickiness in generating persistence. Another criterion against which the two rigidities
are compared is the increase in persistence when one rigidity is introduced additionally in the
presence of the other. Figure 3 and 4 illustrate the reinforcement by wage stickiness wins the
losing battle to achieve persistence, while Figure 4 and 6 show wage stickiness does not need the
backup of price stickiness to achieve persistence. Hence, wage stickiness is a better channel in
this sense as well.

I now summarize the results obtained from calibration exercises so far. Experiments with
various different versions of the model suggest: i) the contract multiplier is strongly reinforced if
wage rigidity is introduced as an additional source of nominal rigidity, i) wage rigidity is possibly
the dominant source of generating persistence in output and capturing the empirical features
of the economy, i) acyclical real wage is well explained by considering two sources of nominal

rigidity together, iv) inflation stickiness is relatively well explained by allowing both rigidities.

4 Some Intuition

In this section, I develop some intuition behind the dynamics in the previous section. To do so,
I consider stripped down(but inherently dynamic) versions of the model economy in which the
equilibrium can be solved for analytically. To be more specific, I assume i) there is no capital
stock in the economy, i) the production function is CRS in labor, i) the instantaneous utility

function is given by U(C, L) = log C +nlog(1— L), for some n > 0, iv) money demand is given by
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a simple quantity equation, v) 3 is set to be 1, and vi) money follows random walk in logarithmic

form.

4.1 Staggered Price Contracts

Suppose that staggered price contracts are the only source of nominal rigidities in the economy.
I first define the log deviations of some variables:
ry = dlog P, p;=dlogP;,, w;=dlogW;, my =dlogM;, y =dlogY;

Then the price equation (2.19) is log-linearized into

> ;,—th] (4.1)

T=t

zy = (1—¢y)E:

which in turn implies
zt — oy Bywin = (1 = dy)uwy (4.2)

Log-linearization of the wage equation (2.32) with ¢; = 0 gives

L
wy = (ﬁ + Dy +pe = (s + 1)y + pr, wheres=L/(1—1L). (4.3)

I impose a static money demand equation:

me = Yt + Pt (4.4)

Finally, the price level p; is an weighted average of p;_1 and x;:

Pt = Oypi—1 + (1 — oy )y (4.5)

The system of equations (4.1) -(4.5) can be solved to determine how money shocks affect prices

and output. Substituting for y; and w; into (4.2) and using equation (4.5), I obtain
1
Eiripn — Uy + 21 = —¢—(1 — ¢y)(1+ s)(me — dymu—1) (4.6)
Y

where Uy = (14 ¢ + (1 — ¢y )2s) /by
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Applying standard methods for solving second order stochastic difference equations I can write

Ty as

e}

Z (mpi — ¢Ymt1+i)] (4.7)

Ay
Ty = A$t1+¢—(1—¢)y 1+S
=0

AyTi— 1+;—Y<1 — ¢y )(1+s) [ — 9y mt+¢yﬁmt}

where A, is the root with absolute value less than one which solves the quadratic equation A2 —

WUy A+ 1 =0. This root is given by

1
Ay=§[qu—\/\p§—4} >0

Then the price level and output are shown to follow

A
Pt = AyDi—1+ ¢_y(1 — gby (1+5s) Z A th] (4.8)
%
Ay 2 i
Mpit + 21— ) (14 5)
Y — Ny

and ,
Ay(1 = ¢y)*(1 +5)
Sy(l—n)

It should be noted in 4.9) that the parameter A\, determines endogenous persistence and the

Yt = AyYe—1 + mg — Aymy—1 — (4.9)

amplitude of the responses of output to monetary shocks.

Figure 7(a) plots the responses of (z¢,ps,y:) for the values of (¢y,0y,s) = (3/4,0.9,1/2).
There are several things worth noting.

The first thing is the persistence in output after the unit monetary shock. This obtains because
both the aggregate price adjust toward the new higher steady state only in a sluggish manner
due to the staggered nature of price contracts: in fact, the loci of p; and z; show that the former
catches up the latter only with a lag after the monetary expansion. This is in contrast to CKM,
in which deterministic price staggering necessarily leads to oscillatory responses of output and
hence no persistence.

The second thing that should not be overlooked is that I get persistence in output in spite of

the fact that the elasticity of real marginal cost (with respect to output) is greater than one?7.

2TIn fact, I can show

mer —pr =we —pr = (L+ 8)ye
Therefore, the elasticity of real marginal cost with respect to output is greater than one so long as 0 < L < 1.
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CKM (1996) argue that the reason why they cannot get persistence in various versions of their
model with staggered price contracts is the high procyclicality of marginal cost(especially labor
cost) implied by standard assumptions about preference and factor market clearing. But equation
(4.9) and Figure 7(a) show I obtain persistence in output even with more than unit elastic real
marginal costs. Combined with the first finding described above, this implies that the lack of
persistence in CKM depends not on the procyclicality of real marginal costs but on the oscillation
in output. I will discuss this issue in the next section in more detail.
The third is that this bare-bone version of staggered price contracts is in principle able to
generate the inflation persistence. By simple manipulations, I get
P = it = My or = pre) 21— 6y )21 4 5) ot
Py L=y

Since {m} is here assumed to follow random walk, the inertial behavior of inflation rates

(4.10)

does not depend on the persistence in the driving disturbances themselves. Since the coefficient
on the lagged inflation rate is equal to that on the lagged price level in equation (4.10), inflation
rates are persistent if and only if the price level is. Hence, contrary to the argument of Fuhrer
and Moore (1995), the lack of inflation persistence is not a ubiquitous phenomenon in staggered

price contracts models.

4.2 Staggered Wage Contracts

Now I turn to the case where staggered wage contracts are the sole origin of nominal rigidities.
For notational simplicity, I let

x¢ = dlog Wy

Log-linearization of the wage equation (2.32) implies

(T oy gy i) = (1= 6y) [(1+ sy + 522, (4.11)
-0y — VL
= =0+ s)m+ (1= 0 T2 (1= 6.B)

where B is the lag operator. The second equality in equation (4.11) comes from the equation for
aggregate wage rate:

Wy = (wat,l + (1 — (bL)ZL‘t (412)
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Rearranging terms in equation (4.11), I get

1
B — Ve +m1 = ——A¢ (1=op)(1+s)(1—¢p)m: (4.13)
Y
where
D 1—60r+s 9 9 sOL
L A(bL’ 1_9L ) + ¢L ( ¢L) 1_9L

Applying standard methods for solving second order stochastic difference equations, I can write

Tt as

n = Nt (= 601+ (1 = oL DB

}:ymﬁi (4.14)
=0

)\ —
= Ao (1= )1+ 8) | TS+ o

where ); is the root with absolute value less than one, solving the quadratic equation A>— U \+1 =

1 /
)\l:§|:\I/L— ‘11%—4:|>0

Then the price level and output are shown to follow

0. This root is given by

N
pr = )\lpt 1"'14¢ ( CbL 1+S E )\thJrz] (415)
NP1+ =l (1= (14 5) 2
Ag; L 1—X\

and
M1 = p)*(1+5)
Agr(1—N)

The parameter \; measures endogenous persistence and the amplitude of the responses of output

Yt = Nyt—1 +me — Ny — un (4.16)

to monetary shocks. Figure 7(b) plots the responses of (z,wy,y;) for the values of (¢;,0r,s) =
(3/4,0.9,1/2). T get qualitatively similar impulse responses compared with those in panel (a),
while both the persistence and amplitude in the responses of output is bigger under staggered
wage contracts. This is due to the fact that 0 < A, < A%

The intuition behind the better performance of staggered wage contracts explaining persis-

tence is again clear: staggered wage contracts outperforms staggered price contracts because the

281n Figure 9, the values of A, and \; are 0.4313 and 0.7035, respectively.
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elasticity of real marginal cost with respect to output is zero under staggered wage contracts®’.
In other words, the rigidity in the aggregate wage rate reduces the “cost push” effect of the in-
crease in nominal demand by lowering the marginal cost (due to the higher marginal disutility
from working) directly, whereas the staggered prices only work to reduce the degree by which the
higher marginal costs are reflected in higher aggregate price level. Therefore, the former is the

more “fundamental” apparatus in generating contract multiplier.

5 Why a la Calvo, not Taylor?

In the previous section, it is observed that staggered price contracts following Calvo produces
monotonically dampening responses of output even with procyclical real marginal costs. In this
section, I argue that the lack of persistence in CKM is not attributable only to the high incentive of
firms to adjust prices: the oscillatory boom-bust behavior of output pervading in various versions
of CKM is attributable to a puzzling artifact inherent to deterministic price staggering, i.e., the
overshooting of the newly set price by optimizing firms.

I consider a version of the model in section 2 with two modifications. First, the instantaneous

utility function is specified as

M, 1 M,
U(C, 1 — Ly, ?t) = —log(CY + b(1)") + 9 log(1 — Ly) (5.1)
t v P

Second, since this version of model exhibits too high volatility of investment, I introduce a
quadratic capital adjustment cost. Therefore, the budget constraint is given by

Or Lit Mz Mir—1 | Bir  Bir—

o L1+ 2K - 2
Cot Ll )T ~"h B B (5:2)
WirLir  Z: Kir J sijILizdj Bir 1

Tir e — —l—
< P + 2 + + 2 +7rr_1 2
where
Iip = Kig41— (1 —6)Kiy (5.3)

In a similar manner to CKM, I assume the following nature of price and wage stickiness:

households and firms are indexed so that 4,5 € [0,1/4] set wages and prices at period 0,4,8,...,

291t can be shown
mee —pr =we —pe =0

Therefore, the elasticity of real marginal cost with respect to output is always zero.

27



and 7,7 € [1/4,1/2] at period 1,5,9,..., etc. for four different cohorts of households and firms. All
other features of the model in section 2 are inherited3?.

Figure 8 display the impulse responses of some key variables, which closely replicates the
results of CKM. In panel (a), output rises as much as 5% initially as a results of monetary
expansion, but there is no endogenous persistence: in the fourth quarter after the shock when
all cohorts of households and firms have been able to adjust their wages and prices, output is
below normal. Hence, even in the presence of capital adjustment costs and wage stickiness (which
are expected to enhance the persistence in output), deterministic staggered nominal contracts
generate oscillatory rather than monotonous dampening of output responses.

In panel (f), I plot two wage indices together, one for the aggregate wage rate (W) and the
other for the wage rate set each period (W*). The plots show the typical “catch-up” pattern: the
aggregate wage rate follows the newly set wages with some lags.

When it comes to the price indices, however, panel (e) shows that the prices reset every period
(P*) display an overshooting and oscillatory pattern - jump up in the price of the first cohort,
followed by a considerable decrease in those of the second and third cohorts, and ensuing recovery
by the fourth cohorts. As a result, the relative magnitude of P* with respect to P is reversed in
the third period after the shock.

Taylor (1980) gives an intuition for staggered contract: the idea behind staggered price (or
wage) contracts is that smoothed-out adjustment of aggregate price (or wage) will be achieved
when firms (or households) look both forward and backward in time to see what other firms (or
households) charge during their own contract period, and this causes shocks to be passed on
from one contract to another. But the plots in (e) and (f) show this intuition works in the labor
market only. On this account, I interpret the oscillatory response of price and output in CKM as
counterintuitive and deterministic staggered price contracts cast in a DSGE model as incapable
of generating contract multiplier.

The next step is to see if the “nuisance feature” is inherent in the deterministic staggered
price contracts and if wage staggering is free of the counter-intuitive anomaly. I will develop the

intuition behind these issues in a similar setup used in section 4.

30Most of parameter values in Table I are used here, with only two exceptions : 1) ¢ is set to be 2, and i) ¥ is set
at 1.3884 to match L = 1/3. The form of adjustment cost implies the steady state marginal rate of transformation
between investment goods and consumptions is 1.052.
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5.1 Price Contracts

I assume that individual prices are set optimally every two periods while individual wages are reset
every period. In the context of the model in section 2, this case is analogous to (¢y, ¢ ) = (1/2,0).

I first log-linearize the pricing equation around the deterministic steady state. I let
xy =dlog Py, p=dlogP;, wy=dlogW;, mcj =dlogMCj, and y; =dlogY;
Then the price equation is log-linearized into
1 .
Te=g [mejt + Eymejeya],  j €[0,1/F] (5.4)
Since marginal cost is equal to wage rate, the price equation becomes

1

rp = 5 [wi + Erwey) (5.5)

2

Log-linearizing the wage equation, I get

wy — pr = le+yr = (s+ 1Dy (5.6)

1-L

I impose a static money demand equation:
mi = Yt + Pt (5.7)
The price level p; is an average of the individual prices
1
Pt = 5(%& +x4-1) (5.8)

and {m;} is a random walk process.
The system of equations (5.4) -(5.8) can be solved to determine how money shocks affect prices

and output. Substituting for 4 and p;, I obtain

1—0y + Yy 2Uy

it 4 = F
1_9y_\Ily-Tt+$t 1 -0y — Uy (g + M)

Eiry —2

where Uy = (s + 1)(1 — by).

The above second order stochastic difference equations can be solved for x;:

xp = ayxi—1 + (1 —ay)my
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where a, is the root with absolute value less than one which solves the quadratic equation a? —

Qya+1 =0, with Q, =2(1 — 0y + ¥y)/(1 — 6y — ¥y ). This root is given by

0 - V1—0y — /Uy
4 Vv1—0y + ¥y

<0 (5.9)
Using (5.7) and (5.8), I obtain
1
Pt = Qypr—1 + 5(1 — ay)(me +my—1) (5.10)

and
1
Yt = ayYr—1 + 5(1 + ay)(my +my—1) (5.11)

In order for endogenous price stickiness to arise, a, needs to be as close to one as possible.
However, the specifications of the momentary utility function and parameter values yield negative
values for a,. Of course, this is due to the strong procyclicality of real marginal costs (i.e., 1+s
> 0), and it is in this context that CKM conclude price staggering is incapable of generating
persistence. However, recall that in the previous section Calvo staggered price contracts generate
persistence even with highly procyclical marginal costs, with neither oscillation nor overshooting.
This qualitative difference between the results here and those of CKM motivates one to see whether

the oscillatory behavior of output is also to be seen under deterministic staggered wage contracts.
5.2 Wage contracts

Now I consider the opposite situation where individual wages are set optimally every two periods

and individual prices are reset every period. I first log-linearize the wage equation around the

deterministic steady state. Let
xy = dlogW/, and lyy = dlog Ly,

where L is the demand for labor of the cohort of households(denoted by “1”) who set their

wages in the current period . Then the wage equation is log-linearized into

1 1
Ty = 58 (it + Erli ] + B [ + pt + Et (Y1 + Dey1))] (5.12)

But the individual labor demand function implies

1
llt = QL 1 [fL’t — ’I,Ut] + lt (513)
1

0 —1

1441 [zt — wep1] + L
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Therefore the wag equation becomes

1
1+ sl (5.14)
1 1
= s (w + EBywig1) + U + Ely1 | + 5 [my + Eymggq]
2 |11-0y 2

Using the production function, money demand, and price equation, I have
L=yt =mi—w (5.15)
The aggregate wage rate w; is an average of the individual wage rates
1
Wy = E(l‘t + xtfl) (516)

After some manipulations, it can be shown that the log-linearized version of the wage equation is

\I’L+59L+\I’Lx g _ 20,
Uy +s0, — Vg, ¢ =1 U, + s, — ¥y,

Eixy g —2 Et(mt + mt+1) (517)

where Uy, = (s+1)(1 —6r).
Applying standard methods for solving second order stochastic difference equations, I can
write x; as
x = apre—1 + (1 — ap)my (5.18)

where q; is the root with absolute value less than one which solves the quadratic equation a? —

Ma+1=0, with Q; =2(VY +s0r + V) /(Y + sfr, — V). This root is given by

_ VU + 80 — VY, -0
VUL +s0; +vVUL

Finally, price and output are shown to follow

aj

1
Dt = wr = qwp_1 + 5(1 —ap)(my +my—1) (5.19)
and
1+4+a
Yt = ajYt—1 + 5 l(mt — my—1) (5.20)

Equation (5.20) is in line with literature favoring wage stickiness as a propagation channel for
nominal shocks. Despite the apparent similarity between (5.10)-(5.11) and (5.19)-(5.20), there is

an important qualitative difference: contrary to the staggered price case, the sign of a; is always
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positive, resulting in persistence in output. and behind the persistence is the ‘catch-up” of newly
set wages implied by positive a;.

Panels (c) and (d) in Figure 7 illustrate the difference between deterministic wage and price
contracts: panel (c¢) displays impulse responses under price staggering, where the newly set prices
and output show the anomalous oscillation- no persistence. However, panel (d) shows that a
reasonable degree of persistence obtains without oscillatory behavior in W* if the labor market is

the only source of nominal rigidity.

6 Conclusion

The most vital challenge to monetary business cycle theory is to construct a model with an ability
to generate persistence in output after monetary shocks. This paper develops a formal DSGE
model with staggered contracts in goods and/or labor market, and succeeds in addressing the
persistence problem. Specifically, Calvo staggered contracts proves to be an effective mechanism
through which the monetary shock propagates in the real side of economy. I also find that
staggered wage contracts are favorable in addressing the persistence problem compared with
staggered price contracts.

I find the lack of persistence in various versions of CKM is due to a nuisance feature, i.e.,
the oscillatory behavior of newly set prices each period, rather than the procyclicality of real
marginal cost. Results from calibration exercises and stripped down versions of model show
such an anomaly does not occur under staggered wage contracts either stochastic a la Calvo or
deterministic a la Taylor. Genral conclusion drawn from the above findings is that wage stickiness

and stochastic staggering are favorable to their respective competitors in generating persistence.
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7 Appendix

7.1 Derivation of Equation (2.47)

Equation (2.47) expresses the relative factor demands for firm j in terms of its relative price with

respect to the aggregate price level. Using equation (2.11), it is easy to show

K. P 0 1—1
== (;,t) L Vigeland j#; (A1)
J J

By aggregating (A1) over j/ € [0,1], I get

7.2 Aggregation

The existence of heterogenous households and firms requires explicit aggregation over firms and
households. From now on, when used, the subscript 0 denotes variables aggregated over the
firms(or households) in flex(t), and the subscript 1 denotes variables aggregated over those in
rev(t). To investigate a stationary equilibrium, I transform all nominal variables into stationary

ones before aggregation. I use lowercase letters for transformed variables

7.2.1 Firms Equations

Equations (A3)- (A7) describing firms block of the system are transformed as follows:?!

1

*\ 0y —1

o= (=i (2)" (43)
t

31T use By for By to save space. The last equality in the equation (A.4) holds due to the random sampling
nature of Calvo staggering.
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Vip = (Ki/Ly)e Kjidj (A4)
(1)

jErev(t
1
N\
= (Ki/L) " VK, %) dj
jerev(t) !
1
R 0y —1
a _ Dy
Dy
11—« Zt
Li= 2K, (A5)
o Wt

ZB T— tAtpT YYA 1/ 20w 1 a(l_a)a—la—a]

pi = o (A6)
Oy E; 2 By tHEps Y,
7.2.2 Households Equations
Equations describing the households block of the system are follows??:
A= [CY + b (me/p) 155 / (1 - L) 0-7ai| crt (A7)
1€[0,1]
Aor = (1= 6p)[CY +b(mu/p)*] 7 (1 = Lo =)y~ (A8)
1— Ry =b(PCyt /M) ™" (A9)
85 |huna {0 -+ 22 L] (A10)
Pt+1
A A
0="2—Bu (1 +r) B = (A1)
Dt Di+1
VB [ 35 8,708 +b, (22) V5 (1 - (BT L))o e T L
* T=1%
wy = (A12)

00 1
o [Z W*t%w#*% LT]
T=t T

where (A12) holds for i € flex(t).

Tuse B, for B¢, to save space.
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7.2.3 Other Equations

By combining aggregate budget constraint of households, aggregate profit of firm, and the gov-

ernment budget constraint (2.33), I get the familiar resource constraint:

P
i = (E) [Yor + Y1) (A13)

= Ci+ K1 — (1 — (S)Kt

Aggregate price and wage indices are also stationary transformed:

0y 803/ LS
pfyfl = ¢thf1_l + (1= ¢y)py v (Al4)
_1 _1 I
()™ T =y ()™ T+ A= by)p (A15)
o1 o «OL_
w:Lil _ ¢Lwt9££1 + (1 _ ¢L)wt 6L—1 (Alﬁ)

The system is complete with the monetary policy rule:

= My (A17)

log(py) = pylog(py—1) + (1 = p,) log(mr) + € (A18)
7.3 Log-linearization

I log-linearize the aggregated system comprising (A3)-(A18) around the steady state.

7.3.1 Firms Equations

Log-linearization of equations (A3)-(A5) is straightforward:3

Yor = aK; + (1 — o)Ly + — (5t — 5F) (A19)

#1n (A19) and (A20), T use the following equality

()| fuerscsa

valid up to a first order log-linear approximation.

dlog P = log
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~ ~ ~ 1 . ~
Yit:OJKt—i-(l—Oé)Lt‘i‘ﬁ(pﬁ—l_pﬁ)
v —
Li=% -+ K,

I first log-linearize the numerator of the RHS of equation (A6):

1—’)’ Y 1 Y
y 4+ (1 — C)
Y+<1>9y—1pt+( By)Oy

Num =
where

@Z_BYEtéZH
Oy . =

= M—aZ+(1—a)d + P+
1— 06y

The denominator is log-linearized into
Den = (1 - By)E}
where

Oy
1—0y

éi’ - BYEth/H = [/A\t + Dt + ﬁ}

Then, the pricing equation is finally log-linearized into

Pr = (1-py) [8F —&Y]

Equations (A19) - (A24) constitute the firms’ block of the log-linearized system.

7.3.2 Households

Equations (A7) and (A8) are log-linearized into®!

A o= (1—o—v)D1+v—-1)C

+(1—0—v)Dymy — (1 — 0 —v)Dapy — (1 — o)

311 use the following equality

. 0r, .
log L = log [(/ Ldei) } :/10gLidi=log U Lidz}

valid up to a first order log-linear approximation.
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A = (1—o—v)Dy+v—1)Ci+ (1 -0 —v)Ds (W — Br)

L 1 -
_¢(1—U)1_L h——l(wt_wt)+Lt
= Retro(l-o)———L (@ —ap) (A26)
- O Lg, —1 T

where Dy = (C/C*)” and Dy = 1— Dj, the values of which are given later in this appendix. In

*

1
equation (A26), I use Lo; = (%)%*1 L;.

Note that (A26) greatly simplifies the log-linearization of the wage equation (A12), because
(A26) eliminates the burden of tracing out household i € flex(7),Vr > t. In particular, using the

assumption of completely pooled consumption, I get for all 7 > ¢+ 1

Eloy = (1—¢;) 'E, / Airdi (A27)
i€ flex(t)
= (1—o—v)Di+v-1EC,

L
7 EL;

+(1 — 0 — V)D2Et [mT _1/7\7'] - ¢(1 - 0)1

L 1 _ ,\ g
0o | [ (@ -
i€ flex(t)

—¢(1-o0)

But the “random sampling” nature of Calvo staggering makes the last term in (A27) disappears
up to the first order approximation, thereby yielding EtJAXO., = EtlAXT, Vr>t+ 1.
Log-linearization of equations (A9) - (A11) gives the following:

1 5 - ~ R N
T RRt =b+(1-v)Ci+ (1 —-v)pr— (1 —v)my (A28)
—~ ~ —~ z N .
Ay + BOE0t 1 = BNy + 55 [EiZi1 — EiDi] (A29)
ry = ki [IA\t — 1A\t+1 + Di+1 — ﬁt] (A30)

Log-linearizing the wage equation (A12) involves more complexity. I first log-linearize the numer-

ator in (A12) into
~ L 1
Num = (1= B1)0f = (¥ = 1 = Yo)g =7 57— 0] (A31)
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where

étL - 5LEt(:)tL+1

— (1= DCr+ (1= )Dafin =7l + =g (1= (0= 1= vo) 12 )
+<1—{¢—1—¢a}1fL>Zt (A32)
The denominator in (A12) is log-linearized into
Den = (1-— 5L)§ZL¢ (A33)
where
ﬁth - BLEtgz‘I:t-f—l = Ay — D+ 10, Wy + Et, i € flex(t) (A34)
Rearranging terms in (A31) and (A34), I get
<1 _ %9;_ o+ (1- a)a]) @ (A35)

—~L :L
= (1- BL)Gt - (1-81)=x

Then by aggregating (A35) over i € flex(t), I get

L 1 N
(-0 (14 T2 g g W0 - ) = 1)) @ (A36)
= (1—¢.)(1-8,)0f —(1-5y) / =hdi
i€ flex(t)
But using (A27), I can show
. - L 1 .
[ Ehdi= - o) v o) g e @ 5] (A3
“ Lo —
i€ flex(t)
where

~ ~ ~ 1 -

U = BLEV = N — Do+ -0, Wy + Ly (A38)

Therefore, the final form of the log-linearized version of (A12) is given by

L .
e e L Rk (439)
L 1

= (1-8) (6F - ) — (=Bl o) = g

Equations (A25)-(A26), (A28)-(A30), (A32), and (A38)-(A39) constitute the households’ block

of the log-linearized system.
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7.3.3 Resource Constraint and Evolution of Price and Wage Indices

Resource constraint is log-linearized as

- 1 . ~ R
Yi=1z Oy (B = Be) + (1 — dy)Yor + by Ve (A40)

together with
- C~ K~ K
Y, = ?Ct + ?Kt+1 - ?(1 — (S)Kt (A41>

The log-linearized versions of other equations are as follows:

Pt = ¢ybi—1+ (1 — éy)pf (A42)
B = oy Py + (1 - ¢y)D; (A43)
Wy = w1 + (1 — @)Wy (Ad4)
By — Fur = Ti (A45)
Iy = pully—1 + €t (A46)

7.3.4 Steady State values

The steady-state values of some variables are given below:

R=1+r=p§"p (A47)
c -1
—=pT 140 (A48)
p
K gl B (A49)
Yy v P
C K
vy~ 1 - ?5 (A50)
c1” cv 1
| = = A51
&~ i Lo (1 By (A5D)
L 1-a[C]"[C]!
11 GYGL—w [5} [7] (A52)
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Figure 1: Effects of Wage and Price Rigidities
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