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OptimalMonetaryPolicywith RelativePrice Distortions By TACKYUN* Thispaper analyzes optimalmonetarypolicy in a stickyprice model with Calvo-type staggered price-setting. In the paper, the optimal monetarypolicy maximizes the expected utility of a representativehousehold without having to rely on a set of linearly approximatedequilibriumconditions,given the distortionsassociated with the staggeredprice-setting. It shows that the completestabilizationof theprice level is optimal in the absence of initial price dispersion, while optimal inflationtargets respond to changes in the level of relativeprice distortion in the presence of initial price dispersion. (JEL E31, E32, E52)



The issue of how to implement monetary policy has been much remarkedupon in recent small-scale monetarymodels thatembed imperfect competition and nominal rigidities into dynamic stochastic general equilibriumframeworks. The analysis of optimal monetarypolicy in much of the recent new models with the Keynesianfeatureshas suggested that monetary policy should stabilize the price level in orderto maintainthe economy at its capacity level. The main reason for the optimality of zero inflation is that it eliminates the distortions associated with sticky price, therebyleading to the flexible price equilibriumallocation, as stressedin Marvin Goodfriend and Robert G. King (1997), Jordi Gali (2003), and Michael Woodford (2003). This paperanalyzes an optimalmonetarypolicy problemin an optimizing sticky price model with imperfect competition and Calvo-type staggered price-setting. In particular,it refines the existing result on the optimalityof the complete stabilization of the price level, stressing that initial price dispersionmakes it suboptimal for the central bank to achieve zero inflation. More precisely, this paper shows that in the



absence of the initial relative price distortion, the complete stabilization of the price level achieves the first-best allocation, given the fiscal policy to offset the distortionsattributableto imperfect competition in goods market. However, a zero inflation policy cannot eliminate relative price distortionscompletely in the short run, as long as the previous period's price dispersion exists. Moreover, there exists a monetary policy that can reduce relative price distortionsmore rapidly than the zero inflation policy does, although both of them have the same steady state. The zero inflation policy thereforedoes not achieve the second-best allocation in the presence of the previous period's price dispersion. In this paper, the optimal monetary policy maximizes the expected utility of a representative householdwithouthaving to rely on a set of linearly approximatedequilibrium conditions, given the distortions associated with staggered price-setting. The analysis of the paper thus draws heavily on the literatureon optimal policy that follows from the work of Frank P. Ramsey (1927) and Robert E. Lucas, Jr., and Nancy L. Stokey (1983), wherein the government seeks an allocation to maximize the welfare of households among feasible allocations derivedunderthe restrictionthat optimal choice should be implementedin a decentralizedeconomy. In the same vein, King and Alexander L. Wolman (1999) and Aubhik Khan et al. (2003) analyze optimal monetarypolicy problems that maximize the expected utility of the representative household given the distortions in sticky price models with the staggeredprice-settingof John B. Taylor (1980).



*Department of Economics, Kookmin University, 861-1, Jeungnung-dong, Seungbuk-ku, Seoul 136-702, Korea(e-mail:[email protected])andBoardof Governors of the Federal Reserve System, 20th and Constitution Ave., NW, Washington, DC 20551 (e-mail: [email protected]). I appreciate helpful comments from anonymous referees and seminar participantsat Columbia University. This paper was written while the authorwas at Kookmin University. The opinions expressed are those of the author and do not necessarily reflect the views of the Board of Governorsof the Federal Reserve System. 89
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The model of this paper uses the staggered price-setting of GuillermoA. Calvo (1983), requiring that firms set prices as monopolistic competitors in goods market.Money plays the role of a unit of account only, following recent works on monetary policy such as Julio J. Rotemberg and Woodford (1997, 1999), Gali (2003), Gali and Tommaso Monacelli (2002), and Woodford (2003). In addition, it has been emphasizedin recent literaturethat fiscal policy should be designed to offset the distortion associated with imperfect competition in goods market,which in turnleads to the optimalityof the flexible price equilibrium in which prices are completely flexible. In the same vein, this paper assumes that there is a subsidy to the supply of production inputs by households, which is funded by lump-sum tax. The size of the subsidy is then chosen to eliminate the distortionassociated with imperfectcompetitionin goods market. To the extent that production technologies exhibit constant returnsto scale and that prices for inputs are fully flexible in perfectly competitive markets, this paper finds that when the subsidy eliminates the distortionin goods market and a lump-sum tax is imposed on households, a time inconsistency problem for monetarypolicy does not arise in the model. As a result, the optimal policy problem can be writtenas a dynamicprogrammingproblem.' In particular, given the fiscal policy eliminating the distortionin goods market,the relative price distortion becomes the only distortion with which monetarypolicy is concerned. The optimal monetary policy is therefore sought to achieve a lower present-valueof relative price distortions than could be obtained under zero inflation,even if it is feasible to minimize pricelevel movements. This means that it is optimal to stabilize the price level graduallyif the policymaker inheritsprice dispersionbefore a monetary policy is chosen. The Calvo-type staggered price-setting gen1 It also can be shown that the optimal monetarypolicy problem in an optimizing sticky model with the staggered price setting of Taylor (1980) can be written as a dynamic programmingproblem, if money plays the role of a unit of account only and fiscal policy eliminates the distortion associated with monopolistic competition in goods market by giving the subsidy to households, which is funded by a lump-sum tax. I am indebted to an anonymousreferee for pointing out this fact.
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erates a simple representationof the law of motion for relative price distortions:the current level of the measureof relative price distortion depends on the currentrate of inflation and the previous level of the measure of relative price distortion. It helps to characterizethe optimal inflation rate without having to rely on any approximationof the original equilibriumconditions. In orderto obtain an analyticalsolution to the welfare of households, however, it is essential to assume that firms have a linear productionfunction and governmentpurchases are specified as a fractionof GDP, ratherthanin terms of the quantity of goods purchased.It is then shown that the optimal policy suggests a price-level targeting,which has the centralbank contractthe aggregatedemand in response to a rise in the aggregateprice level from its target. The paper is organized as follows. Section I describes a simple dynamic stochastic general equilibrium model with Calvo-type staggered price setting, in which output from production relies on a linearproductionfunction. Section II discusses the second-best equilibrium,which is obtained under the optimal policy in the presence of the initial price dispersion. Section III contrastsequilibriumdynamics under the optimal policy with those under full price stability. It also comparesthe welfare cost of the optimal policy with that of maintaininga zero rate of inflation.It is then shownthatwelfarecosts of the optimal and zero inflationpolicies rise with the price elasticityof demandcurve, degree of nominal price rigidity, and initial long-run average inflationrate,respectively.Section IV concludes. I. Model



This section presents a simple version of the sticky price model with the staggered pricesetting of Calvo (1983). The model of this section does not include capital accumulationand monetarydistortionsassociatedwith the money holdings of households, in orderto focus on the distortionsdue to the sticky price with staggered price-setting.2 2 The set-up of the present paper draws much on the recent work on monetary policy, wherein money can be thoughtof as playing the role of a unit of account. See, for example, Rotemberg and Woodford (1997, 1999), Gali (2003), and Gali and Monacelli (2002), and Woodford (2003).
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A. Households The preferenceat period 0 of the representative household is representedby



(1.1) Eo ,=



CI3t [CHI 1 - -_ o"



l+ XJ



where 0 < p < 1 denotes the discountfactor, C, is an index of consumptiongoods, and H, is the numberof hours worked at period t. The household purchases differentiatedgoods in a retail market and combines them into composite goods using a Dixit-Stiglitz (1977) aggregator:



- 1) E/(E



(1.2) (1.2)



Ct = 0



dz Ct (z) (E-1)/E



J



and i, is the real dividend income. The labor market is perfectly competitive and wages are fully flexible. The employment subsidy that is proportionalto the labor income is given to the representative household, while qr denotes a constant rate of the employment subsidy. In addition, the employment subsidy is funded by a lump-sumtax on households.In particular,the size of the subsidy rate will be determinedto offset the distortion associated with imperfect competition in goods market, following Gali (2003) and Woodford (2003). The first-orderconditions for the household's optimizationare then given by (1.6)
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wherethe aggregatepricelevel Pt is definedto be



(1.7)
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RtP," The substitutionof (1.7) into (1.8) thus gives the following Euler equation:
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In each period t = 0, 1, ... , the household chooses decision rules for consumption C,, labor H,, and a nominal bonds portfolio B,,+1 to maximize (1.1) subject to a sequence of period budget constraints: (1.5)



t



In addition,if Rt representsthe risk-free (gross) nominal rate of interest at period t, the absence of arbitrageat an equilibriumleads to



(1.9) (1.4) P



W, = (1 + T) p t Pt'



(1.8) =



CtH



E> 1 ,



where C,(z) is the demand for differentiated goods of type z. The household minimizes the total cost of obtaining differentiatedgoods indexed by a unit interval [0, 1], taking as given theirnominalpricesP,(z). The cost-minimization then gives a demand curve of the form: C, (z)
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B. Firms Firms set prices as in the sticky price model of Calvo (1983). Specifically, during each period a fraction of firms (1 - a) are allowed to change prices, whereas the other fraction, a, do not change. In addition, each firm z produces differentiated goods of type z using constant returnsto scale productionfunction of the form:



Ct+-EtJQt,t



(1.10) P + (1 +



)-



H, + D, Tt



where Q, +1 is the stochasticdiscountfactorfor computingthe real value at period t of one unit of consumptiongoods at period t + 1, W,is the nominal wage rate, T, is the real lump-sumtax,



Y,(z) = A,tH,(z)



where Y,(z)denotes the level of outputat period t of firm z and H,(z) denotes the hours hired by the firm. The logarithm of the aggregate technology process is also assumed to follow an AR(1) process:
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(1.11)



Pa < 1
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where at (= log A,) denotes the logarithmof the aggregate productivityat period t. The technology shock eat is an i.i.d. randomvariable,which has a zero meananda finitestandarddeviationqa. Firms that are able to change prices in period t choose a new optimal price, denoted by P*, in order to maximize the following expected discounted sum of profits obtained in currentand future periods:



1



(1.12)
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Pt



(1.15)



ginal cost at period t, which is defined to be



Pt-1)/Pt-1



mctAtPt It is noteworthy that the real marginalcost described above does not depend on the output level of an individual firm, so long as its production function exhibits constant returns to scale and prices of inputs are fully flexible in perfectly competitive markets. Differentiating (1.12) with respect to P* gives the following first-ordercondition:
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C. Social Resource Constraint In any sticky price model with staggered price setting, relative prices may not be the same across firms. Moreover, when firms have different relative prices, there are distortions that create a wedge between the aggregateoutput measuredin terms of productionfactor inputs and aggregate demand measuredin terms of the composite goods. In order to see this, individual outputs are linearly aggregated:



Furthermore,the Calvo-type staggering described above allows one to rewrite equation (1.4) as follows: P,=



AHt



{(1 - a)(Pt)l-E



+



aP-



=* Yt
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-Edz



where H, = fo H,(z) dz. Thus, if one defines a measure of relative price distortionas



(1.16)
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the relationship between the aggregate output and aggregate factor input can be written as A, (1.17)



Y, = Ht.



As a result, the social resource constraint in period t is given by



(1.18)
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where p* = P*/P, denotes the relative price of the new price at period t and wr, = (Pt -



where Qt,t+k (= k( ICt t+k) denotes the stochastic discount factor for computing the real value at period t of a unit of consumptiongoods in period t + k and Y, denotes the aggregate demand which is defined as Y, = (fo Yt(z)(E- 1)/ dz)((E- 1. In addition,mct denotes the real mar-
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At



H, = C, + G,



where Gt denotes the governmentexpenditures at period t. The government purchases are assumed to be a fractionof the aggregatelevel of private consumption: G, = gt C



E)



It thus implies that dividing both_}1/(1sides of this equation by P, yields



where g, is an exogenous variable. Such an assumptionon the process of governmentpur-



chases is special. It facilitates, however, an analytical characterizationof equilibrium allocations under the optimal and zero inflation policies, which will be seen. Next, the analysis turns to how the measure of relative price distortion varies over time.3 Notice that the Calvo-type staggered pricesetting allows one to rewrite the measure of relative price distortion specified in equation (1.16) as (1.19) At = (1 - a)p-' t+



(1 +



irt)'Atl. Hence, substituting (1.15) into (1.19), one can derive a law of motion for relative price distortions:
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1 - a+ ,t)E-l



E/(E -1)
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D. Flexible Price Equilibrium This section analyzes the flexible price equilibriumfor the model of this paperto determine the size of the employment subsidy rate explained above. In the sticky price model with Calvo-type staggered price-setting, a = 0 corresponds to the flexible price model in which prices are fully flexible. In what follows, the governmentis supposed to set the employmentsubsidy rate equal to r = 1/(E - 1). In the meantime,equations(1.14) and (1.15) imply that the real wage rate at period t



3 Refer to Woodford (2003) for a measure of price dispersion in the Calvo model, which is defined as a crosssection variance of logarithms of individual prices. The evolution of the measure of price dispersion also depends solely upon the behavior of the aggregate inflation rate, while an initial degree of price dispersion is assumed to be of the second-order. In addition, see Schmitt-Grohdand Uribe (2004) for an explicit discussion on how to derive a measure of relative price distortion in the Calvo model without having to rely on any approximation.Furthermore, a Calvo-type staggered wage-setting can generate relative wage distortion.See, for example, Erceg et al. (1999) for a nominal rigidity model with staggered price and wage settings of Calvo (1983).



turnsout to be W,/P, = [(E - 1)/E] A, in the case of a = 0. Hence, substitutingthis equationinto (2.6) and setting r = 1/(E - 1) in the resulting equation leads to (1.21)



= A, C~"HT*x



where C* and H* denote the aggregate consumption and hours in the flexible price equilibrium, respectively. Equation (1.21) indicates that the marginal rate of substitutionbetween consumption and labor equals the marginal productof labor. The flexible price equilibrium therefore achieves the first-best allocation that would be attainedunder a frictionless competitive equilibrium,given the fiscal policy to offset the distortion arising from imperfect competition in goods market. Furthermore,since the governmentexpenditures in period t are assumed to follow Gt = gt Ct, the social resource constraintin the flexible price model becomes Y*= (1 + g)CT, where Y*t denotes the efficient level of output that is obtained in the flexible price model. Hence, substituting the social resource constraint and aggregate production function into (1.21), the output level in the efficient flexible price equilibrium can be written as (1.22)



+



Y*= A('+x)/(r+x)(1



gt,)o/(+x).



The naturallevel of outputis then defined to be the output level in the efficient flexible price equilibrium.It then follows from (1.22) that the natural level of output does not depend upon monetarypolicy. Having describedthe naturallevel of output, I turnto the characterizationof the real marginal cost in a sticky price equilibrium.Specifically, substituting(1.13) and (1.17) into (1.6), one can see that the real marginalcost in a sticky price equilibriumturns out to be (1.23)



(1 + r)mc,
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II. The OptimalMonetaryPolicy This section begins by considering the optimal monetary policy problem and then moves on to the implementationof the allocation implied by that policy in the decentralizedeconomy explained above.
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A. OptimalMonetaryPolicy with Relative Price Distortion The analysis of optimal monetary policy in this section will adopt the approachused in the literatureon optimal policy that follows Ramsey (1927) and Lucas and Stokey (1983). The optimal monetary policy problem, therefore, should take into accountthe fact thatits solution must be implementedin the decentralizedeconomy explained above. It is worthwhile to mention the role of employment subsidy in formulating an optimal policy problem, especially in terms of the optimal pricing condition (1.14). The profit maximization condition (1.14) implies that when firms are allowed to set prices, they take into account what will take place during future periods. Hence, one may expect that the forwardlooking pricing equation should be included as a constraint in the optimal policy problem. It will be shown later, however, that the optimal pricing equationis satisfiedwith the solution to a planningproblemthat ignores it. The optimal pricing equation (1.14) is therefore simply ignored at this point. It will be shown that this turns out to be legitimate, given the appropriately chosen subsidy rate and the constant returns-to-scaleproductionfunction. If one assumes that there are only distorting taxes in the economy, the present-valuebudget constraintof the representativehousehold may be an implementationconstraintrestrictingfeasible allocations in the optimal policy problem, depending upon the nature of the distorting taxes.4 Since the governmentimposes a lumpsum tax on households in this paper, the present-valuebudget constraintof the representative household is not considered as a constraintin the optimal policy problem. As a result,constraintsfacing the government consist of the social resource constraintand a set of equilibrium conditions associated with the distortions arising from sticky price with staggered price-setting. Specifically, the optimal monetarypolicy in the present paper maximizes the expected utility of the representative household given the social resource constraint
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(1.18) and a law of motion for the measure of relativeprice distortion(1.20). The optimalpolicy problem therefore requires only one more constraint (1.20) in addition to the social resource constraint. Let V(At,_, G,, A,) representthe value function at period t in the Bellman equation for the optimal policy problem. The optimal monetary policy then solves the following optimization problem: (2.1) G, A) =



V(At-1,
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given exogenous processes {G, At)1= 0 and an initial value of the measure of relative price distortion, A 1. The first-orderconditions for this optimization problem can be summarized as follows: A,
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See Chari and Kehoe (1999) for a survey of optimal policy in real and monetaryeconomies with distortingtaxes and full price flexibility. 4



where 4, denotes the Lagrange multipliers for (2.3).
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Having describedthe first-orderconditionsof the optimal monetarypolicy problem, consider the transitiondynamics of the optimal inflation rate. Notice that the dynamical system consisting of two differenceequations(2.3) and (2.5) is self-sufficient to determinethe equilibriumdynamics of the inflation rate and the measure of relative price distortion from period 0 onward for an appropriatelychosen value of A_ 1. Thus, solving equations (2.3) and (2.5) simultaneously yields a nonlinearsolution of the form: (2.7)



(2.8)
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7t =



on price dispersionthroughthe differenceequation (2.8). Furthermore,At < At_ 1 if At_ 1 > 1, given that e > 1. Equation(2.7) also implies that the optimal inflation rate equals the growth rate of the measure of relative price distortion. As a result, one can conclude that deflation takes place underthe optimal monetarypolicy during transition periods if the measure of relative price distortion takes an initial value greater than 1. B. Decentralization



At(- At,-



A, = At_,[a + (1 a)A-l]-'-(E-
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Hence, equations (2.7) and (2.8) imply that the optimal monetary policy stabilizes the price level completely in the absence of initial price dispersion, i.e., A_- = 1. It also follows from (2.8) that if the initial price dispersion does exist, the optimal monetarypolicy allows for a gradualtransitionof the relative price distortion toward a steady state with no price dispersion. Before proceeding, it is worth discussing the characterof the transitiondynamics of the optimal inflationrate. Much of recent literatureon optimal monetary policy has emphasized the long-runpropertiesof the optimal policy under commitment. For example, the timeless perspective argumentis that policymakers should behave as though they had long ago begun their commitment to optimal policy.5 The timeless perspective argumentcan then be used to eliminate the transition dynamics associated with exploiting initial conditions. It is noteworthy, however, that the transitiondynamics described by equations (2.7) and (2.8) occur as a solution to a dynamic programming problem, which does not requireany commitmentto futurepolicy actions. The transitiondynamics of the optimal inflation rate in this paper are therefore related to a fundamentalstate variable,the previous period's measure of relative price distortion, thoughthey dependon the initial condition



In orderto see if the optimalpolicy described above can be implemented in a decentralized economy, it is necessaryto considerwhat prices are consistentwith the optimalpolicy. The analysis thereforediscusses the real wage rate,nominal interest rate, and individual prices that are implied by the optimal policy. First, plugging (2.4) into (1.6), the real wage rate at period t turns out to be (2.9)



Pt



A, 11 A, 1 + rI At



The real marginalcost is thereforegiven by (2.10)



1 mc = (1 + -)



A," In addition,it follows from (2.7) that the aggregate price change between periods t + k and t under the optimal policy can be written as (2.11)



Pt+k



Pt



At+k
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Hence, given the fiscal policy offsetting the distortions arising from imperfect competition in goods market, substituting(2.10) and (2.11) into (1.14), one can see that the profit maximization condition for firms can be written as



k=0



5 See, for example, Woodford (2003) for detailed explanations about the optimal monetarypolicy from a timeless perspective when the central bank makes its commitment over the future course of its policy actions.
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It then follows from this equationthat the relative price of the new price set by firmsat period t is given by
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P* 1



(2.12)



pt



In orderto compute the nominal interestrate implied by the optimal monetary policy, consider the Euler equation specified in (1.9). Notice that the inflation rate at period t + 1 under the optimal monetary policy is given by 1 + +1=



A,, 1/A,, which is known at period t.



Given that Yt= (1 + and Y*,= (1 + g,)Ct, rt, gt)Ct into (1.23) leads to Ct = substituting (2.10) As a result, substitutingthese A,-(1+x)/(r+x)Ct. results into the Euler equation (1.9) yields
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Furthermore,the output gap under the optimal policy depends only on the measure of relative price distortion.In orderto see this, let x, representthe outputgap in period t, which is defined as xt = log Yt - log Y*T Then, combining (2.10) with (1.23) and rearrangingyields A, = exp(-(7- + X)/(1 + X) Hence, substiand applyingthe tuting this equationinto (2.15)xt). logarithm to both sides of the resulting equation, one can obtain an expression for the optimal output gap in terms of the deviation of the price level from its target: (2.16)
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where R* denotesthe expected(gross)real interest ratethatwouldbe obtainedin the efficientflex-



iblepriceequilibrium: R*= (3E,[(Ct*Ct, )Y)-'.



Having characterizedthe optimal policy, the analysis turns to the discussion of the optimal relationshipbetween the aggregate price index and output gap. It is noteworthythat the steady state price level under the optimal policy may differ from the price level in the period before the central bank begins the optimal policy. In order to see this, one can use equation (2.7) to show that the optimal level at period t of the aggregate price index can be written as (2.14)



Pt



=



P-1 A-1



zAt



where P1_ and denote the price level and relative price distortion, A-_ respectively, in the period before the monetary authoritybegins the optimal policy. Besides, since lim,, At = 1, equation (2.14) implies that the steady state level of the aggregateprice index is P0 = P-1l A-1, where P0 denotes the steady state level of the aggregate price index. Substituting this equation into (2.14) leads to (2.15)



P, = PAt,.



It follows from (2.15) that P0 can be interpreted as the optimal price target. Thus, one can see from (2.15) that the log deviation of the price level from its targetequals the logarithmiclevel of the measure of relative price distortion.



wherep, = log P, andpo = log P?. The optimal relationshipdescribed in (2.16) has the central bank contractthe aggregatedemandin response to a rise of the price level from its target. The linear relation specified above does not require any approximationto equilibriumconditions. In order to do this, however, it is essential to assume that governmentpurchasesbe specified as a fractionof GDP, ratherthan in terms of the quantity of goods purchased, along with the linearity of productiontechnology.6 III. TransitionDynamicsand WelfareAnalysis In this section, equilibriumtransitiondynamics of the outputgap, inflationrate, and interest rate gap underthe optimal monetarypolicy are compared with those under the zero inflation policy. The section then moves on to the discussion of the welfare of households under the two policies. A. EquilibriumAllocation under Full Price



Stability Considerthe equilibriumtransitiondynamics of relative price distortionunder full price sta-



6 In this paper, the social planner is assumed to take governmentexpendituresas given, though governmentexpenditures are specified as a fraction of GDP in order to compute the closed-form solution for output gap and interest rate. In particular,when the social plannertakes as given the ratio of government expendituresto consumption, the optimal conditions can change, so that one may need a decentralizationscheme, which differs from the one in this paper.
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bility. Specifically, let A, denote the level at period t of the relative price distortionunderthe zero inflation policy. Setting w, = 0 in (2.3) then leads to a difference equation for At: (3.1)



,= (1 - a) + ot_



1.



In orderto compute the outputgap underfull price stability, notice that the substitution of 7r, = 0 in (1.15) yields p* = 1. In addition, setting w, = 0 and p* = 1 in (1.14), the real marginalcost underfull price stabilityturnsout to be constantover time, which in turn leads to (1 + -7) mct = 1. Then, setting (1 + r) mct = 1 in (1.23) and taking the logarithm to both sides of the resulting equation,one can see that underthe zero inflationpolicy, the outputgap is proportionalto the log level of the relative price distortion: (3.2)
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where x, (= log Y, - log Y*) denote the log deviation of the equilibrium output under full price stability from its naturallevel. In orderto compute the nominal interestrate under the zero inflation policy, notice that the consumptiongap is the same as the outputgap, so that C, = A,-x/(?+x)C*. Substituting this equation into (1.9), the gross nominal interest rate underfull price stability,denotedby R,, can be written as (3.3)



t ( R, = R*



t A



-X/(X
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is set to be e = 11. In particular, since the aggregatemarkup,denoted by t, is pi = E/(E1) at the steady state with zero inflation, it corresponds to setting 4t = 1.1. Besides, the steady stateratio of governmentexpendituresto the aggregateconsumptionis set to be g = 0.11, which is consistent with GIY = 0.1. In order to choose a value for a, notice that log-linearizing (1.14), (1.15), and (1.23) around the steady state with zero inflation and then combining the resulting equations leads to a forward-lookingPhillips curve equation of the form: -



= OEt[pt+, - Pt] + KXt Pt-1 where K = (1 - a)(1 + Meanaf3)(o" X)/a. while, an empiricalestimate for the slope of the Phillips curve reported in Rotemberg and Woodford (1997) is K = 0.024. Given preference parametervalues described above, it can be shown that a = 0.9 is consistent with K = 0.024. Hence, a = 0.9 is chosen as a benchmark choice for the degree of nominal price rigidity in this section. However, this section also uses a = 0.6 and a = 0.75 as well as a = 0.9, in order to see robustnessof results.7 In generating transitiondynamics, it is also assumedthatthe economy stays at a steady state with a positive long-runaverageinflationrate in the period before the centralbank startsa monetary policy at period 0. In addition, the law of motion for the measure of relative price distortion (1.20) implies that the steady state level of relative price distortion is determined as follows:



Pt



(3.4) B. TransitionDynamics In order to see how equilibrium dynamics evolve over time under the optimal and zero inflation policies, it is necessary to assign numerical values to the parameters included in equilibrium conditions. In simulating the model, a log utility function for consumption and a quadraticfunctionfor the numberof hours worked are chosen as a benchmarkchoice of preferenceparametervalues, which corresponds to setting o- = 1 and X = 1. The value for the time discount factor is given by 0 = 0.99, which corresponds to a real interest rate of about 4 percentper year. The demandelasticity



1- a 1 a(1 +



1 - a(1 + 7r)E



1



- a



) nE( - 1)



where A and 7rdenote the steady state values of the measure of relative price distortionand the inflationrate, respectively. It thus indicates that choosing a long-run average inflation rate corresponds to opting for a long-runaverage value of the measure of relative price distortion.As a



7 See, for example, Gali and Gertler (1999) and Sbordone (2002) for empirical analysis on the New-Keynesian Phillips curve.
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Parameter a



Values 0.6, 0.75, 0.9



S2/4o00o,



E X o"



/3



g



og



4/4o00o,6/400



11, 21, 31 [1, 5] [1, 5] 0.99 0.11 0.01



a(1 +



Fractionof firms that do not change in a period



Initiallong-runaverageinflationrate



Elasticity of demand for differentiatedgoods Inverse of elasticity of labor supply Risk aversion parameter Time discount factor (quarterly) Average ratio of governmentexpendituresto consumption Standarddeviation of log(1 + g,)



)'E< 1.



In particular,the inequalitydescribedabove can become a binding constraintfor a certain set of parametervalues.8 This completes the description of a benchmark calibration, though the analysis also uses various sets of parameter values other than the benchmark calibration. The parametervalues used in this paper are summarizedin Table 1. Figure 1 reports the transition dynamics of measures of relative price distortion under the two policies, starting from the same level of initial price dispersion. The curve is generated by the law of motion of relative price distortion underthe optimalpolicy (2.8), while the straight line corresponds to the dynamics of relative price distortionunder the zero inflation policy, which is implied by equation(3.1).9 Figure 1 indicates that the relative price distortion under the optimal monetary policy is lower than the one under the zero inflationpolicy duringtransition periods starting from the same value of A 1, while both of them converge to 1 in the long run. It means that relative price distortion



King and Wolman (1999) and Ascari (2003) also have noted that an upperbound on the steady state inflationexists in the Calvo model. 9 Figure 1 is constructedunder the assumption of a = 0.75 and E = 11. Setting a = 0.75 is equivalentto assuming that firms fix prices on average for a year, while E = 11 correspondsto setting the value of markupat a steady state with zero inflation equal to 1.1. 8



VALUES



Description and Definitions



benchmarkchoice, the initial level of the measure of relative price distortionis chosen to be consistent with a 2-percent annual average inflation rate. It is also noteworthy that one can use equation (3.4) to obtain a sufficient condition for positive steady state prices: (3.5)



MARCH2005



diminishes more rapidly underthe optimal policy than under the zero inflation policy, given the same set of the initial value of relative price distortionand parametervalues.10 Figure 2 contraststhe equilibriumdynamics of the outputgap, inflationrate, and interestrate gap generatedunder the optimal monetarypolicy with those underfull price stability. In particular,the interestrate gap is defined as the log deviation of the gross nominal rate of interest from its natural level. Panels A, B, and C, respectively, correspond to setting a = 0.6, 0.75, and 0.9. Figure 2 shows that the equilibrium level of outputunderthe optimalmonetary policy stays below its naturallevel duringtransition periods, while the optimal inflationrate is negative. The equilibriumlevel of outputunder full price stability also stays below its natural level during transition periods. In addition, the zeroinflationpolicy generatesa higherlevel of outputthan the optimal monetarypolicy during transitionperiods, althoughthe output gaps are negativeunderthe two monetarypolicies. Figure 2 can also be interpretedas illustrating transitiondynamics under unanticipateddisinflation policies. This is because it demonstrates how the economy converges to a steady state with zero inflation, startingfrom a steady state with a positive inflation rate. In particular,one can see that under the two policies, the output ends up with a higher level than its initial level



1OThe relationshipbetween transitiondynamics of relative price distortion under the two policies is robust to changes in values of a and E. Specifically, differentiating the right-handside of (2.8) with respect to At ,- and evaluating the resulting derivative at A = 1 gives a, which correspondsto the slope of (3.1). Hence, the straight line implied by (3.1) becomes tangent to the curve of (2.8) at A = 1. In addition, the right-handside of (2.8) is strictly concave in At_ 11
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in the period before the central bank begins a monetarypolicy at period 0. It does not mean, however, that the two policies always achieve disinflation without sacrificing output. Specifically, one can find a critical level of the steady state inflation rate that makes the steady state output gap negative if the steady state inflation rate is higher than the critical level and positive if it is lower than the critical level. In order to see this, Figure 3 reports the steady state relationship between output gap and inflation rate.1 It shows that the steady 11 The steady state relationshipbetween the output gap and inflation rate can be obtained as follows. Setting q = 1/(E - 1) in (1.23), one can see that the steady state output + X) log A + 1/(o + X) log gap is given by x = -X/(o" (Emc/(E - 1)), where mc denotes the real marginalcost at a steadystate.In addition,combining(1.14) with (1.15), the real marginalcost at a steady state is given by mc = [E - 1)/ ][(1 - a3(1 + 7r)')/(1 - ap(1 + 7r)E-1)][(1 - a)/(1 - a(1 + T)-- 1)1l/( E- 1). Hence,combiningthesetwo equationsalong



with (3.4), one can compute the relationshipbetween the steady stateoutputgap and the steady staterateof inflation.



state outputgap is positive in a neighborhoodof 7r = 0.12It also indicates that for each value of a = 0.6, 0.75, and 0.9, the steady state output gap becomes negative if the steady state rate of inflation exceeds a certain critical level, while the size of the critical value depends on the values of the parameters.Besides, dotted lines in Panels B, C, and D correspondto steady state relations between the output gap and the inflation rate, which can be obtained from the Phillips curve equation in log-linearized models. 12 Specifically, the derivativesof relative price distortion and log-deviation of the real marginal cost with respect to steady state inflationrate, respectively, become aA/a7r = 0 and Mrclai/r= a(1 - P)/(1 - a)(1 - ap/) at 7r = 0, where itc (= log (Emc/(E- 1))) denotes the log deviation of the real marginalcost at a steady state with its inflation rate 7r from its correspondinglevel at the steady state with zero inflation rate. Hence, the derivative of output gap with respect to inflation rate at a steady state can be written as ax/irr = 1/(or + X) (aicla/rr) at 7r = 0. Since the steady state output gap is zero at 7r = 0, it thus implies that the steady state output gap is positive. I am indebted to an anonymous referee for pointing out this fact.
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FIGURE 2. TRANSITION DYNAMICS UNDER THE OPTIMAL AND ZERO INFLATION POLICIES



Specifically, the slope of the dotted line is the derivative of the steady state output gap with respect to the steady state inflation rate evaluated at a zero inflationrate: exi/rr[, = 0 = (1 13)/K. Figure3 thereforeindicatesthatthe size of the initial average inflation rate determines whether output will rise in the long run under the optimal policy, given the set of parameter values described above.



level of consumptionthat would yield the same level of welfare as the unconditionalexpected present-value of instantaneous utils, which households obtain under a monetary policy. Specifically, let u*, u, and Uidenote unconditional expected present-valuesof instantaneous utils that the household obtains at the first-best allocation, under the optimal and zero inflation policies, respectively.13 The corresponding



C. WelfareAnalysis In order to compute welfare costs of monetary policy, this section uses the steady state



13 It shouldbe notedthat a constantterm 1/(1 - oa) of u*. The (1 - /3)will notbe includedin thecomputation reasonfor this is thatexpectedutilitiesunderthe optimal



VOL.95 NO. 1



101



YUN: OPTIMALMONETARYPOLICY



C



p



.



......... .S0 1........... 12 0.75 ..... ........



.



...... .. ....... --------



X0.



114



B.Output GapandInflation, .= 0.6



A.Relative PriceDistortion



116



I- -



-



-



1 0 6



-



:



----



. . .. t-........ "....... ;........ i ......... i ........ ?03............. . ?.. - ---



-.---....



.-



.-



10----.....................................



..................... . .. .. ----------...... arl35..... .3 5 -..................................-



102.....3 0



1



15



-----



1



2



......... .....



............



25



...



- - ..



.



.............



.....-4



2



5



... .~.



6



CL inflationrate,annualizedpercentage ?- -



-----



...



1



0



......'"^""?04



inflation ratepannualized Percentage .



.....



-. -... . . . . . --... . . . . --... .



.......-, ?-------



-- - ----' ' . ..



.......



.



-



.. . .. .. ... . .. .. ... .. .. .... ..



O6



Iop'----......... " . ........



--



t



15



p2)



~



.



~43............



10



1



-3 ......... 0



1



......... ------2



3



4



5



Original steady statereAtiW rlation lnearlandA re$ 05



60



inflation annualized rate+ percentage



1.2



5



3



Inftlation percentage rate.annualized



FIGURE 3. STEADY STATE RELATIONSHIP BETWEEN OUTPUT GAP AND INFLATION



certainty-equivalentlevels of consumption,denoted by c*, c, and c respectively, are definedas steady state levels of consumption satisfying Oc*l-(1 - P) = u*, Oc1- /(1 - 0) = u, and Oc -/(1 - p3)= Ui,where 0 = [o + X - g(1 o-)]/[(1 - o)(1 + X)]. The welfare cost of the optimal policy, denoted by e, is then defined as c



(3.6)



e= 1



The welfare cost of full price stability, denoted by e, is also defined as (3.7)



e= I



Besides, the welfare gain of the optimal policy over the zero inflationpolicy, denoted by e, can be written as



and zero inflation policies have a common constant term, which is identical with the constant term of u*.



(3.8)



= 1



C



Before proceeding, note that the optimality of full price stability has been emphasized in the recent literatureon monetarypolicy. Hence, if an approximation method suggests that full price stability is optimal for the same specification of the model employed in this paper, the welfare cost of the zero inflationpolicy defined above can be interpretedas measuringhow far off the approximationis in the welfare analysis. The analysis then turns to the discussion of analytic solutions to certainty-equivalentlevels of consumptiondefined above. For the first-best equilibrium,combining the social resourceconstraintwith the efficiency condition (1.21) leads to H* +x = (1 + g,)C*l-. Substitutingthis into and then (1.1) equation taking unconditional expectation yields u* = tY o PtE[Ot C*T•], where 0, = 1/(1 - o) - (1 + gt)/(l + X) and E[xt] means the unconditionalexpected value of a variable xt. Given the definitions
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of u* and c* described above, the certaintyequivalent level of consumptionat the first-best equilibriumcan be written as (3.9)



c* =



E



-



C.~



c



In the case of the optimalpolicy, combiningthe social resource constraint with the efficiency condition (2.4), one has H + x = (1 + g)C-" Thus, substitutingthis equation into (1.1) and then applying unconditionalexpectation to the resultingequationyields u = 1= P'3E[O,C -o]. = A-(1 x)+ x)C* in this Then, setting Ct equation and substituting(3.9) in the resulting equation, one can see that, given the definition of c, the certainty-equivalentlevel of consumption under the optimal policy can be written as (3.10) C = C*



if o



l- +x)o - ]/(+ x))



w,



Sg



if



1,



if o = 1



= c*exp - Eotlog At t



o



0



=



where cot( (1 - 3) 3t) denotes the weight at period t. In the case of full price stability,setting (1 + rl) Wt/P, = AL in (1.6) and substituting = (1 + in the resultingequation (A•/A)Ht gt)Ct yields H4i+X= (1 + gt) AC -". Therefore, substituting this equation into (1.1) and then setting Ct = Ax/(O'+x)C*inthe resulting equalevel of consumption tion,the certainty-equivalent underthe zero inflationpolicy can be writtenas



(3.11)



t=o



S(1



= c*exp



-



(t-



w



-



if a0 1,



1))]



x log A,



t=o



(+ 1Xl



g), +



X



ifX
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where = p(l - o-)(1 + g)/[l + X - p(1 oa)(1 + g)], p = E[(1 + gt)CT- ]/[(1 + = E[(1 + + g)]. g)E[C* ]1], and v gt)/(1



In order to get some insights on the magnitude of the welfare costs explained above, the analysis turns to the discussion of numerical values of welfare costs, which are obtained from simulating equilibrium conditions of the model. Figures 4, 5, and 6 report how welfare costs respond to changes in the elasticity of demand curve for differentiatedgoods, the degree of nominal price rigidity, and the initial average rate of inflation, respectively.14Panels A, B, and C correspond to 100e, 100e, and 100e, respectively, which are defined in (3.6), (3.7), and (3.8). They also demonstratehow the welfare costs vary as values of the preference parameters ar and X change from 1 to 5, respectively. Figures4, 5, and 6 illustratethatwelfare costs rise with the elasticity of demand curve for differentiated goods, the degree of nominal price rigidity, and the initial average rate of inflation, respectively. The reason for this can be summarizedas follows. It is noteworthythat changes in values of these parameterscan have effects on either the transitiondynamics of relative price distortionor its initial condition, or both. For example, it follows from (3.4) that increases in values of the three parametersraise the initial level of relativeprice distortionin the period before a monetary policy is chosen, given that AI = A. It also follows from (2.8) that the speed of convergence for the transition dynamics of relative price distortionunder the optimal policy falls with increases in the demand elasticity and the degree of nominal price rigidity, given the same initial condition on relative price distortion. In the case of full price



14 Figures4, 5, and6 use a = 1,x = , a = 0.75,/3 = 0.99, e = 11, and 7r = 2/400 as a benchmarkset of valuesunlessotherparameter valuesare speciparameter thatsimulation resultscanbe fied,whichin turnguarantees obtainedwithoutviolatingthe constraint(3.5). It is also assumedthat(1 + g,) followsa log-normal so distribution, thatlog (1 + g,) - N(log(l + g), of). In simulatingthe



model, the fraction of governmentpurchases in GDP and the random technology shock are assumed to be mutually independent.The standarddeviation of log(1 + g,) is set to = 0.01 as a normalization.Given that exogenous be a•g are independent, the assumption of the logprocesses + normalityleads to cp= exp[[(o - X + 2?X)/(a X)]Og/2] and v = exp[o



2].
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stability, one can see from (3.1) and (3.4) that a rise in the degree of nominalprice rigidity leads to a fall in the speed of convergence in the transitiondynamics of relative price distortion, while it raises the initial level of relative price distortion.As a result, welfare costs of the optimal and zero inflation policies, denoted by e and e, respectively, rise with the demand elasticity, the degree of nominal price rigidity, and the initial average inflation,respectively. In addition, increases in values of the three parameters, respectively, raise the welfare cost of full price stability, denoted by e, higher than that of



the optimal policy, denoted by e. Hence, the welfare gain of the optimal policy over the zero inflation policy, denoted by e, rises with the demand elasticity, the degree of nominal price rigidity, and the initial average inflation for the set of parametervalues analyzed in this paper.15



15 Specifically, substituting(3.6) and (3.7) into (3.8) and rearrangingyields 1 - e = (1 - e^)(l- e). The welfare gain of the optimal policy over the zero inflation policy can be - e. thereforeapproximatedby e^



104



THEAMERICANECONOMICREVIEW



MARCH2005



.4



-4



xiO



-s



1O



x 1O



8 ~412 0



00 4



2



2 CY



4



a



3



2



2



a



4



2



2



2



2



?.64



.3



xt10



x1tO



xlO



4-4~



4-4



222



24



2



4 2



2



2



2



4



0.1 0.



0



4 2



4



4



4



=0.79



As 0



.



o,•~~~



" 0'rtw



A...



s.



t



l



p.'.'."



"



i



4 ,•... B. Frtbsv.ze



~~ ..



•i!i•



nftaion.



4 v EK "pia . ....c :in~t ...... .......................



FIGURE 5. WELFARE COSTS AND THE DEGREE OF NOMINAL PRICE RIGIDITY



IV. Conclusion The results of the present paper suggest that allowing for initial price dispersioncan alterthe natureof the optimal monetarypolicy in sticky price models with staggeredprice-setting.More precisely, if initial price dispersiondid not exist, the complete stabilization of the price level could eliminate both dynamic mark-upand relative price distortionsat the same time, thereby leading to the first-best allocation given the fiscal policy to offset the distortions arising from imperfect competition in goods market. In the presence of the initial price dispersion,



however, the optimal monetary policy requires deflation at least during the transition periods, in order to reduce relative price distortions at a higher rate than zero inflation policy. The assumption of a linear productiontechnology in goods production, along with the specificationof governmentpurchasesas a fraction of GDP, plays an essential role in obtaining an analytic solution to the welfare of households. A departurefrom the special assumption described above, therefore, may require an approximationmethod to get a numericalsolution for the model. For example, one may rely on the
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work of Woodford (2003) to continue the welfare analysis for a more general specificationof the model than the current one, taking into account the role of relative price distortionanalyzed in this paper. It should be noted, however, that the optimal inflation dynamics presented do not depend on the special assumption described above. In particular, it is shown in the Appendix that if production technology exhibits constant returns to scale and if production factor prices are fully flexible in perfectly competitive markets, the characterization of the optimal inflation rate



described above holds in the presence of capital accumulation. The model of the presentpaperabstractsfrom the external sector, so that it is a closed economy version of the sticky price model with Calvo-type staggered price-setting. In particular, Richard Claridaet al. (2001) and Gali and Monacelli (2002) have emphasized that the equilibriumdynamics in a small economy version of the Calvo sticky price model without capital can be reduced to a tractablecanonical system in the domestic inflationrate and output gap. Considering the similarity between the
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equilibriumdynamics of closed and open economies, it would be interesting to analyze the effect of relative price distortionon the nature of the optimal monetary policy in the small economy version of the Calvo sticky price model as partof futureresearchassociated with the present paper. Furthermore,the model of the present paper has assumedthatmoney plays the role of unit of account only, following much of the recent work on monetary policy. Fiscal policy provides a subsidy to suppliers of productionfactors, in order to eliminate the distortion associated with monopolistic competition in goods market. The two features of the present paperin turnallow one to formulatethe optimal
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monetary policy problem in the context of a simple dynamic programming problem. The simplicity of the optimal policy problem, however, will not be preserved if money demand distortions associated with money holdings of households are included in the model. Money demand distortions require the inclusion of forward-looking equilibrium conditions associated with bond holdings and price-setting in the optimal policy problem as implementation constraints,in orderto make the optimalallocation implementable,as emphasizedin Khanet al. (2003). Therefore,it would be interestingto continue the analysisof optimalmonetarypolicy in the Calvo stickyprice model, takinginto account money demanddistortions.



APPENDIX:THE OPTIMALPOLICYIN A MODEL WITHCAPITALACCUMULATION



This section briefly highlights the optimal policy in an optimizing sticky price model with capital accumulation.In the model analyzedbelow, the preferenceof householdsis the same as in (1.1) and firms set prices as in the sticky price model of Calvo (1983). The only difference from the model describedin the main text is thatthe model of this section includes capitalaccumulation.The purpose of this section is to show that the characterizationof the optimal inflationrate describedin the main text still holds in the presenceof capitalaccumulationif productionfunctionexhibits constantreturns to scale and prices are full flexible in perfectly competitivemarkets.In addition,it is also shown that the implementationof the optimal policy requiresthe same rate for subsidies to labor and capital. Each firm z employs capital and labor to produce its products using a constant returnsto scale productionfunction: Y,(z) = A,F(K,(z), H,(z)),



(A.1)



where K,(z) denotes the capital stock employed by firm z. The representativehousehold owns the capital stock and the law of motion for the capital stock (A.2)



Kt+



=



It + (1 8)K,



where I, is the investment at period t and 8 denotes the depreciationrate. The marketsfor capital and labor are perfectly competitiveand theirprices are fully flexible. Each firm z also determines its demands for labor and capital by solving a standardcost-minimization problem:



mm -W,H,(z) + X, - K,(z),



H,(z),K,(z)



Pt



P,



s.t.



= H,(z)), Yt(z) AtF(Kt(z),



where X, denotes the nominal rental for capital. The first-ordercondition for the cost-minimization can be written as Wt



F, (K, (z), H, (z))
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Hence, given perfect competitionin inputsmarketsand constantreturnsto scale productionfunction, the cost-minimizationcondition describedabove implies that the ratioof labor to capital is the same across firms: H,(z)/K,(z) = H,/K, with H, = fo H,(z)dz and K, = fo The first-order conditions for the cost-minimizationthereforecan be written as Kt(z)dz. X,



(A.3)



= mc,A,F, (Kt,,H,),



Pt



Wt=



(A.4)



Pt



mctAF2(K,,



H,),



where mct denotes the real marginal cost at period t. Given that market clearing conditions for individualgoods hold, it follows from a constantratio of laborto capital and constantreturnsto scale of productionfunctions that when individual outputs are linearly aggregated, the social resource constraintturns out to be C, +
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Having described the social resource constraint in the presence of capital accumulation, the optimal policy problem can be written as Ht x 1Et[V(St+H1) +X



max { C - -1 1_,tAt1 O
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given exogenous processes {A,, G,}0O and initial conditions on the measure of relative price distortion,A_ and the capital stock, Ko. In addition, St denotes the state vector at period t, which is defined to be St = The first-orderconditionsfor the optimalpolicy problemcan [At_ 1,Kt,At, G,]'. be summarizedas follows: (A.9)
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where cp,denotes the Lagrangemultipliersfor (A.8) and denotes the partialderivative of F2(Kt,H,) (2.5) with (A.11), one can see that the F(K,,H,) with respect to the number of hours. Comparing optimal inflationrates are the same in models with and without capitalaccumulationgiven the same initial level of price dispersion. The main reason for this is that the measure of relative price distortiondepends only on inflation rate and its previous level. Next, the analysis turns to the discussion of how the optimal policy described above can be implemented in a decentralizedeconomy with capital accumulation.First, substituting(A.4) into (1.6) and comparingthe resultingequationwith (A.9), the real marginalcost at period t is given by 1



(A.13)



mc= (1 + )At



Given that the optimal price change between periods t + k and t is Pt+ kPt = At employment subsidy rate is qJ = 1/(E - 1), substituting(A.13) into (1.14) leads to
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It thus implies that the relative price of the new price set by firms at period t should satisfy PA



1



Pt =- At,



(A.14)-



The relative price of the new price set by firms at period t specified in (A.14) is identical with that of (2.12). In addition, substituting(A.13) into (A.3) and (A.4) respectively, one can see that real wage and rental rates are given by X,
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