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Abstract

We study the Ramsey optimal monetary policy within the Golosov and Lucas (2007) state-
dependent pricing framework. The model provides microfoundations for a non-linear Phillips
curve: the sensitivity of inflation to activity increases after large shocks due to an endogenous
rise in the frequency of price changes, as observed during the recent inflation surge. In response
to large cost-push shocks, optimal policy leverages the lower sacrifice ratio to reduce inflation and
stabilize the frequency of price adjustments. At the same time, when facing efficient shocks,
such as total factor productivity shocks, the optimal policy commits to strict price stability,

similar to the approach in the standard Calvo (1983) model.
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1 Introduction

The recent inflation surge has been accompanied by a significant increase in the frequency
of price changes.! Concurrently, empirical evidence reveals marked time variations in the
slope of the estimated Phillips curve, which characterizes the relationship between economic
activity and inflation (Benigno and Eggertsson, 2023; Cerrato and Gitti, 2023). Traditional
models of price setting (Calvo, 1983), which form the basis for optimal monetary policy
analysis (Woodford, 2003; Gali, 2008), cannot explain these observations. In contrast, state-
dependent pricing models are well suited to capturing both of them: firms’ price-adjustment
decisions lead to endogenous variation in the repricing frequency and, thus, in the slope
of the Phillips curve. Among the state-dependent models, the Golosov and Lucas (2007)
menu-cost model has emerged as a benchmark for positive analysis. However, normative
aspects of the model have received scant attention. The question of how the central bank
should respond to large inflation surges remains unanswered. It is precisely this crucial gap
that our paper aims to bridge.

Our analysis arrives at a novel insight: in response to large cost-push shocks, Ramsey
optimal monetary policy in the Golosov and Lucas (2007) model should commit to quashing
inflation and leaning against changes in the repricing frequency — a “strike while the iron is
hot” policy. When shocks are small, policy prescriptions are similar to those in the Calvo
model. However, for large shocks, a bolder anti-inflation policy is optimal. The reason is that
the cost of such a policy in terms of output is smaller when the frequency of price changes
increases in response to the shocks — as the Phillips curve becomes steeper, the sacrifice ratio
falls.

Our state-dependent price-setting model closely follows Golosov and Lucas (2007). A
representative household consumes a continuum of differentiated goods and provides labor
in a centralized, frictionless market. Each good is produced by a single firm with only la-
bor subject to aggregate productivity shocks, aggregate cost-push shocks, and idiosyncratic

quality shocks.? Firms must incur a small, fixed, “menu cost” to adjust their prices. Thus,

1See Montag and Villar (2023), Cavallo et al. (2023) and Blanco et al. (2024a)

2We depart from Golosov and Lucas (2007) model in this regard, which instead assumes idiosyncratic productivity
shocks. We do so for ease of computation while its implications on our results are innocuous (see also Midrigan, 2011;
Alvarez et al., 2021).



firms’ pricing decisions are characterized by an (S,s) rule: when prices are within an en-
dogenous band around the optimal reset price, firms keep them constant; otherwise, they
pay the menu cost and update their price. The central bank sets the nominal interest rate.
The model is calibrated to match the frequency and magnitude of price changes in the U.S.
(Nakamura and Steinsson, 2008). We contrast the implications of our model to those of a
Calvo model recalibrated to generate the same Phillips curve slope for small shocks (Auclert
et al., 2024). This recalibration takes into account a special feature of the baseline model:
the endogenous “selection” of large price changes, which raises the flexibility of the price
level.

We start by exploring the implications of our menu-cost model assuming the central bank
follows a Taylor rule. We show that the similarity of our baseline menu cost model and the
(suitably recalibrated) Calvo model for small shocks does not generalize in the presence
of large shocks (Blanco et al., 2024a; Cavallo et al., 2023). The reason is the repricing
frequency: it increases endogenously in our baseline model as shocks become large, while
it stays constant in the Calvo model. The repricing frequency raises price flexibility and
generates a nonlinear relationship between inflation and the output gap: a nonlinear Phillips
curve. When shocks are small, the repricing frequency remains close to its steady-state value
and the slope of the Phillips curve stays equal to that of the Calvo model. As shocks become
larger, the frequency increases, prices become more flexible and the slope of the Phillips
curve steepens.

Next, we move to the core of the paper: the optimal design of monetary policy in a
menu-cost model with a nonlinear Phillips curve. To this end, we solve the fully nonlinear
Ramsey problem under commitment. We first analyze the Ramsey steady state. The model
features a slightly positive steady-state inflation rate, at around 0.3%. This contrasts with
the Calvo model, where optimal inflation is exactly zero. In our menu-cost model, positive
inflation reduces the frequency and thus helps firms to economize on costly price adjust-
ments. In particular, it counterbalances the impact of too frequent price increases relative
to price decreases, a consequence of the asymmetry of the profit function: firms dislike more
negative price misalignments when the demand for their product is high, relative to positive

misalignments when the demand is low.



The well-known time-inconsistency problem of monetary policy is also present in our
menu-cost model, although it is muted relative to Calvo. In both models, when the steady
state is inefficient, monetary policy has the incentive to stimulate output via an unexpectedly
easy policy (Gali, 2008). However, in the menu-cost model such a policy is less effective
on output and more inflationary because the ensuing increase in the repricing rate raises
the flexibility of the aggregate price level. The time-inconsistent motive to ease is thus
considerably weaker.

We turn next to the optimal systematic response to shocks under a “timeless perspec-
tive” (Woodford, 2003). First, we show that the optimal response to efficient (technology,
preference) shocks is characterized by the “divine coincidence” (Blanchard and Gali, 2007).
In other words, optimal policy stabilizes both inflation and the output output gap relative
to the efficient level.

The optimal response to cost-push shocks in the Calvo model is to “lean against the
wind”: the central bank temporarily drives output below its efficient level to contain the
inflationary impact of a positive cost-push shock. The relationship between the inflation
level and the change in the output gap is characterized by a near-linear target rule. In
the menu cost model, the central bank also “leans against the wind” and, for small shocks,
follows a linear target rule with a similar slope. The reason, however, is different. In the
Calvo model, the central bank trades off the distortion associated with average markup
volatility, linked to the variance in the output gap, to that due to higher price dispersion,
proportional to the variance of inflation. In the menu-cost model, price dispersion actually
can decrease with inflation as new adjusters are endogenously selected from those with the
most misaligned prices. There is however a new distortion, namely the losses due to menu
costs, which increase with inflation and tend to dominate the welfare effect of inflation on
price dispersion.

While the balance between these distortions in the Calvo and our menu-cost model is
similar for small shocks, the differences become relevant as the shock size increases. For
large shocks, we find that monetary policy should be tighter in the menu cost model: the
optimal prescription is to react more aggressively against inflation than in the case of small

shocks or in a counterfactual fixed-frequency Calvo setting. The outcome is a nonlinear



target rule that significantly dampens the inflation surge for a unit decline in output gap as
the shocks become large. Finally, we show that the source of the nonlinearity in the target
rule is caused almost exclusively by the nonlinearity in the Phillips curve. We show that the
planner’s preferences in our baseline model can be quite well approximated by the planner’s
preferences in the Calvo model, which are near quadratic over the output gap and inflation.
The Phillips curve, however, is different in the two frameworks: it is nonlinear in our baseline,
while near-linear in Calvo. When we counterfactually insert the quadratic preferences of the
Calvo model to our baseline, the target rule still remains nonlinear, confirming that it is the
nonlinearity of the Phillips curve and, thus, the nonlinearity of the sacrifice ratio that drives
the nonlinearity of the target rule: As inflation diverges more and more from its steady state
value, the output cost of containing inflation diminishes, so the planner contains it more
strongly.

We assess the optimal monetary policy response to the 2022-2023 inflation surge through
the lens of our model. We construct a scenario that captures key features of the inflation
surge in the US. We argue that a combination of both aggregate and relative-price shocks are
needed to explain the evidence documented in the micro price data Montag and Villar (2023),
which found a large increases both in the frequency and the dispersion of price changes.
Relative-price shocks are especially relevant, as they generate a reason for an ‘efficient’
increase in frequency. The scenario generates realistic inflation dynamics when the monetary
policy follows an inertial Taylor rule: inflation surges to around 9 percent temporarily and
stays persistently above central bank’s 2 percent inflation target for a considerable amount
of time. In the counterfactual optimal policy scenario, we find that monetary policy tightens
aggressively and, at some output cost, keeps the inflation surge temporary with a peak below
4 percent.

Overall, our findings highlight the significance of an aggressive anti-inflationary stance
by the central bank in the face of large shocks. By committing to policies that lean against
inflation and stabilize the repricing frequency, the central bank can foster a more favorable

macroeconomic outcome.

Related literature. Our paper builds on the seminal article by Golosov and Lucas (2007).

These authors propose a menu cost model (Barro, 1972; Sheshinski and Weiss, 1977; Ca-



ballero and Engel, 1993) that has become the backbone of a positive literature studying the
relationship between monetary non-neutrality and the distribution of price changes at the
micro level (Midrigan, 2011; Costain and Nakov, 2011; Alvarez et al., 2016), as well as the im-
pact of large aggregate shocks on in ation and activity (Karadi and Rei, 2019; Alexandrov,
2020; Auer et al., 2021). The model describes well rms' price setting behavior in diverse en-
vironments with both low and high in ation (Nakamura and Steinsson, 2008; Gagnon, 2009;
Alvarez et al., 2019). This price-setting framework provides a microfounded state-dependent
alternative to the canonical time-dependent Calvo (1983) model, with widely di erent im-
plications in terms of both the extent of monetary non-neutrality and price- exibility as a
response to large shocks. Indeed, most familiar price-setting models, such as the random-
menu-cost model of Dotsey et al. (1999); Alvarez et al. (2021), the Calvo-plus model of
Nakamura and Steinsson (2010), the rational inattention framework by Woodford (2009), or
the control cost framework by Costain and Nakov (2019), lie on a spectrum bracketed by
these two polar cases. Normative prescriptions from the Golosov and Lucas (2007) model,
therefore, can provide qualitative insights that generalize to a wide class of price-setting
frameworks.

To the best of our knowledge, our paper is the rst to solve for optimal monetary policy
in the canonical Golosov and Lucas (2007) menu cost model. The main distinctive feature of
the model, relative to the standard framework for monetary policy analysis based on Calvo
(1983), for instance, as in Woodford (2003) and Gal (2008), is a state-dependent relationship
between in ation and the output gap { a \non-linear Phillips curve" { which has received
new empirical support following the recent in ation surge (Benigno and Eggertsson, 2023;
Cerrato and Gitti, 2023; Blanco et al., 2024a). Our conclusion prescribing aggressive anti-
in ationary policy after large shocks is a direct consequence of this non-linearity: a higher
Phillips curve slope implies a favourable in ation-output trade-o that optimal policy should
utilize. Crucially, the framework includes rms facing idiosyncratic shocks, which are essen-
tial to explain the large size of observed price changes (Golosov and Lucas, 2007), and raises
relevant normative questions by providing an underlying cause for e cient relative price
adjustments. Solving dynamic optimal policy in response to aggregate shocks in this envi-

ronment complements previous research, which has restricted attention to settings without



rm-level shocks (Nakov and Thomas, 2014; Caratelli and Halperin, 2023)or to optimal
steady-statein ation rate (Adam and Weber, 2019; Blanco, 2021; Nakov and Thomas, 2014).

This paper proposes a new algorithm to solve Ramsey optimal policy in heterogeneous-
agent models, building on previous work in Gonzalez et al. (2024). The algorithm (i) makes
the in nite-dimensional planner's problem nite-dimensional by approximating the in nite-
dimensional value and distribution functions by piece-wise linear functions; (ii) accounts
for the discrete price-adjustment choice using an endogenous grid; (iii) derives the FOCs
of the planner's problem by symbolic di erentiation and (iv) solves the resulting set of
equilibrium conditions non-linearly under perfect foresight over the sequence space. Our
approach complements other methods to solve for Ramsey policy in heterogeneous agent
models (Bhandari et al., 2021; Le Grand et al., 2022; Ragot, 2019; Nurno and Thomas, 2022;
Smirnov, 2022).

2 Model

Our model is a variant of the Golosov and Lucas (2007) state-dependent pricing framework.
The economy consists of a representative household, a unit mass of monopolistic producers
facing xed menu costs to update their prices, and a central bank that sets the nominal

interest rate.

2.1 Households

There is a representative household that saves in one-period bonds whose nominal value is
denoted byB;. Bonds are in zero net supply. Workers supply labor houis;. The household

maximizes

X
t . .
cmax Eo U(Ci; Ny); (1)
t=0
subject to
PiCi+ QBi+ Ty = Bt 1+ WiNi+ Dy (2)

3caratelli and Halperin (2023) focus on optimal policy in the face of sector-speci ¢ shocks and nd that it can be
characterized asnominal wage targeting.



where T, are lump-sum taxes,W; is the nominal wage,D; are lump-sum dividends from

rms, and Qq is the price of the nominal bond. Aggregate consumptio@; is

Z . —
Ci = [A(j)C()] di ;

3)

whereC;(j ) is the quantity purchased of product 2 [0; 1] andA;(j ) is the quality of product

j , following a random walk with stochastic volatility in logs:

logAc(j) =log Ac 1()+ +"t():;
and"; is an i.i.d Gaussian innovation. The demand for produdt is,

P()

Ci(1) = A) ! P, Ci;
and the aggregate price index is
'z . #a
_ TR
P = - di
o Adj)

1
We assume separable utility of the CRRA classy(C;; Ny) = Clt—

FOCs, we obtain the labor supply condition,

wherew, = W,=F, is the real wage, and the Euler equation,
1=E o eit 1

wherei;y log( Q) is the nominal interest rate,

tt+1 LACEY :
' uo(C)
2.2 Monopolistic producers
Production of good;j is M)
. t .
0= tAt(J!)’

(4)

()

N ;. Solving for the

(6)

(7)

(8)

(9)



whereN,(j) is the labor input, and A, is aggregate productivity?

The nominal prot function is

Di(j) =P()V() (1 JWiN(j)

. . 1 W, .
=P(j)" A) * Et C (1 t)A—tAt(l)

P() (10)

Pt

Ci

where  is an employment subsidy nanced by lump-sum taxes. Notice that we have used

the equilibrium condition Y;(j) = C;(j). The real prot function thus is

t() D‘F,(tj) =Ciexp(G))' G t)VALZ(eXp(pt(j))) = ( p()iwg; Ap); (12)
wherew; is the real wage and
: Pi(j)
pe(j) log AP

is the quality-adjusted (log) relative price. When prices do not change in nominal terms,

p:(j ) evolves according to

Pe 1() Pe 1()
AGP. %% A LGP

pe(j) = Pt 1(j) +log =poa() ()

From now on, we drop the index] for ease of notation. Without loss of generality,
a rm resets its price with probability (p). Price resetting involves the rm paying a
xed menu-cost (in labor units). The optimal reset price p, maximizes the rm's value,
p, = arg max V;(p), taking into account that this new price may not change for a random

period of time. The rm's value is given by the equation

Vt(p) = ( p;VVt;At)"' Et [(1 t+1 (p t+1 IIt+1 t+1)) t;t+1Vt+1 (p t+1 IIt+1 t+1)]

+ Et t+1 (p t+1 "t+1 t+1) tt+1 mp§xvt+1 (pC) W41

which comprises the momentary prots () and the discounted continuation valueVi+; ()
evaluated when the price does not change at+ 1 with probability 1 t+1 (), and when

the rm sets a new price after paying the menu cost at + 1, with probability ¢+, (). Asin

4One advantage of introducing quality shocks as opposed to idiosyncratic productivity shocks is that the quality-
adjusted relative price becomes the only state at the rm level, dramatically reducing the dimensionality of the
optimal monetary policy problem.



Golosov and Lucas (2007) xed menu-cost model, the adjustment probability is given by

t(p) = 1[Li(p) > O]

where 1] ] is the indicator function, and

L (p) mp%-XVt M wi Vi(p)
is the gain from adjustment (or loss from inaction), net of the menu cost.

2.3 Monetary policy rule

The central bank controls the short-term nominal interest ratd,: In Section 4, we assume

that the central bank follows a simple Taylor (1993) rule:

it= i 2+(@  )( log + o+ (i V) (12)

where ; is the smoothing in the Taylor rule,yf is the e cient-level of output, de ned in
Section 4, and > 1 and , are parameters. In Section 5, we assume instead that the

central bank follows the optimal policy with commitment.

2.4 Aggregation

Firms' individual price-setting decisions give rise to a distribution of prices. Let the density
of quality-adjusted log relative prices at the end of period be g(p). The de nition of the

aggregate price index can then be written as:

v
1= & g (pdp; (13)

Individual rms' labor demand aggregates up to
c Z Z
N = A—t e g (p)dp+ (P " Dg (p)dp; (14)

such that the total number of hours worked equals the total use of labor for production (the
rst term on the right-hand side) and the aggregation of labor allocated to price adjustment

R
(the second term) { note that (p " )g 1(p)dpis thefrequencyof price adjustments.

10



Consider next the law of motion of the price density function:

Z

a(p) =1 t(P) o wp+ "+ Jd(M)+ )d (")
Z Z

P P) t(p) G 1(p+ "+ )d (") dp;

where () is the Dirac delta function. This expression forg(p) captures that, with proba-
bility 1 ¢, the end of the period's density is just taken from the density of prices in period
t 1, after adjusting it for quality and in ation (where (") is the Gaussian distribution of
the innovation "). In turn, if the actual price equals the optimal reset price,p = p,, the
density g(p) integrates the mass of all adjusting prices and, with probability {, allocates it

to the optimal reset pricep; .

2.5 Aggregate Shocks

The logarithm of aggregate productivity follows a rst-order autoregressive process
logA: = alogA; 1+ "ax;

where"ay N(O; 3),and A 2 [0;1] and A are parameters. Likewise, we assume that the
(lump-sum tax- nanced) employment subsidy ; follows an autoregressive process which is

interpretable as temporarycost-pushshocks:
t = (t1 )+

where is the steady-state employment subsidy;,; N(0; 2),and 2 [0;1]and are
parameters. We also consider autoregressigespersion shocks to the idiosyncratic volatility
of quality shocks:

t = (1 )+ "

where is the steady-state volatility, " . N (0; 2?), and 2 [0;1] and are also
parameters. We use these shocks to gauge the implications of shocks to price dispersion.
Finally, in Section 4 we also assume i.i.d. shocks to the Taylor rule (12); N (0; 2),

where , is a parameter.

11



2.6 Normalization and Equilibrium

In order to achieve high accuracy in the computations, we nd it convenient to recast the
problem in terms of thedistance x between actual (log-) pricep and the optimal (log-) reset
price p . Therefore, we de ne a new state variabl&; p; p,: The dynamics ofx; (j) are
given by

Xto Pt Pe=Xe1+tP P11 P+ P 1= Xt tt t

where P P 1t ¢ is the ination rate of the (quality-adjusted) reset price. The
advantage of this reformulation is that after a price resetx; always jumps back to zero.

Pro ts can then be expressed as

(XoPoWoA) = Cexp()+ p))t G t)%(exp(xt(jwpt)) :

and the Bellman equation can thus be re-written as

Vi(x) = (X P we; Ay)
+ E 1 t+#1 X t+1 41 t+1 tt+1 Viea (X t+1 41 t41)
+ Et t+1 X t+1 "t+1 t+1 tt+1 (Vt+1 (O) Wt+1) : (15)

The optimality of price updating implies the conditions

Vi(0)  wy Vi(st) (16)

Vi(S); 17)

Vi(0)  wy

The optimality of the reset price requiresV,°(0) = 0. V,°(0) can be expressed as the sum
of the marginal e ect of x on current pro ts and on the continuation value conditional on

not-updating and updating the price (where () is the standard normal pdf)®

1 Z Sts1 XXO—”l
0=V20)= A0+ = w1 Ve (X e (18)
St+1 @X
x=0
St+ St+
+ 2R e AT Y (Mi+1(0) Wie1);

5These three conditions are su cient only if the rm's value function is convex in  x;. We check convexity ex-post.
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Appendix A derives this expression. The law of motion of the density furthermore is
Z

a(x)=@  «(x) g x+ "+ Hd )+ )d (") (19)
Z V4

(X)) gl S+ )d () dE

Finally, the aggregate price index and labor market clearing can be expressed as

Z
1 = P g (x)dx; (20)
Z Z
_ G () y :
Ne = A € O (X) dx + X+ p t )G 1(x)dx: (21)
t

Equations (6), (7), (15)-(21), together with a policy such as (12), de ne an equilibrium in
g()’ \/t()’ Ct1NhWt1it!ptas’[1S[a t-

3 Calibration

Our baseline calibration is presented in Table 1. There are four blocks: household's prefer-
ences, rms' price setting behavior, the Taylor rule used in our positive analysis in Section
4, and shocks processes.

This calibration relies as much as possible on the existing literature. Regarding prefer-
ences, the monthly discount factor is 8612, The elasticity of substitution across products
is = 7, so the frictionless net markup is ¥6 . We follow Midrigan (2011) in assuming
log utility in consumption, so the relative risk aversion coe cient is = 1; and the weight
on leisure in utility is = 1. These assumptions yield that the real wage equals aggregate
consumption,w; = C; (and nominal wages equal nominal aggregate demand).

Regarding price setting, we set the menu cost= 0:045281, and the standard deviation of
idiosyncratic shocks in absence of dispersion shocks to be 0:025250. These choices allow
to match in the Ramsey steady state the % of average frequency of price changes as well
as the 85% of average absolute size of non-zero price changes documented by Nakamura and
Steinsson (2008) for the U.S. For the Taylor rule governing monetary policy in Section 4, we
assume =1:5and y=0:125 as in Taylor (1993). A common assumption is a smoothing

component in the Taylor rule, in our case, ; = 0:75"2, to accommodate inertia in monetary

13



Table 1: Parameter values

Households
0:96'"12  Discount rate Golosov and Lucas (2007)
7 Elasticity of substitution Golosov and Lucas (2007)
1 Risk aversion parameter Midrigan (2011)
1 Utility weight on labor Set to yield w= C
Price setting
0.045 Menu cost Set to match 8.7% of frequency of
price changes and 8.5% of absolute
0.025 Std dev of quality shocks size of price changes documented

in Nakamura and Steinsson (2008)

Monetary policy

15 In ation coe cient in Taylor rule Taylor (1993)
y 0.125 Output gap coe cient in Taylor rule Taylor (1993)
i 0:75°  Smoothing coe cient

Shocks
A 0957  Persistence of the TFP shock Smets and Wouters (2007)
0:9173 Persistence of the cost-push shock Smets and Wouters (2007)

0:757%  Persistence of the dispersion shock

policy rates. Finally, the persistence of shocks is taken from Smets and Wouters (2007),
once transformed from quarterly to monthly frequency: 952 for aggregate productivity
shocks, @' for aggregate subsidy shocks (interpreted as cost-push shocks). The standard

deviation of idiosyncratic quality shocks at the product level is assumed to be7G'=3.

4 The non-linear Phillips curve

This section presents novel considerations for monetary policy design arising from the menu
cost model in the presence of large shocks. The key distinguishing feature of the framework
is the endogenous evolution of the frequency of price changes, which leads to a non-linear
Phillips curve and, consequently, a state-dependent variation in the in ation-output trade-

0. This diers from the Calvo (1983) model, where the frequency is exogenously given,
the Phillips curve is approximately linear and the in ation-output trade-o is approximately
state-invariant.

In order to provide some intuition about the working of this model, here we derive a

14



3-equation "macro-block’ of the model. This helps us to contrast it to the well-understood
3-equation New Keynesian model.
New Keynesian IS curve and the Taylor rule . The rst equation of the macro

block is the familiar new Keynesian IS curve. It can be derived from the Euler equation (7):

e — 1 H e e —_ 1)4 e .
Yo= —(t El wa] )+ Elal= —  Edreg  rigl (22)
j=0

where the e cient output gap (¥¢ logY:=Y;°) measures the (log) deviation of output from
its e cient level, their di erence expressed as its deviation from the steady state output gap,
andr¢ is the e cient real interest rate. The e cient output level and interest rates are those
prevailing in a counterfactual e cient allocation, which is the solution to the social planning
problem (see Appendix B.1). The expression also shows that output gap is determined by
the cumulative sum of future real interest rate {; = iy E{ t+1]) gaps. Under perfect
foresight, the IS equation (22) is globally log-linear.

The second equation of the macro block, the Taylor rule (equation 12) is similarly globally

log-linear, which we repeat here for convenience:

k= qic 1+ @ D) o+ vt V)

The global log-linearity of these equations means that they are not responsible for the
non-linear evolution of the variables of interest, like the output gap, or in ation, which are
all expressed in log terms. The non-linearity, instead, comes from the third equation, the
Phillips curve, which expresses the relationship between in ation and the output gap.

Linearized New Keynesian Phillips Curve . For small shocks, the menu cost model
implies a relationship between in ation and output gap that is well approximated by a

log-linear new Keynesian Phillips curve (NKPC) (Auclert et al., 2024) of the form:
t= B[ ]+ ¥+ u (23)

where  and E{[ (+1] respectively are actual and expected in ationy~is the output gap,
and uq is a cost-push shock. The parameter captures theslopeof the Phillips curve, that is,

the impact on in ation of a unit change in the output gap. The slope is constant in the log-
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linearized formula and therefore does not depend on the size of the shock or the state of the
economy. Auclert et al. (2024) show that the slope in the Golosov and Lucas (2007) menu
cost model is higher than in a Calvo model calibrated to the same steady-state frequency of
price changes. The di erence is the consequence of the so-called \selection e ect". While in
the Calvo model it is random which rms can adjust their prices, in the menu cost model
the prices that adjust are far from their optimum. Thereby, large price adjustments in the
menu cost model are endogenously selected, which makes the price level more exible and
in ation more responsive to changes in the output gap. The log-linear relationship between
in ation and the output gap, however, is valid only for small shocks in a neighborhood of
the steady state.

Non-linear New Keynesian Phillips Curve . The relationship between in ation and
output is non-linear in the menu cost model. To see why, consider a series of monetary
policy shocks of an ever-increasing size. If the shocks are small, the responsiveness of the
frequency of price changes is low and the economy behaves similarly to a (suitably recali-
brated) standard sticky-price economg la Calvo. When the shocks are large, however, the
frequency of price changes increases: rms update prices more often thus reducing the degree
of price stickiness. For a su ciently large shock, the frequency reaches 100%, that is, prices
become completely exible, and monetary policy loses its ability to in uence activity. The
output gap stays somewhat over its steady state level, as fully exible prices help eliminate
relative-price distortions caused by the interaction of idiosyncratic shocks and sticky prices.

The non-linear relationship between in ation and the output gap is state-dependent
because it depends potentially on all state variables of the model, including the initial
relative price distribution, as well as the history of past aggregate shocks. Despite the
state-dependence of the Phillips curve, we can characterize numerically some of its relevant
features. Panel (a) in Figure 1 plots the relationship between on the y-axis and the cumu-
lative output gap P 'Eqy®,; on the x-axis for varying shock sizes. Speci cally, we simulate
random realizations of i.i.d monetary policy shocks of varying size initiated from the sta-
tionary distribution of quality-adjusted relative prices at the deterministic steady state. We

store the impulse responses of in ation and the output gap.Each point on the curve shows

5These impulse responses are computed under perfect foresight. For small shocks, this is equivalent to the rst-
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a particular realization of in ation and cumulative discounted output gap for a particular
shock siz€. We are thus plotting  in the expression (24) below, which is a generalization of
the log-linear New Keynesian Phillips Curve (23) after repeated forward substitutions and

assuming a non-linear coe cient :

x o xo
t =t ! Ety'te+ i + : Et Ui+ (24)
i=0 i=0

(a) New Keynesian Phillips Curve (b) Frequency and in ation

Figure 1: In ation-output trade-o s in the menu cost and Calvo models.

Note: The gure is produced by computing the impulse responses to monetary policy shocks of di erent magnitudes
and signs assuming no persistence of the Taylor rule (i = 0). The solid blue line is the baseline menu cost model
and the dashed-red line is the Calvo model.

The gure shows that the relationship between activity and prices is strongly nonlinear,
as large shocks have a larger impact on in ation relative to the output gap. The relationship
akin to the slope of a New Keynesian Phillips curve is non-linear in menu cost models.
Panel (b) displays the frequency of price changes at di erent in ation levels. The frequency
is exactly 87% when the in ation  is zero. This is the deterministic steady state, when
there are no aggregate shocks but idiosyncratic shocks yield a non-degenerate distribution of
price changes. For higher magnitudes of shocks, the frequency of price adjustments increases

gradually. At frequencies over 40%, the New Keynesian Phillips curve becomes backward

order approximation to the stochastic problem, as discussed by Boppart et al. (2018). For large shocks, its interpre-
tation is similar to that in Cavallo et al. (2023): an unexpected once-and-for-all large shock that hits the economy in
the deterministic steady state.

"Due to the certainty equivalence of rst-order perturbation approximations, expected output gaps are equal to
the actual impulse-response realizations.
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bending. At this level, monetary policy impulses reach their maximum e ectiveness in
stimulating activity, and any larger policy easing raises in ation with smaller output e ects.

At some point (not shown), as frequency reaches 100%, monetary policy becomes ine ective
in in uencing the output gap.® However, such shock sizes are fairly extreme.

While the location of the in ation-output gap pairs on the Phillips curve is informa-
tive about the size dependencef the shocks, the slope of the Phillips curve at each point
d ( ¢)=dy, is informative about the state dependencef marginal shocks. It re ects the
relative impact on in ation versus the output gap of a small shock, provided the economy
is in a particular aggregate state ;. Analogously, the slope re ects the state dependence
of monetary policy and the in ation-output trade-o of a marginal monetary policy shock:
how much cumulative output gap needs to decline to reduce in ation by a unit, also known
as the sacri ce ratio of monetary policy. Figure 11 in Appendix C.1 shows the evolution
of the slope of the Phillips curve for positive shocks (the relationship is analogous for nega-
tive shocks) for a range of realistic frequency values. The slope almost doubles by the time
the frequency reaches 20%, a magnitude documented during the 2022-2023 in ation surge
(Montag and Villar, 2023). While in a low-frequency/low-in ation environment, the sacri ce
ratio is high, it becomes much lower once frequency/in ation increasés.

Finally, the sign-dependence or asymmetrgf the non-linear Phillips curve is quantita-
tively small in the case of shocks with moderate persistence as shown by Figure 1. However,
it can become quantitatively sizable when the aggregate shocks are highly persistent. The
asymmetry of the Phillips curve is the consequence of the asymmetry of the rms' prot
function: low relative prices lead to high demand, while high relative prices lead to low de-
mand. Therefore, a negative deviation of the relative price from the optimum causes higher
losses than a similar-sized positive deviation. An aggregate shock, therefore, which generates
positive in ation and reduces relative prices can be expected to generate stronger endoge-
nous responses and more exible prices, than those causing negative in ation and higher
relative prices. Persistent shocks increase the expected cumulative impact on the relative

price if rms do not adjust, amplifying the asymmetry.

8 At 100% frequency, output gap stabilizes at a level above its steady state value, as full price exibility eliminates
distortions due to idiosyncratic quality shocks.
°Blanco et al. (2024b) also discuss how the sacri ce ratio changes with the level of in ation
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Shock-size dependence in response to a cost-push shock . Figure 2 displays in-
stead the response to cost-push shocks of di erent magnitudes. The shock is implemented
as a persistent decline in the rms' employment subsidy;. In ation, and the repricing
frequency are evaluated on the period after the shock arrival, output gap is evaluated at
its peak response usually around 5-6 months after impact; whereas the real interest rate is
the cumulative over the time-span of the shock span. The gure displays both the baseline
menu cost model and the standard Calvo model. The Calvo parameter is set to account for
the selection e ects as in Auclert et al. (2024¥° The value of the frequency in this case is
implausibly large, 40%.

Interestingly, for a certain range of shock sizes (frequency increases below 10 p.p.) the
non-linearity is quantitatively small. In this region, a linearized framework can be expected
to approximate the true model quite well, and the responses coincide with those in the
Calvo model! For larger cost-push shocks, however, the menu cost model deviates from its
Calvo counterpart. A key reason behind this development is the increase in the frequency
of price changes, which makes the price level endogenously more exible. As the frequency
approaches 20% (increases more than 11%), the non-linear model is signi cantly di erent
from its linearized counterpart. The non-linearity in the frequency response is a robust
feature of menu cost models: the new price increases that are triggered by the small shock
are almost fully o set by the new decreases that are canceled. For large shocks, however,
price decreases disappear and price increases generate a large frequency response (Gagnon,
2009; Karadi and Rei, 2019; Alvarez and Neumeyer, 2020; Alexandrov, 2020). The more
exible in ation response after large shocks in the menu cost framework leads to tighter
systematic policy relative to Calvo as shown by the real interest rate on panel (d). This

leads to a marginally ampli ed downturn in the menu cost model (see panel b).

101t delivers the same slope of the Phillips curve for small in ation levels, as illustrated by the dashed red line in
Figure 1.

1 Figure 14 in Appendix C.3 shows how the full impulse responses to a small cost-push shock are similar to those
of the recalibrated Calvo model.
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Figure 2. Response to a cost-push shock for di erent shock magnitudes.

Note: The gure displays the dierence in the value of in ation, and the frequency of price changes between the
period of the shock arrival and the value in the deterministic steady state. The output gap is evaluated at the peak
of the impact relative to the deterministic steady state. The real interest rate is evaluated over the entire life of the
shock.

5 Optimal monetary policy problem and computational approach

We turn next to the analysis of optimal monetary policy. We consider optimal monetary
policy under commitment. In this section we introduce the central bank's problem and
present a new computational method to deal with the complexities associated with the high-

dimensionality of this problem.

5.1 Ramsey problem

The central bank maximizes households' welfare under commitment (Gal, 2008). The prob-

lem implies that the central bank selects the path for all equilibrium variables subject to all
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the competitive equilibrium conditions:
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where () is the probability density function of a normal random variable,gf is the contin-

uous part of the price-gap densityg? is the frequency of repricing, that is,

the probability

mass of updated prices, and and S are the endogenous boundaries of the inaction region

for x. The nominal interest rates consistent with this path of nominal and real variables can

then be recovered from the household's Euler equation (7). Importantly, the constraint set

of the planner's problem is continuous and di erentiable despite the fact that the individual

rm's price policy function is not. This is so because each rm has zero mass, and thus

the discontinuity in a single rm's behavior does not lead to a discontinuity in aggregates.

Furthermore, note that both V (x) and g°(x) are continuously di erentiable over the relevant

range @;S).
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5.2 Computational method

We propose a new algorithm similar to that in Gonzalez et al. (2024) but applied to discrete
time. The idea is to represent the problem as a high-dimensional dynamic programming
problem in which the Bellman equation and the law of motion of the price-gap distribution
are constraints.

The problem of the Ramsey planner is complicated by the fact that the value function
V() and the distribution g() are in nite-dimensional variables. This poses a challenge
when solving the optimal monetary policy problem, as we need to compute the rst-order
conditions (FOCs) with respect to these in nite-dimensional variable$? Our algorithm
rst discretizes the planner's objective and constraints (the private equilibrium conditions)
and then determines the FOCs, instead of rst determining the FOCs for the planner's
continuous space problem, and then discretizing them. Thus we transform the original
in nite-dimensional problem into a high-dimensional problem, in which the value function
and the state density are replaced by large vectors with a dimensionality equal to the number
of grid points used to approximate the individual state space. This approximation needs to
be smooth and good enough to capture the higher-order e ects of policy.

An additional challenge in our particular problem is that a simple discrete-state approx-
imation may fail, as the private equilibrium conditions include discrete choices. Therefore,
we approximate the distribution and value function not by discrete functions on a prede-
termined grid, but by piece-wise linearfunctions over anendogenougrid. The endogenous
grid is selected to always include the two boundaries of the inaction region (points= s
and x = S) and the optimal price gap & = 0). Furthermore, we explicitly take the mass
point at O into account in the distribution. Integrals to compute expectations are evaluated

algebraically, conditional on those piecewise linear functions.

2There are a number of proposals in the literature to deal with this problem. Nuro and Thomas (2022), Smirnov
(2022), and Davila and Schaab (2022) deal with the full in nite-dimensional planner's problem in continuous time.
This implies that the Kolmogorov forward (KF) and the Hamilton-Jacobi-Bellman (HJB) equations are constraints
faced by the central bank. They derive the planner's FOCs using calculus of variations, thus expanding the original
problem to also include the Lagrange multipliers, which in this case are also in nite-dimensional. These papers
solve the resulting di erential equation system using the upwind nite-di erence method of Achdou et al. (2021).
Bhandari et al. (2021) make the continuous cross-sectional distribution nite-dimensional by assuming that there
are N agents instead of a continuum. They then derive standard FOCs for the planner. In order to cope with the
large dimensionality of their problem, they employ a perturbation technique. Le Grand et al. (2022) employ the
nite-memory algorithm proposed by Ragot (2019). It requires changing the original problem such that, after K
periods, the state of each agent is reset. This way the cross-sectional distribution becomes nite-dimensional.
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As we show in Appendix D, the Bellman equation can thus be approximated over a grid
of price gapsx as
Vi= (+[AVi1  Dbir1 W]

whereV and b; are vectors with the value function and the expected adjustment proba-
bility evaluated at di erent grid points, respectively, and A, is a matrix that captures the
idiosyncratic transitions due to rm-level quality shocks and aggregate in ation. Similarly,

the law of motion of the density forx 6 0 is
O = Feof 1+ f o 1

wheregy and f; are vectors representing the probability distribution function and the scaled
and shifted normal distribution, respectively,F; is a matrix that captures the evolution of

the price distribution due to rm-level quality shocks and aggregate in ation, and
©=1 e

is the mass point atx = 0. Here g, is a vector of weights corresponding to the trapezoid rule.
The labor market clearing condition and the de nition of the price index can be written in
a similar form. The computational appendix D provides futher details.

Once we have the discretized version of the problem, we nd the planner's FOCs by
symbolic di erentiation. This delivers a large-dimensional system of di erence equations,
as we have Lagrange multipliers associated with each gridpoint of the value function or the
probability function.

Next, we nd the Ramsey steady state. To do so, we construct a nonlinear multidimen-
sional function mapping one variable, in our case in ation, to the rest of the steady-state
equilibrium variables. We then combine this function with the planner's FOCs. As the
system is linear in the Lagrange multipliers, the solution is to nding the zero of a nonlin-
ear function of the initial variable (i.e., in ation), for instance, using the Newton method.
Finally, to compute the dynamics of the Ramsey problem, we solve the system of di erence
equations non-linearly in the sequence space also using the Newton method.

The symbolic di erentiation and the two applications of the Newton algorithm can be
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conveniently automated using several available software packages. In our case, we employ
Dynare (Adjemian et al., 2023), but the approach is also compatible with the nonlinear
sequence-space Jacobian toolboxes. This algorithm can be employed to compute optimal
policies in a large class of heterogeneous-agent models. Compared to other techniques, it
stands out for being easy to implement. Gonzalez et al. (2024) show that this algorithm
delivers the same results as computing the FOCs by hand using calculus of variations and

then discretizing the model. Our algorithm runs in a few minutes on a normal laptop.

6 Optimal monetary policy: results
We now proceed to investigate the model's normative prescriptions.

6.1 The steady state under the optimal policy

The solution of the Ramsey planner's problem has a steady state state featuring a slightly
positive in ation of 0.3%.*® This is di erent from the standard New Keynesian model with
Calvo pricing (Gal, 2008), where the optimal in ation in the Ramsey steady state is zero.
This value of optimal in ation in the menu-cost model is very close to the value of steady-
state in ation that maximizes steady-state welfare, which in turn is also very close to the
value of in ation that minimizes the frequency of price adjustments.

What explains the positive optimal in ation? The key is the asymmetry of the prot
function (11). For a rm, a negative price gap is more undesirable than a positive price gap
of the same size because a negative price gap leads to much larger sales at a markup-loss
of X, while the positive price gapx leads to only somewhat smaller sales at a markup
gain of x. This implies that the Ss bands are asymmetric: the lower Ss band is closer to
the optimal price gap than the upper one (see Figure 3). Thus, in the zero-in ation steady
state, there is more mass of rms close to the lower threshold of the inaction bang than to
the upper threshold. As a result, there are more upward than downward price adjustments.
Small positive in ation raises the optimal reset pricgp and shifts the Ss bands leftwards and

thus reduces the number of upward price movements by more than it increases the number

1n our numerical exploration, we have only found a single steady state.
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Figure 3: Steady-state price-gap density.
Note: The gure displays the steady-state price-gap density g(x) with zero in ation. The dashed yellow line indicates
the mass of rms at the upper Ss band.
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of downward price movements. The frequency of price adjustments decreases and with it

the distortions caused by menu costs. Quantitatively this e ect is small, but not negligible.

6.2 Time-0 problem

We now turn to investigating the time inconsistency of optimal policy. To assess its magni-
tude, we solve the optimal policy problem, starting from the price distribution in the Ramsey
steady state, assuming that the central bank faces no previous pre-commitment. In this case,
the Lagrange multipliers associated with forward-looking equations are initially set to zero.
This problem is often referred to as the \time-0 problem” (Woodford, 2003).

The solid blue lines in Figure 4 show the time path under the optimal policy. The labor
subsidy is set to zero in this exercise, which, therefore, ceases to o set any markup distortions
caused by the rms' market power. The optimal policy is time-inconsistent: without pre-
commitment, the central bank engineers a temporary expansion. Thereby, it raises welfare
by bringing output closer to its e cient level at a cost of elevated price distortions arising
from the higher in ation.

The dashed red line on Figure 4 shows the equivalent time-0O response in the Calvo
model. The gure shows that the incentives to surprise is substantially weaker in the menu-
cost model: both the in ation and output gap increases are smaller relative to the Calvo
model. The main reason is that the price level is more exible in the state dependent
model. The unexpected easing causes a sizable in ation hike but only a small and temporary
output increase. The sizable increase in the frequency of price changes contributes to the
exibility of the price level, which is already elevated due to endogenous selection of large
price changes. Overall, the magnitude of time inconsistency is lower, because the welfare
gain from the higher output is smaller, but the costs from the price distortions caused by
the higher in ation are higher, albeit less persistent.

There is a countervailing force that raises the time inconsistency in our baseline model
relative to the Calvo model. Namely, the markup distortions are higher, as discussed below,
and a labor subsidy of = 1= is insu cient to bring the distortions caused by the average
markup to zero, as it is the case in the Calvo model. A time-0 optimal policy, therefore, stays

time inconsistent even with a = 1= labor subsidy (not shown). The optimal policy easing
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in this scenario, however, is small, two orders of magnitude smaller than those under no labor
subsidy. Therefore, this channel is too weak to counteract the opposite e ect caused by the
more exible price level detailed in the previous paragraphs. A corollary to the negligibility

of the time inconsistency with an appropriate labor subsidy is that the analysis in the next
section, where we focus on adopting a timeless perspective, would go through also if we

adopted a time-0 perspective.

Figure 4. Time inconsistency of the optimal policy.
Note: The gure compares the time-0 optimal policies in the menu-cost model and in the Calvo model.

6.3 Timeless optimal monetary response to e cient shocks

While the time-0 policy is interesting to analyze time inconsistency, our main focus is on the
systematic monetary policy response to shocks. We then analytzeelessoptimal monetary
policy (Woodford, 2003; Gal, 2008). This corresponds to the optimal monetary policy
starting from the Ramsey steady state when a shock hits the economy and all of the Lagrange
multipliers are initialized at their steady-state values.

First, we consider shocks that a ect the e cient allocation, such as TFP shocks. In the
standard New Keynesian model with Calvo prices, the response to such shocks is character-
ized by strict price stability: the central bank steers real interest rates to replicate the path
of natural interest rates, which leads to in ation and the output gap remaining at zero. This
is commonly known as the #livine coincidencé (Blanchard and Gal, 2007).

A version of such divine coincidence also holds in our economy. As we have shown in
Section 6.1, strict price stability would be suboptimal in our menu-cost model, and optimal

trend in ation is also positive. As a response to an e cient shock, optimal timeless com-
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mitment policy keeps in ation and the output gap at their steady-state levels and makes
the real interest rate follow its natural level. As in ation remains constant, the frequency of
repricing also stays constant. In other words, the optimal policy o sets the dynamic impact
of the e cient shocks in a form of \dynamic divine coincidence".

The conclusion is that strict targeting of the optimal steady-state in ation rate simulta-
neously minimizes ine cient output uctuations and the costs of nominal rigidities. Notice
that the shape of the Phillips curve plays no role in this result and thus the prescription is
the same for small and large shocks. The next subsection turns to a case when the Phillips

curve matters.

6.4 Timeless optimal monetary response to cost-push shocks

Impulse response to a cost-push shock . Cost-push shocks are well known to break
the divine coincidence in the standard New Keynesian model. For such shocks, a policy of
\leaning against the wind" is optimal, that is the central bank tolerates a temporary increase

in in ation to cushion the decline in output below its e cient level. The central bank trades

o this decline in the output gap with the initial bout of in ation under the commitment

that in ation will be negative in the future so that the price level is eventually restored.
Such a policy exploits the Phillips curve relationship and is thus the relevant case to explore
the implications of a nonlinear Phillips curve.

The optimal monetary policy response to a cost-push shock in our model is also char-
acterized by leaning against the wind. Figure 5 shows the response of the economy to an
in ationary large cost-push shock under the optimal policy, which pushes there repricing
frequency above 20%. In ation goes up (panel b) and the e cient output gap drops (panel
a). The price level initially increases, but then decreases and eventually returns to the
steady-state trend.

However, due to the nonlinearity of the Phillips curve, the policy is now size-dependent.
The gure compares the response to a large shock (solid green line) with that of a small shock
that is scaled linearly by the relative shock size (black dashed line). The optimal monetary
policy is tighter for the large shock: this prevents in ation from increasing as much as in

the small-shock case (panel b). The tighter policy is also successful in preventing a decline
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Figure 5: Impulse responses to a cost-push shock in the Calvo model, and to a large and a small
cost-push shock in the menu-cost model under the optimal monetary policy.

Note: all displayed variables except frequency are linearly scaled in the small shock according to the ratio between
the large and small shocks.

in the output gap as large as with small shocks (panel a).

Finally, the gure also displays the optimal policy response in the case of a Calvo model
calibrated to replicate the slope of the Phillips curve. The policy approximately coincides
with that of the menu-cost model for small shocks.

Non-linear targeting rule . To interpret these results, we rst need to understand the
impact of higher frequency on the conventional New Keynesian model. In the linearized
Calvo model, optimal policy is characterized by a targeting rule linking in ation to the
change in the output gap. The relationship is constant and depends only on the elasticity
of substitution parameter . Strikingly, the relationship is independent of the frequency of

price changes, proportional to the Calvo parameter. The reason behind this result is that
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two opposing e ects perfectly o set each other. On the one hand, frequency raises the slope
of the Phillipscurve =(1 )1 )=, and therefore reduces the sacri ce ratio making
the cost of reducing in ation lower. On the other hand, higher frequency reduces the relative
weight of in ation in the welfare function, as this is given by = . The reason is that higher
frequency reduces the relative price distortions caused by in ation, so the planner is willing
to tolerate more in ation.

The frequency of price changes also in uences the magnitude of the Phillips-curve wedge
(uy) that a cost-push shock generates. The shoek = (y7 Vi) is equal to the product
of the slope of the Phillips curve (), which increases with the frequency of price changes,
and the di erence between the e cient output (y7) and the natural level of output (y{') (see
Gal, 2008, pp. 97). The cost-push shock () drives the di erence between the e cient and
the natural output. An increase in frequency thus ampli es the impact of the shock on the
Phillips curve 14,

(@) Non-linear targeting rule (b) Frequency and in ation

Figure 6. Optimal target rule under optimal policy.

Note: Panel (a) shows the relationship between annualized in ation and the change in output gap on impact as a
function of a series of cost-push shocks under the optimal policy (blue solid line); and contrasts it to the optimal
target rule in the Calvo model (dashed red line) and in the linearized Calvo model (dotted yellow line). Panel (b)
shows the frequency at each in ation level.

Figure 6 shows the relationship between annualized impact in ation and impact change

1 This feature in uences the optimal policy: by leaning against frequency, optimal policy reduces the Phillips curve
slope ( ) and, consequently, mitigates the distorting e ects of the shock. However, as panel c of Figure 7 shows, the
frequency is strictly increasing in shock size ( even under optimal policy, so this channel is not strong enough to
o set the direct impact of the shock size on frequency. Therefore, the slope of the Phillips curve is increasing (and
the sacri ce ratio is decreasing) in the shock size even under optimal policy, qualitatively similarly to the case under
Taylor rule as outlined in Section C.1
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in output gap as a response to cost-push shocks of di erent sizes. The slope of the target
rule at zero output gap is very close to 1= (dotted yellow line), the slope of the target rule

in the linear Calvo model. In the case of small shocks, the change in frequency is relatively
modest, and thus the logic of the Calvo framework still applies. The logic generalizes in the
Calvo model also for large shocks: the target rule stays approximately linear (dashed red
line) with a slope close to 1=.

In the menu cost model the relationship is non-linear (blue solid line). At a frequency of
around 12%, the slope of the optimal target rule becomes signi cantly lower than its slope
at the steady-state frequency of 8.5%. The relationship means that after a large shock that
increases frequency substantially, the planner is stabilizing in ation relative to the output
gap on the margin more than after small shocks. The central bank thus \leans against
frequency”, tightening policy more aggressively in the case of a large shock that increases
frequency. The targeting rule is not independent of frequency: as frequency increases the
central bank has more incentives to quench in ation to minimize price distortions and is more
e ective in doing so due to a lower sacri ce ratio. These two e ects trump the ampli cation
of the cost-push wedge and explain our results.

Impact of shock size . Figure 7 illustrates the optimal response to a cost-push shock
for a whole range of shock sizes. The impact response is plotted as a function of the shock
size (solid blue line) and is contrasted to the Calvo model (dashed red line), which roughly
coincides with the linear extrapolation of the slope in the menu-cost model around small
shocks. The deviation between the two lines illustrates again the nonlinearity of the economy
under optimal policy for large shocks. The larger the shock the more in ation and frequency
are contained as the central bank tightens monetary policy more aggressively. The central
bank thus “ strikes while the iron is hot .

Second, there is a certain sign-dependence, as the optimal policy response to positive and
negative shocks di er. This is related to the asymmetries discussed in Section 4.

Welfare decomposition . To understand the rationale for the optimal response of the
model, we decompose welfare into three components. The welfare gay) relative to
the welfare in the rst-best e cient equilibrium ( Wg) comes from three underlying sources.

First, it comes from themisallocation due to distortions caused by non-zero markups {(i) =
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Figure 7. Optimal response to a cost-push shock for di erent shock magnitudes.

Note: The gure displays the di erence in the value of in ation, output gap, and repricing frequency between the
period after the shock arrival and the value in the deterministic steady state. The real interest rate is evaluated over

the entire life of the shock.

p(i) mc(i)) as in the rst-best all markups are zero. This in, turn, depends on thaverage
markup gaplinked to the average markup—, and to the price dispersion which a ects the
dispersion of the demeaned markups . Finally, the welfare gap comes from the resource
loss from the labor allocated to price adjustmentrfenu costs. In Appendix B.2, we derive

that the welfare loss, in the baseline case of= 1, equals
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Figure 8: Welfare decomposition of a cost-push shock for di erent shock magnitudes.
Note: The gure displays the di erence in the di erent components of the welfare gap in equation (25).

We have set the steady-state labor subsidy to o set the average markup distortions. In
particular, we make sure that™ = log(1 ) and thus the steady-state average markup

gap is zero. In this case, the steady-state welfare gap comes exclusively from the markup
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dispersion () and the menu costs. In our baseline calibration, these terms are similar
in magnitude and equal to 0.4 percent. Menu costs with such a magnitude are reasonable:
Zbaracki et al. (2004) estimates menu costs including managerial and marketing costs around
1.2 percent of rm revenues, which is higher, but of similar magnitude.

Figure 8 displays the decomposition for the menu-cost and the Calvo models. In the
Calvo model there are only two components. First, the average markup gap, which is
directly related to the output gap, and second, the price dispersion. Both terms increase
with shock size. In the menu-cost model, however, price dispersion does not increase, but
decreaseswith shock size. This is due to the selection e ect. Quantitatively, price dispersion
plays a minor role in the welfare gap. Instead, in the menu cost model the price adjustment
costs are important. Like price dispersion in Calvo, they increase with shock size.

The average markup gap equals the square of the output gap up to a second-order ap-
proximation. In Calvo, price dispersion depends on the square of in ation. This gives rise
to the standard output gap-in ation trade-o that characterizes New Keynesian models. In
menu-cost models, the menu costs depend linearly on frequency, which in turn depends on
in ation, as discussed in Section 4. This relationship can be approximated by a quadratic
function. Therefore we have a similar in ation-output gap trade-o, but the central bank
dislikes in ation not because it increases misallocation due to price dispersion, but because
it increases the losses associated with menu costs.

Alternative central bank objectives . While the previous explanation addresses the
motivation of the central banker, it does not answer the question of why optimal policy in
the menu-cost model displays such a strong degree of non-linearity. To answer that question,
and following the previous discussion, we consider a purely quadratic objective

1 2 )
> E( ss)”+ —E(w)~
In the Calvo model, this expression is exact up to a second-order approximation (with
ss = 0). The variance of the in ation term is the welfare cost of price dispersion, and the
variance of the output gap term is the welfare cost of changes in the average markup. In
the menu cost model, we impose that quadratic objective. In this case, the rst term is

still a second-order approximation of the welfare cost of the average markup, and the second
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term serves as an approximation of the relationship between the in ation and the sum of
price dispersion and menu costs. This approximation neglects the state dependency of this
relationship.

The dotted yellow line in Figure 7 above displays the optimal response in the menu-cost
model as a function of shock size in the case of a quadratic objective. The result is strikingly
similar to the result in the baseline case. In particular, the model with a quadratic objective
yields a nonlinear target rule. This con rms that the main source of the non-linearity in the
menu cost model is not to be found in the non-linear shape of the welfare function, but in

the non-linearity of the Phillips curve relationship.

7 Implications for the 2022-2023 US in ation surge

Scenario description . We use our model to assess its optimal policy prescriptions in a
stylized scenario akin to the 2022-2023 post-Covid US in ation surge. Besides the large
increase in frequency, a further notable feature of the in ationary episode was the signi cant
increase in the dispersion of the price changes (Montag and Villar, 2023). This is relevant
because large aggregate shocks with uniform impact on rms' optimal reset prices, including
demand, supply, and cost-push shocks in our framework, wouttkcreasethe price-change
dispersion. The reason is that the new price changes, resulting from price gaps pushed over
one of the inaction thresholds by the shock, are necessarily closer to the mean of price changes
than the canceled price adjustments, which are around the other inaction threshold. The
contradictory evidence, therefore, suggests that concurrent forces raised the dispersion of
reset prices, like an increase in the volatility of idiosyncratic demand or supply shocksin
this section, we construct a scenario as a combination of a cost-push shock, a dispersion shock,
and a monetary policy that follows an inertial Taylor rule. The scenario broadly captures
key features of the 2022-2023 US in ation surge. Then we use our model to characterize the
counterfactual optimal Ramsey commitment policy.

Figure 9 shows the impulse responses to a combination of a cost-push and a dispersion

shock, alongside the impulse responses to the two shock components. The magnitudes of

5 Similar idiosyncratic volatility shock and its interaction with aggregate shocks is analyzed in Vavra (2014). Berger
and Vavra (2019) explore the possibility of increased dispersion caused by heterogeneous response to aggregate shocks.
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Figure 9: In ation surge caused by a cost-push and dispersion shocks.

Note: The gure shows a scenario (blue solid line) as a response to a combination of a large cost push ; and a
dispersion : shock, which captures some key features of the 2022-2023 in ation surge. The gure also shows the
individual responses to the cost-push shock (red dashed line) and the dispersion shock (yellow dotted line) components.

the shocks were targeted to capture both the increase in the frequency of price changes
to around 20%, and the increase in the standard deviation of the price changes by around
1.5 percentage points, as observed during the 2022-2023 in ation surge (Montag and Villar,
2023).

The scenario captures broad features of the 2022-2023 US in ation surge. The shocks
raise the in ation rate from the steady-state 2 percent to around 9 percerif. Around one-
third of the in ation surge is temporary and recedes quickly, while the remaining two-thirds
are persistent and decline slowly. The nominal interest rate increases quickly by around 5
percent, broadly in line with the magnitude of the Fed's 2022 policy tightening. The output

gap declines by 1.5 percentage points. The gure also shows that the scenario captures the

We have reduced the interest-rate smoothing parameter of the inertial Taylor rule from 0.75 quarterly rate to
0.25 quarterly rate to capture the unusually fast pace of interest-rate increase observed in 2022.

" The decline in output is contrary to the evidence. A more realistic scenario should also include a positive demand
shock raising output, caused, for example, by heightened consumption demand from excess savings built up during
the Covid-19 lock-downs and from scal transfers. Excluding such a demand shock is a conservative choice: a scenario
with demand shock would prescribe an even more aggressive optimal policy tightening than our baseline. The reason
is that monetary policy would optimally fully o set an e cient demand shock, while it leans only partially against
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sizable and persistent increase in the frequency of price changes.

The gure also con rms that the standard deviation of price changes helps to identify
the magnitude of the dispersion shock accompanying the aggregate shock. The standard
deviation of price changes declines as a response to the cost-push shock, while it increases
signi cantly after the dispersion shock. Their combination in the baseline matches the tar-
geted 1.5 percent increase. Notably, the exercise also captures the around 2 percentage-point
increase in the frequency of price decreases, even though it is not a moment we explicitly
target. An aggregate shock alone would have reduced the frequency of price decreases, while
a sole dispersion shock would have increased it by more than 4 percentage points. All in all,
the large increase in the overall frequency is driven mostly by the increase in price increases

reaching around 14% from around 6%, similar to the data (Montag and Villar, 2023).

Figure 10: Optimal monetary policy response to a joint cost-push and dispersion shock.

Note: The gure shows the optimal Ramsey commitment response (blue solid line) to a combination
of a large cost push ; and a dispersion ; shocks. It contrasts it to the policy following an inertial
Taylor rule (yellow dotted line).

How would optimal Ramsey policy have reacted to such a combination of shocks? The

the ine cient cost-push shock in our scenario.
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answer is not obvious, as the dispersion shock generates variation in optimal relative prices
and, consequently, a welfare-enhancing increase in the frequency of price changes that mone-
tary policy might not want to counteract. Figure 10 shows the counterfactual optimal policy
response. It shows that the optimal policy would prescribe a substantially tighter policy in
the initial periods than the Taylor rule. The optimal policy would have led to an increase

in in ation by only around 1 percentage point at the cost of a somewhat lower output gap.
This is substantially lower than the 7 percentage points increase in in ation under the Taylor
rule. The policy would have reduced the frequency of price changes only marginally: it would
have stayed persistently high, reaching close to 20%. The low optimal in ation, furthermore,
would be accompanied by a substantial shift from price increases towards price decreases,

which are not costlier than price increases in our frameworR.

8 Conclusion

This paper analyzes the Ramsey problem within a menu-cost modela la Golosov and Lucas
(2007). A key contribution is the identi cation of a new incentive for the central bank: In
the presence of largeost-pushshocks, optimal monetary policy should commit to quelling
in ation and stabilizing the repricing frequency. Along the trajectory of optimal commit-
ment, the central bank utilizes the reduction in the sacri ce ratio, leading to lower in ation
at a cost of a more moderate decline in output. This policy prescription diverges markedly
from those of the standard New Keynesian model with exogenous timing of price adjustment,
which fails to capture such non-linear dynamics. When confronted with demand or e ciency
shocks (e.g., TFP shocks), our ndings indicate that the optimal policy in the menu-cost
model involves a commitment to full price stability, akin to the standard Calvo model with
exogenous timing of price changes.

In sum, our research underscores the importance of an aggressive anti-in ationary policy
by the central bank in the face of large shocks. By committing to policies that curb in ation

and stabilize the repricing frequency, the central bank can deliver a more favorable macroe-

8There is no reason for downward nominal rigidity in our framework, up to rst order. Price increases are more
frequent than price decreases even under zero in ation only due to the asymmetry of the prot function, a higher-
order feature. It raises the incentives of rms to adjust their relative prices if it is below the optimal reset price than
when it is above it.
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conomic outcome. Our analysis is con ned to the case of nominal price rigidities, we leave

the interaction with wage rigidities for future research.
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Online appendix

A Optimality condition of the reset price

If the value function is convex, the optimal reset price is fully characterized by the rst order
condition.'® Here we reformulate the value function conveniently and derive the rst order
condition reported in the text. In the main text the value function was

Vi(x) = (X pg;we; Ar)

+Et tt+1 1 t+1 X t+1 t+1 t+1 Vt+1(X t+1 t+1 t+1)
+E i+ 41 X t+1 t+1 1 (M1 (0)  wWiag)

Since the only source of uncertainty is the idiosyncratic shocks we can write:

Vi(x) = (X P Ar)
+ o+ 1 tv1 X t+1 t+1 1 Vi (X t+1 41 1) (1) d
Z
+ i1 (M1 (0) Wts1) t+1 X t+1 141 t+1 (") a"

where () denotes the standard normal pdf. The expression 1 "t+1 +1 denotes the
state of the rm tomorrow, conditional on the state x today and tomorrows shock +1 "¢+1 .
We can thus replace it byx® x 141141 v and "4 XX(:—IH and apply a change
of variable to the integral:

Z
1 x X0
Vi) = (CXPowEA) T —— (1 (X)) Ves1 (x9) — tLodx
+ 7 +
1 X XO t+1 0
+ tt+1 (Vt+1 (O) Wt+1) t+1 (X(ﬁ dX
t+1 t+1

In Golosov Lucas the probability of updating a price {+1 given any state of the nature
is either 1 or 0. In particular it is O between the (s,S) bands and 1 otherwise. Therefor we
can restrict the bounds of the rst integral to the (s,S) bands. Furthermore we can replace
the second integral, which is the probability mass of updating the price, by 1 minus the

9We verify convexity ex post.
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probability mass of not updating the price.

. St+l X XO
Vi (X) (X P W A+ —2 Viep (x9  ——— gy

t+1 St+1 t+1

z
St+ 0
1 e X X 141

togn (Mi+1 (0) W) 1 dx®
1l s t+1
St+1 0
; X X
= ( x)+ tit+1 Viey (9 X X w40
t+1 St+1 t+1
! X S X St+1
+ e (M1 (0) W) 1 + t+1 o e
1 t+l t+1

where in the last line we denote the standard normal cdf by () and suppressed the depen-
dence of on aggregate variables in the notation.

Now take the derivative ofV;(x) and reformulate, to get to expression (18) in the main
text:

R
L @ St+1 Vt+1 (X() x X% dXO

St+1 t+1
VIX) = )+ t+1
‘ ‘ t+1 @x
X St t+1 X St+1 t+1 Wi
o Vi1 (0) A
t+1 t+1 t+1
Zs., #
—_ 0, + 0
= (x)+ t+1 Vi (X9 dx
t+1 St+1 @X
X St t+1 X Sts1 t+1 Wi+1
+ i Vi+1 (0) A
t+1 t+1 t+1

B E ciency and welfare analysis

B.1 E cient and natural level of output

For the welfare analysis, it is instructive to derive the e cient and natural levels of aggregate
and product-level output.

E cient output . The e cient level of output is the solution to a social planning
problem. The problem maximizes household welfare in equation (1) sgbject to (i) the ag-
gregate consumption equation (3), (ii) aggregate labor supply ifNg = . N¢(j)) and (iii)
product-level production functions in (9) with respect to product-level consumption and
labor (C¢(j); Ne(j);j 2 [0;1;t =0;1;2;::0).

After some algebra, the optimization problem simpli es to

Ryt
w A NG i z

maxE t N¢(j ) di:
ma ot:0 1 t(J)
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R
subject to N¢(j)di = N;. The solution implies that the e cient output uctuates with
aggregate productivity, but is independent of demand shocks as well as of cost-push shocks.
In particular, the e cient level of output is

Ye=Ce= ANE= T AT (26)
For our parametrization, =1 and =1, we thus have that

NS =1
27
ceoa (27)
The e cient real interest rate is implicitly de ned by the Euler equation after substituting
in e cient consumption:
re = log (1 a)logA;

The e cient labor supply is equal across products and the e cient product-level con-
sumption varies across productg inversely proportional to the product-level quality, in
particular

N ) =N¢
 ANE
G0 = Ay

Natural output . The natural level of output is the counterfactual output with exible
prices. Under exible prices, rms maximize their real prot function (11) in each periodt
by choosing

PMG) _ "

AP "L

The expression implies that the quality-adjusted relative price is homogeneous across prod-
uctsj . Together with the de nition of the price-level (5), this implies that the natural level of
the quality-adjusted log relative price is zerog(j ) = 0). Or equivalently, the natural level of
relative price is equal to the quality: P"(j )=P" = A:(j). The product-level demand function
and the unit quality-adjusted relative price implies that product-level natural consumption

is inversely proportional to the quality of product j:

Wn
1 L.
( t) A,

cmn=;%7@:

Furthermore, the natural real wage, output and labor are given by the following closed-form
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expressions:

n 1 1

w =A

t t 1,

wh
Y'=Cl= —
Yn

N = -1

t At

Notably, the productivity shock a ects the natural and the e cient output similarly, but
the cost-push (labor-tax) shocks only a ect the natural level of output.

B.2 Welfare decomposition

Markups . The real marginal cost of rmj is

@1 )WiN(j)) - (1 OwWAW().
@Xj) At ’

where we have used thalN:(j) = A¢(j)Y:(j )=A:.
The (log-) markup +(j) is the (log-) di erence between the relative price and the real
marginal cost:
o\ P()) 1 OwAW() _
t(j) = log =) log A, =

MC:(j) =

log

wherep(j) is the quality-adjusted relative price and
mc.  log(MCi(j)=Ac(j)) =log((1  Jw=A) =log(l ) IlogAi+log + logY;;

is the "aggregate component' of the marginal cost. Notice that we have employed eq. (6).
Aggregate markup and output . The aggregate (log-) markup, is

— =lo Zet(j)(l ") %—Io z Pt (i@ ") =
S =00 e

1 . Y 1

where we used the observation that the average quality-adjusted relative price is one (eq.
13). Therefore
= log@@ ) +logA; log log Y; (29)
or equivalently
_ A

N (RN (30)

expressing the tight relationship between average markup and the output.
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Taking into account eq. (26), the e cient output gap can be expressed
e — l — -
logY: logY"= —( log(1 ) ) (31)

which is proportional to the negative average markup.
Markup dispersion . The dispersion of the quality-adjusted relative prices ) is
Z Z
P= @O gp())= e 0 g () + may) =
j j 7
'e( t() ") ")g( OO ) . B
j

where , s the dispersion of the demeaned markups which equals price dispersion.

Welfare . Finally, consider the case with = 1. We can express the di erence between
welfare W;) from the welfare in the e cient equilibrium ( W) subject to an MIT shock in
period 0 as

R b3
Wo Wp = (U U= "(logC:  Ni) (logC¢ N¢))

t=0 t=0

P
= Y((logY: N;) (logY?e 1))

t=0
Z
= o log(1 - & el ) d O+1
og(l ) y a(Pdp g
t=0
1 _

o g( t) t e t(l t) t gt

b3 1 1 _
_ t — - 0
- o Iog(l t) t et (1 '[) 1 e*[(l t)(t 1) gt

whereUf is the utility in the e cient equilibrium and where we have used (27) andC; = Y;

in line 1 and (31) and (14) in line 2 and (30) andC; = Y; and = 1in line 3. The nal
expression decomposes welfare into terms related to average markup, markup dispersion,
and adjustment costs.
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C Additional gures

C.1 Slope of the nonlinear New Keynesian Phillips curve

Figure 11: Slope of the nonlinear New Keynesian Phillips curve in the Golosov-Lucas modeNote:
The gure is produced by computing the impulse responses to monetary policy shocks of di erent
magnitudes and signs and then computing the slope.

C.2 Nonlinear New Keynesian Phillips curve

(a) New Keynesian Phillips Curve (b) Frequency and in ation

Figure 12: In ation-output trade-o s in the menu-cost model.
Note: The gure is produced by computing the impulse responses to monetary policy shocks of di erent magnitudes
and signs.
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C.3 Impulse responses under a Taylor rule

Cost-push shocks . The solid green lines on the rst row of Figure 13 show the responses
to a large cost-push shock. The shock is implemented as a persistent decline in the rms'
employment subsidy ;. The shock size is calibrated to generate a 20% frequency on impact
(a frequency increase of 20% 8:7% = 11:3%, see panel d), a magnitude that has been
documented during the 2022-2023 in ation surge (Montag and Villar, 2023). The exercise
assumes that monetary policy follows an inertial Taylor rule (eq. 12). The shock captures
some realistic features of the recent in ation surge. First, it generates a large increase
in in ation (panel b), characterized by an initial temporary spike followed by a period of
persistent in ation. Second, the shock causes a mild downturn as the output gap decreases
(panel a).

Figure 13: Impulse responses to a large and a small cost-push shock in the menu-cost modedte:
all displayed variables except frequency are linearly scaled in the small shock according to the ratio between the large
and small shocks.

In contrast, the black dashed lines show the responses t@mall cost-push shock, scaled
up linearly to the size of the large shock. The small shock is a 25 basis point decrease in
the annualized employment subsidy. The di erence between the gures illustrates the non-
linearity of the model. The in ation response is roughly 25% larger after the large shock

49






