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Abstract

This paper extends Calvo’s (1983) time-dependent pricingehto incor-
porate state-dependent features in pricing, while prasgitvactability. The
pricing scheme delivers a generalized New Keynesian Béidurve with an
explicit role for the frequency of price revisions. The migleovel feature
shows that inflation responds to movements of relative précel to endoge-
nous fluctuations in the average frequency of price adjustm&he model
offers, therefore, a microfounded rationale for systemdgviations in the
inflation-marginal cost relation predicted by the new Kesiag Phillips curve.
As a byproduct, the model determines endogenously the-alnoglope of the
Phillips curve. Simulations predict weaker responses ghuwiuand stronger
responses of inflation to technology, preference and mpnetsocks than

those of a close time-dependent model. (JEL E31)
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. Introduction

Calvo’s (1983) pricing model assumes that nominal indigiguices are not revised
in every period and that firms do not change prices synchpotinstead, firms
revise prices when they receive a random signal with cohptabability over time
and equal for all price-setters.

At the firm level Calvo’s pricing assumptions imply that grisetters cannot
respond to large shocks in the economy between price regisid his was first
pointed out by Caplin and Leahy (1991). Further, Romer (12®@ Golosov and
Lucas (2003) pointed out that, at the aggregate level, gguincy of price revi-
sions is constant and thus it does not respond to the stalee gfdonomy. State-
dependent pricing models such as Caplin and Leahy (199%)168plin and Spul-
ber (1987) or Dotsey, King and Wolman (1999) concentrateelaxing the first
aforementioned implication. In the light of Woodford (200this paper focuses on
the second.

Woodford (2003, Ch.3) criticizes the existing literaturestate-dependent pric-
ing based on the argument that firms do not evaluate theingrans continously;
they mostly reconsider prices at a particular date of thelyeeause there are signif-
icant costs in the information gathering process (Zbarail.§2000]). In contrast,
state-dependent models as those mentioned above assurfiertbavaluate their
pricing policy in every period and set a new pricing policyyoifi they find it con-
venient. However, such assumption is less appealing if #ie ©ost in the pricing
process is the cost of learning the state of the economy. gesigsed in Blanchard
and Fisher (1989, p. 413), if the cost of new prices is onlydbs of learning the
state of the economy, then the pricing rule must be time digr@n

On the other hand, it is appealing to think that even if firmglse date for price



revisions in calendar time due to costs of monitoring theneaay, once the date
for evaluation of prices arrives, firms should consider tiagesof the economy in
their new prices and in their planned future dates for evalnaf prices. Moreover
if firms have the ability to choose between more versus lespugnt future price
evaluations, the aggregate frequency of price changesargmwith the state of the
economy.

This paper proposes a one-sector framework that incogmsiate-dependent
fluctuations in the average frequency of price revisionsdmgluining time-dependent
and state-dependent features in the firms’ pricing schewitwing Calvo (1983),
the model assumes that firms change prices when they receine@m signal with
constant probability over time. However, different frormé&-dependent models,
firms are allowed to choose a higher (exogenously given)giitiby of price revi-
sions. Price-setters must pay a lump-sum cost to benefitfietar price revisions.
As in Dotsey, King and Wolman (1999) this lump-sum cost isd@n. An en-
trepreneur speeds up the expected frequency of price chante cost of doing
so is compensated by the change in the value of the firm.

The proposed pricing scheme delivers a generalized New é&gn Phillips
curve with an explicit role for the frequency of price rewiss in the inflation-
output relation. In the Phillips curve of the model, as indhsependent models with
two sectors with different degrees of nominal rigidities(Strom, Fuerst and Ghi-
roni [2002]), current inflation responds to movements cditiee prices. However,
different from time-dependent models, current inflatiosoaleacts to endogenous
fluctuations of the average frequency of price adjustments.

The new terms in the Phillips curve would look, to someona&gishe stan-
dard Calvo (1983) pricing model, like exogenous cost-pumsitks disturbing the

relation between inflation and marginal cost. Here howeter,additional terms
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are not exogenous but endogenous variables that respotetnstcally to exoge-
nous shocks. The model provides, therefore, a novel waytéogret what these
cost-push shocks might be.

As byproduct, the short-run slope of the Phillips curve ie fipace of current
inflation and marginal cost is endogenously determined bysteady state of the
economy. More flexible prices—endogenously induced by towethe random
lump-sum cost incurred to change prices more often—Ilead ste@per Phillips
curve.

| use the model to study the dynamics of output, inflation,itlerest rate and
the frequency of price changes in the presence of exogehog&s The responses
of output to technology shocks, preference shocks, andkshocthe Taylor rule
are weaker than those predicted by a closely related tirpertkent model. On the
other hand, responses of inflation are stronger. Simulatidso show that inflation
and the frequency of price changes move in the same direaften preference
and monetary shocks, and in opposite directions after tdogg shocks. This is
due to procyclical movements of the frequency of price cleartbat are inherited
from procyclicality of profits around a steady-state withazeflation. This result
is in line with the common wisdom that the frequency of pribamges is positive
correlated with the inflation rate, evidence which is in Gextt (1986).

The rest of the paper is organized as follows. Section 2 ptegbe dynamic,
stochastic, general equilibrium model. Section 3 presie$og-linear version of
the model and discusses the new features of the Phillipgc&wction 4 calibrates

the model and presents impulse responses. Section 5 cesclud



Il. Themodd

The economy is populated by a representative householaitenaam of monopo-

listic firms indexed by € [0, 1], a monetary authority, and a fiscal authority.

A. The household

The household’s period utility function ais

B 1T 1—N)'¢
UCr, My/ i, Ne) = (1— F(p)ditl —7) [ + (M) P) ) +W‘Lfvt( 1- Ct)
0/(0-1)

wherel’ > 0,7 >0,k > 0,¢:>0,and¢ > 0. C, = [fol [cy (Z)](e_n/e dz ,
with 6 > 1, is the Dixit-Stiglitz aggregator of consumption over edies of goods
¢ (z). M, denotes nominal cash balancé$,is the price index andV; is time
allocated to labor, with the total endowment of time per @émormalized to one.
wq. 1S a preference shock that follows a stationary stochasbicgss.

The budget constraint is
1
Mt—l + At + Bt—l + Wt Nt + At Z / pt(Z) Ct(Z)dZ + Bt/(]- + Tt) + Mt-
0

The sources of funds are nominal cash balances left availalpleriod: — 1, M;_1,
nominal transfers!, received from the monetary authority, nominal bonds maguri

at periodt, B;_1, income from working a fractionV, of the endowed time at a
nominal wage raté/;, and lump-sum transfers equal to the nominal profits from the
monopolistic firms, denoted bix,!. The uses of funds consist of consumption of

the good,(z) purchased at the nominal pripgz) for = € [0, 1], bonds purchased

ILater it will become clear that this transfers come from twarges. After tax profits from firms
and government revenues from taxes on profits. Thus thettatadfer equals to the before-taxes-
profits, that isA; = fol A(z)dz, whereA;(z) denotes before-taxes-profits of firm
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att with nominal value ofB;/(1 + r; ), wherer, is the net nominal interest rate
between andt + 1, and the money balancaég; carried intot + 1.
The household choosés, M,/ P,, N;, and B,/ P, to maximize

o0

> BBU (Cryiy Myyif Prviy Nigi)

=0

subject to the budget constraint. Expenditure minimizatilds the demand for

the varietyc,(z):

(1) a(z) = [@} Yo,
where
&) r=|f e ) -

is the utility-based price index.
Let y; denote the Lagrange multiplier associated to the budgettcnt, the

first-order conditions fo€;, M,/ P,, N;, and B,/ P,, respectively, imply:

_ A1
€) Caq [C77+ (M) P)T] G = xa,
_ _~1—T _
@) pa [T+ (M P) T (M BT = i - BB
t+1
%) ’ﬂpiz,t (1— Nt)_C = XtWt,



and
6) xi = pE, AT
wherell, = P,/ P,_, is the gross inflation rate, and = W,/ P, is the real wage.

B. The Firms

In every periodt = 0, 1, 2, ..., each firm produces a distinct perishable good in-

dexed with the same index of the producing firm.

The pricing scheme

Extending Calvo’s (1983) pricing, | assume that the contmuwf firms is formed
by two sets of monopolistic firmd, = {z |z € [0, ] } andH = {z| z € (&, 1] }.
The firms in setL revise prices with probabilityl — «;) in each period, while
the firms in setH revise prices with probabilityl — ay) in every period, with
(1—ay)>1—ap).

Once a firmz in L receives the random signal of price revisions, following
Dotsey, King and Wolman (1999), it also observes the reitinaf a random lump-
sum cost > 0 with cumulative density functiot(-). Different from Dotsey, King
and Wolman (1999 measures the random cost, in units of output, that the firm
has to pay in order to increase its probability of price rewis from(1 — a;) to
(1 — ay).2 If the firm does not pay the random cost, it is subject to theelow
probability of price revisions, but it can set a new pricehwiit cost. Note that as

in Calvo’s pricing, | assume that the physical cost of chaggirices is zero.

2In Dotsey, King and Wolman (1999), firms evaluate in everyqekif it is convenient to change
prices or keep the same price, given the physical cost ofgithgprices which they assume random.



A firm z € L that pays the random costiatill be subject to a probability of
price revisiong1 — o) until it receives a new random signal, sayt at i. Then,
the monopolistic firm will choose at+ i either to pay the random cost again and
keep the higher probability of price revisions, or not to pasy random cost and set
its probability of price adjustment equal (b — «;,). Note that firms in the setf
have no incentive to choose a lower probability of pricesmns because they can

adjust prices with a higher probability without incurririgetrandom cost.

Value of the firm

To save notation, define the subindex {H, L}. The value ofz att can be de-
scribed using four recursions, two of them associated teailise att, Dy; ¢, given
thatz is setting a new price subjet to the probability- «.;). The other two recur-
sions are associated to the valuexadtt + 7, Dy;.4,, Withi = 1,2, 3..., subject to
(1-—«;), given thatz has not changed its price sinceThe four recursions account
for the possibility of acting under two different probabés of price revisions and
the two possibilities of being allowed to change prices dr bese recursions are

described in what follows.

a)zel

Consider first the maximization problem for a firme L receiving the random
signal to revise prices at The firm decides a new price and its probability of price
revisions. The decision is based on the value of the firm uadeln probability of
price adjustment.

Let /;,1(1) be the indicator function equal tbif = € L chooseq1 — ay)
and zero otherwise. Let,,; = Pr[/;,1(1) = 1] be the probability of: choosing

(1 —apy)att+ 1. Also letd (p;+(2), -) be the real profits atfor the firm z, given
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the pricep;.(z). Moreover, assume that profits are levied at a tax rate 0 for
firms acting under the probability of price revisiofis— «;).

Note that he model allows for, but does not require, diffeeted tax rates. As
argued below, for the case of an economy with zero steadg-sifation, it will be
useful to introduce a tax on the profits of firms acting under «;). In particular,
| will assumer;, > 0 andry = 0. This will be the the only role for the fiscal policy
in the model.

The real value at of the firm z € L acting subject to the probabiliyl — «;)
that receives the random signal of price revision, grosk®fandom cost, is given
by the recursion

Doj; (S2) = max { (1= 75)d (py(2), )

pj,t(2)
Xt+1
+Ba; E; %Du,tﬂ (Pjs(2), Ser1)

7 t
0 Xt+1 —_
+ 6 (1—«5) E X—)\t—l—l [Dom 41 (St1) — Eisa]

t

+6 (1 — o) E; X;Ll (1= Aes1) Doretr (St+1)} ,
t

whereS; is a vector of variables describing the state of the econdnt:y@ﬁ;{—j1 is
the stochastic discount factor, afgl=, ., defined below, is the expected random
cost conditional on choosing — ay) att + 1 with probability \; ;1.

The recursion (7) has a straightforward interpretationr é&@mple, sefj =
H. Then, it follows from (7) that the value of the firme L att acting subject
to (1 — an), Dom.(-), equals the after-tax-profitd — 77)d (p;+(2), ) plus the
discounted expected value of the firmtat 1. The last three lines in (7) describe
the expected value of the firm &t 1 under the three possible circumstances.

First, with probabilityay the firm is not allowed to change its price. Thus it is



not allowed to choose a different probability of price atijusnt. In that case, the
value of the firm at + 1iS Dy 441(+).

Second, with probabilityl — «) the firm receives the random signal of price
revision—which is strictly time dependent—and, with exigelpprobabilityF; (1 —
am)M1, the firm decides to pay the random cost with conditional etgubvalue
E:=:11. In that case, the expected value of the firnjSDop 11 — =i

Finally with probability (1 — «) the firm is allowed to revise its price, and
with expected probability; (1 — A\, ;) the firm decides not to pay the random cost.
Therefore it will be subject to the probability of price clyg@s(1 — ay). In that
case, the expected value of the firmEigDo ;41 ().

Following the same principle, the value of the firmtat i, fori = 1,2,3, ...,

acting unde(1 — «;), if it does not receive the signal of price revisions sinde

Dijiti (Seri) = (1= 75)d (pj(2), Strs)
B, Xt+1+i

Dyjii14i (Pie(2) 5 Sev1+44)

Xt+i

+8(1-q) E X;““’ Mer1ri [Domreriri (Serrri) — Sesrsd]

(8)

t+1

X i
+8(1—-aq) E )t(+71+ (1 = Mv144) Dorgsi4i (Se144) -
ti

Note that the maximization operator is not present in (8)abse the firm cannot
revise prices; the only decision made is input demand, wigamplicit in the

definition ofd(-).

b)ze H

Now consider the value of a firm € H receiving the random signal to change

prices att. Since the firms inH can change prices with high probability without



incurring the random cost, they chogde— a5 ) with probability one.
The value ofz € H is

Dows (S) = max {(1 — ) (pre (2), Sb)

pH,t(Z

9) + Bag B, %ElH,tJrl (pr+(2"), Sit1)
t

+ 6 (1 —ay) E; X;H Domi11 (Si11) } ;

t

where
Dipri (Seri) = (1= 75)d (pra(2), Sevs)
(20) +OBag By X;HH Dipgsivi (pme (2), Ses144)
t+1
+B8 (1= an) B X Doy (S -

Xt+i

fori = 1,2,3,.... The interpretation of the recursions (9) and (10) is sintita
those described above.
Probability of switching from low to high expected frequgn€ price changes

A firm z € L receiving the random signal of price revisiong @hooses the high
probability of price revisions if and only if the value of tiem at¢ under(1 — ay)
exceeds the value of the firm#atnder(1 — «) by at least the lump-sum random

cost associated, that is, if and only if

(11) Dory — Dort > €.

Before observing the realization gf the probability ofz choosing(1 — ay) is

Pr[Dops — Do > &l = G (Dory — Dory).
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As argued by Dotsey, King and Wolman (1999), the continuityG¢-) and
the fact that there is la large number of firms imply that tlaetion of firms that
chooseq1 — ay), conditional on receiving the random signal of price rewis,
is At = G(Dou+— Dort). Moreover, lettingg(-) denote the density function

of &, the conditional expected random costtas =, = 1/G (Dout — Dors) -

f[DOH,t*DOL,t}

0 zg(x)de.

S

-exp(=b-£); €20
0; £E<0
Thus, the probability of choosing(1 — «y) and the conditional expected random

For parameterization purposes, assyfi® =

cost of doing so are, respectively:

(12) A =1 —exp (=b[Dom — Doryl)
and
(13)
— 1 1
EiZi = Et)\— 7 [1/b+ Dogr 41 — Dorgs1] - exp (=b [Domg11 — Dor41])
t+1

Optimal new prices

Firm z acting unde(1 — «;) maximizes its expected present value by choosing the

pricep; . (z) charged at subject to the pricing scheme described above, the demand

3Different from Dotsey, King and Wolman (1999) or Bursteit®(2), | do not need to impose
an upper bound for the random varialjleThis is because firms have the option of not paying the
random cost and still change prices with a lower frequency.

“Note that the expected random cost is conditiona @atisfying[Dog + — Dor+) > € > 0.

Otherwise, according to (11), the firm chooses not to pay éimelom cost. To obtain equation
(13) computel/ G (Dogt — Dort) - O[D“H“DOLA z g(z)dz, forward the resulting expression
one period and take the expected value. Note that thetéiyn , in (13) is part of the conditional

distribution, i.e.g(£]¢ < &) = g(€)/G(&).
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for the goodz, and the technology

(14) Y (2) = o1 Ny (2)

wherey,(z) is the total output produced by the firmV; (z) is the amount of labor
employed by the firmx, andy, is a productivity shock that follows a stationary
stochastic procesg;(z) has two components: output produced to satisfy consumer
demandy., (z) and output required in pricing activities by firms incurritig ran-
dom lump-sum costy, «(2), i.€.,4:(2) = yes(2) + yp1(2).

Constant returns to scale imply that the total cost of pradncequired to meet
consumer demand can be writtentag..(z), where, is the real marginal cost
implied by optimal input demanid This, together with the market clearing condi-
tion ¢,(2) = y.+(%) and equation (1) yields the profit function gross of the rando

lump-sum cost as

(15) d(pje. St) = [pjtTiz) - wt] <M)_6 Ct.

According to (7), the first-order condition for the optimadwn price of firm

z € L acting subjecttdl — «;) is

0d(pj(2), S) Xt+1 0D 1511 (p5e(2), Spa1)
16) 0= (1—7) L2l o0 g0 it B\E), Dtl)
(16) ) o 5 B e R pa(2)

where, from equation (8)

(17)

OD1j44i(Pst(2), Seri) _ (1_Tj)5d(Pj,t(2)> St—l—i)_'_ﬁaj g, Xt D1 e414i(pje(2), Str144) .

Ipje(2)

SMarginal cost is not firm specific because labor is freely rfeohndpr; is common across
firms.

apj,t (2) Xt+i apj,t (Z)
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fori=1,2,3,...

For firm z € H, equation (9) implies the first-order condition

8d(pH,t(Z)a St) + Bay B Xt+1 8E1H,t+1(pH,t(z)> St+1)

(18) 0= (1—7u) Opu () Xt Opr.(2)

J

where, from equation (10)

(19)

8D1H7t+i(pH7t(z), St+i) _ (1_TH)8d(pH7t(z), St+i)+ﬁOZH Et Xt+1+i 8DlH,t-{—l-{-i(pH,t(Z)a St+1+i)
Opm (%) Opr(2) Xt Opr ()

fori=1,2,3,...

Using (15) to obtairdd(-)/ dp,.(z), substituting (17) into (16) recursively, and
substituting (19) into (18) recursively, the optimal nevicprset att by any firm
under(l — «;) is

9 b Zfio (ﬁaj)i Lk (I (Pt+i)60t+z’

20 = 0 ‘>><<Zt i ’
(20) Pyt 0—1 E; Zz‘:o (Bag)r == (Peyi)? 1Oy

Xt

where | dropped the firm-subindexbecause the new prigg, is common for all

firms subject to the probabilityi — «;).

Dynamics of average frequency of price changes

Recall that firms: € L can revise prices with probability — «;,) without cost, but
afirmz € L can choose the higher probability of price revisiohs- o) if it pays
the random lump-sum coést Let V; be the mass of firms € L that are subject to
the probability(1 — ay) at timet. The masd/; accounts for all firmg € L that
in their last price revision before and up#tehose(1 — «) and have not revised

prices since then. Note that the mass of fitms L choosing(1 — ay ) att is given
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by the differencé/; — V;_;.
Let 1, be the mass of firms acting subjectio- «;,) att—recall that no: € H
chooseg1—ay) inany period. Given the initial conditiong andVj, the dynamics

of V;, andy, can be described with the recursions

Vi=Viga+ (A —ap) g — (1 =X)(1 —ap)Viq,
(21) M :ﬁ_‘/;‘/v

Ho = M, and‘/():V-

The first recursion in (21) implies that the net mass of firms L choosing
(1—ap) att, V;—V;_1, equals the mass of firms that decided to switch ftéma, )
to (1 — ay) at the beginning of the period, minus the mass of firms swigghiack
from (1 —ag) to (1 —ay). Thus, the second term in the first equation states that, at
timet, a fraction)\; of the mass receiving (at the beginningtbthe random signal
of pricing-plan revisions with low probability] — ) u;—1, will choose(1 —a gy )—
i.e. they will pay the random cost. The third term states #hfaaction(1 — )\;) of
z € L under(1 — ay) decides not to pay the random cost and switches back to
(1—ap),ie, (1 —X\)(1—ayg)V,_; choosel — ay).

The second equation in (21) holds because the mass of firmgins constant,
so thatV; + u;, = mforallt = 0, 1, 2.... The initial conditions are endogenously
determined by the steady state of the economy (see Appendix A

Assuming that one period represents a quarter, it follows th average, firms

in the economy change prices

(22) Fe=Q0—ap)m+ (1 —an)l—pm)

times per quarter. Note that, although the expected frexyuefiprice revisions
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can take only two values at firm level, the average frequeiigyrioe revisions at
the aggregate level is a double-bounded continuous fumofig;, with upper and

lower bounds1 — ay) and(1 — az)p + (1 — ay)(1 — @), respectively.

The price level

To make explicit the effects of firms changing their probig&pof price revisions on
the price level, it is convenient to rewrite the price ind2¥ (n terms of the price

sub-indexes”;, ; and Py, as follows

1

(23)  h= { /O e dz} TSP (- aPET

where

1

P = B / [pt(S)]leds}ll‘)andPHJz L —1@ / [pt(s)]”ds}

t

With the proper selection of the indexc [0, 1], the integral in the sub-index
P;, aggregates prices of firms subject to the probability- «;). Note that the
choice of the weight, € (0, 1) does not affect the price index definition nor its
dynamics. Ifé; = ., the price sub-indexeB;, , and Py, are the consumer price
sub-index of the baskets of goods produced by the firmg0, 1] ands € (u;, 1],
respectively. However, it is convenient to define the sutexesP;; with ¢, equal
to the steady-state value pf in order to make explicit the effect of the average
frequency of price changes in the Phillips curve. Thus, uaes), = x in what

follows.
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Recursions for price sub-indexes

As in the standard Calvo (1983)-Yun (1996) setup, the dyonami the price sub-
indexes can be described using a simple recursion. Giverittbgrobability of
not changing prices for each firm undér— ;) in every period is equal ta;, the
price subindex’; , will contain a fractiony; of the prices prevailing in the previous
period. Moreover, since all firms setting a new price ader(1 — «;) will choose

the same price; ,, we can express the price sub-indexesat
_ _ 1 . \(1-0
@) P = P+ 0= s = (V= Vi)l ()

and
(25)

—0 -0 1 . \(1-0)
Py = an P+ 3 (0= ) (1= ) + (Ve = Vi)l (00)

In (24), the mass of firms setting the new prigg, is expressed as the mass
of firms that had the opportunity to revise prices at the bagup of the period,
(1 — ap)pe—1, minus the net mass of those that decided to chdbse «y) at
t, (Vi — Vi-1). Similarly, in (25), the mass of firms setting the new prige, is
expressed as the mass of firms under the high probabilityelcatved the random
signal of price changes at the beginning of the perjod; ay)(1 — 1), plus the
net mass of firmg € L choosing(1 — ay) att, (V; — V,_1). Equations (23)-(25)
describe the evolution of the price index.

Finally, to close the model, we must specify the monetarycgoll do this
in the log-linear version of the model, which facilitate® tstudy of its dynamic

properties.
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[11. Log-linearized Economy

| analyze the dynamics of the model in its log-linear versibrdenote byz;, =
dx;/ x the percentage (logarithmic) deviation of the variablérom its steady-
state value, which is written without the time subscript.

The steady state around which the analysis is centered asszeno steady-
state inflation and is calibrated to have a constant massnas firc L under(1 —
ay), thus, given an exogenous shock, the average frequencycefnerisions can
increase or decrease. However, in a zero steady-statednfeatonomy there is no
natural incentive inducing firms € L to pay the random cost and chodde—
ay). Hence, itis convenient to introduce differentiated tebesahat generate such
incentive. As mentioned before, | assume> 0 andry = 0.> Moreover, | assume

that tax revenues are rebated to consumers in a lump-sumfiash

Monetary Policy

To close the model, assume that the central bank follows afreddaylor (1993)

rule
(26) ?t = 0'1"?7&71 + o0l + O-vac,tfl +Ert-

whereo, > 0, o, > 0 ando, > 0 are parameters chosen by the central bank.
In particular,s,. > 0 implies that the central bank adjusts gradually the nominal
interest rate in response to fluctuations in inflation angutt, , is an i.i.d. shock

with standard deviatiom®,..

5We can show that in the presence of positive steady-staionf] the incentive for a steady-
state fraction of € L to choose1 — o) arises naturally and is increasing in the steady-statevalu
of inflation. Moreover, constant tax rates on profits do ntecfeither the firm’s pricing decisions
or the dynamics of the economy in other form than the indatate
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A Generalized Phillips Curve

The Phillips curve of the model is obtained from equatiory{25). As shown in
Appendix B, defining the ratio of price sub-indexes (24) &%) @sI; = P/ Py,

the model yields the Phillips curve

~

I, = BE, Mo + [pag + (1 — p)ag] ¢
~ 1

+p(l—p)ag —an)Ti — ij Lf = 5] ﬁm

(27)

where all the coefficients are positive, with = (1 — ay)(1 — far)/ar, ag =
(1 —ag)(1 - Bay)/ay, andf = (az' —a;')/(aL — ag).

Equation (27) generalizes the New Keynesian Phillips curntke sense that it
makes explicit the role of fluctuations in the average fremyeof price changes.
In (27), as in the textbook version of Calvo’s (1983) modeflation is forward
looking and responds to fluctuations in marginal cost. Meeeoin the Phillips
curve (27), as in Carlstrom, Fuerst, and Ghironi (2002), rite of price sub-
indexes affects current inflatidn.Appendix C shows thaf} is governed by the

second-order difference equation

(28)

ﬁEtﬁJrl_Tlﬁ + T\tq =

~ \% 1 ~ ~
(ag —ap)y + o1 (= M)Et [5Vt+1 — Topu(l — p)Vi + th]

wherer; = [1+ 6+ (1 —p)ar, + pay| andr, = %(ﬁaL%—agl)%—ﬁ(ﬁQH—ka;{l).

’Carlstrom, Fuerst, and Ghironi (2002) investigate the rdeiteacy properties of a two-sector
model with different degrees of nominal rigidity. In Carteh, Fuerst, and Ghironi (2002} rep-
resents the ratio of price sub-indexes for the corresparslib-baskets. Here, as mentioned above,
T, does not represent the ratio of price sub-indexes, sincevélights in the price sub-indexes are
fixed (u, 1 — 1), while the mass of firms forming the sub-baskets is alloveechiange ¢, 1 — ).
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Finally, different from time-dependent models, endogenimequency of price
adjustments affects the dynamics of current inflation inRhdlips curve in two
forms. First, the short-run slope of the Phillips curve—e tII;,);) space—is
endogenously determined by the steady-state masgich also determines the
steady-state of the average frequency of price revisioegjiration (22). Figure 1
shows that, by lowering the unconditional mean of the randost E[¢] = 1/b),
we obtain higher values of the steady-state frequency oe@djustments, which
in turn are associated to steeper slopes of the Phillipsecurthe (1;,:;) spacée
That is, more flexible prices induced by lower adjustmentstsad to a steeper
Phillips curve®

Second, from the price sub-indexes (24) and (25) it is clear the dynamic
evolution of the mass of firms setting new prices at differetérvals of time, play
a role in shaping the evolution of the price Iev@j.appears in the Phillips curve to
account for the evolution of such mass of firms, which—usRip @nd (22)—can
be expressed in terms of the average frequency of priceoasis

Log-linear versions of the mass of firms accelerating priwnges (21) and the

average frequency of price revisions (22) yield

(29) Vi =0iVioy + oo A,

8Sheshinski and Weiss (1993) show that an inverse relatitweaa the cost of price adjustment
and the frequency of price adjustment holds in a state-dbpemeterministic model. Golosov and
Lucas (2003) find such relation in a stochastic state-degygndodel.

SUsing Romer’s (1990) setup, Bakhshi, Burriel-Llombart &éin (2002) analyze the short-run
slope of the Phillips curve in a model with positive steathtesinflation and (ad hoc) endogenous
price flexibility. They find a positive relation between stgestate inflation and the slope of the
Phillips curve.
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and

~ V ~
(30) F, = (OéL - OfH)f Vi,

wherev; = [1 — (1 — ap)A — (1 — ag)(1 — N)], thusv; € (0, 1)), andv, =
A —an) +p(l —ar)/V].

From (29) and (30), we can see that any shock perturJAajrigads to persistent
changes in the frequency of price chan@esThe persistence of the frequency of
price changes—measured by—is a consequence of the time-dependent feature
of the model, i.e., because firms are not allowed to vary tlodadrility of price
adjustments in every period.

Appendix C shows that log-linear versions of equations (€ ) together
with the definition of); in (12) yield the following forward-looking equation for

the probability of choosingl — « ) as opposed t6l — «,):
(31) At = BuiBdir + (72 — TH)dC/i; + U3 (X1 — Xt)

wherevs = %b [Dy — Dy — (1, — T)d]. Log-linearizing the profit function

(15), we get
(32) dy=Ci— (0 — 1)y

Equations (29) and (30) illustrate that the driving forchibd fluctuations in the
frequency of price changds is the probability of choosing faster price revisions,
A+ Equation (31) shows that such probability is determinethieystring of current
and future profit-differentials between firm setting pricesler each probability,

(10 — TH)d(Zt, and the effect of the discount factor. Hence, if the effdqbrofit-
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differentials dominates in (31), we expect the frequencyprode changes to co-
move with profits.
The Rest of the Model

Households. Log-linearizing the Euler equation for consumption (3)l #me Fisher

equation (6), we obtain

(33) Xe = [(v=1C" — 4] Cy + vm [y = 1y, + Pay
and
(34) Xt = Er | Xeg1 +71 — ﬁt—i—l] ;

wherer = D[C'" +m!™7]"". Using the approximation /(1 + ;) ~ 1 — r,

equations (4), (6) and (3) deliver the money demand

~ 1
(35) me ~ Cy — _;:fn
Y

with unit elasticity in consumption and interest rate etaist 1 /.

Firms. The production technology (14) implies that in the aggregat =
Apry Ny, whereY, = Yo, + Yy, Yo, = fol Yer(2)dz, Y, = fol yp+(2)dz and
N, = [} Ny(2)dz. Thus, the following condition holds

(36) YY., =Y [Nt + @m] ~ Y,V

Since the real wage is not firm-specific, the real marginalisas. = w;/ or:.
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Accordingly,
(37) U = — Bry-

Log-linearizing equation (13) yields the log-linear versiof the conditional

expected lump-sum cost as

[

(38) Dy — Dy — E] A

Il
[1]] —

The total output in pricing activities;, ;, is calculated by multiplying the con-
ditional average random cost (13) times the total mass o&fpaying the random
cost, thatis)Y,; = M\ [(1 —an)Vie1 + (1 — ap)pe—1] Ee. Using iy = —V/uV,
from (21) we obtain

ZVA
Y,

p

(39) }//\;),t = (C(L _CVH)‘/}t—l —F/)\\t—'—ét.

Market clearing conditions. Following Yun (1996), | define the alternative

price index?t_e = fol p:(2)~?dz. Aggregating the goods market clearing condition,
y.(2) = c(z), yields the following relation between the linear aggregaind the

— 71—6
Dixit-Stiglitz aggregator for consumption: ; = [ﬂ} C;. That condition can be

Py

approximatetf by

=0
Q
£

(40)

Appendix D shows the remaining set of equations used to atdou the exact

equilibrium condition.

0The fact that (40) is a good approximation for the log-linearsion of the (exact) market
clearing condition is also found by Dotsey, King and Wolm&897).
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Combining (14) with the first-order condition for labor siypy5), we obtain

equilibrium wage

-~ (N _

Yc?c,t +YpYoui| — T NPTt~ Xt + LDy -

@y =N 1[

T1-NY

Exogenous shocks. To complete the description of the log-linear model we

must specify two exogenous processes. The productivitgkshg, and the prefer-

ence shockp, ; follow autoregressive processes of order one:

(42) Ori = prPri—1+ere,
and
(43) Pat = Pd Pai—1 + €dt

where0 < pr < 1and0 < p; < 1. g7 ande,, are i.i.d. shocks with zero mean

and standard deviatiods, and®,, respectively.

V. Calibration and I mpulse Responses

Calibration

Equations (26)-(41) form a system of sixteen equationsdteen endogenous vari-
ables:Y,, Il,, 7, Fy, Vi, Ty, ¥, Coy Ny, @y Ay Yoo dyy 24, 1y andy,. The model
also includes three exogenous disturbances, a shock t@yer Tule, a productiv-
ity shock (42) and a preference shock (43).

| use parameter values from the literature. The stylizetldaprocyclical prof-

its is a key issue for calibration (Rotemberg and Woodfo@BH] and Christiano,
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Eichenbaum and Evans [1996]). Although profit variationyplao role in most
monetary models of the business cycle, in this model, firraEsions about speed-
ing up future changes in prices are based on the value of thewihich in turn is
mainly determined by the string of current and expectedréuprofits. Thus, the
evolution of profits directly influences the dynamics of tiverage frequency of
price revisions.

Christiano, Eichenbaum and Evans (1996) discuss how theatd new Key-
nesian model requires a high value of the firm’s markup in otdgroduce pro-
cyclical movements in profits. This property is inheriteddyyr model. Here, | do
not attempt to find a remedy, but | impose a high markup for tbaapolistic firms
and an infinite elasticity of labor supply to generate prdicgtity of profits 1

| choose the parameters shaping preferences as follows.diSbeunt factor
(6 = 0.99) implies a rate of return of 4.1 percent annually= 1 corresponds to
a non-separable logarithmic utility in consumption and neaney balances. From
(35), the inverse of; is the interest rate elasticity of money demand. This =
0.118 is in line with empirical estimates in Ireland (1997b). Thece elasticity
of demand for the final good in equation (1) implies a steadyesmarkup of 50
percent ¢ = 3) above marginal cost. In steady-state, households aflara third
of the endowed time to labo™\{ = 1/3) and their labor supply is infinite-elastic
(¢ =0). I'setrto 1/2, so the preference shogl ; has qualitatively the same effect
on inflation and output as McCallum and Nelson’s (1997) ISckhélowever, this
reduces the volatility of marginal cost in the presence efgrence shocks.

The parameters of the pricing mechanism are chosen to siag t the stan-

dard time-dependent modell — «,) = 1/5 implies that firms under the low

1Rotemberg and Woodford (1999) propose some remedies tet@no, Eichenbaum and Evans’
critique.
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frequency of price changes revise prices once every fivaepsaon average;l —
ay) = 1/3 implies that, under the high frequency of price adjustmgiittais set
new prices prices once every three quarters on average.izéhefghe set of firms
that endogenously choose their frequency of price charsges-i0.99. These val-
ues imply an upper and lower bound on fluctuations of the geefeequency of
price revisions of 1 — ay) = .333 and(1 — o)+ (1 — ay)(l — @) = 0.2133,
respectively.

Note that in the model, the probabilities of price adjusttién- o) and(1 —
ayy) represent two possibilities that one firm can adopt as pats optimal pricing
policy. Values for the frequency of price chances in thageaare common in
the literature. Note that this approach is different frora tio-sector model with
different degrees of nominal rigidity of Carlstrom, Fueastl Ghironi (2002) or Bils
and Klenow (2004) which capture intersectoral heterodgmenominal rigidities.

The parameteb in the distribution of the random coél(-) is chosen so that
the unconditional mean d@fis the same as in Dotsey, King an Wolman (1999), i.e.
E[¢] = 1/b = 0.006. Golosov and Lucas’ (2003) calibration implies that the-ran
dom lump-sum cost of price revisions is about 1.9 percentafits. According to
our calibration, the (unconditional) expected cost repmés 1.3 percent of profits.
The values of differentiated tax rates on profits,= 0.005 andry = 0, allow
for the average frequency of price changes to increas€ Ipgrcent or decrease by
23 percent with respect to its steady stake<€ 0.28), without hitting the upper or
lower bounds.

The parameter values for the Taylor rule are in line withanel's (2002) es-
timates for the post-1980 U. S. economy: = 0.5541, o, = 0.5751, o, = O.
Finally, I calibrate the exogenous shocks (42) and (43) dews: pr = .956,
pq = .892, &y = .007, &, = .035 andd, = .0025.
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Parameter values are consistent with a unique rationakscéion equilibrium.
In particular, monetary policy responds to inflation aggiesy enough to ensure

determinacy.

Impulse Responses

To analyze the effects of the new features of the model, utaie the impulse re-
sponses for the three exogenous shocks—preference skobkptogy shock and
shock to the Taylor rule—using the techniques describedhigl{1999). | com-
pare the results with a closely related time-dependent mddethis model, the
central bank follows the Taylor rule (26), households hde game preferences
and confront the same budget constraint as those desciibosd,ebut firms follow
a pricing scheme as in Calvo (1983) with probability of chaggorices(1 — «).
Accordingly, the Phillips curve of the modelit = SE11;,, + 1=20=02),),

The first-order condition for the representative housebgitbblem imply the
Euler equation (33), the Fisher equation (34) and the moweeyatd (35). The
aggregate production of outputfst = ]\Aft + @r,: and marginal cost is is given
by (37). Equilibrium in the goods market yields equation)(40d equilibrium
wage isw; = % [}Afct — @Tﬂt} — Xt + tpa,. Finally, productivity and preference
shocks follow the processes (42) and (43), respectivelst fiims a system of nine
equations in nine endogenous variablEs (11;, r;, ¢, Ct, wy, Ny, m, andy,) plus
three exogenous shockgq(;, ¢q: andy, ) and the corresponding assumptions.
The new parameter is so that | set1 —«) = (1 — «y). All other parameter values
are the same in both models.

Figure 2, shows the responses of interest rate, inflatiaipub@and the average
frequency of price changes to a positive, one standard ti@vipreference shock.

The response of inflation is stronger in the model of this paglaile the response of
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output is weaker than those in the time-dependent benchritéw same property
holds also for inflation and output responses to produgtsiitocks and shocks to
the Taylor rule, as shown in Figures 3 and 4. For monetaryres{pas this result is
found also by Dotsey, King and Wolman (1997).

Figures 2, 3, and 4 also show that for small shocks the dyreafioutput and
inflation in the model with elements of state-dependenimgics well approximated
by the time-dependent model. That conclusion is also foynBditsey, King and
Wolman (1997), Burstein (2002) or Klenow and Kryvtsov (2D04

Moreover, Figures 2, 3 and 4 show that the frequency of ptieanges is pro-
cyclical. This result follows from the procyclicality of gfits. Under zero steady-
state inflation, the difference in the value of firms adjugpnices faster versus those
adjusting slower is proportional to profits—common for btytpe of firms. Thus,
more firms are willing to cover the costs of additional priegisions in booms,
causing upward fluctuations in the average frequency okemianges. Further-
more, procyclical movements in the average frequency ogprvisions imply that
inflation and the average frequency of price changes movkarsame direction
after preference shocks or shocks to the Taylor rule, byt tih@ve in opposite di-
rections after technology shocks. This result is in lindwilite conventional wisdom
that the frequency of price changes is positive correlatiéid tive inflation rate. For
example, such relation mssumedn Bakhshi, Burriel-Llombart and Khan (2002).
Moreover, evidence of that correlation is found by Ceccli#&86) and suggested
in Zbaraki et al. (2000).

Figure 5 shows the evolution of the relative prie= P,/ Py .. Figures 2to0 5
show that the impulse responses of the tefirend F; in the Phillips curve (27) are
persistent. As menitioned in the introduction, those tecarsbe identified as cost-

push shocks by someone using the standard Calvo (1983) enfRetg (1982)
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pricing model. For example, Ireland (2004), using data fer ).S. economy in
the postwar period, finds evidence of systematic deviationise inflation-output
relation predicted by a model with Rotemberg (1982) pricihglreland’s (2004)
model the cost-push shock is characterized as exogenotisast disturbances
in the degree of monopolistic power that follow an autoresgre process of order
one. Consistently with the prediction of our model, Ireldimdls that such shocks

are very persistent (with a correlation coefficient of 0 267.

V. Conclusions

This paper introduced elements of state-dependent pniciagractable fashion in
a dynamic, stochastic, general equilibrium monetary modéle pricing scheme
proposed represents a natural extension of Calvo’s (1983hg which generates
endogenous movements in the average frequency of pricgarsi The incorpora-
tion of time-dependent and state-dependent features atlothe model to escape
Woodford's (2003) critique of state-dependent modelswudised in the introduction
and, by the same token, preserves the tractability of tispeddent models.

The pricing mechanism delivers a generalized New Keyndimlfips curve in
the sense that it makes explicit the role of relative priced the frequency price
revisions as additional endogenous variables that affectriflation-output trade-
off. The model offers, therefore, a microfounded ratioriatesystematic deviations
in the inflation-output relation predicted by the new KeyarsPhillips curve, i.e.
cost-push shocks. Different from Steinnson (2003) or ireélé2004), who micro-
found cost-push shocks as exogenous stochastic dist@baodhe elasticity of

substitution between goods, here, such deviations artegemously.

2Moreover, Ireland (2004) finds that cost-push shocks aremadevant than technology shocks
in explaining the behavior of inflation, output and intenedes.
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The model predicts that exogenous shocks would have parsedffects in both
terms, relative prices and the frequency price revisiortss Pprediction is in line
with Ireland’s (2004) estimates who finds that, in the postpexiod for the U.S.
economy, cost-push shocks are highly persistent.

Additionaly, | see this as a basic setup suited to tackletopresfor which en-
dogenous price flexibility is central in a dynamic, stoclasieneral equilibrium
framework. For example, we know since Ireland (1997) thatcewe explain the
empirical evidence on disinflationary programs implemeéiehigh and moderate
inflation economies found by Gordon (1982) and Sargent (1B82allowing for
endogenous speed of price adjustments. Moreover, CalMas@eand Kumhof
(2003) show that the frequency of price adjustments (exagglg given in their
model) plays an important role in measuring welfare costisinflation programs.
This suggests that elements of state-dependent pricing desirable feature in

models of disinflation programs.
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Appendix A: The steady state

Relative prices and marginal cost

From the optimal new price (20), in steady state—assumirgsteady-state inflation—
| obtain
p_j 0
The price sub-indexes (24) and (25), in steady state imply
The price index (23) yields

e (B o ()

using the last three equations we obtain the steady-statgmabcost:

1-6 1—6
oD 1=u(goe) raen () ==

Note that equation (A-1) also holds in the Calvo (1983)-YL@06) setup.

Value of the firm, output, costs in pricing activities

From equations (7) and (8), note thay; = D,; in steady state. LeD; denote
the steady-state value of the firm undér- «;). Then, conditions (12) and (13) in

steady state become

(A-2) A =1—exp (=b[Dy — Dy))
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and

(A-3) Ez% %—(1/b+DH_DL)eXp (=b[Dg — Dg])| .

Next, from the profit function (15), imposing the goods mariearing condition
C =Y, steady-state profits becorie= gYC. Using this and steady-state versions

of (7)forj = H andj = L, | obtain

(A-4) Dy = —EYC -

and

(A-5) DL:%%K—ﬁML%ﬁ?_@m)’

(1]

whereQ = (1 — 6) {1l — Blag + NMap —an)l}, Qu = (1 —Brag) - (1 —15) —
B(l—A)'[(TL—TH)—FOJH(l—TL)],andQLE [1—5(1—)\)0411]'(1—7'])—5)\'
lar(1 = 7) — (70 — 7)) 2°

| choose the parametersuch that the steady-state labor effort is a convenient

level N (N = 1/3, see below), thus steady-state output is

(A-6) Y.+Y, = AN.

Output employed in pricing activities is calculated by npliting the condi-

tional average random cost (in units of output) times thal totass of firms paying

BNote that, ifay = o = aandry = 7, = 0, then (A-4) and (A-5) implyDy = D =

t15d — 22U=2)= Moreover, from (A-2) it follows that = 0, so thatDyy = Dy, = 15d.
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the random cost. Accordingly, in steady state:
(A-7)

Y, == amV + (1= anul - | = (D= Do+ 3 ) exp (-b[Du ~ Di)

The steady-state mass of firms accelerating price revissagisen by equation

(21) as

A —ar)p

(A-8) V= (1—ag)(I1=XN)+AN1—ar)’

Equations (A-2)—(A-8) constitute a nonlinear system oesesguations in seven
variables:\, Dy, Dy, Z,Y,, Y., andV. Its solution yields the steady-state levels of

those variables.

Other variables

The first-order conditions (3), (4) and (6) yield the steathte real money balances

and Lagrange multiplier as:

(A-9) m=Y.(1-p8)"""
and
(A-10) X@:[Y§LW)+4n@*ﬂ]7Fygﬁ’

respectively, where:. = M/ P.

The steady-state real wage is determined from the relation

(A-11) ¢:%.
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| choose the value of (in the first-order condition for labor supply, 5) so that
(A-12) k(1— N)_C = xw,

is satisfied forNV = 1/3.
Usingu = @ — V to find the steady-state value pf the steady-state average

frequency of price revisions is given by equation (22)
(A-13) F={0-a)p+1—ag)(l—p).
Appendix B: Deriving The Phillips Curve
Log-linearizing the second equation in (21) we obtain

(B-1) fir = —V/uV;.

Log-linearizing the price index (23) yields

~

(B'Z) ﬁt = ,U;ﬁLﬂg —|— (1 — ,U‘)PH,t .

From (B-2), definingl;, = -2

Pjt—1’

(B-3) ﬁt = ,UﬁL,t +(1 - N)ﬁH,t .
The log-linear version of equation (20) can be written as

(B-4) @*t = (1 = Bay) (P + ) + B 50‘]‘17;,7&“ .
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Using (B-1), the log-linear versions of equations (24) a2) @re

~

(B-5) ﬁL,t = OZLﬁL,t—l + (1 — OzL)]/?\z’t + 9711% |:‘/t — OzL‘/}t_li|

(B-6) ﬁH,t = OéHﬁH,t—l + (1 — OZH)]/)\;IJ — ﬁ% |:‘//\; — OzH‘/}t_li| .

P“f. Thus, from (B-2), we have

H

Next, letR;, = “2* and recalll, =
(B-7) Ry, =(1— )T, andRy, = —uT, .

Forwarding (B-5) and solving fgs; , , ,, | obtain

~ 1V

(1= an)p} oy = Hpgon + (1 —ap)Pry — 57— (Vipr — arVh).

0—1p

Substituting the last equation into the right-hand sideBaélf for j = L, substitut-

ing the resulting equation into (B-5), and rearrangingdsel

(B-8)
~ ~ 1—ar)(l — o ~ =
;= BE 01 + ( LLE ba) [wt — RL,ti|
L
1V ~ ~ 1 1 Vi~ ~
- ﬁﬁ—Et [Vt+1 — CILV}} +——— [V} — OZLVZ—1] .
—1u arf—1p

Forwarding (B-6) and solving fgiy; , , ;, | obtain

(1= )Py 1 = Hargpr + (1 — apr) P + ——M@H — anV}).

Substituting the last equation into the right-hand sideBefif for j = H, substitut-
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ing the resulting equation into (B-6), and rearrangingdsel

(B-9)
- - 1—ap)(1—fag) [~ =
Ty = BB, Ty + LU B0l g ]
H
1 Vs 1 1 1V s .
+ﬁ—0_1—1_MEt [‘/t—i-l_aH‘/t} T anf—11—4 [‘/t_aH‘/t—l] :

Next, multiplying (B-8) timeg: and (B-9) timeg1 — y), substituting the result-

ing equations into (B-3) and using (B-7) yields

(B-10)
ﬁt = BE ﬁt+1+[ﬂ (I —ar)(l=pBar)/ar+(1—p) (1 —au)(l - Ban)/ aul TZt
+p(l =) [(1 = an)(1 = Ban)/ an — (1 —aL)(1 - fo)/ ar] T,
1 ~

- mv [(041}1 - 0421) — Blag — CVH)} Vi

Finally, using (30), and the definitions af, ay and f in the text, we obtain the

Phillips curve equation (27).

Appendix C: Difference equationsfor 7; and A,

The second-order difference equation 1oy (28), is obtained as follows. Rewrite

(B-5) as
(C-1)
BERLt1 —[1+ 0+ (1 —ap)(l —pBap)/ar]| Ry + Rpi—1 =11 — BEIL
1V ~ ~ 1 1 Vi~ ~
_[<1 - ch)(l - 50%)/0%] wt—ﬁﬁgﬂe [Vtﬂ - O‘Lvti| _'_Of_Lﬁﬁ [Vt - OZLV;‘/fl] .

35



Similarly, rewrite (B-6) as

(C-2)
BERpyi1— 1+ 08+ (1 —an)(l —Pan)/ ag) Rui+ Rt = i — BEIL
1 Vv ~ ~ 1 1 Vv ~ ~
_[(1 - aH)(l - ﬁOéH)/OéH] ¢t+ﬁﬁmEt [Vt+1 - OZHV;:| —Eﬁm [Vt - OéHV%—1] .

Use (B-7) to express (C-1) and (C-2) in terms’Iof subtract (C-2) from (C-1),
collect common terms, and use the definitionsQfr, ay anday, in the text to
obtain (28).

To derive equation (31), log-linearize equation (12) toamipt

~ 1= R .
(C-3) Ay = Tb DyDpy — DLDL,t] .

Using the resultD,y = Dy in Appendix A, log-linearizing (7) and (8)—
evaluated at the optimum price—and comparing the resuétquaations, note that
the value of the firm satisfie@w = ZADW. Thus, denote withﬁj,t the value of the

firm acting under1 — «;). Equation (7) forj = H implies

(c4)
DHBH,t =(1- TH)dC/l\t + [Bag + BA1 — an )] DHEtﬁH,t—l—l

+ ﬁ(l - OéH)(l - /\)DLEtBL,t—i—l + [DH - (1 - TH)d] E, (S(\t—l—l - 5(\1:)

and forj = L itimplies

(C-5)
DLEL,t =(1- TL)da\t + BA1 —og )DHEtﬁH,tJrl

+ [ﬁ — ﬁ)\(l — )] DLEtﬁLﬂpA + [DL - (1 - TL>d] Et (X\tJrl - SC\t) .
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Subtract3(1 — ag)(1 — )\)DHEtf)H,tH from both sides of equation (C-4) to

obtain

DHBH,t - 61 —ay)(l- /\)DHEtﬁH,t—f—l =(1- TH)dC/i; + [Bayg + A1 — agy )] DHEtBH,t-H

+ 801 = am)(1 = NE; |DpDrgar = DuDiger| + D = (1= 1) By (R — R0

Use (C-3) in the last expression and simplify to find

(C-6)

N N N 1 N
DHDH,t = ﬁDHEtDH,t-i-l + (1 — TH)ddt — ﬁ—_(l — A)(]_ — aH)Et)\t+1

A
1—-Ab

+ Dy — (1 = 1g)d] By (Xe+1 — Xe)

Subtract3A(1 — ay, )DLEtﬁL,Hl from both sides of equation (C-5), use (C-3), and

simplify to obtain

DDy = BDLE D+ (1 —1)ddy + B——=A1 — ar) Etdia

(C-7) 1—-Ab
+[Dr — (1 = 7)d] B (Xe+1 — Xt)

Next, subtract (C-7) from (C-6) and use (C-3) to obtain eiguai31).

Appendix D: Aggregate goods market clearing

Using Yun's (1996) alternative price inde?,i_e) = fol [p:(2)]? dz, the goods

market clearing condition is
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Note that the alternative price index can be written as

—(=0) —(—0) —(=0)
Py U =pPry + (1= )Py,
—(=0) _ 1 pue 0 =0 _ 1 1 0
whereP; ,” = ;fo pe(s)PdsandP, = ﬂfut pi(s)~ds. Thus,
(=) 50 1 . 7(=0
o1 Py =P+ 0= ) = (V= Vi) o]
and
(D-2)

—(-0) —(~6) 1 « 1(=0)
Py, =ayPy," + =, (1= ap)(X = pr1) + (Vi = Vi) [pH,t]( :

Next, define the ratios of price indexés = P,/ P,, R, = P,/ P., and

Ry: = FHJ/ Py . The log-linear versions of the conditions abovetare

(D-3) }Z,t = at - eﬁta
(D-4) Ry = uRp,+ (1 — p) Ry,

14To obtain (D-5) and (D-6), note that log-linearizing (D-hdy(D-2) we obtain:

~

= = e Vi1~ ~
Pri=arPri 1+ (1 —ap)pr,+ ;g(Vt —arVio)
and
= = - V 1 ~ ~
Pui=apgPui1+ (1 —ag)py, — ﬂa(‘/t —apVi1).

Next, subtract (B-5) and (B-6) from the equations above taiotil%m andﬁH,t.
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=~ =~ V 1 ~ ~
(D'5) RL,t = CVLRL,tfl - ﬁm [Vt - OZLV;‘/fl]
and
= = V 1 ~ ~
(D-6) Rys=apRp41 + gm [Vi - OéHV%—1] .

To calculate impulse responses, | replace the approximéti@) in the text with

(D-3) and include equations (D-4) to (D-6).
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Figure1.

Slope of Phillips Curve in thd[,,¥,) Space

(varying the unconditional mean of the random cb&t] = 1/b)
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Figure 2. Response to a Preference Shock
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Figure 3. Response to a Productivity Shock
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Figure4. Response to a Expansionary Taylor Rule Shock
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Figure5. Response of the Relative Pri¢gand the Price Inde¥;

Response df; to a Taylor Rule Shock Responsefto a Technology Shock Respons€iptto a Preference Shock
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