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Abstract

We study the Ramsey optimal monetary policy in a variant of the Golosov and Lucas
(2007) state-dependent pricing framework. The model captures the endogenous increase
in the repricing rate after large shocks, as experienced during the recent inflation surge.
A novel insight is that in response to large cost-push shocks optimal policy under commit-
ment should strike down inflation and stabilize the repricing rate, countering the inflation-
ary aspirations of firms and dampening state dependence. Along the optimal commitment
path, the central bank benefits from a lower sacrifice ratio and achieves lower inflation.
At the same time, when facing demand or efficiency shocks (e.g. TFP shocks), the opti-
mal policy is to commit to full price stability, just like in the standard Calvo model with

exogenous timing of price changes.

*The views expressed here are those of the authors, and do not necessarily represent those of the BIS, Bank
of Spain, the Central Bank of Chile, ECB, or the Eurosystem.



1 Introduction

The recent inflation surge has been accompanied by a significant increase in the frequency
of price changes (Montag and Villar, 2023; Cavallo et al., 2023b). Concurrently, empirical
evidence reveals marked time variations in the slope of the estimated Phillips curve, which
characterizes the relationship between economic activity and inflation (Cerrato and Gitti,
2023). Traditional models of price setting (Calvo, 1983), which form the basis for optimal
monetary policy analysis (Gali, 2008; Woodford, 2003), are inadequate to explain these obser-
vations. In contrast, state-dependent pricing models are well suited to capturing them. Among
these models, the Golosov and Lucas (2007) menu-cost model has emerged as a benchmark
for positive analysis. However, the normative aspects of this model have not received much
attention. It is precisely this crucial gap that our paper aims to bridge.

Our analysis arrives at a novel insight: Ramsey optimal monetary policy in the Golosov
and Lucas (2007) model should commit to quashing inflation and lean against changes in the
repricing rate. This conclusion extends to scenarios with large cost-push shocks, which broadly
capture the recent inflation experience. The optimal inflation path is one which balances price
dispersion costs (which are mitigated by a more flexible price level) with reduced menu costs
(which are lower with less flexible prices). Our findings thus extend prevailing views in New
Keynesian economics and propose a more nuanced approach for central banks facing large-
scale economic perturbations.

We show that the Golosov and Lucas (2007) menu-cost model can reproduce salient fea-
tures of the recent inflation dynamics as a plausible response to a large cost-push shock. Most
notably, the framework captures the sizable increase in the frequency of price changes, which
endogenously increases the flexibility of the aggregate price level. The variation in frequency
is important: a linearly-scaled small shock, which would imply a broadly unchanged frequency
response, would underestimate the large shock’s impact on inflation by over 20 percent. Ad-
ditionally, it would also underestimate the magnitude of the interest-rate policy response and
the strength of the accompanying downturn.

We also show that the variation in frequency causes state dependence in monetary policy.
As the frequency increases, a policy change has an amplified impact on inflation and a miti-
gated impact on activity, reducing the sacrifice ratio of a policy tightening. In other words, the
Phillips curve becomes non-linear, and its slope increases substantially with frequency, for a
realistic range of frequency. In the case of large technology, preference, and cost-push shocks,
the effectiveness of policy in stabilizing inflation increases exactly when the shock exerts an
outsized relative influence on inflation. For realistic parameter values, however, an unchanged
policy rule achieves worse stabilization properties after large shocks than after small ones. In
other words, it pays off to be more aggressive in the fight against inflation after large shocks.

The normative part of the paper focuses on the Ramsey problem within (a variant of) the



Golosov and Lucas (2007) menu-cost model. It establishes five novel results. First, it shows
that the welfare-maximizing long-run inflation rate is close to zero, but slightly positive, at
around 0.3%. This is different from the canonical Calvo (1983) model, where the optimal in-
flation is exactly zero. In the state-dependent model, positive inflation reduces frequency and
thus helps firms to economize on costly price adjustments. In particular, it counterbalances
the impact of too frequent price increases relative to price decreases, which is the consequence
of the asymmetry of the profit function: firms dislike negative price misalignments when the
demand for their product is large, relative to positive misalignments when the demand is low.

Second, the optimal policy is time inconsistent and the magnitude of the time inconsistency
is amplified by the state dependence of price setting. Similarly to the Calvo (1983) model,
when the steady state is inefficient, monetary policy can generate a temporary boom by an
unexpectedly easy policy (Gali, 2008). The magnitude of time inconsistency is amplified in
the state-dependent model by (i) higher steady-state inefficiency due to idiosyncratic price
dispersion and (ii) the impact of the unexpected policy easing on the flexibility of price level
through affecting the repricing rate.

Concerning the optimal dynamic response to shocks, our analysis finds that optimal mon-
etary policy should commit to stabilizing the repricing rate. This commitment serves the pur-
pose of counteracting the inflationary aspirations of firms and mitigates the state-dependence
of firms’ decisions. This is true for various types of shocks, which we overview now as results
three to five.

Third, the optimal response to efficient (technology, preference) shocks is characterized by
“divine coincidence” (Blanchard and Gali, 2007). In other words, it is optimal to lean against
frequency, fully stabilize inflation, and close the output gap as a response to these shocks.

Fourth, the optimal response to small cost-push shocks is also similar to, but not exactly
the same as, the Calvo (1983) model. In particular, the relationship between the price level
and the output gap is characterized by a linear target rule, with a slope that is close to,
but slightly steeper than in the linearized Calvo (1983) model. The result implies that even
though the sacrifice ratio in the Golosov and Lucas (2007) model is low due to excess price
flexibility caused by the endogenous selection of large price changes, it is almost fully offset
by the lower welfare costs of inflation due to the more flexible prices, which limits the extent
of relative-price distortions.

Fifth, it is optimal for the central bank to lean against frequency increases and stabilize
inflation after large cost-push shocks. Along the path of optimal commitment, we observe
tangible benefits for the central bank. There is a discernible reduction in the sacrifice ratio,
contributing to lower inflation. Even though higher frequency also reduces the price dispersion
costs of inflation, the reduced relative importance of inflation stabilization is insufficient to
offset the gains from disinflation in the presence of a reduced sacrifice ratio. This nuanced

understanding of the optimal policy stands in stark contrast to the outcomes predicted by



the standard New Keynesian model with exogenous timing of price adjustment, which fails
to capture the non-linear dynamics revealed by our analysis.

Overall, our findings highlight the significance of a proactive approach by the central bank
in the face of large shocks. By committing to policies that suppress inflation and stabilize the

repricing rate, the central bank can foster a more favorable macroeconomic outcome.

Literature Review The macroeconomic framework of the paper generates a non-linear
Phillips curve, which has received renewed empirical support following the recent inflation
surge (Phillips, 1958; Benigno and Eggertsson, 2023; Cerrato and Gitti, 2023). The non-linear
Phillips curve in our paper is microfounded by price-adjustment frictions in a heterogeneous-
firm dynamic stochastic general equilibrium framework. In particular, the paper assumes the
presence of small, fixed (menu) costs of price adjustments (Barro, 1972; Sheshinski and Weiss,
1977; Caplin and Spulber, 1987) following closely the quantitative model of Golosov and Lu-
cas (2007). The framework provided foundations for subsequent work aimed at establishing a
connection between stylized facts of price-setting in microdata and monetary non-neutrality
(Dotsey et al., 1999; Gertler and Leahy, 2008; Nakamura and Steinsson, 2008; Midrigan, 2011;
Alvarez et al., 2016; Auclert et al., 2022). The framework naturally gives rise to a non-linear
Phillips curve after large shocks and high inflation rates through the endogenous adjustment
in the frequency of price changes. Higher frequency makes the price level more flexible leading
to a variable inflation-output tradeoff (Karadi and Reiff, 2019; Alvarez and Neumeyer, 2020;
Costain et al., 2022; Alexandrov, 2020; Blanco et al., 2022). The question of optimal policy
in the framework, however, has received scant attention in the literature. This is where the
main contribution of the paper lies.

To the best of our knowledge, our paper is the first to solve optimal policy in the
Golosov and Lucas (2007) model. Previous research has addressed optimal policy in the
time-dependent Calvo (1983) model (Woodford, 2003; Gali, 2008) and restricted attention to
the question of optimal long-run inflation rate in menu cost economies (Adam and Weber,
2019; Blanco, 2021). One reason for the lack of direct predecessors is the computational dif-
ficulty due to the “curse of dimensionality”. This problem arises because a menu cost model
needs to keep track of the whole distribution of the gap between actual and desired prices
to predict the way that prices respond to shocks and monetary policy. This distribution is
not degenerate because of idiosyncratic shocks, which help the model to reproduce key fea-
tures in microdata. We tackle this difficulty by solving the problem under perfect foresight
over the impulse-response space. Differently from related recent work solving heterogeneous
agent models over the impulse-response space (Boppart et al., 2018; Auclert et al., 2022),
our methodology does not require linearization. Therefore it suitable for analysing non-linear
responses to large shocks. To solve for optimal policy, we need a high level of accuracy

that requires a careful optimization of the solution algorithm. The framework allows us to



numerically assess optimal responses to efficient (demand and productivity) and inefficient
(cost-push and idiosyncratic volatility) shocks and characterize the non-linear target rule,

which generalizes its counterpart in the linear-quadratic Calvo (1983) framework.

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 fixed 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 by B;. Bonds are in zero net supply. Workers supply labor hours N;. The household

maximizes -
ax E bu(Cy, Ny), 1
omax 0;5 u(Cy, Nt) (1)
subject to
PtCt + Bt + ,Tt - (1 + it—l)Bt—l + WtNt + Dt, (2)

where T; are lump-sum taxes, D; are the dividends received lump sum from monopolistic
producers, i; is the net nominal interest rate, Wy is the nominal wage. Aggregate consumption

Ct is

—€_

o ={ [laocn= ai} ™ 3)

where Cy(i) is the quantity purchased of product i € [0,1] and A:(7) is a quality process

following a random walk with stochastic volatility in logs:
10g At (Z) = log At,1 (Z) + 0iEt (Z) s

where g; is an 4.i.d Gaussian innovation. The demand for product i is,

Co(i) = Ay (i) <P;(j)> e (4)



and the aggregate price index is

1
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We assume separable utility of the CRRA class, u(Cy, Ni) = + A: — vN¢. Solving for the
FOCs, we obtain the labor supply condition,
wy = vy, (6)
where w; = W;/P; is the real wage, and the Euler equation,
elt
1=FE, [At,t+1 e“tH] ; (7)

where m = log (P;/P;—1) is the inflation rate and A;;41 is the stochastic discount factor

defined as
u' (Cyy1)

A1 = Bt 7 (C)

(8)

2.2 Monopolistic producers

Production of good ¢ is
Ni(i)
t g
Ay(i)
where Ny (i) is the labor used, A:(i) is the quality, and A; is aggregate productivity.

Yi(i) =

The nominal profit function is

Dy(i) =P (i) Ye (i) — (1 — 7)) WiNe (i)

where 73 is an employment subsidy financed by lump-sum taxes and we have used the equi-

librium condition Y;(7) = Ci(¢). The real profit function thus is

Dy (i)

I (i) = 2}

= Cy (exp (pe(i)))' ™ = Ce(1 — Tt)At (exp (p(7)))” = W(pe(i), we, Ar), (11)

wo=ue ()

is the quality-adjusted log relative price. We assume pq(i) lies within a compact set I' = []3, ﬁ] .

where w; is the real wage and




When prices do not change in nominal terms, p:(i) evolves according to

pu(i) = prr (i) + log ( e ) ~ log (AP()(P)) = o1 (5) — 0ue (3) — 0

From now on, we drop the index i for ease of notation. Without loss of generality, a firm
resets its price with probability A;(p). Price resetting involves the firm paying a fixed menu-
cost 7 (in labor units). The optimal reset price maximizes the firm’s value, p; = arg max V;(p),
taking into account that this new price may not change for a random period of time. The

firm’s value is given by the Bellman equation

Vilp) = T(p,we, Ar) + Ee [(1 = Mg (p — 018041 — Teq1)) Aegr1 Vigr (p — 01418041 — 1)
+ Et | A1 (p — ot18041 — Te1) vt (ng}x Vi1 (p') — 77wt+1/At+1>] ‘

which is given by the momentary profits II(-) and the discounted continuation value Vi1 (-)

evaluated when the price does not change at ¢ + 1 with probability 1 — A\;41(-), and when

the firm sets a new price after paying the menu cost at t + 1, with probability A¢+1(-). As in
Golosov and Lucas (2007) fixed menu-cost model, the adjustment probability is given by

At(p) = I[Li(p) > 0]

where I[-] is the indicator function, and
Li(p) = IT;?}X Vi (p’) — nw /Ay — 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 rate i;. In Section 4, we assume

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

1
it :1Og3 + Grme + dy (Y — Y ), (12)

where y¢ is the efficient-level of output, defined in Section 4, and ¢, > 1 and ¢, are param-
eters. 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 t be g;(p). The definition of the

aggregate price index can then be written as:

1= /ep(l_e)gt (p) dp,

Individual firms’ labor demand aggregates up to

Cy

Ny = —
t A,

/ g1 (p) dp+ o / M(p — o1 — ) g1 (p)dp, (13)
¢

such that the total number of hours worked equals the total use of labor for production (the

first term on the right-hand side of the equation above) and the aggregation of labor allocated

to price adjustment (the second term) — note that [ \¢(p — ore —m)gt—1(p)dp is the frequency

of price adjustments.

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

(1= Xe(p)) [ ge—1(p + ore + mp)dé(e), if p # p},
(1= Xe(0f)) [ 9e-1(pf + 0 + m)dE(e) + f,f/\t(ﬁ) ([ 9t-1(p+ o1 + m)dE(€)) dp,  if p = py.

This expression for g,(p) captures that, with probability 1 — A\;, the end of the period’s
density is just taken from the density of prices in period ¢ — 1, once adjusted for quality and
inflation (where £(g) is the Gaussian distribution of the innovation ¢). In turn, if the actual
price equals the optimal reset price, g:(p) integrates the mass of all adjusting prices and, with

probability ), allocates it to the optimal reset price pj.

2.5 Normalization

In order to achieve high accuracy in the computations, we find it convenient to recast the
problem in terms of the distance between actual (log-) prices p and the optimal (log-) reset
price p*. Therefore, we define a new state variable z; = p; — pf. The dynamics of z; (i) are
given by

Ty =Pt —P; =Tt—1+ Pt —Pr—1 — Py +P{q = Te—1 — Ot — T,
where 7f = p; — pj_; + m is the inflation rate of the (quality-adjusted) reset price. The

advantage of this reformulation is that after a change in prices, x; always jumps back to zero,

equivalent to prices jumping to p*.



Momentary profits can then be expressed as

(s, pi s wi, Ar) = Cy (exp (24(i) +p}))' ™~ = Ci(1 — Tt)% (exp (z:(i) +p;)) ™"

and the Bellman equation can thus be re-written as

Vi(z) = I(z,pf,w, A) + By [(1 = Mg1 (7 — ovgreri1 — m141)) A1 Vigr (2 — 016041 — 74|

4+ B¢ [Mg1 (2 — ovrreem1 — 7i1) Mg (Vigr (0) — nwps1 [Aigr)] -

Notice that we have the additional condition V/; (0) = 0.

The law of motion of the density then is

(1= Xe(2)) [ ge—1(z + oe + m7)dE(e), if z # 0,

t(x) =
’ (1= 2:(0)) [ gt-1(o1e + mF)dE(e) + [ A(Z) ([ 9e-1(Z + ove + 77)dE(e)) dz, if z = 0.

Finally, the aggregate price index can be expressed as

1= / @9 g, (1) d.

2.6 Shocks

The logarithm of aggregate productivity follows a first-order autoregressive process
log Ay = palog Ay_1 +cay,

where €4+ ~ N(0,0%), and p4 € [0,1] and o4 are parameters. Likewise, we assume that the
(lump-sum tax-financed) employment subsidy 7; follows an autoregressive process. We use

this to capture temporary cost-push shocks.

Tt —T = pr(Te—1 — T) + €1t

where 7 is the steady-state employment subsidy, -, ~ N(0, 02), and p, € [0,1] and o, are
parameters. We also consider autoregressive shocks to the idiosyncratic volatility of quality
shocks:

o — 0 = ps(01-1 — 0) + €5t

where o is the steady-state volatility, e, ~ N(0,02), and p, € [0,1] and o, are also param-
eters. Finally, in Section 4 we assume i.i.d. shocks to the Taylor rule (4.2), &,+ ~ N(0,02),

where o, is a parameter.



2.7 Ramsey problem

The central bank maximizes households’ welfare under commitment (see, Gali, 2008, for

instance). The problem of the central bank is

max EoZﬁ u <Ct,Ct </ (D)) gt (p) da + g e )) +779?>

{gt ),99.Vi(+),Ce,we,p; 75t7St771't}

subject to

1 = / e@H1=0 g6 () dip + g0l (1=0)

0=1/(0) = M)+ A v (')ad)( ) 4
— Yt = t 5l t+1(X T

S _ k _ *
+ e <¢ <t“ ”t> ~0 (St“ g )) (Vtﬂ(m njt*1> ,
g g t+1

Vi(st) = Vi(0) — nwi/Ay,
Vi(Se) = Vi(0) —nw/Ay,

wy = vC},

1 St €T — x/ — 7T*
Vt($) — H(.T,p:fwt,At) + At7t+10'/ |:‘/t+1(:1,‘/)¢ <(Z_t+1):| dx’

St

St IOV A W
+ Api (1 - 1/ [Cf) (M%)} diﬁ/) (Vi1 (0) = nwiy1 /A1),
o Js, o
St-1 ok —r — 7k
i@ = o [ aatee (I o e (T1T)

o St—1

0 St
Q= 1- / gf (x)d.
St

where ¢(-) is the probability density function of a normal random variable and s and S are
the endogenous boundaries of the inaction region for x. The problem implies that the central
bank selects the path for all equilibrium variables subject to all the competitive equilibrium
conditions. 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 differentiable
despite the fact that the individual firm’s price policy function is not. This is so because
each firm has zero mass, and thus the discontinuity in a single firm’s behaviour does not
lead to a discontinuity in aggregates. Furthermore, note that both V(z) and that ¢°(x) are
continuously differentiable over the relevant range (s, 5).

For small shocks, we consider a first-order approximation around the Ramsey optimal

10



steady state. As discussed by Boppart et al. (2018), a first-order approximation to the
stochastic problem can be computed by analyzing the impulse response to a one-off shock
under perfect foresight (an MIT shock). This is what we are doing for small shocks. For
large shocks, the interpretation is similar to that in Cavallo et al. (2023a), namely that the
economy in the deterministic steady state (under the Ramsey policy) is hit by an unexpected

once-and-for-all large shock.

3 Computational method and calibration

In this section, we describe the computational method and our baseline calibration.

3.1 Computational method

The problem of the Ramsey planner is complicated by the fact that the value function Vj(-)
and the distribution g¢¢(-) are infinite-dimensional variables. This poses a challenge when
solving the optimal monetary policy problem, as we need to compute the first-order conditions
(FOCs) with respect to these infinite-dimensional variables. There are a number of proposals
in the literature to deal with this problem. Bhandari et al. (2021) make the continuous cross-
sectional distribution finite-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 finite-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 finite-dimensional. Nufio and Thomas (2022), Smirnov
(2022), and Dévila and Schaab (2022) deal with the full infinite-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 infinite-dimensional. These papers solve the
resulting differential equation system using the upwind finite-difference method of Achdou
et al. (2021).

Here we propose a new algorithm similar to that in Gonzélez et al. (2024) but applied
to discrete time. The general idea is similar to that of Nunio and Thomas (2022), Smirnov
(2022), and Déavila and Schaab (2022), but instead of determining the FOCs for the planner’s
continuous space problem, we first discretize the planner’s objective and constraints (the
private equilibrium conditions) using finite differences. This transforms the original infinite-
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

11



points used to approximate the individual state space. This approximation needs to be smooth
and good enough to capture the higher-order effects of policy. One challenge in our particular
problem where the private equilibrium conditions include discrete choices, is that a simple
discrete-state approximations typically may fail. Therefore, we approximate the distribution
and value function not by a vector on a predetermined grid, but by a piecewise linear function
over an endogenous grid that includes the the two boundaries of the inaction region (points
x = s and x = S) and the optimal reset price (x = 0). Furthermore, we explicitly take
the mass point at 0 into account in the distribution. Integrals to compute expectations are
evaluated algebraically, conditional on those piecewise linear functions.

As we show in Appendix A the Bellman equation can thus be approximated over a grid
of price gaps z as

Vi =TI + [At Vi1 — beranwiy1/Avya]

where V; and b; are vectors with the value function and the adjustment probability evalu-
ated at different grid points, respectively, and A; is a matrix that captures the idiosyncratic
transitions due to firm-level quality shocks and price updating. Similarly, the law of motion

of the density for x # 0 is
g =Figi1 +£g) .

where g; and f; are vectors with the density and the scale and shifted normal distribution,
respectively, F; is a matrix that captures the idiosyncratic transitions due to firm-level quality
shocks, and

9? = 1—e2gt-

is the mass point at = 0. Here e, is a vector of ones in the range (s, 5)

Second, we find the planner’s FOCs by symbolic differentiation. This delivers a large-
dimensional system of difference equations.

Third, we find the Ramsey steady state. To do so, we construct a nonlinear multidi-
mensional function mapping one variable, in our case inflation, to the rest of steady-state
equilibrium variables. We then combine this function with the central bank FOCs. As the
system is linear in the Lagrange multipliers, the solution just amounts to finding the zero of
a nonlinear function of the initial variable (i.e., inflation), which can be easily implemented
using the Newton method.

Fourth, we solve the system of difference equations non-linearly in the sequence space
using the Newton method.

The symbolic differentiation and the two applications of the Newton algorithm can be
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

12



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.

3.2 Calibration

Table 1 shows our baseline calibration. TBC

Table 1: Parameter values

Households

B 0.96Y'2 Discount rate Golosov and Lucas (2007)

€ 7 Elasticity of substitution Golosov and Lucas (2007)

0 1 Risk aversion parameter Midrigan (2011)

v 1 Utility weight on labor Set so that w = C

Price setting targets
Freq. 8.7% Frequency of price changes Nakamura and Steinsson (2008)
Size  8.5% Absolute size of price changes Nakamura and Steinsson (2008)
Monetary policy

or 15 Inflation coefficient in Taylor rule Taylor (1993)

¢y  0.125 Output gap coefficient in Taylor rule Taylor (1993)

pr  0.75'/3  Smoothing coefficient

Shocks

pa 0953  Persistence of the TFP shock Smets and Wouters (2007)

pr 0.9/3 Persistence of the cost-push shock Smets and Wouters (2007)

ps  0.751/3  Persistence of the dispersion shock Smets and Wouters (2007)

4 Implications for monetary policy design

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 inflation-output trade-
off. This is different from the time-dependent Calvo (1983) model, where the frequency is
exogenously given, the Phillips curve is approximately linear and the inflation-output trade-off

is approximately state-invariant.
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4.1 Non-linear responses to large shocks

First we illustrate the non-linearity of the menu cost model. We show that this non-linearity
is quantitatively relevant in realistic regions of the state space, where the frequency of price
changes features realistic levels, such as those observed during the 2022-2023 inflation surge.
In particular, we show impulse responses to (i) large cost-push (73), (ii)technology (A;), (iii)
relative price dispersion (o:), and (iv) monetary policy (i;) shocks and contrast them to

responses to their small counterpart.

Cost-push shock (73)

Output gap Inflation Nominal rate Frequency Price distortions
0.25 0.05 0.004
0.2 0.04 01
-0.005 ’ ’
0.08
0.15 0.03
-0.01 0.06 Large shock
0.1 0.02 Scaled small shock
' ' 0.04 L‘
-0.015
0.05 0.01 0.02 L4
-0.02 0 0 0 . .
0 5 10 0 5 10 0 5 10 0 5 10
Months Months Months Months Months
Dispersion shock (oy)
Output gap Inflation Nominal rate Frequency Price distortions
0.025 0.005 0.12 0.008
A3
200005} | 0.02 0.004 0.1
". 0.08
-0.001 \ % 0.015 0.003 N,
\ oo f1 °«
-0.0015 st 0.017 B 0.002 I
0.04 'l
-0.002 0.005 . 0.001 0.02 I' e | arge shock
1 == m= = Scaled small shock
-0.0025 0 0 0 4]
0 5 10 0 5 10 0 5 10 0 5 10
Months Months Months Months Months

Figure 1: Impulse responses to a large and a (linearly-scaled) small cost-push shock and an
idiosyncratic volatility shock

Cost-push shocks. The solid blue lines on the first row of Figure 1 show the responses
to a large cost-push shock. The shock is implemented as a persistent decline in the firms’
employment subsidy 7;. The shock size is calibrated to generate a 20% frequency on impact
(a frequency increase of 20% —8.7% = 11.3%), a magnitude that has been documented during
the 2022-2023 inflation surge (Montag and Villar, 2023). The exercise assumes that monetary
policy follows an inertial Taylor rule. The shock captures some realistic features of the recent
inflation surge. First, it generates a large increase in inflation, characterized by an initial
temporary spike followed by a period of persistent inflation. Second, the nominal interest rate

follows a hump-shaped pattern. It stays substantially below the inflation rate in the first few
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months, causing negative real interest rates temporarily on impact. Third, the shock causes
a mild downturn as the output gap decreases.

In contrast, the black dashed lines show the responses to a small cost-push shock, scaled
linearly by the relative size of the shocks. The small shock is a 25 basis point decrease in
the annualized employment subsidy. The difference between the figures illustrates the non-
linearity of the model. The inflation response is roughly 25% larger after the large shock
than after the linearly scaled small shock. The key reason behind this is the sizable difference
between the frequency responses: while the frequency jumps after the large shock, it stays
almost unchanged in response to the small shock. 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 offset 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 Reiff, 2019; Alvarez and Neumeyer, 2020; Alexandrov, 2020).

In parallel with the frequency increase, the pricing distortions also increase. From equation
13 we get that

Ni— = A(/ "= g, (p)dp — 1) + Ai / M(p — ore — m)gi1(p)dp, (14)
¢ t t

where the first term in the right-hand side is the the quality-adjusted relative-price dispersion
and the second term are the menu costs. These two distortions drive a welfare-reducing
wedge between available resources A;NV; and final consumption (expressed in labor units).
Nonetheless, despite the higher pricing distortions, the output gap follows almost identical
paths in response to large and small shocks. The only way to reconcile a large inflation
response with a similar output gap response is that the slope of the Phillip is nonlinear and
becomes higher with the shock size, a point that we develop further below.

Price dispersion shocks. The second row of Figure 1 shows impulse responses to a
shock to the volatility of the idiosyncratic quality shocks (oy). The shock raises the dispersion
of optimal reset prices and generates a persistent increase in the frequency of price changes
(Vavra, 2014). The observed increase in the dispersion of price changes during the recent
inflation surge (Montag and Villar, 2023) indicates the presence of a similar idiosyncratic
dispersion shock either parallel or as a result of the aggregate shocks (Berger and Vavra,
2019). The size of the large shock is calibrated to generate a 11.3% increase in frequency,
which coincides with the peak of the cost push shock. Notably, the shock is inflationary. This
is primarily due to the asymmetry of the value function: firms with too low quality-adjusted
prices face high demand, so they are relatively more motivated to increase their prices than
firms with too high quality-adjusted prices are motivated to decrease theirs due to their low
demand. The output gap declines primarily as a result of the high price distortions. The

differences relative to the linearly scaled small volatility shock (black dashed lines) reveal a
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sizable non-linearity of the model with respect to this shock. Nonetheless, notice how thew
impact of the shock on inflation and output is one order of magnitude lower than the cost-push
shock.

Notice how the impulse response to a large cost-push shock above can be roughly be
described as the response to a (linearly scaled) small shock that does not change the frequency
of price adjustments plus an endogenous response to the increase in frequency, which resembles
a dispersion shock. The nonlinearity is thus mainly the consequence of the fact that small
shocks do not affect the frequency of repricing, whereas large shocks do. That is an important

conclusion that will carry over to other shocks.
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Figure 2: Responses to large and small productivity and monetary policy shocks

TFP and monetary policy shocks. Figure 2 shows analogous impulse responses to

large aggregate shocks (blue solid line) and linearly-scaled small aggregate shocks (black
dashed line). The first row shows responses to a productivity shock (A;), and the second
row shows responses to a monetary policy shock (i;). The large shocks are calibrated to
generate a 20% frequency on impact. Similar to the case of cost-push shocks, the response to
the large shocks can be roughly decomposed into the response to a small shock in which the
frequency of repricing remains constant plus a dispersion shock, which increases inflation and

price distortions.
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4.2 The non-linear Phillips curve

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

is the familiar new Keynesian IS curve. It can be derived from the Euler equation (7):
. L. ey | ~e
Ui = —g(lt—ﬂtﬂ —7¢) + Ui (15)

where the efficient output gap (g5 = logY;/Y,?) measures the (log) deviation of output from
its efficient level, their difference expressed as its deviation from the steady state output gap,
and r{ is the efficient real interest rate.! The efficient output level and interest rates are those
prevailing in a counterfactual efficient allocation, which is the solution to the social planning
problem (See Appendix B). Under perfect foresight, IS equation (15) is globally log-linear.?
The second equation of the macro block, the Taylor rule (equation 4.2) is similarly globally

log-linear. We repeate here for convenience, .

it = prit—1+ (1L — pr) [@x () + &y (Y — vi)]

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

Linearized New Keynesian Phillips Curve. For small shocks, the menu-cost model
implies a relationship between inflation and output gap that is characterized by a log-linear
new Keynesian Phillips curve (NKPC) (Auclert et al., 2022). It takes the form

e = PE[mi] + K7+ ug (16)

The expression relates inflation 7; to expected future inflation E;[m; 1], the output gap, and a
cost-push shock u; term. The parameter x determines the magnitude of the inflation-output
trade-off.?

!Steady state output gap is negative in our model. The reason is that due to idiosyncratic shocks and
price adjustment frictions, steady state output is subject to positive pricing distortions even under zero trend
inflation and no aggregate shocks.

2We express the relationship in perfect foresight to simplify the algebra and to be consistent with our
computational implementation. The algebra becomes easier because we can ignore covariance terms. These
terms are quantitatively small in case market participants expect small shocks in the future.

3 Auclert et al. (2022) show that the parameter in the Golosov and Lucas (2007) model is higher than in
a Calvo (1983) model calibrated to the same steady-state frequency of price changes. The difference is the
consequence of the so-called “selection effect *. While in Calvo (1983) model it is random which firm can adjust
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Here k captures the slope of the Phillips curve, that is, the impact on inflation of a change
in the output gap. The slope is constant in the log-linearized formula, and therefore does
not depend on the size of the shock or the state of the economy. The relationship between
inflation and output gap, however, is valid only for small shocks in a neighborhood of the
steady state. Our focus in this section is to see whether the relationship generalizes in the
presence of large aggregate shocks and how the Phillips curve slope described by x(0) varies
across the state space (0).

Non-linear New Keynesian Phillips Curve. The relationship between inflation and
output is necessarily non-linear in a menu-cost model. To see why, consider a series of mon-
etary policy shocks of an ever-increasing size. If the shocks are small, the frequency of price
changes is low: firms update prices occasionally, and the economy behaves similarly to a
standard sticky-price economy & la Calvo (1983). When the shocks are large, however, the
frequency of price changes increases: firms update prices more often thus reducing the degree
of price stickiness. For a sufficiently large shock, the frequency reaches 100%, that is, prices
become completely flexible, and monetary policy loses its ability to influence activity. The
output gap falls then below zero due to the negative effects of pricing distortions from high

inflation.

New Keynesian Phillips Curve Frequency and inflation
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Figure 3: Inflation-output trade-off

The non-linear relationship between inflation and output gap is complex. It is state
dependent, shock-size dependent and shock-sign dependent as well. It 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. It is shock-size dependent,
because, as argued before, large shocks have larger relative impact on inflation relative to

the output gap. And it is shock-sign dependent, because the profit function of the firm is

their prices, in Golosov and Lucas (2007) the firms that adjust are far from their optimum. Thereby, large
price adjustments in Golosov and Lucas (2007) are endogenously selected, which makes the price level more
flexible and inflation more responsive to changes in the output gap.

18



asymmetric: low relative prices lead to high demand, while high relative prices to low demand.
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 a
positive inflation and reduces relative prices can be expected to generate stronger endogenous
responses and more flexible prices, than those causing negative inflation and higher relative
prices.

Despite the complexity of the Phillips curve, we can characterize numerically some of
its relevant features. To illustrate the shock-size dependence of k(©), Figure 3 plots the
relationship between annualized inflation 127; on the y-axis and the cumulative output gap
> B'Eiff,,; on the x-axis for varying shock sizes (blue solid line). Specifically, we simulate
random realizations of i.i.d monetary policy shocks of varying size initiated from the stationary
distribution of quality-adjusted relative prices at the non-stochastic steady state. We store

impulse responses of inflation and output gap. Each point on the curve shows a particular

realization of inflation and cumulative output gap for a particular shock size.*
oo o0
Tt = K(O) Z BEeyiyi + Z B Equgii (17)
i=0 i=0

The figure confirms that the relationship between activity and prices is shock-size de-
pendent. To help assessing the quantitative relevance of this non-linearity, the figure also
depicts a linearized NKPC (black dashed line) calibrated to have identical slope to the true
NKPC for small shocks. The right panel shows the the frequency of price changes at different
inflation levels. The frequency is exactly 8.7% when the inflation m; 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, frequency
of price adjustments increases gradually.

The figure confirms that at frequencies over 40%, the NKPC becomes backward bending.
At this level, monetary policy impulses reach their maximum effectiveness in stimulating
activity, and any larger policy easing raises inflation with smaller output effects. At some point
(not shown), as frequency reaches 100%, monetary policy becomes ineffective in influencing
the output gap.® However, such shock sizes are fairly extreme. What does the model imply
for a more realistic range of the state space?

Interestingly, for a fairly wide range of shock sizes (output gaps within the +-2% range, and
frequency increases below 2 percentage points) the non-linearity is quantitatively insignificant.

In this region, a linearized framework can be expected to approximate the true model quite

4As the solution imposes perfect foresight, expected output gaps are equal to the actual impulse-response
realizations.

5At 100% frequency, output gap stabilizes at a level above its steady state value, as full price flexibility
eliminates distortions due to idiosyncratic quality shocks.
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well. For larger monetary policy impulses, however, the shocks start to exert a relatively
larger impact on inflation than on output gap and the true non-linear curve deviates from its
linearized counterpart. A key reason behind this development is the increase in the frequency
of price changes, which makes the price level endogenously more flexible. As the frequency
approaches 20%, the non-linear model is significantly different from its linearized counterpart.

Similar relationships arise for i.i.d. TFP (4;) or discount rate (3;) shocks (not shown). The
results are not exactly the same, because these shocks not only influence the efficient output
gap, but other features of the full model: the TFP shock affects the cost of price adjustment
and the discount-rate shock the planning horizon of the price-adjusting firm. Notably, the
relationship is exactly the same for i.i.d. cost-push shocks if we relate inflation to the natural
output gap, as opposed to the efficient output gap. This is not surprising as there is a simple
relationship between the natural and the efficient output gap g;* = g5 + log [(1 — ) /(1 — 7)]
(see Appendix B).

The results are also identical when we vary the coefficients of the Taylor rule (¢, ¢y).
Interestingly, the results are also very similar, though not exactly identical, with an inertial
Taylor rule (pg > 0).

While the location of the inflation-output gap pairs on the Phillips curve is informa-
tive about the size dependence of the shocks, the slope of the Phillips curve at each point
dk(04)/dy, is informative about the state dependence of marginal shocks.It reflects the rel-
ative impact on inflation versus output gap of a small shock, provided the economy is in a
particular state ©;. Analogously, the slope reflects the state dependence of monetary policy
and the inflation-output trade-off of a marginal monetary policy shock: how much cumulative
output gap needs to decline to reduce inflation by a unit, also known as the sacrifize ratio of
monetary policy. Figure 4 shows the evolution of the slope of the Phillips curve for positive
shocks (the relationship is analogous for negative shocks) for a range of realistic frequency
values. The slope almost doubles by the time the frequency reaches 20%. While in a low-
frequency/ low-inflation environment the sacrifice ratio is high, it becomes much lower once
frequency/inflation increases.

Finally, the sign-dependence or asymmetry of the non-linear Phillips curve is quantitatively
small in case of i.i.d shocks as shown by figure 3. However, it becomes quantitatively sizable
when the aggregate shocks are persistent. The reason is that persistent shocks affect the
expected evolution of inflation in the near future. As explained above, due to the asymmetry of
their profit and value functions, firms adjust their prices with higher probability as a response
to positive inflation shocks, which reduce their relative prices than in response to negative
inflation shocks, which increase them. Persistent shocks increase the expected cumulative

impact on the relative price if firms do not adjust, therefore it amplifies the asymmetry.
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Figure 4: Frequency and the inflation-output tradeoff

5 Optimal monetary policy

We turn next to the analysis of optimal monetary policy. We first show the steady-state

optimal inflation rate. Next we discuss the optimal response to shocks.

5.1 The steady state under the optimal policy

The solution of the Ramsey planners problem has a steady state state featuring slightly
positive inflation 0.3%.5 This value of inflation is very close to the value of steady-state
inflation that maximizes steady-state welfare, which in turn is also very close to the value of
inflation that minimizes the frequency of price adjustments.

Why is it slightly positive and not 07 There are two asymmetries in the model that
explain this. First, the profit function (11) is asymmetric: II(z) = C (exp (x +p*))' ¢ —
C(1 — 7)Y (exp (z +p*))” . Second, the consumption aggregator (3) is asymmetric. Since

the asymmetry in the profit function is quantitatively much more relevant, let’s have a closer

5In our numerical exploration we have only found a single steady state.
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look at it. A negative price gap is more undesirable than a positive price gap of the same
size, because a negative price gap —z leads to much larger sales at a loss of —x, while the
positive price gap x leads to smaller sales at an additional profit of x. This implies that the
SS bands are asymmetric: the lower SS band is closer to the reset price than the upper one.
Thus, in the zero-inflation steady state, there is more mass of firms at the lower SS band
than at the upper, and there are more upward price adjustments than downwards. Allowing
for a bit of inflation shifts the SS bands leftwards, thus reducing the number of upward price
movements by more than it increases the number of downward price movements. The cost of
price adjustments thus decreases. Quantitatively this effect is small and zero inflation thus
is approximately optimal in the Ramsey steady state, just as in the standard New Keynesian
model with Calvo prices (Gali, 2008).

5.2 Time-0 problem

We now 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 5 show time path under the optimal policy. The optimal
policy in this case is time-inconsistent: despite starting at the optimal steady-state, the central
bank engineers a short-lived tiny expansion. This happens despite the fact that there is a
labor subsidy 7 = 1/e in place which undoes the desired markup. In the standard Calvo
model this subsidy renders the steady state efficient and thus the policy time-consistent. In
our model, firm heterogeneity implies that the subsidy is not at the appropriate level to offset
market power for each individual firm. The central bank has thus an incentive to temporarily
expand the economy.

This new source of time inconsistency is nonetheless relatively weak when compared to tra-
ditional time inconsistency associated with removing the subsidy 7 and introducing a markup
distortion (red dashed lines, right axis). In this latter case the monetary expansion that the
central bank optimally implements is almost two orders of magnitude larger (measured by

the peak response).

5.3 Timeless optimal monetary response to efficient 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 analyze -timeless’ optimal monetary
policy (Woodford, 2003; Gali, 2008). This can be obtained as the optimal monetary policy
starting from the Ramsey steady state when a shock hits and all of the Lagrange multipliers

are initialized at their steady-state values.
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Figure 5: TFP shock

First, we consider shocks that affect the efficient allocation, such as TFP shocks. In the
standard New Keynesian model with Calvo prices, the response to such shocks is characterized
by strict price stability: the central bank steers real interest rates to replicate the path of
natural interest rates, which leads to inflation and the output gap remaining at zero. This is
commonly known as the ’divine coincidence’ (Blanchard and Gali, 2007).

For small shocks we have already seen how the standard New Keynesian model provides a
good approximation and thus the optimal monetary policy is also given by price stability. In
the case of a large shock, this prescription also holds in our economy, at least approximately.
As figure 6 shows for a standard negative TFP shock (dashed red line), inflation remains
approximately at zero, and consumption and the real interest rate follow their natural levels

(solid blue line). As inflation remains constant at zero, the frequency of repricing barely

moves.7

The conclusion is that strict inflation targeting simultaneously minimizes inefficient output
fluctuations and the costs of nominal rigidities, which in this model are the sum of adjustment
costs and price dispersion. Notice that the shape of the Phillips curve plays no role for this

result. In the next subsection we turn to a case when the Phillips curve matters.

"It changes are all due to the changes in real variable that modify the incentives of firms to update prices
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Figure 6: TFP shock

5.4 Timeless optimal monetary response to inefficient shocks

Impulse responses. 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 temporarily drives output below its efficient level to contain
the inflationary impact of a positive cost-push shock. The central bank trades off this decline
in the output gap with an initial bout of inflation under the commitment that inflation will
be negative in the future so that the price level is eventually restored. In other words, the
central bank can partially offset the inflationary impact of a cost-push shock by lowering the
current output gap and by committing to lower future output gaps. 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 character-
ized by leaning against the wind. The first row of Figure 7 shows the response of the economy
to an inflationary cost-push shock under optimal policy. Inflation goes up and the efficient
output gap drops.

However, due to the nonlinearity of the Phillips curve, the policy is now size-dependent.

Figure 7 compares the response to a large shock (solid blue line) with that of a small shock
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Figure 7: Impulse responses to a large and a linearly-scaled small cost-push shock and an
indiosyncratic volatility shock under optimal policy
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that is scaled linearly by the relative shock size (black dashed line). The optimal monetary
policy, represented by the real interest rate, is tighter for the large shock: real interest rates
fall by less than half on impact and then increase faster than in the case of a small shock. This
prevents inflation from increasing as much as in the small-shock case. The tighter policy is
also successful in preventing a decline in the output gap as large as with small shocks. Similar
to the case under a suboptimal Taylor rule, frequency jumps in the case of a large shock.

To interpret these results, we first need to understand the impact of higher frequency
on the conventional New Keynesian model. In the linearized Calvo (1983) model, optimal
policy is characterized by a targeting rule linking the output gap and deviations from the
price level. 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 two opposing
effects perfectly offset each other. On the one hand, frequency raises the slope of the Phillips
curve kK = (1 — 0)(1 — $0)/0, and therefore reduces the sacrifice ratio making the cost of
reducing inflation lower. On the other hand, however, higher frequency reduces the relative
weight of inflation in the welfare function, as this is given by €/k. The reason is that higher
frequency reduces the relative-price distortions caused by inflation, so the planner is willing
to tolerate more inflation.

The frequency of price changes also influences the magnitude of the Phillips-curve wedge
(u¢) that a cost-push shock generates. The shock u; = k(yf — yf) is equal to the product
of the slope of the Phillips curve (k), which increases with the frequency of price changes,
and the difference between the efficient output (yf) and the natural level of output (y;) (see
Gali, 2008, pp. 97.). The cost-push shock (7;) drives the difference between the efficient and
the natural output. An increase in frequency thus amplifies the impact of the shock on the
Phillips curve.

In our model higher frequency increases, not decreases, distortions, as shown in Figure 7.
This is because as frequency increases more firms update prices, thus paying menu costs, which
more than compensates for the improvement in price distortion as prices become more flexible.
That implies that the targeting rule will not be independent of frequency: as frequency
increases the central bank has more incentives to quench inflation to minimize price distortions
and is more effective in doing so, due to a lower sacrifice ratio. These two effects trump the
amplification of the cost-push wedge and explain our results.

The second row of Figure 7 contrasts the responses to a dispersion shock. Compared to the
case with a Taylor rule, the response is characterized by a more muted response of inflation:
the higher frequency allows the central bank to quench inflation.

Impact of shock size. Figure 8 illustrates the optimal response to the cost-push shock
for a whole range of shock sizes. The impact response is plotted as a function of the shock

size (blue line) and is contrasted to the counterfactual linear relationship (black dashed line),
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Figure 8: Optimal response to a cost push shock as a function of the shock size

which is extrapolated from the slope around small shocks (with the exception of the frequency,
where this linear counterfactual is not reported). Two results should be highlighted. First, the
deviation between the two lines demonstrates the nonlinearity of the economy under optimal
policy for large shocks. The larger the shock the more inflation and frequency are contained.
Second, there is certain sign-dependence, as the optimal policy to positive and negative shocks
differ. This is related to the asymetries discussed in the previous section.

Non-linear targeting rule. Figure 9 shows the relationship between annualized impact
inflation (which is equal to the impact on the price level) and impact output gap as a response
to cost-push shocks of different sizes all with high persistence (p, = 0.9, blue line). The slope
of the figure at 0 is very close to —1/e (but slightly steeper), the slope of the target rule in the
linearized Calvo (1983) (see Figure 11 in the appendix). Therefore in the linearized Golosov
and Lucas (2007) model the higher slope of the Phillips curve due to the selection effect of
large price changes significantly reduces the relative importance of inflation in the welfare
function and a target rule with slope —1/¢ is close to optimal.

The figure also shows that the relationship is non-linear. At a frequency around 12.5%,
the slope of the optimal target rule becomes significantly lower than its slope at 0. Figure
10 shows the slope explicitly as a function of the frequency. The relationship means that
after a large shock that increases frequency substantially, the planner is stabilizing inflation
relative to the output gap on the margin more than after small shocks. This implies that the
reduction in the sacrifice ratio matters more overall than the reduction in the relative welfare

weight of inflation after large shocks.
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Figure 9: Optimal inflation-output trade-off
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Note: The left panel shows the relationship between annualized inflation and the output gap
on impact as a function of a series of cost-push shocks under optimal policy (blue line). The
figure shows that the relationship is mildly non-linear. For large shocks, its slope deviates
significantly from its slope at 0, which is extended over the whole range by the black dashed
line. The targeting rule shows that optimal policy leans against inflation stronger than against
output gap for large shocks. The right panel shows the frequency at each inflation levels. It
shows that the targeting rule is non-linear at frequency of 12.5%.

Figure 10: Frequency and the optimal inflation-output tradeoff
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Note: The figure shows the (absolute value of the) slope of the targeting rule as a function of
frequency.
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6 Conclusion

Our research centers on the Ramsey problem within the Golosov and Lucas (2007) menu-cost
model. A key contribution is the identification of a new incentive for the central bank: In the
presence of large cost-push shocks, optimal monetary policy should commit to quelling infla-
tion and stabilizing the repricing rate. This commitment serves the purpose of counteracting
the inflationary inclinations of firms and dampening the state-dependence inherent in firms’
decisions.

Along the trajectory of optimal commitment, tangible benefits emerge for the central
bank. Notably, there is a clear reduction in the sacrifice ratio, leading to lower inflation and a
more moderate decline in output. This nuanced understanding of the optimal policy diverges
markedly from the predictions of the standard New Keynesian model with exogenous timing
of price adjustment, which fails to capture such non-linear dynamics. Simultaneously, when
confronted with demand or efficiency shocks (e.g., TFP shocks), our findings indicate that the
optimal policy in the Golosov and Lucas (2007) 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 a proactive policy by the central
bank in the face of substantial shocks. By committing to policies that curb inflation and
stabilize the repricing rate, the central bank can deliver a more favorable macroeconomic
outcome. This nuanced perspective on optimal monetary policy contributes an important
layer to the ongoing discourse surrounding the Golosov and Lucas (2007) menu cost model

and its implications for real-world monetary policy.
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APPENDIX

A Steady state computation

THIS SECTION IS TO BE UPDATED

We have w = vC7, and R = (1 + w)/B. We solve the stationary Bellman equation on a
grid of width Ap, p; € [E,Q+Ap,...,ﬁ], j =1,..,J, so that V; = V(p;). The expectation
E [V (p — ogi41 — m)|p = pj] can be approximated as Z;-]:l/\/}-,ﬂ/;, where

Pit+1/2 —p4+p;— Pit+1/2 p— (p4 —7r)
Nj,i:/ ¢<3 >dp=/ w(f dp =
P=Pi-1/2 g P=Pi—1/2 g

v <pz'+1/2 - (pj—ﬂ)> _ <Pz'—1/2 —(pi— 7f)> 7

g o

where p;_1 /9 = (pi—1 + Pi)/2, Pit1/2 = (pi +pit1)/2, ¥(-) is the standard normal probability
density function, and W(-) is the standard normal cumulative distribution function. This is a
linear approximation to the value function using a Gaussian function.

We define matrix
N N -+ Ny
Not Moo -+ M
A= ?,1 ?,2 | .2,J
N NJ,2 e NJ,J

We also define the vectors

¢ A1
o= |7 A=
oy AJ
and
v e~ (o )] C
vo || o [ e e |
v e (o1 — )]

the Bellman equation is
vV = H—i—B[A(l—A)-V—i—A)\- (¢’V—/<aw)]

where - denotes element-by-element multiplication. To solve it, the algorithm is as follows.
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Start with a guess for the real wage w®, then:

1. Compute consumption C" = (an)l/’y .

2. Using m =, C™ and w", solve the Bellman equation. To compute the distribution,

solve

=(1-)) - (A'g)+oN (A'g).

3. Compute the aggregation residual

J
resid =1 — Ze pfg
7j=1

4. If resid > 0, then decrease the real wage and go back to step 1. Otherwise, increase the

real wage and go back to step 1. Stop when resid = 0.

B Efficient and natural level of output

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

Efficient output. The efficient level of output is the solution to a social planner problem.
The problem maximizes household welfare (1) subJect to (i) the aggregate consumption equa-
tion (3), (ii) aggregate labor supply (N; = [, N¢(i)) and (iii) product-level production functions
(9) with respect to product-level consumption and labor (C¢(7), N¢(4),7 € [0,1],t =0,1,2,...).

After straightforward substitutions, the optimization problem simplifies to

€t

A mo = a)

-y

1—
] — / Ny(i)di

max Eq Z Ik

subject to [ Ni(i)di = N;. The solution implies that the efficient output fluctuates with
aggregate productivity, but is independent of demand (monetary, discount-rate) shocks and

cost-push (markup, labor-tax) shocks. In particular
= Cf = ANp = v Al

The efficient real interest rate is implicitly defined by the Euler equation after substituting
in efficient consumption. Under perfect foresight Rf = expr{ = E[(1+d:)/(1 + m41)] is

determined by the following expression:

34



ri =logBi + (1 — pa)log A;.

Furthermore, the efficient labor supply is equal across products and the efficient product-
level consumption varies across products ¢ inversely proportional to the product-level quality,

in particular

Ni (i) =N{
N ALNf
Cy(i) = L
t (Z) At(Z)

Natural output. The natural level of output is the counterfactual output with flexible
prices. Under flexible prices, firms maximize their real profit function (11) in each period ¢

by choosi
y choosing Pr(i 5 "

= 1—7)—t.
At(Z)Ptn &t — 1( Tt) At

The expression implies that the quality-adjusted relative price is homogeneous across products
i. Together with the definition of the price-level (5), this implies that the natural level of the
quality adjusted log relative price is zero (pi(i) = 0). Or equivalently, the natural level of
relative price is equal to the quality: P/*(i)/P}* = Ai(i). 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 i:

Cr(i) = Atl(i)cgb.

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

expressions:
eg—1 1
w? :At t
Et 1-— Tt
1
yr—on = % /v
t t v
Y?’L
N ==L
t At

Notably, the productivity shock affects the natural and the efficient output similarly, but the
cost-push (markup &, labor-tax) shocks only affect the natural level of output.
The natural real interest rate is implicitly defined by the Euler equation after substituting

in natural consumption. Under perfect foresight it is determined by the following expression:

ri =logBy + (1 — pa)log Ay — (1 — pr)log(l — 7).
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C Additional figures
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Figure 11: Optimal target rules for different parameters and small cost-push shocks
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