Optimal Inflation Target in an Economy with Menu Costs
and a Zero Lower Bound

By ANDRES BLANCO*

I study the optimal inflation target in a quantitative menu cost
model with a zero lower bound on interest rates. I find that the
optimal inflation target is 3.5%, which is higher than in models
commonly used for monetary policy analysis. Key to this result is
that inflation has a small effect on resource misallocation when the
model features firm-level shocks, which are necessary to match the
empirical distribution of price changes. A higher inflation target
decreases price flexibility at the zero lower bound, and through this
mechanism, it reduces the severity of recessions when the monetary
authority is constrained.
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Since the end of the 1980s, many countries have adopted a policy of inflation
targeting whereby the central bank explicitly aims for a particular medium-term
inflation rate. It is therefore crucial for monetary policy to address this question:
What inflation rate should central banks target?

Following the Great Recession, some economists have argued that increasing
the inflation target from the current level of 2% —a common practice across cen-
tral banks—may be beneficial in the presence of a zero lower bound (ZLB) on
nominal rates.! According to these economists, a higher inflation target gives cen-
tral bankers more room to react to adverse macroeconomic shocks since it raises
average nominal interest rates. Increasing the inflation target, however, is costly.
In sticky—price models, inflation leads to inefficient dispersion of relative prices.
Hence, productivity losses stem from the dispersion in firms’ marginal product.
Intuitively, a higher inflation target increases the gap between recently-adjusted
prices and those that have not adjusted in a while.

This paper quantifies these trade-offs. Given that price dispersion is the main
cost of inflation, I quantify this cost with a menu cost (MC from hereon) model
that features idiosyncratic cost shocks. This pricing model reproduces micro—level
pricing behavior. I incorporate this pricing model into a medium-scale dynamic
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stochastic general equilibrium (DSGE) model with a Taylor rule subject to a ZLB
constraint. The rich general equilibrium framework allows my model to reproduce
U.S. business cycles and to quantify the main benefit of increasing the inflation
target concerning business cycle stabilization.

My main result is that the optimal inflation target is 3.5%, two times larger than
in an otherwise identical model with Calvo pricing. This quantitative result arises
from the fact that in the MC model, the cost of inflation—given by inefficient price
dispersion—does not vary much for low levels of inflation. Therefore, there is a
substantial leeway to increase the inflation target up to the level at which the
ZLB does not generate inefficient volatility of consumption and labor.

In my model, the cost of inflation is low because of the interaction between
idiosyncratic shocks and menu costs. To demonstrate the significance of this in-
teraction, I consider an alternative specification of my model where idiosyncratic
shocks are not present, and firms only respond to inflation. If firms respond only
to inflation, higher inflation increases the width of the adjustment triggers. Under
my benchmark specification with large idiosyncratic shocks, changes in inflation
do not affect the width of the adjustment triggers at low levels of inflation. In-
tuitively, in the latter economy, firms respond mainly to idiosyncratic shocks. A
constant width of the adjustment triggers is the first of two mechanisms that
imply a low cost of inflation from inefficient price dispersion.

Inflation also affects the law of motion of relative prices between price ad-
justments and, as a result, price dispersion within the adjustment triggers. Im-
portantly, the level of inflation relative to the volatility of idiosyncratic shocks
determines this relation. Therefore, when the volatility of idiosyncratic shocks is
significant, inflation has little effect on the dispersion of relative prices through
this mechanism. When I estimate my model on micro pricing behavior, I find
high volatility of idiosyncratic shocks and, thus, a low effect of inflation on price
dispersion through this mechanism. If there are no idiosyncratic shocks, then
a MC model has higher inflation costs than an analogous Calvo model for the
relevant range of optimal inflation targets.

Alternative pricing models deliver different levels of aggregate price flexibility.
Therefore, they affect not only the cost of inflation, but also, they produce alter-
native results regarding the beneficial role of higher inflation for business cycle
stabilization. For this reason, I extend an off-the—shelf MC model to deliver sim-
ilar macroeconomic dynamics to the main workhorse monetary model: the New
Keynesian model with Calvo pricing.

I enrich a MC model with random free price change opportunities and fat-tailed
idiosyncratic shocks. As Gertler and Leahy (2008), Midrigan (2011) and Alvarez,
Le Bihan and Lippi (2016) have shown, a MC model with these extensions de-
livers a similar slope of the Phillips curve as the Calvo pricing model under two
conditions. First, the frequency and the distribution of price changes do not re-
spond to aggregate shocks. Second, the proportion of price changes due to free
adjustments and fat-tailed idiosyncratic shocks is large enough. Intuitively, if
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firms adjust prices due to random price change opportunities or large idiosyn-
cratic shocks, then price adjustment probabilities across firms and the inflation
dynamics in my MC model are similar to a Calvo pricing model.

When I estimate the model to match the dispersion of price changes observed
in the data, these prerequisites hold whenever the ZLB is not sufficiently binding.
Indeed, at the optimal inflation target of 3.5%, my MC model replicates the same
business cycle properties as the Calvo model, but with a low cost of inflation.
Therefore, my MC model does not change the beneficial role of higher inflation
for business cycle stabilization near the optimal inflation target.

INTERACTION BETWEEN ENDOGENOUS PRICE FLEXIBILITY AND THE INFLATION TAR-
GET. — Price adjustment becomes responsive to aggregate shocks when the ZLB
is sufficiently binding (i.e. the inflation target is less than 2%). This property
leads to the following question: How does the inflation target affect this endoge-
nous price flexibility?

The role of the inflation target in mitigating recessions at the ZLB depends on
both the inflation dynamics within the ZLB episodes and the inflation dynam-
ics before the ZLB episodes. To understand the first mechanism, note that the
economy tends to be depressed at the ZLB with output gap and inflation below
trend. At low inflation targets, inflation below trend often leads to deflation;
this negative drift pushes firms toward their downward price adjustment trigger.
Thus, a broader set of firms will make sizable downward price changes. Since
the central bank is constrained, the output gap drops, putting more downward
pressure on prices. This “domino” effect amplifies the business cycle cost of the
ZLB at low inflation targets. At high inflation targets, inflation below the trend
is still inflation. Thus, firms only lower their prices in response to idiosyncratic
shocks (i.e., fat-tailed cost or free adjustment opportunity shocks) and not aggre-
gate shocks. Therefore the level of the inflation target is a crucial determinant of
price flexibility within ZLB episodes.

To understand the second mechanism, notice that inflation depends on reset
prices and the current distribution of relative prices. Intuitively, if ZLB episodes
arise with a large mass of firms close to the downward price adjustment trigger,
then these firms decrease their prices. These adjustments make ZLB episodes
more costly, with lower output and inflation. In the opposite direction, if a
significant number of firms has relative prices close to the upward price adjustment
trigger, then the frequency of price cuts does not increase. Thus, ZLB episodes
are less costly. Because the inflation target determines the average inflation before
ZLB episodes, a higher inflation target can shape the distribution of relative prices
to mitigate the decline of inflation during ZLB episodes.

In summary, a higher inflation target would raise average nominal interest rates,
thus relaxing the ZLB constraint. Additionally, it also mitigates the severity of
recessions at the ZLB by affecting the distribution of adjusting relative prices
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when the monetary authority is constrained.?

ROBUSTNESS OF THE OPTIMAL INFLATION TARGET. — I analyze the robustness of
the optimal inflation target under different values of critical parameters. The
optimal inflation ranges from 2.5% to 4% in all the exercises, and it is always
2-3 times higher than in the Calvo model. In all of these exercises, the following
result emerges: The optimal inflation target in the MC model is whenever the
incidence of the ZLB in equilibrium allocation is almost null.

CHALLENGES FOR SOLVING THE MODEL. — There are two challenges to solving,
numerically, a MC model in a medium-scale DSGE New Keynesian model. First,
the firm and aggregate equilibrium conditions have kinks, which renders pertur-
bation methods inappropriate. Therefore, I develop global projection methods
suitable for my model. The second challenge is that the state of the economy
includes the distribution of relative prices. Consequently, I use the Krusell and
Smith (1998) solution method to compute this economy. Because the standard
application of this algorithm fails in this context, I develop a modified version.
In my model, a direct application of the Krusell-Smith (KS from hereon) so-
lution approach consists of estimating the inflation policy function in the simu-
lation and then using this function to solve aggregate and idiosyncratic equilib-
rium conditions. However, replacing the Phillips curve with the inflation policy
function—when solving aggregate equilibrium conditions—implies an exogenous
nominal interest rate and indeterminacy. To avoid this problem, I apply the KS
algorithm to the components of inflation that depend only on the distribution of
relative prices, but not on reset prices, when solving the equilibrium conditions.

RELATED LITERATURE. — The optimal inflation target in the presence of a ZLB
constraint was first studied quantitatively by Walsh (2009), Williams (2009) and
Billi (2011). The setting for all of these papers is a Calvo model linearized around
a zero trend inflation steady state and a central bank that optimizes a non-micro-
founded loss function. Each argues that the optimal rate of inflation is greater
than 2%.

Coibion, Gorodnichenko and Wieland (2012) and the literature that follows
also study a Calvo model, but one with positive trend inflation and a micro-
founded welfare function.® They find an optimal inflation rate that is significantly

2Inflation dynamics in a MC model depend on the current distribution of relative prices. This
property does not imply that forward guidance is ineffective in the MC model. As I explain above,
inflation dynamics depend on the distribution of adjusting relative prices and reset prices—a forward—
looking variable. Thus, forward guidance could have an effect on inflation dynamics during ZLB periods,
since inflation is also forward—looking.

3 Ascari, Phaneuf and Sims (2018) emphasize that raising the inflation target is very costly in models
featuring Calvo price and wage setting without a ZLB constraint. Dordal i Carreras et al. (2016) introduce
a regime—switching representation of risk premium shocks to match the rare and long run lived episodes
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lower, approximately 1.5%.%* In their Calvo pricing model, the main cost of a
higher inflation target is an increment to the steady—state price dispersion. The
main benefit is a reduction in inflation volatility and its impact on mean price
dispersion. This property means that the welfare contribution of consumption and
labor volatilities across inflation targets is negligible. Therefore, the business cycle
stabilization of consumption and labor is not the primary benefit of increasing
the inflation target in their model.’

Like Coibion, Gorodnichenko and Wieland (2012), I consider a micro-founded
welfare function. Unlike them, I consider pricing frictions capable of matching
large and heterogeneous price adjustments. I capture this micro-pricing behavior
with idiosyncratic shocks and a rich pricing framework. This heterogeneity turns
out to matter since it increases the optimal inflation target by two times as
compared with the identical model with Calvo pricing. Importantly, the business
cycle stabilization of consumption and labor is a primary benefit of increasing the
optimal inflation target, since price dispersion has a low sensitivity to inflation.

Several papers have analyzed the slope of the Phillips curve in MC models
with idiosyncratic shocks and monetary shocks as the only source of aggregate
fluctuations—for example, Golosov and Lucas (2007), Gertler and Leahy (2008),
and Midrigan (2011), among others. Other papers have studied the steady—state
cost of inflation in the Golosov and Lucas (2007) model, for example, Burstein
and Hellwig (2008), Alvarez et al. (2018), and Nakamura et al. (2018). My paper
unifies these two topics within a standard DSGE model with a ZLB designed
to study the trade-offs in the optimal inflation target quantitatively. To achieve
this objective, I use a MC model consistent with the dispersion in price changes
observed in micro-pricing behavior and aggregate U.S. business cycle fluctuations.

RoAD MAP. — Section I describes the model. Section II calibrates the model
and discusses the solution method. Section III analyzes the optimal inflation
target and the economic trade-offs for its determination. Section IV assesses the
robustness of the optimal inflation target. Section V concludes.

I. Model

This section describes a model to study the optimal inflation target in the U.S.
economy, which is similar to Coibion, Gorodnichenko and Wieland (2012). The

of a binding ZLB constraint. This feature duplicates the inflation target. See also Andrade et al. (2018),
Kiley and Roberts (2017), and Diercks (2019). For a comprehensive description of the optimal inflation
target across studies since the mid-1990’s, see Schmitt-Groh and Uribe (2010) and Diercks (2017).

4Importantly, they find that this result is robust to alternative specifications of firm price setting,
such as time-dependent (Taylor) pricing and state-dependent pricing as in Dotsey, King and Wolman
(1999).

50nline Appendix Section G shows that in the Coibion, Gorodnichenko and Wieland (2012) Calvo
model with their calibration, solution method and welfare evaluation, the optimal inflation target with
inefficient fluctuations of consumption and labor is the same as if they would be constant across inflation
targets.
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model’s main departure from the original paper is a rich pricing framework that
is able to reproduce micro-pricing behavior. I present the model before discussing
the empirical motivation for the pricing and general equilibrium frameworks.

There are five types of agents in the economy: a representative household, a
final good competitive firm, a measure-one continuum of intermediate good firms
indexed by i € [0, 1], a central bank, and a government. I now present the agent’s
optimization problems and define the equilibrium.

REPRESENTATIVE HOUSEHOLD. — Household’s preferences are given by
= | (€= maLt™/(1+ %)
(1) UO =E Zﬁ ut(C't,Lt) 5 Wlth ut(C't,Lt) = 1
t=0 -9

Period utility u; follows a Greenwood-Hercowitz-Huffman (GHH from hereon)
preferences specification, where C} is aggregate consumption and L; is labor sup-
ply. I scale the disutility of labor by aggregate productivity 7:, to generate a
balanced growth path.

The household’s budget constraint is given by
(2) P,Cy + By = qyp, Wi Ly + /‘I)tidi + Ni—1qgRi—1Bs—1 + T}

Here W; and P; are the nominal prices of labor and consumption, respectively;
®;; denotes nominal profits for the intermediate producer; T} is lump-sum trans-
fers from the government. The term B;_; is the stock of one-period nominal
bonds, and R;_1 is the nominal interest rate.

Two exogenous stochastic processes affect household’s behavior: a risk pre-
mium shock and a cost-push shock denoted by 7y, and n,, respectively. The
risk premium shock generates a wedge between the nominal interest rate (which
is controlled by the central bank) and the return on assets held by the house-
hold. The cost—push shock generates a wedge in the household’s marginal rate of
substitution between consumption and leisure, and the real wage. This shock is
akin to exogenous variations in wage markups in an economy with employment
agencies.

The representative consumer’s problem is given by

3 max U
( ) {C%,L¢,Bit }¢ 0

subject to (2) for all periods. It follows from this problem that the time—zero
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stochastic nominal discount factor @, is

(4) Quiy = 5t+1uct(0t+1aLt+1) Py
i ueo(Co, Lo)  Piy1

Here () is the marginal utility of consumption.

FINAL GooD PRODUCER. — The final good firm produces output Y; using inter-
mediate firms’ production y; subject to random idiosyncratic shocks Ay

o ey

where the final output uses a Dixit—Stiglitz aggregator with elasticity ~.
The final good producer’s problem is given by

> 1
) {E{I{lgf}i}Eo !Z @ (Pth - /0 pti?/tidl>]

t=0

subject to (5), where p; denotes the price of intermediate firms’ production.
Given constant returns to scale and the zero-profit condition, we can state the
aggregate price level and firm’s demand as (respectively)

1
! o\ Api\ 7
(7) Pt:(/ (ptiAw)! 7dl) , and yt(Atiypti):Ati< tpft> Y.
0

INTERMEDIATE GOOD PRODUCERS. — Intermediate good firms are monopolistically
competitive. Intermediate good firm ¢ produces output y;; using labor l;; and ma-
terial ng;, and that firm’s productivity is a function of an idiosyncratic component
Ay and an aggregate component 7, according to

(8) Yii = Aun (ele)' ™

Following the literature, I refer to Ay as a quality shock® A decrease in Ay
increases the final good producer’s marginal product, but at the same time, it
reduces the intermediate good producer’s marginal product. These two effects
offset each other in such a way that the marginal product of labor in firm 7 for

6This formulation was first used by Woodford (2009) to keep his model tractable. Tt was also used
by Midrigan (2011), Alvarez and Lippi (2014), and Kehoe and Midrigan (2015), among others.
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the final output is independent of Ay. I add this quality shock to the Dixit—
Stiglitz aggregator to reduce the firm’s state (and that of the aggregate economy)
from relative prices and idiosyncratic productivity to their product (see equation
(13) in the intermediate firm problem to follow).

The quality shock growth rate follows a mixed normal distribution (fat-tailed
idiosyncratic shocks) given by

' N _ J my  with probability 1
9) log(Avi/Ar-1i) = { 77t2¢ with probability 1 — ¢

with nfz ~iad N(O, O’ak) for k = 1, 2.

Firms face a stochastic physical cost of changing their price. Every time the
firm changes its nominal price, it must pay a menu cost equal to 6;; units of labor.
The menu cost is an i.i.d. random variable that exhibits the following process over
time:

(10) 0, = { 6 with probability 1 — ¢

0 with probability ¢ ’

where the menu cost is fixed to a constant 6, but with some i.i.d. probability ¢
the firm has an opportunity to change the price without cost.

The intermediate firm’s problem is given by

Z th)ti] ;

t=0

(11) max E
Pti

where nominal profits ®;; follow
(12) @i = e (A pi) (pri — 11 = 7) (We/ 1)~ PP/ Aui ) =1 (pr-1i # pes) Wil

subject to (9), (10) and the initial conditions A_; and p_; given. Note that
the optimal choice of inputs is already included in the firm’s marginal cost (with
1= (1—a)* ta~®). There is a subsidy to total cost 7 that allows my model to
separate the demand elasticity from the average level of markups. We can now
rewrite nominal profits as

(13)

Aipi\ —a pa
Dy = < tppt ) Y; (ptiAti — L(l — 7') (Wt/T]tz)l Pt ) - I(pt—li ?é pti)Wta
t

where nominal profits are affected only by the product of nominal price and
idiosyncratic productivity.
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MONETARY PoOLICY. — The central bank sets the nominal interest rate following

a Taylor rule given by
Pt ¢7r Xd)y Xt ¢dy 77
P (1+7) t X1 rt
(15) R; =max {1, R;},

Here R; is the nominal interest rate, 7 is the target inflation rate, 7,; is a monetary
policy shock, and X} is the output gap—that is, the ratio between current output
and its natural level in an economy without price rigidities. I define R} as the
desired interest rate, i.e., the interest rate whenever the ZLB is not binding.

1—¢r

(14) Ry =R(Rr,)”

AGGREGATE FEASIBILITY AND GOVERNMENT POLICY. — Aggregate output is equal
to aggregate consumption plus government expenditures:

(17) <Y; — /’I”Ltzdl> = Ct + Gt,

where Y} is gross output and (Y} — f ntidi) is gross domestic product (GDP). The
government’s expenditures GGy follow the stochastic process Gy = (Y} — f nm'dz') (1—
1/mg), where 74 is an exogenous process. The government follows a balanced
budget each period.

Labor supply is allocated into the production of intermediate goods and the
physical cost of changing their prices; thus

1
(18) /0 (lei + I(pes # pr—1i)0) di = Ly.

AGGREGATE EXOGENOUS SHOCKS. — Aggregate shocks follow a first-order autore-
gressive process given by

(19)  log(ms;) = (1 — pj)n; + pjlog(ni—15) + ojetj, €45 ~iia N(0,1),

here j € {r,q, g, h}. Productivity growth (dn, = -1

= ) follows
Mt—1z

(20) log (dntz) - (1 _pz) IOg (1 + g) +pz IOg (dnt—lz) + 0.2, Etz ~iid. N(O, 1)7

where g is the economy’s growth rate.
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EQUILIBRIUM DEFINITION. — An equilibrium is a set of stochastic processes for (i)
a policy {C, L, B}, of the representative consumer; (ii) pricing policy functions
{pti}+ of firms and input demands {n, iy} of monopolistic firms; (iii) final
output and input demands {Yy, {yi; }i}e of the final producer; and (iv) the nominal
and desired interest rate { Ry, R} }1. The following statements hold in equilibrium.

1. {C, L, B}; solve the consumer’s problem in (3).

2. {Yi,{yii}i}+ solve the final good producer’s problem in (6).

3. The firm’s policy py; solves (11) and the demand for inputs is optimal.

4. The nominal and desired interest rates satisfy the Taylor rule (14) to (16).
)

. The labor and good markets clear (equations (17) and (18) are satisfied in
each period).

PRICING FRAMEWORK AND STRATEGIC COMPLEMENTARITIES. — Several features in
the pricing model allow my model to reproduce micro-pricing behavior. Idiosyn-
cratic shocks yield a large size of price changes with a moderate level and volatility
of inflation as in the U.S. economy. Nevertheless, a simple MC model with Gaus-
sian idiosyncratic shocks cannot reproduce the significant heterogeneity in the
price—change distribution that we observe in the data. To match this fact, I add
two features to the pricing model. First, I use fat-tailed idiosyncratic shocks,
which allows my model to generate the large size of price changes we see in the
data with empirical evidence on the small cost of price adjustment. Second, I use
random free cost of price adjustment to enable my model to produce small price
changes.

My model is flexible enough to nest the key pricing models used heretofore in
the literature: the Calvo (1983) model, the Golosov and Lucas (2007) model, the
Gertler and Leahy (2008) model, and intermediate combinations of these models,
such as the ones studied in Nakamura and Steinsson (2010) and Midrigan (2011).
Importantly, each calibration of the pricing model generates different slopes of the
Phillips curve, aggregate dynamics at the ZLB, and different cost of inflation. For
this reason, I estimate the parameters of the pricing model to match micro—pricing
behavior in the data.

This paper uses quality shocks in the final good aggregator. Online Appendix
Section E shows that this assumption is neutral concerning the main cost of
inflation given by the elasticity of price dispersion to the inflation target in the
steady—state. Since price dispersion with and without business cycles are almost
the same, I provide suggestive evidence that the assumption of quality shocks is
not quantitatively relevant for the main cost of inflation given by price dispersion.

GENERAL EQUILIBRIUM FRAMEWORK. — The general equilibrium framework in my
model is similar to the one used in Coibion, Gorodnichenko and Wieland (2012).
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My model has the same structural shocks as their paper—productivity, govern-
ment expenditures, risk premium, monetary and cost—push shocks—together with
a similar Taylor rule.” We both have strategic complementarities in our models,
but from different frictions: I use intermediate inputs, while they use segmented
labor markets. Qualitatively, they have the same effect on the cost of inflation,
and the slope of the Phillips curve.®

Another departure from Coibion, Gorodnichenko and Wieland (2012) is in the
specification of the household’s preferences. In the Coibion, Gorodnichenko and
Wieland (2012) benchmark specification, they use CRRA preferences with habit
formation. Instead, I calibrate period utility with GHH preferences. Abstracting
from habit formation and ceteris paribus a Frisch elasticity, the GHH specifica-
tion of preferences has a lower elasticity of real wages to output than the CRRA
specification; in a similar spirit of sticky wages. This departure from their envi-
ronment allows my model to match the volatility of real wages observed in the
U.S. economy.”

INFLATION DYNAMICS IN MENU COST MODELS. — To analyze the solution method
and the business cycle dynamics, it is useful to understand and quantify how
important non-random price adjustment is for aggregate inflation dynamics. For
this reason, I use the inflation decomposition described below.

Inflation can be decomposed into three components: the frequency of price
changes (2, the relative reset price P, and the menu cost inflation ¢;.!0 Inflation
is given by

1
1-Q o
) Mm=(— "1 @,
1 =9 (Py)

1

(22) o = E; [(ﬁt_li exp(Alog(A;—1;)))* 7 |no price adjustment in t] o

The menu cost inflation reflects the relative position of price changes since the
mean of relative prices is constant. Thus, it measures the component of inflation
coming from the distribution of relative prices and, therefore, the magnitude of
the “selection effect” after an aggregate shock, as argued in Golosov and Lucas

"The Taylor rule in my model depends on output gap growth (theirs, output growth) and it depends
only on one period lag of the interest rate (theirs, one and two periods lags of the interest rate).

8Quantitatively, the level of strategic complementaries in my calibration is lower than theirs. We
can measure this property in the slope of the Phillips curve coming from strategic complementarities.
In Coibion, Gorodnichenko and Wieland (2012) the slope of the Phillips curve is proportional to 1/(1 +
€frisch?), Where €fpiscn stands for the Frisch elasticity; while in my model it is proportional to 1 — a.
With their calibration of v = 10 and €f,;5c, = 1, the proportionality factor is approximately 0.1 while
mine is close to 0.5.

9ncreasing the elasticity of real wages to output (e.g., with CRRA preferences) increases the optimal
inflation target since it magnifies the deflationary spiral.

10The relative reset price is equal to Py = p}, Ay / Py where pjf; is the nominal reset price. See Online
Appendix D for a proof of equations (21) and (22).



12 AMERICAN ECONOMIC JOURNAL MONTH YEAR

(2007). The menu cost inflation has two properties: (i) It is equal to one in the
Calvo model; and (ii) it is bigger than one if the average price change comes from
low relative prices.

This decomposition exposes a critical property of the inflation process. While
the menu cost inflation relies heavily on the distribution of past relative prices,
the reset price depends only on current and future real marginal cost. Therefore,
the menu cost inflation is a primarily backward—looking variable, while the reset
price is a strictly forward—looking variable.

II. Calibration and Solution Method
A.  Calibration

To calibrate the model, I first divide the parameters into three separate sets
related to (i) preferences and technology, (ii) menu costs and idiosyncratic shocks,
and (iii) the Taylor rule and aggregate shocks. I then externally calibrate the
parameters for preferences and technology using micro evidence on their empirical
counterparts. Lastly, I use the simulated method of moments (SMM) to estimate
the rest of the parameters. Table I details the parameters used in the MC model.

PREFERENCES AND TECHNOLOGY. — A period in the model is a month. Therefore,
I choose a discount factor of 8 = 0.96'/'2(1 + ¢)? and calibrate g = 0.0017 to
match the U.S. annual growth rate of 2%. The GHH preference parameters are
set to 0 = 2 and x = 0.8, following Greenwood, Hercowitz and Huffman (1988).1!
I set ny = 4/3 to match the average U.S. ratio of government expenditures to
output of 25%.

For the production function, I set the between—inputs elasticity v equal to
3. This calibration choice falls within the range of estimates of the price to
quantity elasticity used in industrial organization and international trade. This
elasticity, as it determines the cost of price dispersion, is an important dimension
in my model.'? I set the elasticity output to materials equal to 0.53. This value
matches the ratio of intermediate inputs to total output in the U.S. economy—
intermediate inputs are 45% of output when markups are 17%. I calibrate 7 to
match an aggregate markup of 17%.

RANDOM MENU COST AND QUALITY SHOCK STOCHASTIC PROCESSES. — I estimate
the random menu cost and quality shock stochastic processes to match moments

1 Greenwood, Hercowitz and Huffman (1988) calibrate x = 0.6. I use x = 0.8 to match the volatility
of wages relative to output.

12Macroeconomic estimates tend to be fairly large (about 10); industrial organization and international
trade estimates tend to be much smaller. Estimates of the elasticity of substitution equal to about 2
were given by Chevalier, Kashyap and Rossi (2003), Nevo (2001), and Barsky et al. (2003); Burstein and
Hellwig (2007) estimated a value between 1.55 and 4.64.



VOL. VOL NO. ISSUE OPTIMAL INFLATION 13

TABLE I-——PARAMETERS VALUE AND TARGETS

Parameter Value Target

Preferences and technology

B : Discount factor 0.961/12(1 + g)° Standard

g : Growth rate 0.0017 2% GDP growth rate

o : Intertemporal-consumption elasticity 2 Greenwood, Hercowitz and Huffman (1988)
X : Labor supply elasticity 0.8 Greenwood, Hercowitz and Huffman (1988)
7 : Demand elasticity 3 Micro-estimates

a : Share of intermediate inputs 0.53 Intermediate inputs/total output of 45%

7 : Cost subsidy 0.2 Aggregate markup 17%

Random menu cost and quality shocks processes

(0a1,042) : Idiosyncratic shock innovations  (0.235,0.018) SMM—micro price statistics
1 : Prob. of large idiosyncratic shock 0.070 SMM—micro price statistics
¢ : Prob. of free price adjustment 0.044 SMM-—micro price statistics
0 : Menu cost 0.135 SMM—micro price statistics

Taylor rule and aggregate shocks

(Gr Omr by, Pay): Taylor rule (0.89,2.62,0.32,0.001) SMM__US business cycles
(pz,02100) : Productivity shocks (0.980,0.010) SMM—US business cycles
(pg,04100) : Gov. expenditure shocks (0.979,0.139) SMM—US business cycles
(pr,0r100) : Taylor rule shocks (0,0.010) SMM—US business cycles
(pq,04100) : Risk premium shocks (0.979,0.030) SMM—US business cycles
(ph,or100) : Cost push shocks (0.960,0.322) SMM—US business cycles

Note: The table presents the parameter values assigned in the MC model. The coefficient of the Taylor
rule for the output gap is multiplied by four whenever I use the Taylor rule as a function of real marginal
cost since the elasticity of the output gap to the real marginal cost is 4.

Source: Author’s calculations

of the price—change distribution and the physical cost of price changes.'® I use
the steady—state moments of the MC model and verify ex—post that the model
incorporating business cycles reproduces similar moments of the price—change
distribution. This approach is valid since the price—change distribution depends
mainly on idiosyncratic shocks, and not aggregate shocks, given their relative
magnitude. Thus, the model with business cycle dynamics generates almost the
same price—change distribution as the steady-state economy.

Table IT describes some selected moments in the data and the model. I set the
average resources spent on price adjustment equal to 0.4% of revenue computed
in Zbaracki et al. (2004) in the data. In the model, the physical cost of price
changes is the menu cost multiplied by the number of costly price adjustments
and then normalized by total revenue: Wﬁ‘};;}. The rest of the moments involve
micro price statistics from the U.K. CPI. Next, I describe these data and the main
steps used to compute the moments in Table II.

I use monthly price quotes collected for the consumer price index micro dataset
of the United Kingdom’s Office for National Statistics (ONS). This dataset offers

I3Estimated parameters are robust to excluding the physical cost of price adjustment; see Table B.II
column 4 in the Online Appendix.
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TABLE II-—MICRO-LEVEL PRICING MOMENTS: MODEL AND DATA

Data Model
Moments Raw  With filters | Steady state Business cycle
Absolute value of price changes
Mean 0.154 0.153 0.153 0.154
Standar Deviation 0.159 0.137 0.143 0.139
Skewness 1.538 1.314 1.188 1.249
10th Percentile 0.014 0.020 0.010 0.012
25th Percentile 0.034 0.049 0.032 0.037
50th Percentile 0.096 0.114 0.130 0.130
75th Percentile 0.223 0.217 0.229 0.224
90th Percentile 0.386 0.356 0.360 0.353
Price changes
Standar Deviation 0.222 0.205 0.209 0.207
Kurtosis 4.672 3.809 3.810 3.841
Mean frequency of price changes 0.169 0.126 — —
Frequency with implied duration 0.119 0.097 0.097 0.097
Percentage of free to total price adjustments — — 48.228 46.032

Note: The table presents selected moments of the micro price statistics in the SMM estimation. The
first column describes the price statistics with standard filters, and the second column describes the same
moments computed with the filters explained in Online Appendix Section B.B.2. Columns 3 and 4 show
the price statistics in the model with and without business cycles.

Source:  Columns II (i.e., Raw) and III (i.e., With filters) use data from United Kingdom’s Office for
National Statistics (ONS) micro-level price data. The micro-level price dataset for the period 1996-2005
is available online in United Kingdom’s Office for National Statistics (1996-2005) and for the period
2006-2017 is available online in United Kingdom’s Office for National Statistics (2006-2017). The rest of
the columns are author’s calculations

several advantages. First, it is representative of the whole economy because it re-
flects all prices in the consumer consumption basket. Second, data from January
1996 to the present is publicly available with a lag of only two months. Third,
when I treat the UK data in the same way Klenow and Kryvtsov (2008); Naka-
mura and Steinsson (2008), and Midrigan (2011) treat their US data, I find micro
price moments similar to theirs (see Table B.I in the Online Appendix).!*

The distribution of price changes is critical to my calibration, and therefore, to
the cost of inflation. For that reason, I apply several filters to render the data
compatible with the model. First, I employ standard filters used in previous stud-
ies (e.g., Klenow and Kryvtsov 2008; Nakamura and Steinsson 2008).'® Second,

14See Alvarez et al. (2006) and Klenow and Malin (2010) for cross—country studies. For a comparison
between the U.K. and the U.S., see Table B.I in the Online Appendix.

151 complete price quotes for temporary missing observations (less than a year) and out-of-season
observations with the last available price, and I redefine a product as a new product whenever there
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since my model abstracts from sales and heterogeneity across sectors, I compute
micro-price moments filtering out unmeasured sales and controlling for sectoral
heterogeneity. I briefly describe these steps below and leave further details to the
Online Appendix Section B.

The sale filter drops price changes preceded and followed by the same (base)
price, even if there is no “sales and recovery” flag. Around 20% of price changes
have this property (see columns 1 and 2 in Table IT). A mismeasurement of sales
using only sales flags increases the frequency of price changes and the magnitude
of the volatility of idiosyncratic shocks. Higher volatility of idiosyncratic shocks
reduces the cost of inflation.

The pervasive heterogeneity of pricing behaviors across sectors is well known.
For this reason, following the “Classification of Individual Consumption Accord-
ing to Purpose” (COICOP), I control for heterogeneity at class-level in two ways.

First, I target the inverse of the average duration of price at class-level, instead
of the average frequency of price changes. Thus, I target a frequency of price
changes equal to 0.097 instead of 0.126. Alvarez, Le Bihan and Lippi (2016),
Baley and Blanco (2018), and Blanco and Cravino (2019) have shown that this
is the correct method to map class—level heterogeneity in pricing data onto a
single-sector model.'%

Second, I target the aggregate standardized price—change distribution at class—
level (cf. Klenow and Kryvtsov 2008). Intuitively, targeting the standardized
distribution of price changes homogenizes this variable for the mean and the vari-
ance across classes, lowering the dispersion in the price—change distribution. This
filter decreases the amount of small and large price changes reflected in the kur-
tosis of price changes, as we can see in Table II. The standardized price change
distribution affects the estimated ratio of the frequency of free price adjustments
to total price changes: that ratio is 62% without this filter, but 48% with it.
Online Appendix Section B.B.4 shows theoretical results that support this aggre-
gation in models with sectorial heterogeneity. Table B.II in the Online Appendix
shows the estimates of the structural parameters when I use different filters.

The final calibration specifies a model that is neither a Calvo model or a stan-
dard MC model, but a hybrid of the two. Thus, how close is the calibration of
my model to a benchmark MC model like the one in Golosov and Lucas (2007)
vis—a—vis to a Calvo model regarding the slope of the Phillips curve?

I answer this question by looking at the proportion of price changes due to zero

are more than twelve consecutive missing observations. I exclude price changes flagged as involving
noncomparable product substitutions, or “sales and recovery,” as well as outliers and observations in
months during which the value-added tax rate changed.

16The average frequency and the inverse of the average duration of price changes are given by > wikd

-1
and <ZZ wiQZﬂ) , respectively, where w; and €2; are CPI weights and the frequency of price changes at

the class level. Alvarez, Le Bihan and Lippi (2016) in Online Appendix E and Baley and Blanco (2018)
show that if shocks are i.i.d and there are no strategic complementarities, then the effects of monetary
shocks in a single-sector vs. a multi-sector model are the same if the two models are calibrated to match
the same average duration of price spells. Blanco and Cravino (2019) extend this result quantitatively
in a model with persistent aggregate shocks and strategic complementarities.
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menu cost plus price changes conditional on fat-tailed idiosyncratic shocks. From
the work of Gertler and Leahy (2008), Midrigan (2011) and Alvarez, Le Bihan and
Lippi (2016), we can use this number as a metric for the difference in the slope of
the Phillips curves between my model and the Calvo model. The intuition behind
this result is the following: if the frequency and distribution of price changes do
not respond to aggregate shocks, then firms change their prices if and only if they
receive a fat-tailed idiosyncratic shock or a zero menu cost. Since these two events
are independent of the aggregate state and i.i.d. across time and firms, inflation
dynamics are similar to the Calvo model.

When my model is consistent with micro-data, around 50% of price changes are
due to zero menu cost (see model’s columns in Table II, last row). Additionally,
if we sum up the price changes after fat-tailed idiosyncratic shocks, this quan-
tity increases to 93%. This quantitative result suggests that my MC model has
similar business cycle properties than an otherwise equivalent Calvo model if the
frequency and distribution of price changes do not fluctuate. Online Appendix
Section C shows that my MC model generates similar aggregate dynamics to the
Calvo model without a ZLB constraint and at a 2% inflation target.'”

TAYLOR RULE AND AGGREGATE SHOCKS. — For the estimation of the Taylor rule
and aggregate exogenous shocks, I use SMM with business cycle moments in the
U.S. economy and the Calvo model at 2% inflation and no-ZLB. I verify ex—post
that the model with menu costs reproduces similar moments at a 3.5% inflation
with ZLB. This methodology gives a good approximation of the best fit with MC
and ZLB for two reasons. First, the Calvo model’s business cycle properties are
similar to those of the MC model with a low inflation target and no ZLB. Second,
the business cycle moments of the MC model with ZLB at 3.5% inflation target
are similar to those with no ZLB.

Table III presents the moments in the model and the U.S. data from 1960 to
2017, specifically the standard deviations, autocorrelations, and correlations with
output of each HP-filtered variable. My model yields a frequency of binding ZLB
of 3.5% at 3.5% inflation target and 12% at 3% inflation target. This frequency
is a conservative target concerning the U.S. historical frequency of binding ZL.B
(i.e., 10% with average inflation of 3.4%), and closer to Coibion, Gorodnichenko
and Wieland (2012) (i.e., 3.5% with average inflation of 3.5%). I construct output
in the data as the sum of total consumption plus government expenditures instead
of gross domestic product to be consistent with my model.

The model reproduces the standard deviations of output and consumption, the
main inputs for welfare and the main target of my estimation, together with the
standard deviations of interest rate, real wages, and government expenditures.
Additionally, due to cost—push and productivity shocks, the model generates the

17Free adjustments due to zero menu cost and fat-tailed idiosyncratic shocks reduce the volatility of
inflation even when the ZLB is binding in comparison to an analogous MC model without these two
features.
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TABLE III-—BuUsiNESS CYCLE MOMENTS: MODEL AND DATA

Model Model
Data  Median (2,98] Data  Median [2,98]

Standard deviation Autocorrelation
Output 0.95 1.05 (0.84,1.30] 0.83 0.78 [0.67,0.85]
Consumption 1.14 1.07 [0.86,1.31] 0.85 0.78 [0.68,0.85]
Interest rate 0.35 0.41 [0.32,0.51] 0.83 0.86 (0.81,0.90]
Real wage 0.86 0.67 (0.49,0.89] 0.71 0.87 [0.78,0.92]
Inflation 0.26 0.13 [0.11,0.15] 0.49 0.58 [0.45,0.68]
Gov. expenditure  1.42 1.40 [1.12,1.70] 0.82 0.77 [0.67,0.84]

Correlation with output

Output 100 1.00  [1.00,1.00]
Consumption 0.92 0.96 (0.94,0.98]
Interest rate 0.19 0.28 [0.00,0.50]
Real wage 0.25 0.65 [0.45,0.79]
Inflation 0.09 0.25 (0.05,0.44]
Gov. expenditure  0.42 0.80 [0.65,0.88]

Note: The table presents business cycle moments from the U.S. data and the simulated series of the model
at a 3.5% inflation target. Online Appendix Section A describes the variables in the U.S. data. Model
and data series are detrended with Hodrick-Prescott filter (A = 1600) to remove the trend component.
The period in the data is from 1960 first quarter to 2017 fourth quarter. The moments in the MC model
are the median and a [2,98] percent confidence interval across simulations. I compute the statistics in
the model for over 5000 simulations with the same length as in the data.

Source: Author’s calculations

low to zero correlation between the interest rate and inflation with output. The
model does a relatively good job matching the persistence of the variables on
average, but it doesn’t match the relatively high (resp. low) persistence of real
(resp. nominal) variables.

The model overpredicts the persistence and the correlation with output of real
wages. Qualitatively, cost—push shocks generate these properties over real wages,
since they produce a wedge between real wages and the marginal rate of substitu-
tion of consumption and labor. Nevertheless, quantitatively, these shocks affect
mainly output and not real wages; therefore, the model cannot use these shocks
to “disconnect” the stochastic process of output and real wages.

Under this estimation, the model understates the relation between inflation and
real wages, i.e., the slope of the Phillips curve. To show this property, I compare
the stochastic process of inflation relative to real wages. The ratio of the standard
deviations of inflation to real wages in the data is 0.30 (resp. 0.19 in the model).
This property suggests that my model understates the slope of the Phillips curve,
and therefore also the optimal inflation target. Nevertheless, missing the standard
deviation of inflation alone does not necessarily imply that my model misses a
key statistic for the optimal inflation target. Intuitively, if my model misses i.i.d.
fluctuations of inflation that are not correlated with consumption and labor, then
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those fluctuations should not affect equilibrium dynamics. I analyze this insight
in Section IV.

Two observations are important. First, I do not use aggregate data on inflation
to estimate the slope of the Phillips curve. I use orthogonal evidence on micro-
pricing behavior, and the ratio of intermediate inputs to total output observed
in the U.S. economy. Second, the property by which my model understates the
frequency of the ZLB implies that the model’s optimal inflation is a lower bound
for the U.S. economy.

B. Solution Method

The two main challenges associated with the computation of the equilibrium
are that (i) the combination of a Taylor rule for monetary policy and an infinite-
dimensional aggregate state requires a nonstandard application of (and evaluation
of results from) the Krusell-Smith algorithm and (ii) both the aggregate and
idiosyncratic policy functions have kinks. Here, I briefly describe the solution
method regarding (i). Interested readers can find more details in the Online
Numerical Appendix, Sections J, K, and L.

MODIFICATION OF KRUSELL-SMITH ALGORITHM. — Given that the distribution of
relative prices is a part of the state, I use the KS algorithm to solve this problem.
However, the standard method of implementing that algorithm does not work in
my model.

To understand why KS algorithm fails in this environment, consider the unique-
ness of the equilibrium with price rigidities and a Taylor rule. Assume a deviation
from the equilibrium with an increase in consumption. This increase in consump-
tion raises the output gap and also (because of the Phillips curve) inflation. If
the Taylor principle is satisfied, then this change in inflation affects the real rate,
feeding back to consumption and undoing the original increase. The general
equilibrium effect involving households, firms, and the central bank makes the
equilibrium unique.

In my model, the KS algorithm would ideally obtain the aggregate inflation
policy from the simulation and then use it to solve the equilibrium conditions.
However, replacing the Phillips curve—which captures the relation between in-
flation and real marginal cost—with an approximation of the inflation policy
function generates indeterminacy, as in a standard New Keynesian model with
exogenous inflation.

The problem is that there is no information on the relationship between in-
flation and real marginal cost (i.e., the Phillips curve) whenever we obtain the
inflation policy from the simulation. My proposed solution consists of applying
the KS algorithm to the components of inflation that depend on the distribu-
tion of relative prices (the frequency of price changes and the menu cost inflation
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components in equation (21)), and then solving jointly the aggregate and id-
iosyncratic equilibrium conditions. Despite generating some (solvable) numerical
challenges, this method yields a cross-equation restriction of the intensive margin
of the Phillips curve (i.e., the relation between the relative reset price and the real
marginal cost) at the moment of solving the equilibrium policies, thereby break-
ing the indeterminacy I mention above. Such numerical computation seems to be
reliable in that it provides a unique solution whenever solving for the equilibrium
conditions.!®

ACCURACY OF THE MODIFIED KRUSELL-SMITH ALGORITHM. — I verify the accuracy
of the modified KS algorithm by checking the equilibrium conditions with the sim-
ulated values of inflation, price dispersion, and frequency of price changes.'® For
each variable in the model, I construct the solution with the KS projections and
the simulated version of the projected variables. I then compute the differences
between these two ways of calculating the equilibrium to verify the error in the
KS approximation. The Numerical Online Appendix L describes the construction
of the errors for each variable, and plots the time series. Table L.I in Numerical
Online Appendix L reports the Krusell-Smith errors for inflation targets 1.3%,
3% and 5%. Under the simulated level of inflation, the standard deviation of the
error in the nominal interest rate divided by the standard deviation of nominal
rate is 0.038% at a 1.3 inflation target with no ZLB; that ratio increases to 0.624%
in the model with a ZLB. At a 5% inflation target, the respective errors increase
t0 0.084% and 0.133%. Thus, the KS algorithm yields a good fit, losing some of it
whenever the ZLB is binding by a large amount, but not at the optimal inflation
target or its neighborhood.

AGGREGATE STATE. — The assumption of idiosyncratic quality shocks implies
that the idiosyncratic state variable for the firm is p;; = ’J“T’?”, not Py = %" and

Ay; separately. An additional implication is that the aggregate state consists of
the distribution of adjusted relative prices f(p;;) or markups that I approximate
with the first two moments.

ITI. The Optimal Inflation Target

This section analyzes the optimal inflation target in my MC model. To achieve
this goal, I proceed in three steps. In the first step, I show the optimal inflation

18 Aggregate kinks precludes the use of methods employed by Reiter (2009) and implemented in MC
models by Costain and Nakov (2011).

191 did not use the R? statistics, as most authors do. The main reason is that, if a variable has a small
effect on the equilibrium conditions, then the projection’s fit does not in itself inform us about whether
or not the KS approximation is valid. The only projected endogenous state variable is price dispersion,
but since that variable exhibits low volatility, there is no significant law of motion of the aggregate state
estimated in the simulation.
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target with and without a ZLB constraint in my MC model, alongside key vari-
ables to characterize the trade-offs mentioned in the introduction for the optimal
inflation target. In the second step, I analyze the importance of the pricing model
by computing the optimal inflation target in the same general equilibrium frame-
work and a Calvo pricing model. This exercise provides a quantitative description
of the main trade-offs in my MC model, and it compares my results relative to
Coibion, Gorodnichenko and Wieland (2012) and related literature. In the last
step, I explain how the primary mechanisms in my model generate a different
inflation target than that of a Calvo model.

A.  The Optimal Inflation Target in a Menu Cost Model

The optimal inflation target in my MC model with a ZLB constraint is 3.5%.
This result presupposes a ZLB constraint on nominal interest rates, otherwise
the optimal level of inflation would be 0%. Figure I-Panel A describes welfare
using the consumption equivalent. Each point on the y-axis marks the percentage
increase in consumption needed to achieve the same welfare as under the optimal
inflation target. Formally, let Uf be the value of the household normalized by
productivity,

o0

T i 7 v 7 -

(23) U () =E E B ugy; (Ct+j <1 + 100) ,Lt+j> /77tl+jz
§=0

Here CT, and LT are consumption and labor at the inflation target 7 whenever
there is an increase in consumption by ¥%. The consumption equivalent at
inflation target 7, ¥(7), is given by E[U(¥(7))] = E[UF (0)], where 7* is the
optimal inflation target.

Without a ZLB constraint, increasing the inflation target from 0 to 6% in the
MC model is equivalent to decreasing consumption by 0.15%. The consumption
equivalent changes by 0.04% following an increase in inflation from 0% to 3%. In
this case, the consumption equivalent is increasing for all levels of inflation. Notice
the consumption equivalent has the same order of magnitude as the cost of the
business cycles by Lucas Jr (2003) for levels of inflation less than 4%, i.e., 0.05% of
consumption equivalent. With ZLB, the consumption equivalent is decreasing at
low levels of inflation and then increasing. The consumption equivalent between
the optimal inflation target and a 1.3% inflation target is 0.03%.

The main cost of increasing inflation is a lower mean consumption-labor ratio.
Moreover, the mean consumption-labor ratio is the primary variable that explains
the consumption equivalent. Figure I-Panel C plots the mean consumption-labor
ratio business cycles alongside the steady—state consumption-labor ratio. I nor-
malize this variable with its value at the optimal inflation target. The consump-
tion equivalent is identical to the negative of the mean consumption-labor ratio
without a ZLB constraint. They both change by 0.15% when I increase the infla-
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F1GURE I. MENU COST MODEL: MAIN VARIABLES FOR OPTIMAL INFLATION

Note: Panel A describes the consumption equivalent in the MC model normalized by the optimal inflation
target. Panel B describes the frequency of a binding ZLB. The frequency of a binding ZLB without a
ZLB constraint refers to frequency of negative values of the interest rate. Panel C describes the mean
consumption-labor ratio given by (ET[C:/(Lin:z)]/E™ [Cs/(Lintz)] — 1) x 100. Panel D describes the

standard deviation of output gap given by Std” [log(me:)] X

100
x(1—a)*

The light grey dashed line describes

the steady state moments, the solid black lines describe the moments without a ZLB and the dotted grey
lines describe the moments with a ZLB. The scale of this figure coincide with Figure II.

Source: Author’s calculations

tion target from 0% to 6%. Intuitively, changes in the inflation target only affect

this variable without a ZLB constraint.

With a ZLB constraint, the mean consumption-labor ratio is relatively constant
for levels of inflation less than 4%. Intuitively, a higher inflation target increases
the mean of inflation and decreases the volatility of inflation, since the economy
is avoiding the ZLB constraint. These two effects almost cancel each other out.
After a 4% inflation target, the change in the mean consumption-labor ratio with

and without ZLB is the same.

There are two reasons why the consumption-labor ratio decreases with inflation.
First, higher levels of inflation increase inefficient distortions in the relative prices
across firms, decreasing aggregate productivity. Second, higher inflation raises
the resources allocated for price changes since labor is not used for production



22 AMERICAN ECONOMIC JOURNAL MONTH YEAR

and consumption, but for price adjustment. I ignore the physical cost of repricing
because it is quantitatively small. Next, I use the steady—state consumption-labor
ratio to explain the low cost of inflation, since it remarkably describes the mean
consumption-labor ratio across the business cycle.

Under a ZLB constraint and low inflation targets, welfare is increasing in infla-
tion. Intuitively, since the consumption-labor ratio does not change much for low
inflation targets, there are only benefits to increasing inflation as it reduces inef-
ficient fluctuations of consumption and labor due to the ZLB constraint. Figure
[-Panels B and D describe the frequency of a binding ZLB and the standard devi-
ation of the output gap. The standard deviation of the output gap measures the
fluctuations of labor and consumption resulting from inefficient movements of the
price-marginal cost ratio due to nominal frictions. The output gap is independent
of efficient variations due to real shocks or price dispersion. The standard devia-
tion of the output gap with a ZLB constraint coincides with the model without
a ZLB for levels of inflation target more than 3.5%.

Figure I describes the central intuition for the optimal inflation target in my
MC model. At the optimal inflation target, the equilibrium allocation of con-
sumption and labor are the same with or without a ZLB constraint. Since the
mean consumption-labor ratio is almost constant for levels of inflation less than
the optimal, the optimal inflation target is the level at which the ZLB does not
generate inefficient volatility of consumption and labor.

The stochastic processes of consumption and labor are the same with or without
a ZLB constraint at the optimal inflation target, even if the frequency of the ZLB
is positive. Intuitively, for the ZLB to have an incidence in equilibrium allocation,
this restriction has to be binding enough. If not, then interest rate smoothing of
the desired interest rate in the Taylor rule (14) and (16) is enough to generate
equilibrium allocations similar to those in the model without a ZLB constraint.

B. The Optimal Inflation Target in a Calvo Model

I compare my MC model with a Calvo model with no idiosyncratic shocks and
identical preferences and technology. The parameters for the Calvo model are the
same as in the MC model, except for 041 = 042 = 0, £ = 0.097, and § — oo.
This calibration without idiosyncratic shocks yields a benchmark against which
I compare my model with the standard assumptions in the literature. A Calvo
model with idiosyncratic shocks has a higher cost of inflation than without them,
making the differences in the optimal inflation targets across models even larger
(see Subsection III.C). Figure IT reproduces Figure I for a similarly specified
Calvo model.°

20T use indexation of prices for business cycle fluctuations in inflation in the Calvo model whenever
the inflation target exceeds 3%. I use this form of indexation only in the Calvo model and not in the MC
model. Absent this assumption, the model’s global and local solutions are not stable for high inflation
levels.
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The optimal inflation in the Calvo model without idiosyncratic shocks is 1.3%.
The optimal inflation target is close to the 1.5% optimal inflation in Coibion,
Gorodnichenko and Wieland (2012).2! The striking property we see in the Calvo
model is the significant cost of inflation reflected in the consumption equivalent.
Increasing the inflation target from 0% to 6% in the Calvo model is equivalent
to decreasing consumption by approximately 0.84% with and without a ZLB
constraint. The cost of inflation is high also at low inflation targets: increasing
the inflation target from 0% to 3% is equivalent to decreasing consumption by
approximately 0.17%. The consumption equivalent of the same policy change is
0.04% in the MC model.

A. Consumption Equivalent B. Frequency of Binding ZLB
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FiGURE II. CALVO MODEL: MAIN VARIABLES FOR OPTIMAL INFLATION

Note: Panel A describes the consumption equivalent in the Calvo model normalized by the optimal
inflation target. Panel B describes the frequency of a binding ZLB. The frequency of a binding ZLB
without a ZLB constraint refers to frequency of negative values of the interest rate. Panel C describes the
mean consumption-labor ratio given by (ET[Cy/(Lintz)]/E™ [Ci/(Liniz)] — 1) X 100. Panel D describes
the standard deviation of output gap given by Std™ [log(mect)] x X(II(EJM. The light grey dashed line
describes the steady state moments, the solid black lines describe the moments without a ZLB and the
dotted grey lines describe the moments with a ZLB. The scale of this figure coincide with Figure I.
Source: Author’s calculations

21The optimal mean inflation in the Calvo (resp. MC) model is 0.23% (resp. 3.5%). The ZLB has
a second-order effect on mean inflation, thereby generating a wedge between average inflation and the
target inflation, i.e., the average inflation with no zero lower bound.
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Similarly, as in the MC model, the consumption equivalent across inflation
targets mimics the mean consumption-labor ratio at different levels of inflation
with and without a ZLB at all levels of inflation. The elasticity of price dispersion
to mean inflation implies this quantitative relation since there is no physical cost
of price adjustment. Without a ZLB constraint, the consumption-labor ratio
decreases by 0.19% between 0% and 3%, and 0.83% between 0% and 6%. With a
ZLB, the mean consumption-labor is increasing between 1.0% and 1.3% inflation
targets and starts falling after a 1.6% inflation target.

There is another quantitative difference between the MC model and the Calvo
model: the ZLB constraint increases the volatility of the output gap more in
the MC model than in the Calvo model. The increase in the volatility of the
output gap in the MC (resp. Calvo) model is by 0.84% (resp. 0.52%) at the
optimal inflation target in the Calvo model. While this mechanism is important
to quantify the cost of the ZLB at low inflation targets, it is not crucial for
understanding the optimal inflation target in the MC model. The argument is
simple. Since the mean consumption—labor ratio is constant for levels of inflation
less than the optimal, there are only benefits of increasing the inflation target for
the stabilization of business cycles.

This paper focuses on the main consequence of changing the pricing model for
the optimal inflation target: a low elasticity of the consumption-labor ratio to
the mean inflation. Nevertheless, departing from a MC model to a Calvo model
adds a new cost of the ZLB constraint. This constraint increases the volatility
of inflation, therefore raising the mean of the dispersion of relative prices. If
this mechanism is strong enough, then the ZLB is costly because the central bank
cannot stabilize inflation and its effect on price dispersion. Thus, it is not because
a central bank cannot stabilize aggregate output. This is the main benefit in the
trade-off for the optimal inflation target in Coibion, Gorodnichenko and Wieland
(2012) (see Online Appendix Section G for a further discussion). This mechanism
is not quantitatively important in my model, as Figure I-Panel C shows.

C. Understanding the Optimal Inflation Target in the MC model

To understand the optimal inflation target in my model, one must first under-
stand how the interaction between menu costs and idiosyncratic shocks reduces
the cost of inflation given by price dispersion. Additionally, my MC model in-
creases the business cycle cost of the ZLB constraint at a low inflation target
compared to a Calvo model. In this section, I explain why the mean consumption-
labor ratio and the volatility of the output gap are different in my MC model.

UNDERSTANDING THE MEAN CONSUMPTION-LABOR RATIO. — My MC model with
93% of price changes due to fat-tailed idiosyncratic shocks or zero menu cost
of price adjustment generates a cost of inflation five times lower than a Calvo
model. I now demonstrate this result is the outcome of the interaction between
idiosyncratic shocks and menu costs.
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To this achieve this goal, I compute the consumption-labor ratio at different
levels of inflation in the Calvo and MC models with and without idiosyncratic
shocks. I show that the MC model with idiosyncratic shocks generates the low-
est cost of inflation, followed by the Calvo model without idiosyncratic shocks.
These two models generate a lower cost of inflation than the MC model without
idiosyncratic shocks and the Calvo model with idiosyncratic shocks. Thus, a low
cost of inflation results from the interaction between menu cost and idiosyncratic
shocks.

To maximize the clarity of the results reported here, I analyze how the cost of
inflation—i.e., the consumption—labor ratio—changes in the steady-state across
pricing models. As established above, the steady—state is a good approximation
of the mean with business cycles.??

Panels A and B of Figure III show the distribution of relative prices p; at
different inflation targets in the MC model with and without idiosyncratic shocks.
Panels C and D plot the consumption—labor ratio, and the frequency of price
changes. Figure III-Panel E shows the width of the Ss bands in the MC model
with and without idiosyncratic shocks: the (log) percentage difference between
the adjustment triggers and the reset price.

At low levels of inflation, the consumption-labor ratio decreases faster in the
MC model without idiosyncratic shocks than in the two versions of the Calvo
model. This difference can be seen in panel C of Figure III. Three mechanisms
explain this significant difference. First, price dispersion is discontinuous at zero
in the MC model with no idiosyncratic shocks while it is continuous in the Calvo
models—with and without idiosyncratic shocks. Price dispersion in the Calvo
model is differentiable at zero (see the Online Appendix Section D for a formal
proof), and therefore continuous. In the MC model with no idiosyncratic shocks,
the width of the Ss bands is positive at all inflation levels. It follows that the dis-
tribution of relative prices jumps from a probability atom at zero inflation—since
all the prices are at the optimal reset price—to a uniform probability distribu-
tion at any positive level of inflation (see Figure III-Panel A). The jump from a
probability atom to a uniform distribution increases the cost of inflation because
of the sudden steep increase in the dispersion of relative prices.

Two more mechanisms increase the cost of inflation in a MC model without
idiosyncratic shocks. First, the width of the Ss bands is strictly increasing with
inflation. Intuitively, firms optimally choose to increase the width of the Ss bands
to save on the cost of price adjustment. Given that the mass of firms in the
Ss bands is positive, there is a first-order effect of increasing inflation on price
dispersion for the change within the width of the Ss bands. Second, an increase
in inflation raises the frequency of price changes and the associated physical cost

221 set the random menu cost sufficiently small (¢ = 0.001) to generate a unique ergodic distribution
in the MC model with no idiosyncratic shocks. I calibrate this version of the model with the same menu
cost as the MC model with idiosyncratic shocks. I calibrate the variance of the idiosyncratic shocks in
the Calvo model as 10% of the MC model. I keep the level of markups constant across inflation targets
to focus on price dispersion and the physical cost of adjustments.
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Source: Author’s calculations

of changing prices (see Figure III-Panel D).

The MC model with idiosyncratic shocks has a high level of price dispersion (see
Figure I1I-Panel B), and low elasticity of the consumption-labor ratio to inflation.
The presence of idiosyncratic shocks mitigates the mechanisms mentioned above
that create a high cost of inflation in a MC model without idiosyncratic shocks.
Whenever idiosyncratic shocks are present, the width of the Ss bands, the distri-
bution of relative prices, and frequency of price changes are almost constant for
low levels of inflation. To understand why the width of the Ss bands is practically
constant with inflation, note that due to large idiosyncratic shocks, firms respond
mainly to idiosyncratic shocks and not inflation. Therefore, changes in inflation
do not affect the width of the Ss bands at low levels of inflation.

Inflation also affects the law of motion of relative prices between price changes.
Consequently, the dispersion of relative prices within the Ss bands and the fre-
quency of price changes. The level of inflation relative to the volatility of id-
iosyncratic shocks determines these relations. Therefore, when the volatility of
idiosyncratic shocks is significant, inflation has little effect on the dispersion of
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relative prices.??

Large idiosyncratic shocks decrease the cost of inflation in the MC model, while
they increase the cost of inflation in the Calvo model. In this model, the presence
of idiosyncratic shocks moves relative prices further away from the mean at a
zero inflation target. Thus, changes in inflation have a considerable effect on the
variance of relative prices. Figure III-Panel C shows this property.?*

UNDERSTANDING THE VOLATILITY OF OUTPUT GAP. — The volatility of the output
gap in my MC model depends on the frequency of the ZLB. If the frequency of the
ZLB is not sufficiently binding, then the frequency and the distribution of price
changes do not respond to aggregate shocks. In this case, business cycle moments
of my MC model are similar to the Calvo model. Table IV shows business cycle
moments in the Calvo and MC models at the optimal inflation targets of the Calvo
and MC models. As we can see, business cycle fluctuations in the Calvo and MC
models at a 3.5% inflation target are similar. Below, I explain the volatility of
the output gap when the ZLB does bind enough.

In the MC and Calvo models, when the ZLB is binding, the real interest rate
is too high. A high real interest rate leads to excessive saving. Since the nominal
interest rate cannot decrease due to the ZLB, this exacerbates the depression of
spending and output, which in turn creates more deflationary pressure. Next,
I show how the response of inflation to the output gap at the ZLB depends on
the endogenous price flexibility in the MC model. I define the two mechanisms
as: “Price flexibility due to inflation during ZLB periods,” and “Price flexibility
due to inflation before ZLB periods.” Importantly, the inflation target affects the
magnitude of these two mechanisms. Table IV shows the relevant moments to
explain the mechanisms.

MECHANISM 1: PRICE FLEXIBILITY DUE TO INFLATION DURING ZLB PERIODS. —
At a 1.3% inflation target, depressed inflation implies a deflation. Thus, there
is an increase in the fraction of repricing firms at the ZLB. The key feature
in MC models is that this increase is not random across firms. A new mass
of repricing firms hits the downward price adjustment trigger with a significant
downward price adjustment (about 13%). These newly repricing firms reduce

23Formally, Alvarez et al. (2018) show that price dispersion and the frequency of price changes depend
on the ratio between inflation and variance of idiosyncratic shocks in a MC model with idiosyncratic
shocks.

24Formally, define Ags as the misallocation of labor due to inefficient price dispersion in the steady—

state. Ags satisfies
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changes. Therefore, the elasticity of price dispersion to inflation is increasing in the volatility of idiosyn-
cratic shocks.
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TABLE IV— BUSINESS CYCLE MOMENTS WITH ZLB IN CALVO AND MENU COST MODELS

Menu Cost Calvo
Inflation Target 1.3% 35% || 1.3% 35 %
Frequency of binding ZLB 0.309 0.035 0.270  0.042
Statistics for output gap and Inflation
Output gap
Unconditional std 1.539 0.808 1.456 0.864
Std conditional on binding ZLB 1.884 0.651 1.579  0.943
Std conditional on no binding ZLB 0.718 0.757 0.815 0.796
Inflation
Unconditional mean -0.57 3.50 0.25 3.65
Mean deviation conditional on binding ZLB -1.18 -0.53 -0.47  -0.50
Mean deviation conditional on no binding ZLB 0.52 0.02 0.17 0.02
Unconditional std 1.08 0.26 0.36 0.25
Std conditional on binding ZLB 1.23 0.11 0.30 0.14
Std conditional on no binding ZLB 0.34 0.24 0.20 0.23
Inflation Components
Frequency of price changes
Unconditional mean 9.846 9.846
Mean conditional on binding ZLB 10.225  9.672
Mean conditional on no binding ZLB 9.676 9.852
Menu cost inflation
Unconditional mean -0.07 0.39
Mean deviation conditional on binding ZLB -0.53 -0.25
Mean deviation conditional on no binding ZLB 0.24 0.01

Note: The table presents business cycle moments in the Calvo and MC models at 1.3% and 3.5%
inflation targets at a quarterly frequency. The statistics for output and inflation are (log) percentage
points. “Mean deviation” describes the log-deviation of the variable for the mean conditional on zero or
positive rates. “Std conditional” describes the standard deviation of the variables in logs conditional on
zero or positive rates.

Source: Author’s calculations

inflation. Since the ZLB is binding, this initial drop in inflation increases real
interest rates, thereby depressing the output gap and inflation even further.

We can see this mechanism in Table IV. Since inflation at the ZLB is nega-
tive (i.e., -1.70%), there is a negative drift with the increase in the frequency of
price changes, from an average of 9.84% to 10.22%. Moreover, this increment is
asymmetric across the distribution of price changes. The variable that reflects
this mechanism is the menu cost inflation. As we can see, the menu cost inflation
at the ZLB is -0.60% during ZLB periods. Therefore, the new price changes are
price drops, and these changes explain half of the decrease in inflation (-1.18%
decrease in inflation vs. -0.53% decrease in menu cost inflation).

At a higher inflation target, the MC model yields a much weaker deflationary
spiral. First, as shown in Table IV, there is a decline in the frequency of price
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changes. The intuition for this result is clear: with positive inflation on average,
if an economy hits the ZLB then there is a low inflation but not deflation. Even
more, the menu cost inflation is close to zero when the ZLB is active. Hence,
price changes are driven mostly by fat-tailed shocks and zero menu cost—not
aggregate shocks. For this reason, business cycles in the Calvo and the MC
models are similar at 3.5% inflation target.

MECHANISM 2: PRICE FLEXIBILITY DUE TO INFLATION BEFORE ZLB PERIODS. — The
distribution of relative prices at the moment of entering a ZLB period affects the
reaction of inflation to the output gap. The inflation target affects the average
inflation, and therefore it can shape this distribution to mitigate deflation during
Z1.B periods. To show this mechanism, Figure IV plots the average distribution
of relative prices at 1.3% and 3.5% inflation targets across simulations. The
figure reveals that at a 1.3% inflation target, the distribution of relative prices
is asymmetric with more (resp. less) mass of firms close to the downward (resp.
upward) adjustment trigger than at a 3.5% inflation target. Thus, at a low
inflation target, there is a relatively large set of firms near the upper Ss bands
that explains the high elasticity of menu cost inflation to negative aggregate shocks
when the ZLB is binding.

0.08} - f(p) at 1.3% IT
0.07} f(p) at 3.5% IT
-+ Ss bands at 1.3% IT

0.06¢ Ss bands at 3.5% IT
0.05}
0.04|
0.03}
0.02}
0.01f :
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Relative prices p

FIGURE IV. DISTRIBUTION OF RELATIVE PRICES AT 1.3% AND 3.5% INFLATION TARGET

Note: This figure describes the mean distribution of relative prices conditional together with the average
Ss bands at 1.3% and 3.5% inflation targets. I shift the distribution of relative prices at 3.5% to make
the right Ss band equal at both levels of inflation targets.

Source: Author’s calculations

In conclusion, a higher inflation target reduces the business cycle volatility of
consumption and labor for three reasons. First, it reduces the likelihood of hitting
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the ZLB. Second, the inflation target determines the level of inflation whenever
the ZLB is active. The level of inflation (together with a depressed output gap)
implies the dynamics of the menu cost inflation at the ZLB, and therefore the
feedback from the output gap to inflation. Third, it moves prices further away
from the downward price adjustment trigger before entering periods with a bind-
ing ZLB. Consequently, it determines how much the menu cost inflation responds
to aggregate shocks.

IV. Robustness

This section analyzes the sensitivity of the optimal inflation target to different
calibrations of preferences and technologies. For each of these variant calibrations,
I solve and analyze my MC model and the analogous Calvo model and reproduce
Figures I and II in Online Appendix Section F. I perform this exercise in service of
two objectives. First, I demonstrate the robustness of an optimal inflation target
equal to 3.5% by changing and explaining critical parameters for the trade-offs of
the optimal inflation target. Second, I situate my results within the literature that
analyzes the optimal inflation target in the Calvo model. I show that while the
cost of inflation in the Calvo model is sensitive to alternative parameterizations,
the cost of inflation in my MC model is robust.

ARE MY RESULTS ROBUST TO THE ALTERNATIVE SPECIFICATION OF AN ANALOGOUS
GoLosov AND Lucas (2007) MoDEL?. — I analyze the importance of random free
price change opportunities and fat-tailed idiosyncratic shocks by calibrating the
model without these two frictions. The pricing model analyzed here is similar to
Golosov and Lucas (2007). I set £ = 1 = 041 = 0 and calibrate the menu cost
and the variance of idiosyncratic shocks to match the frequency and the size of
price change. This calibration matches the physical cost of price adjustment.

Table F.I reproduces the micro price statistics of Table II. As we can see in
the table, this calibration cannot reproduce the heterogeneity in the price—change
distribution. For example, the kurtosis of price changes is 1.15. Table F.II shows
aggregate moments found in Table II. As we can see in the table, this calibration
increases the volatility of inflation by two. The increment does not have much of
an effect on the rest of the business cycle statistics, since this increment is almost
1.1.d.. As the table shows, from the benchmark calibration to this new calibration,
the persistence of inflation falls from 0.58 to 0.44, and there is no change in the
correlation with output.?®

The optimal inflation target in the Golosov and Lucas (2007) version of my
model is 4%. This calibration reduces significantly the cost inflation (see Figure
F.ILb). In this version of my model, increasing the inflation target from 0% to

25Inflation affects equilibrium dynamics throught the Euler equation and the Taylor rule. Since the
Euler equation depends on expected inflation and the Taylor rule has a high smoothing parameter, i.7.d.
fluctuations of inflation uncorrelated with the output gap do not affect equilibrium dynamics.
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6% decreases the mean consumption-labor ratio by 0.02%. For this reason, the
consumption equivalent is almost constant for levels of inflation greater than the
optimal inflation target. Intuitively, reducing the randomness in the price adjust-
ment policies, not only increases the slope of the Phillips curve but also decreases
the cost of inflation, as firms can respond more efficiently to their state.26

The characteristics of the optimal inflation target under this calibration support
two results. First, the central intuition I provide for the optimal inflation target
for my benchmark calibration in Section ITI.A holds in this case, even if inflation
is much less costly. Second, increasing inflation volatility without affecting other
business cycle moments, specifically by keeping the frequency of the ZLB constant,
does not raise the optimal inflation target by much.

WHICH PARAMETERS ARE IMPORTANT FOR THE COST OF INFLATION?. — I now an-
alyze the elasticity of the consumption-labor ratio to inflation. This elasticity
consists of two other elasticities: (1) the elasticity of inefficient price disper-
sion to inflation determined by the pricing model, and (2) the elasticity of the
consumption-labor ratio to inefficient price dispersion determined by the degree
of strategic complementarities and the demand elasticity.

The elasticity of the consumption-labor ratio to inefficient price dispersion is
important for calculating the cost of inflation. I show this result with two new
calibrations. First, I increase the demand elasticity from 3 to 7. In this exercise,
I adjust the labor subsidy to generate the same levels of markups. Since the
objective of this exercise is to increase the cost of inflation ceteris paribus the
frequency of the ZLB, I decrease the standard deviation of the innovations by
5%. Second, T change the level of strategic complementarities by increasing the
share of intermediate inputs from 0.53 to 0.63.

To understand the role of the demand elasticity for the cost of inflation, consider
an economy without intermediate inputs and government expenditures. In this
economy, the consumption—-labor ratio is given by 1/A;, where A; = fo Dy, di
and + is the demand elasticity. Under a second—order approximation, it is easy to
show that —log(A;) = —3Var [py]. Therefore, for a given inefficient dispersion
of relative prices, a larger demand elasticity increases the misallocation of inputs
of production across firms since firms’ output is more responsive to the price.

The optimal inflation target is 3% in my MC model with a demand elasticity
of 7. To comprehend this result, we need to understand how an increase in the
demand elasticity affects the cost of inflation in my model. The direct effect of
an increase in the demand elasticity is an increase in the misallocation of labor
ceteris paribus inefficient price dispersion. We can observe the direct effect in the
Calvo model. With a demand elasticity of 3 (resp. 7), an increase in inflation
from 0 to 5% decreases the consumption-labor ratio by 0.6% (resp. 1.4%).

26Baley and Blanco (2020) analyzes the relation between the slope of the Phillips curve and the cost
of inflation.
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In the MC model, there is also an indirect effect of increasing the demand
elasticity. Since firms internalize the social cost of inefficient price dispersion,
which is exacerbated by an increased demand elasticity, they respond by reduc-
ing the width of the Ss bands, which decreases the variance of relative prices.
Intuitively, a larger demand elasticity increases the static profit function’s curva-
ture and therefore reduces the Ss bands by 1/3.27 The indirect effect attenuates
the total effect of increasing the demand elasticity on the cost of inflation. In a
MC model with a demand elasticity of 7 (resp. 3), the consumption-labor ratio
now decreases by 0.14% (resp. 0.10%) whenever there is an increase of the target
inflation from 0 to 5%.

To understand the role of the intermediate inputs for the cost of inflation, I
assume a steady-state economy where the aggregate cost of price changes is zero.
Under this assumption, the (detrended) consumption labor ratio is given by
(24)
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Here C’SS and wss denote detrended consumption and real wages respectively. M,
11—«

denotes the level of markups. Under the observation that (%) = MLSS’ the

elasticity of the steady state consumption-labor ratio to price dispersion evaluated
at Agg=11s
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Therefore, the elasticity of the consumption—labor ratio to inefficient dispersion
prices increases with the share of intermediate inputs.?

The optimal mean inflation in the Calvo model is 1%, and in the menu cost
model is 3% with a share of intermediate inputs of 0.63. In both models, there is
an increase in the cost of inflation, as indicated by the consumption—labor ratio
in Figures F.Il.a and F.II.b. Note that the increase in the cost of inflation is still
modest in the MC model: Increasing inflation from 0% to 4% decreases the mean
consumption-labor ratio by 0.05%.

WHICH PARAMETERS ARE IMPORTANT FOR THE BENEFITS OF INFLATION?. — The
optimal inflation target in the MC model is the minimum level at which the
ZLB does not generate inefficient volatility of consumption and labor. Below, I
change parameters critical for the frequency of the ZLB constraint and analyze

27See the policy function in Figure F.VII in the Online Appendix

28This paper features strategic complementarities with intermediate inputs since it is easy to calibrate.
The finding that strategic complementaries affect the elasticity of the consumption—labor ratio to the
dispersion of relative prices holds under decreasing returns to scale and the Kimball aggregator.
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the change of the optimal inflation target.

I recalibrate the model to yield a lower frequency of the ZLB by changing two
types of parameters. First, I reduce the standard deviation of the innovations of
all the exogenous shocks by 10%. My model hits the ZLB 2.5% of the time at a
3% inflation target under this calibration. Second, I decrease the discount factor
to 0.955'/12(1 4 g)7n».29 This calibration increases the steady state interest rate
from 4% to 4.5% and reduces the frequency of the ZLB to 5% of the time at a
3% inflation target. Both exercises have the minimum frequency of binding ZLB
supported by the empirical evidence in the literature.

The optimal inflation target with a lower volatility of aggregate shocks is 2.5%,
and the optimal inflation target with a lower discount factor is 3.5%. These
results depend on two key properties of my model. First, an increase of inflation
from 0% to 3% decreases the consumption-labor ratio by at most 0.02%. Second,
levels of inflation between 1% and 2% are never optimal for the reason explained
in Section III.C. Since at low levels of inflation, when the economy hits the ZL.B
constraint, there is deflation and new price changes that magnifies the cost of the
ZLB constraint.

Increasing the cost of business cycles does not change the optimal inflation tar-
get. Intuitively, as Figure I shows, in my benchmark calibration the consumption-
labor ratio is almost constant for levels of inflation lower than the optimal one.
Thus, there are only (small) benefits from increasing target inflation for business
cycle stabilization. I show this argument by solving my model with Epstein-Zin
preferences. The advantage of solving the model with Epstein-Zin preferences is
that it increases the cost of business cycles without changing the properties of ag-
gregate fluctuations (see Figures F.IV.a and F.IV.b and Table F.III with business
cycle moments).

Household’s preferences with Epstein-Zin utility and negative period utility are
given by

(26) U = wi(Cy, L) — BE[(~Upir) )77

Here ¢ is the risk sensibility parameter.

To convey a simple intuition of the role of Epstein-Zin preferences, I compute
the coefficient of relative risk aversion characterized by Swanson (2012) with no
growth and no TFP shocks. Define the one period relative coefficient of risk aver-

2
sion when labor supply is fixed as R := —C d %C;” / dUég’L). R stands for
the Arrow-Pratt coefficient of relative risk aversion. It measures the consumption
equivalent of a lottery over consumption. Then, following Swanson (2012) defini-

tion of the coefficient of relative risk aversion with endogenous labor supply and

298ee Andrade et al. (2018) for a similar exercise with a Calvo pricing model.
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Epstein-Zin preferences, we have

1-0
(27) R =R <1+19 )
o
Equation (27) shows how recursive preferences increases risk aversion without
changing the intertemporal elasticity of substitution. I calibrate ¥ = —1 to in-
crease by 50% this measure of risk aversion. The optimal inflation target with
these preferences continues to be 3.5%.

TAKEAWAY. — Across calibrations, the optimal inflation target in the MC model
is the minimum level at which the ZLB does not generate inefficient volatility of
consumption and labor.3°

V. Conclusion

In this paper I employ a menu cost model with realistic idiosyncratic shocks
to identify an optimal inflation target of 3.5%. This undertaking required that I
extend a menu cost model with idiosyncratic shocks to a standard New Keynesian
framework with a Taylor rule subject to a ZLB constraint. The optimal inflation
is pinned down by: (i) the relative insensitivity of price dispersion (which is
the main cost in sticky price models) to the inflation target; (ii) the fact that
likelihood of hitting the ZLB, and the magnitude of the selection effect when the
ZLB is binding, are reduced with any increase in the inflation target.

Much could be learned from exploring the optimal inflation rate in different
environments. For instance, many countries with inflation targets are small open
economies, which may affect the optimal inflation target? Also, this paper focuses
on price rigidities while assuming flexible wages. How does the optimal inflation
change under sticky wages and downward wage rigidity? A framework similar
to this paper’s would be a suitable setting in which to answer these questions,
relying on careful quantification of the micro structure of wage setting.
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A. DATA DESCRIPTION: U.S. MACROECONOMIC TIME SERIES

Table A.I describes the data sources for the U.S. macroeconomic time series. I construct output
without investment and net exports to be consistent with my model. The following are the variables
used to compute business cycle moments in the data (after HP filter): U.S. Bureau of Economic Analysis
(1947-2017a)

e Output : log((GDP —I — NE)/(N x P)).
e Government expenditure: log(G/(N x P))
e Consumption: log(C/(P x N))
e Real wage: log(W/P).
e Inflation: log(P/P(—1)).
e Nominal Interest Rate: log(1 + (DFF/100)1/4).
TABLE A.I-— MACROECONOMIC TIME SERIES: DESCRIPTION AND SOURCES
Seasonally
Label Short description Source Frequency Adjusted
GDP Gross Domestic Product BEA (1947-2017) Q SA
G Gov. Cons. and Gross Investment BEA (1947-2017) Q SA
C Personal Consumption Expenditures BEA (1947-2017) Q SA
NE Net exports of goods and services BEA (1947-2017) Q SA
I Gross Private Domestic Investment BEA (1947-2017) Q SA
P GDP implicit price deflator FRED (1947-2017) Q SA
DFF Effective Federal Funds Rate, Percent ~FRED (1955-2017) Q NSA
w Business hourly compensation BLS (1947-2017) Q SA
N POPULATION LEVEL BLS (1948-1976) M NSA
N POPULATION LEVEL BLS (1996-2005) M NSA

Note: The table describes the aggregate data I use to compute aggregate business cycle statistics in
Table III. GDP, G, C, NE and I are in billions of dollars. Q and M denote frequency at monthly or
quarterly level, respectively. SA and NSA denote seasonally adjusted at annual rate and not seasonally
adjusted, respectively.

Source: GDP, G, C, NE, I: U.S. Bureau of Economic Analysis (1947-2017b). P: U.S. Bureau of Economic
Analysis (1947-2017a). DFF: Board of Governors of the Federal Reserve System (US). W: U.S. Bureau
of Labor Statistics (1947-2017b). N: U.S. Bureau of Labor Statistics (1948-1976) and U.S. Bureau of
Labor Statistics (1976-2017a).
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B. COMPUTATION AND DESCRIPTION OF MICRO-LEVEL PRICE STATISTICS

B.1. UK Data Description

The United Kingdom’s Office for National Statistics publishes the consumer price index (CPI) micro
database, containing data from 1996 to the present day at a monthly frequency. The product-level price
quotes and item-level price indexes used for the construction of the CPI were made publicly available on
September 2012. The data cover all of the UK—England, Wales, Scotland, and Northern Ireland—and
the data include a sample of items of the UK’s household final monetary consumption expenditures.
In total, there are 31 million price quotes in the period between 1996 until the present at a monthly
frequency. They cover more than 650 items. The Classification of Individual Consumption classifies each
product by Purpose (COICOP) at the sectoral, group, and class levels. It excludes the housing portion
of consumer prices, such as mortgage interest payments, house depreciation, insurance, and other house
purchase fees.

For most item categories, the ONS collects price quotes of individual products by sampling outlets at
150 locations in the UK. Each elementary price quote collected through this method represents a unique
product, sampled in a particular outlet. Prices for the remaining CPI items are collected centrally by the
ONS with no fieldwork. Such items include shelter, university tuition fees, rail fares, and other services.
Unfortunately, the ONS only provides item-level price indexes for these items. Since observing individual
price trajectories is central for the study of micro—level price statistics, I exclude these items from my
analysis.

For a small subset of items and regions, the ONS does not report outlet identifiers to comply with
confidentiality guidelines. In such cases, there could be multiple price quotes with the same product-
outlet identifier in a given month in the dataset. In most of these cases, there is no variation in prices
that share an identifier in a given month. For the few cases in which I do observe different prices with
the same identifier, I use information provided by the ONS on cumulative inflation at the unique good
level and the algorithm described in Blanco and Cravino (2019) to recover: i) a unique price-trajectory
associated with a product-outlet pair, and ii) a weight for each price trajectory reflecting the frequency
of each price under a particular identifier.

B.2.  Computation of Micro-Level Price Statistics

I apply several filters in the computation of price statistics to render the data compatible with the
model. Table B.I describes the micro-level price statistics with the different filters.

Filter I: I drop outliers in the price change distribution (i.e., bottom and top 1% of price changes). I
also drop price changes with a sales flag and noncomparable product substitutions, but I do
include comparable product substitutions. I drop months in the sample with changes in the VAT
(December 2008, January 2011, and January 2011). Following Nakamura and Steinsson (2008)
and Klenow and Kryvtsov (2008), I impute price quotes for temporarily missing observations
(missing for less than a year) with the last available price and out-of-season observations with the
last available price. I redefine a product as a new product whenever there are more than twelve
consecutive missing observations.

Filter II: As it is well known, the “sales” and “recovery” flags do not cover all the sales in the data. For this
reason, I repeat the same filters described above with an additional filter on sales. The algorithm
to detect sales is as follows. I identify the upper and lower bounds of periods with sales of length
Kk, by

K K
(B1)  Fu=qist: D (Piyy —Pioayy) =0p o La=qit: D (pi;—pia;)=0¢,
7=0 7=0

where p% is the price quote of item ¢ at time ¢. Importantly, (i,t) € Fi, if and only if (i,t+k) € L.
For any given (i,t*) € Fix, I drop all price changes between t* and t* 4+ k. I choose k = 3 at
monthly frequency for the implementation of this algorithm.

Filter III: I repeat the same filters described above (Filter II) with an additional filter on heterogeneity at
COICOP class—level. I assign each product id to a single class. If I denote each id with the
class-index i, then each id is in only one class C; with j = 1,2,...,nc. I redefine the normalized
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price change by item as

_ Apf —E[Apf|i € Cj]

B.2 Apl = : Std[Ap?] + E[Ap?].
( ) Dt Std[Apﬂi c Cj] [ Pt} + [ Pt}

I then re-computed all price statistics with the normalized price changes. Online Appendix Section
B.B.4 establishes the result that this aggregation “cleans” heterogeneity in the Calvo, MC and
Taylor models.

Table B.I describes the price statistics with each filter using CPI weights to aggregate. As we can
see in this table, there is a large dispersion in the price change distribution. The average frequency of
price changes with Filter I is 0.16 at the monthly level. Computing the frequency as the inverse of the
average duration yields a value of 0.97.3! With the additional filter on sales (Filter II, column 2), the
average frequency of price changes and the frequency implied by the average duration decrease by 20%.
The intuition behind this result is that there are many price changes preceded and followed by the same
(base) price which the filter classified as unflagged sales. Finally, the filter concerning heterogeneity
(Filter III, column 3) increases the mass of price changes near the mean price change (in absolute value),
with the direct effect of decreasing the kurtosis of price change.

COMPARISON WITH THE U.S. ECONOMY AND OTHER LOW-INFLATION ECONOMIES. —
Blanco and Cravino (2019) compares the average frequency and duration of price changes using the same
methodology in Austria, Finland, and U.K., and find almost the same numbers in the three countries
at item-level disaggregation. It is important to note that they do not find the same average frequency
and duration in Chile and Mexico. A’lvarez7 Le Bihan and Lippi (2016) analyzes the kurtosis of price
changes. My computation of the kurtosis between 4 or 5 is close to their findings.

How do U.K. statistics compare with U.S. statistics? I compare the statistics in my data to the
statistics computed for U.S. by Nakamura and Steinsson (2008). I report these numbers in column US
(NaSt) in Table B.I. They find an average frequency of price changes between 0.18-0.20 and a median
frequency between 0.091-0.11—since they compute the frequency of price changes across two different
time periods. These numbers are close to the frequency I compute for the U.K. without the additional
filter on sales. For example, my average frequency is 0.169, while their average frequency is between 0.18
and 0.20. The median frequency in their data is between to 0.091 and 0.11, if I compute the median
frequency as they do, I find 0.11—slightly higher than the inverse of the average duration. They also find
a kurtosis of price changes equal to 5.1 (see Alvarez, Le Bihan and Lippi (2016) for more information
on this statistic) and a median size of price adjustment equal to 8.5%. Again, these statistics are close
to the kurtosis and the median size of absolute price changes in the U.K. with only the first filter (4.7
for the kurtosis and 9% for the median). With this comparison, I can conclude that my data produce
similar statistics that they report, when applying the same filters.

Klenow and Kryvtsov (2008) computes the mean and median of price changes excluding reported
sales. The paper finds a mean equal to 11.3% (resp. 15% with the U.K. data) and a median of 9.7%
(resp. 9.6% with U.K. data).

Midrigan (2011) computes the statistics for the absolute value of price changes for regular price changes
and all price changes using U.S. supermarket data. Column US (Mi-No Sales) describes the statistics
with his filter for sales. It is important to remark that his filter for sales is different from mine. While
he drops all the price changes different from the modal price in a rolling window, I only drop price
changes cumulated price changes equal to zero. The price change distribution I compute for the U.K.
has a larger mean and standard deviation of the absolute value of price changes. The percentiles of
the distribution are close except for the very large price changes. My data have a more dispersed price
change distribution.

B.3. SMM Estimation with Price Statistics under Different Filters

Table B.II describes the estimated parameters with micro-level price statistics with different filters.
The quantitative results are the following:

e Filter I: With this filter, idiosyncratic shocks are larger than with the final micro-level price
statistics with filter III. Additionally, there is a 10% increase in the number of price changes due
to zero menu costs.

-1
31The inverse of the average duration is computed as (Z w; Q;1> , where w; is the class—level weight,

and €; is the class-level frequency.
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TABLE B.I-——U.K. MICRO-LEVEL PRICE STATISTICS WITH DIFFERENT FILTERS

Filters for UK
Moments I 11 111 US (NaSt) US (Mi-No Sales)

Absolute Value of Price Change

Mean 0.154 0.139 0.153 — 0.110
Standar Deviation 0.159 0.151 0.137 - 0.080
Skewness 1.538 1.729 1.314 - -
Kurtosis 5.059 5.801 4.321 - 4.020
5th percentile 0.010 0.008 0.010 - -
10th percentile 0.014 0.014 0.020 - 0.030
25th percentile 0.034 0.031 0.049 - 0.050
50th percentile 0.096 0.080 0.114 0.085 0.090
75th percentile 0.223 0.194 0.217 - 0.013
90th percentile 0.386 0.357 0.356 - 0.210
95th percentile 0.507 0.470 0.447 - —

Price Change

Mean 0.004 0.005 0.005 - -
Standar Deviation 0.222 0.205 0.205 - -
Skewness -0.135 -0.263 -0.050 - -
Kurtosis 4.672 5.306 3.809 5.100 -
5th percentile -0.402 -0.362 -0.356 - -
10th percentile -0.272 -0.238 -0.248 - -
25th percentile -0.095 -0.071 -0.113 - -
50th percentile 0.019 0.021 0.012 - -
75th percentile 0.098 0.085 0.115 - -
90th percentile 0.252 0.223 0.254 - -
95th percentile 0.372 0.336 0.355 - -
Frequency 0.169 0.126 0.126 0.186-20.9 -

Inverse ave. duration 0.119 0.097 0.097 0.091-11.2 —

Note: The table describe micro-price statistics in U.K. and in U.S..

Source: 'The moments in column US (NaSt) are the ones computed by Nakamura and Steinsson (2008).
The moments in column US (Mi-No Sale) are obtained from Midrigan (2011) with his algorithm after
removing sales. Column I to III are author’s calculations
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e Filter II: With this filter the ratio of free price adjustments over total price adjustments is 62%

larger than with filter III.

e Filter IIIb: This filter puts zero weight on the physical cost of menu cost. It finds parameters
similar to the benchmark estimation.

TABLE B.II-—SMM ESTIMATION WITH DIFFERENT FILTERS

(Data,model)

Moments Filter I Filter 11 Filter ITT Zero Weight Cost on P.A.(IIIb)
Absolute value of price change

Mean (0.154,0.150)  (0.139,0.126)  (0.153,0.155) (0.153,0.155)
Standar deviation (0.159,0.154) (0.151,0.138) (0.137,0.145) (0.137,0.142)
Skewness (1.538,1.540)  (1.729,1.668)  (1.314,1.156) (1.314,1.208)
Kurtosis (5.059,5.065)  (5.801,5.685)  (4.321,3.970) (4.321,4.197)
10th percentile (0.014,0.012)  (0.014,0.009)  (0.020,0.010) (0.020,0.014)
25th percentile (0.034,0.035)  (0.031,0.024)  (0.049,0.032) (0.049,0.037)
50th percentile (0.096,0.100)  (0.080,0.075)  (0.114,0.135) (0.114,0.130)
75th percentile (0.223,0.194)  (0.194,0.164)  (0.217,0.234) (0.217,0.228)
90th percentile (0.386,0.380)  (0.357,0.327)  (0.356,0.364) (0.356,0.360)

Price change

Mean
Standar deviation
Skewness
Kurtosis

10th percentile
25th percentile
50th percentile
75th percentile
90th percentile

(0.004,0.012)
(0.222,0.215)
(-0.135,-0.081)
(4.672,4.673)

(-0.272,-0.236)
(-0.095,-0.073)
(0.019,0.011)
(0.098,0.133)
(0.252,0.245)

(0.005,0.018)
(0.205,0.186)
(-0.263,-0.131)
(5.306,5.280)

(-0.238,-0.200)
(-0.071,-0.041)
(0.021,0.015)
(0.085,0.127)
(0.223,0.215)

(0.005,0.015)
(0.205,0.211)
(-0.050,-0.078)
(3.809,3.757)

(-0.248,-0.262)
(-0.113,-0.094)
(0.012,0.014)
(0.115,0.135)
(0.254,0.275)

(0.005,0.019)
(0.205,0.210)
(-0.050,-0.134)
(3.809,3.823)

(-0.248,-0.257)
(-0.113,-0.084)
(0.012,0.018)
(0.115,0.135)
(0.254,0.270)

Frequency of price change

(0.119,0.120)

(0.097,0.096)

(0.097,0.097)

(0.097,0.093)

Cost of price adjustment x 100 (0.004,0.004)  (0.004,0.003)  (0.004,0.004) (—,0.004)
Ratio free to total price adjustments (—,0.584) (—,0.622) (—,0.496) (—,0.484)
Estimated parameters

Can 0.300 0.261 0.240 0.242
Oal 0.028 0.018 0.018 0.017
P 0.055 0.045 0.070 0.067
0 0.126 0.139 0.135 0.137
13 0.070 0.060 0.044 0.045

Note: Columns 1 to 3 show SMM price statistics and the estimated parameters using different filters.
Column 4 describes the SMM estimates with a zero weight on the physical cost of price adjustments.
The filters are described in Section B.B.3.

Source: Author’s calculations
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B.4. Heterogeneity and Aggregation in the Calvo, Menu Cost and Taylor Models

In this section of the online appendix, I show a closed-form solution for aggregating heterogeneous
firms whenever their policy is described by MC, Calvo or Taylor pricing models. Assume a finite amount
of firms indexed by 4, with ¢ = 1,2,..., N. Each firm produces a share «; of output. For simplicity, I
assume continuous time.

e Menu cost pricing model: Each firm is described by a set of parameters {o;,p;}. The price
gap follows a Brownian motion dp} = o;dW} and the inaction region T is the set [—p;, p;]. The
distribution of price changes is given by

_J b with probability 1/2
B3) Api = { —p;i  with probability 1/2

with a kurtosis of 1. The aggregate price change distribution is given by

(B.4) Ap = { Di with probability a;1/2

—p; with probability a;1/2

with a kurtosis higher than 1. The normalized distribution of price change is defined as Ap; =

Ao ASilStd[Ap] + E[Ap] with density

(B.5)

Ap — Std[Ap] with probability 1/2
P =\ —Std[Ap] with probability 1/2

with kurtosis equal to 1.

e Calvo pricing model: Each firm is described by a set of parameters {o;, A;}. The price gap
follows a Brownian motion dp; = o;dW} and the firm’s stopping time distribution follows an

exponential distribution with density f(7) = Aie~7/Xi. The distribution of price changes is given

by
(B.) F(an) = Y2 exp (2 )

with a kurtosis of 6. The aggregate price change distribution is given by
(B.7) f(Ap) = { f(Ap;) with probability o

with a kurtosis higher than 6. The normalized price change defined as Ap; = %WSM[AMJr
E[Ap] with density

(B.8) F(Ap) \/§AP>

= Vasudap P <_ Std[Ap]

with kurtosis equal to 6.

e Taylor pricing model: Each firm is described by a set of parameters {o;,T;}. The price gap
follows a Brownian motion dp; = 0;dW; and the firm’s stopping time distribution is a degenerate
Pr(t =T;) = 1. The distribution of price changes is given by

(B.9) f(Ap;) = N(Ap,0,0;)

with a kurtosis of 3. The aggregate price change distribution is a mixed normal distribution
(B.10) f(Ap) ={ N(Ap,0,04) with probability a;

with a kurtosis higher than 3. The normalized price change is defined as Ap; = A’S’%WSM[AIJ}—F
E[Ap] with density

(B.11) f(Ap) = N(Ap,0,Std[Ap])

with kurtosis equal to 3.
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C. BUSINESS CYCLE STATISTICS WITH NO ZLB AND A 2% INFLATION TARGET

The Calvo model and my MC model have similar aggregate dynamics at a 2% inflation target when
there is no ZLB constraint on the nominal interest rate. To formalize this claim, and to understand the
general equilibrium effects in my model with and without a ZLB, I show that an econometrician with
only aggregate data could not distinguish which model generates the data in finite samples.

To show the claim of similar aggregate dynamics, I compute two sets of statistics: impulse-response
functions for structural shocks and business cycle statistics such as standard deviation, persistence, and
correlations.

IMPULSE RESPONSE FUNCTION TO STRUCTURAL SHOCKS. — I compute the impulse re-
sponse function to each shock as an econometrician would; I then check to see whether (and when) these
two models differ over a finite sampling of 57 years—the length of the US time series in my sample.
Because the impulse responses in each model are random variables with their confidence intervals, I
can make statistical claims as an econometrician. Next, I describe the methodology to compute the
impulse-response functions from simulated data of both models, together with their interval confidence.

Let IR?;[y be the linear impulse response of variable y to the structural shock = € {z,g,7,q,h}, in
~ MyTs
model M, after ¢t periods. Let IR v

. be the estimate in a sample of length Ts. Next, I describe the
A MT
steps to generate the random variable IR,,  using a Monte Carlo method.

1. Simulate the model for a large T'. Let {Xt}g;o be the time series of the aggregate variables,
StX the vector that includes real marginal cost, price dispersion, nominal interest rate, and the
exogenous variables, and StY the vector that includes output, inflation, labor and consumption.

2. Generate a random i.i.d. sequence of dates {t;}~_, and draw {{Xt}ZJrTS N | samples of length
Ts.
3. For each random sample i = 1,2, ...., N:

i. Estimate the state space model:

(C.1) St = BeSE + Quetir 5 SY = ByST + Qe

ii. Compute the impulse response to o, where z denotes an aggregate exogenous variable
x € {z,9,7,q,h}. Compute the impulse-response IR(t,i)™¥Ts using the model (C.1)
from the simulated data.
4. {IRy(t,i)MvTs}} | is a random sample from the distribution IR?;[yTS.

Figure C.I plots the median impulse-response function to a government expenditure shock for the
Calvo and MC models; it also shows the [2, 98] confidence interval of the difference between these two
models’ impulse responses. Figures C.II, C.III, and C.IV show similar graphs but for productivity, risk
premium, and cost-push shocks (I omit the impulse-response function to a monetary shock, since in the
final estimation they have almost no effect on any macroeconomic variable).

After a shock to government expenditure, the dynamics of all macroeconomic variables are close to
each other in the MC model and the Calvo model. We can see this property in the confidence interval of
the difference between the two impulse responses (marked by dashed black lines): the interval confidence
for the difference between the two impulse responses always includes zero for all the variables. The
only difference concerns inflation, which reacts more strongly the MC model than in the Calvo model
(although the difference is significant for only one quarter). This difference is mainly in the business
cycle fluctuations in the menu cost inflation and frequency of price changes, since, by construction, these
variables do not respond to aggregate fluctuations in the Calvo model. The same behavior is observed
after a cost-push shock, as Figure C.IV shows. For the risk premium shock and productivity shock, there
is a larger response of inflation in the MC model than in the Calvo model; see (respectively) Figures C.I1
and C.III.

A second property we can observe from the impulse-response function across shocks is an increasing
relationship between the impact of a structural shock to inflation, and the difference in inflation dynamics
across both models. For example, after a cost-push shock or a government expenditure shocks, there is
a small variation in inflation in both models, and also in their difference. This property does not hold
for the risk premium shocks or productivity shocks. The main reason for this property is that as long as
the frequency and distribution of price changes do not react much to the structural shocks, the slope of
the Phillips curve is similar across models—slightly higher in the menu cost model.
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That the equilibrium dynamics are similar in both models arises from two properties: i) a similar
Phillips curve across models and ii) general equilibrium dynamics between households, firms, and the
central bank. The main idea behind (ii) is that higher inflation volatility caused by a steeper Phillips
curve is partially offset by the reaction of the nominal interest rate. Suppose, as a means of explaining
this argument, that there occurs a structural shock that increases the output gap. The nominal interest
rate depends on inflation, and so in the MC model, that interest rate will increase by more for a structural
shock of a given size. Hence, the equilibrium output gap responds less, and so inflation does as well. We
can see this effect in Figure C.II, where the nominal rate responds more in the MC model.

Business Cycle Statistics. The same properties hold for business cycle moments, as Table C.I shows.
I compute these statistics using the Monte Carlo simulation. The first four rows of Table C.I describe
the median business cycle statistics of the MC model, the second four rows describe the median business
cycle statistics of the Calvo model, and the last four rows confirm that the [2,98] percentiles of the
difference in the standard deviations, persistences, and correlations of both models always includes zero.
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FiGURE C.I. IMPULSE-RESPONSE FUNCTION TO A GOVERNMENT EXPENDITURE SHOCK

Note: Panels A to I describe the impulse response functions of output, consumption, labor, reset price,
quarterly inflation, quarterly nominal rate, average frequency in the quarter, and average menu cost
inflation in the quarter to a government expenditure shock at a 2% inflation target in the models without
a ZLB constraint to the nominal interest rate. All variables are percentage deviations from the steady
state. The solid black lines describe the median impulse-response functions of the Calvo model. The
dotted gray lines describe the median impulse-response functions of the MC model. The dashed black
lines describe the 2nd and 98th percentiles of the difference in the impulse-response functions between
the two models over 5000 simulations of 57 years.

Source: Author’s calculations
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Note: Panels A to I describe the impulse response functions of output, consumption, labor, reset price,
quarterly inflation, quarterly nominal rate, average frequency in the quarter, and average menu cost
inflation in the quarter to a productivity shock at a 2% inflation target in the models without a ZLB
constraint to the nominal interest rate. All variables are percentages deviation from the steady state.
The solid black lines describe the median impulse-response functions of the Calvo model. The dotted
gray lines describe the median impulse-response functions of the MC model. The dashed black lines
describe the 2nd and 98th percentiles of the difference in the impulse-response functions between the two
models over 5000 simulations of 57 years.

Source:

Author’s calculations
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Ficurge C.III. IMPULSE-RESPONSE FUNCTION TO A RISK PREMIUM SHOCK

Note: Panels A to I describe the impulse response functions of output, consumption, labor, reset price,
quarterly inflation, quarterly nominal rate, average frequency in the quarter, and average menu cost
inflation in the quarter to a risk premium shock at a 0% inflation target in the models without a ZLB
constraint to the nominal interest rate. All variables are percentage deviations from the steady state.
The solid black lines describe the median impulse-response functions of the Calvo model. The dotted
gray lines describe the median impulse-response functions of the MC model. The dashed black lines
describe the 2nd and 98th percentiles of the difference in the impulse-response functions between the two
models over 5000 simulations of 57 years.

Source: Author’s calculations



VOL. VOL NO. ISSUE OPTIMAL INFLATION 51

A. Output B. Consumption C. Labor

7. from steady state

=" Calvo
Menu Cost

% dev
|

~0.20}{--- IC Difference ~0.20
( I g 2 16 0 i g 2 16 0 i 3 2 16
D. Reset Price 102 E. Inflation F. Interest Rate
00 0.20
00 0.15
.00 0.10
00f 0.05
.00 0.00
00 —0.05
B -00 —0.10
= 3.00 ~0.15
00
N —~0.20
0 ) s 12 16 0 ! 3 12 16 ! 3 12 16
102 G. Menu Cost Inflation H. Ave. Frequency 1. Cost Push Shock
0.35

0.2°
0.20
0.15.

0.10

0.05|

0.00}

—0.05
—0.10
—0.15
—0.20
( 4 8 12 16 4 8 12 16 4
Quarter Quarter Quarter

% dev. fron

0|
I\
1=

FicUure C.IV. IMPULSE-RESPONSE FUNCTION TO A COST PUSH SHOCK

Note: Panels A to I describe the impulse response functions of output, consumption, labor, reset price,
quarterly inflation, quarterly nominal rate, average frequency in the quarter, and average menu cost
inflation in the quarter to a cost push shock at a 0% inflation target in the models without a ZLB
constraint to the nominal interest rate. All variables are percentage deviations from the steady state.
The solid black lines describe the median impulse-response functions of the Calvo model. The dotted
gray lines describe the median impulse-response functions of the MC model. The dashed black lines
describe the 2nd and 98th percentiles of the difference in the impulse-response functions between the two
models over 5000 simulations of 57 years.

Source: Author’s calculations
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TABLE C.I-—BUSINESS CYCLE MOMENTS AT A 2% INFLATION TARGET AND NO ZLB

Moments Output Consumption Labor Interest rate Real wage Inflation

Menu cost pricing model business cycle statistics—Median

Standard Dev. 1.383 1.472 1.354 1.051 0.370 0.301
Autocorrelation 0.870 0.882 0.876 0.971 0.648 0.903
Corr. with GDP 1.000 0.909 0.999 0.165 0.332 0.227

Calvo pricing model business cycle statistics—Median

Standard Dev. 1.411 1.502 1.398 0.991 0.427 0.186
Autocorrelation 0.877 0.889 0.885 0.974 0.730 0.933
Corr. with GDP 1.000 0.916 0.999 0.245 0.376 0.319

Difference between Calvo and menu cost models IC(2,98)

Standard Dev.  (-0.49,0.40)  (-0.61,0.47)  (-0.50,0.39)  (-0.47,0.54)  (-0.28,0.10)  (0.00,0.22)
Autocorrelation  (-0.09,0.08)  (-0.09,0.08)  (-0.09,0.08)  (-0.04,0.03)  (-0.29,0.12)  (-0.12,0.04)
Corr. with GDP  (-0.00,0.00)  (-0.10,0.11)  (-0.00,0.00)  (-0.65,0.54)  (-0.44,0.43)  (-0.61,0.50)

Note: The table presents business cycle moments of the Calvo and MC models. Models’ data are detrended with their respective productivities. The
moments in the Calvo and in the MC models are the 50th percentiles of each statistic. Differences are the [2,98] percentiles confidence interval. All
statistics are computed over 5000 simulations with the same length as in the data.

Source: Author’s calculations
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D. AUXILIARY THEOREMS

Let py; = pt;,

5 i be the relative price times idiosyncratic productivity, f:(p) the distribution of relative

price, P;" the reset prices, ¥y = {p; : relative prices s.t. the firm chooses not to change the price in period t}
the non-adjusting relative prices, and §2; the frequency of price changes. The following proposition char-
acterizes the inflation dynamics in the terms of the frequency of price changes, the relative reset price,
and the menu cost inflation.

PROPOSITION 1: Define

_ B, eAat
C = {(ptffl,Aat) : pit L S \I/t} .
11

Inflation dynamics are given by

1
1-— Qt 1—v
My=(—"">*
t <1fﬂt(Pt*)1_’y) Pt
Q= / fi-1(dp-)g(dAa),
(P, Aa)¢Ct

5 JAa)l—v ﬁ
(D.1) pr = (/( Amjec (1”177)1%7 (dp-)g (dm)) :

where g(Aa) is the distribution of quality shock innovations and fi—1(p—) is the distribution of relative
prices in the previous period.

PROOF:
From the price aggregator
]Dtl_’y = /(ptiAti)li’ydi <
1A _)177

1=Q(P) 7+ (1-Q /7(’” L

+(P) ( t) P (1 — )
_ _13Ag_qefe)t=r

1=QP)'" 7 +(1-Q / (pe—1 di g(dAa —

(P 4 (- ) ‘”(1—Q>Hi” g(dAa)

1=QP)' 7 +(1-0 .//(I—Qt — fi—1(dp-)g(dAa) =

1-— Qt 1*"!
2 w = (=)
PROPOSITION 2:  Let Ass(Ilss) be the price dispersion in the Calvo model at a level of inflation II.
Then Ags(Ilss) is continuous, with %ﬁ“) —_— =0 and L#A%g“) S > 0.
PROOF:
The price dispersion in steady state is given by
P—’Y
(D.3) Ass = QW

Using the steady—state reset price equations,

0
D.4 Ass(TT QT <17(1*Q)H35_1) -
. ss ss) = -
(D.4) () Ty

It is easy to see that Ags(Ilss) is continuous, since it is the ratio of two continuous functions. For the

o
first—order derivative, let N(II) = (1 -(1- Q)st,_l) =7 and D(IT) = 1 — (1 — Q)TIZ. Then we have
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that
dN (I, ¥ Ly L _
(D-5) - = (1= =M Y) TT (1-)( - DI
8Ss -
dD(I1ss) 1
D.6 — = (1 - Q)yIIY
(D-6) L = -y

Thus, the first derivative is given by

=1 .
dAss(Mss) _ oS UHZT A -Q(v—1) - (1 -9y T3
dllss .= Q2 ’

_92 1 ol

1
QT (1 -Q)Q T —Q T).

(D.7) =0.
To show convexity, notice that A(Ilss) has a minimum value of 1 at IIss = 1. Therefore, at IIss = 1,
this function must be convex.

For the next proof, I follow Swanson (2012) for the definition of relative risk aversion with labor supply
and generalized recursive preferences. Swanson (2012) defines the coefficient of relative risk aversion as

8%u(C,L) 8%u(C,L) du(C,L)
(D.8) R = 9C? +AC L) —5ear c 9o _0C
’ 8u(6%L) 1+ A(C, L)w u(C, L)

wa%(c,L) 22u(C,L)
2 — ac? dCaL
with A = L) (O] Here, w denotes real wages.
oL2 W—5CcaL

PROPOSITION 3: Define the household’s preferences as

(D-9) U =u(C,L) - B (Et [*Ut+1]l_ﬁ)l/(17m ,
_pitx)i-e
(D.10) w(C,L) = { ”11_+x ]

Then the coefficient of relative risk aversion evaluated at the steady state is given by

1—
(D.11) R = Rap <1+19 ‘7),
o
Cazu(C,L)
where Rap denotes the Arrow-Pratt coefficient of relative risk aversion given by Rap = 7%
PROOF:
Departing from the definition
92u(C,L) 2%u(C,L) ou(C,L
R = - oC2 +A(07 L) 9COL C + 90 u((gc )
Oué%L) 1+ A(C, L)w u(C, L)
Litx]—o—1 Li+x]—o-1 Li+tx]—¢
_0'|:C*I€1+X] +A(C,L)U[Cfn1+x] KLX c +ﬁc[071€1+x]
B Litx]~° 1+ A(C, L)yw Ccop X
{Canx] le= Hffff}
(D.12)
o+ oA(C, L)kLX C l1-0

0= wEx] T+AC D e o - B
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Using the optimality condition for labor supply, KLX = w, we have that

A(C, L C 1-
R=T70 (L17+X)w T+ A Dw ¢ L01—+X
, L)w _
[Ci RSN } [C 1+x ]
oC l1-o0
(D.13) - ¢ (1+19 )
L1+x
C-rix 7
The term ——%5— is the Arrow-Pratt coefficient of relative risk aversion since
R
2 Li+x]—o—1
c2uGL [C - kL] oC
(D14) Rap = - =oC — = 1+x °
ou(C, L)oC [C LHX] o O — xpLtX
= I+x

Assume that the physical cost of price adjustment does not enter in the demand of labor. Then the
feasibility constraint in the economy at the steady state is given by

1—a\*
(D.15) Lss = Yss ( ) Ass,
QWss
l—a
1
(D.16) Ciss = Yas (1 - (O‘“’”> Ass> .
11—« Ng,ss

PROPOSITION 4: Assume that the physical cost of price adjustment does not enter in the demand
for labor. Then

(Dl?) leg(Css/Lss) - _ 1 )
dlog(Ass) 1—oa/Mss
PROOF:
The consumption-labor ratio at the steady—state is given by
a q -« 1
(D.18) Css/Lss = (awss ) 1 (awss ) Aue _
11—« Ags l-«a MNg,ss
1
Since wgs = (ﬁ) 17 with Mg denoting the aggregate markup at the steady state, taking logs and
differentials
l—«
dlog(Css/Lss) — 1idog(1- ( o ) 1 Jog(Ass)
dlog(Ass)  liog(a,.)=0 11—« Msst
l—a
1 )
=—l+dlog|1— ( < ) ————clos(8ss)
11—« Mss(1—a)* o~
= —1+dlog (1 — 761°g(ASS>)
SS
@
M
- _1— ss
1= 3%
1

(D.19) =
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E. COoST OF INFLATION WITHOUT QUALITY SHOCKS

This section computes the steady state cost of inflation in two versions of my model: the model with
quality shocks and the model without quality shocks. The two versions of the model produce a similar
(if not the same) steady state cost of inflation. Since price dispersion with and without business cycles
is almost the same—as I show in the main text—I provide suggestive evidence that the assumption of
quality shocks is not quantitatively relevant for the main cost of inflation that is given by inefficient
dispersion of relative prices.

The general equilibrium framework in the two versions of the model is the same as in Section I; thus, I
skip its description. I only change the technology of the intermediate good producer and the technology
for price changes, which I describe next.

MODEL WITH QUALITY SHOCKS. — The technology of the final good producer is given by

. =1\ 751
i Yy
(E.1) Y, = /(yi) :
0o \At

where Y; denotes output, y;; denotes intermediate firms’ output, and Ay; is the firms’ quality shocks.

The intermediate good firm ¢ produces output ys; using labor l;; and material n:;, and that firm’s
productivity is a function of an idiosyncratic component A;; and an aggregate component 7¢, according
to

(E.2) i = Apngy (mezlea)' ™~

Here Ay; follows the stochastic process described in equation (9) in the main text. The technology
for price changes and the firms’ problem are the same as in the main text, and they are described in
equations (10) and (11), respectively.

MODEL WITHOUT QUALITY SHOCKS. — Following the same notation as before, the technology
of the final good producer is given by

1 =1 ﬁ
(8:3) vi— ([ )

The intermediate good firm ¢ produces output using the technology described in (E.2).
The quality shock Ay; follows a first order auto-regressive process given by

N plog(A;—1;) +nk  with probability v ) k.

(E4) log(At'L) - { plOg(At—u) + nt; with probability 1— w ) Mg ~ii.d N(07 aak)'

Firms face a stochastic physical cost of changing their price equal to BWiAZifl. I scale the adjustment

cost by the factor A;’i_l to keep the firm’s decision problem homogeneous as its size varies. Finally, with
probability ¢ the firm faces a zero menu cost.
The intermediate firm’s problem is given by

o0
maxE A ey, subject to
an {g QA u] J

Agipri
Py

-
(E.5) Oy = ( ) Y: (ptiAti — (1 —7) (We/me)t 2 Pta) — I(pt—1:i # Pti) Wi0s,

where I continue using the same notation as in Section I.

CALIBRATION OF THE MODELS AND MICRO-LEVEL PRICING MOMENTS. — I calibrate the
model with quality shocks as in the main text. In the case of the model without quality shocks, I use the
same parameters as in the model with quality shocks, and I set p = 0.98. The results are robust to values
of p = 0.94 and p = 0.99 as long as there is an appropriate adjustment of the variance of idiosyncratic
shocks. Table E.I shows the micro-level price moments in both models. As we can see, both models
generate similar micro-level price statistics.
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TABLE E.I-—MICRO PRICING MOMENTS: MODELS WITH AND WITHOUT QUALITY SHOCKS AND DATA

Data  Model with Quality Shocks  Model with No Quality Shocks
Absolute value of price changes

Mean 0.153 0.152 0.143
Standard deviation 0.137 0.137 0.129
Skewness 1.314 1.137 1.232
Kurtosis 4.321 4.329 4.421

10th percentile 0.020 0.013 0.011
25th percentile 0.049 0.036 0.034
50th percentile 0.114 0.127 0.122
75th percentile 0.217 0.220 0.206
90th percentile 0.356 0.351 0.325

Price changes

Standar deviation 0.205 0.204 0.192
Kurtosis 3.809 3.810 3.823
Frequency with implied duration | 0.097 0.097 0.096

Note: The table presents selected moments of the micro-level price statistics in the models with and
without quality shocks.
Source: Author’s calculations

Price Disp. Mean

0.5
—
=0.4f :
QO-S ____________________ BPPETTTLLLITILLE] b
2
=02} !
)
z().l 3 = With quality shocks
°© With no quality shocks
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Inflation Target

F1GURE E.I. STEADY STATE PRICE DISPERSION WITH AND WITHOUT QUALITY SHOCKS

Note: This figure describes price dispersion as a function of the inflation target in the MC models with
and without quality shocks. The dotted black line plots price dispersion in the model with quality shocks
given by (ASQS — 1) x 100, where A?s = [P~V f(p)dp and f(p) denotes the distribution of relative prices.
The solid gray line plots price dispersion in the model with no quality shocks (ASQS\I/ — 1) x 100 , where
AY = [P~ YAY"Lf(p, A)dpdA and f(p, A) denotes the distribution of relative prices and productivities.

The factor W is chosen to match the level of price dispersion in both models.
Source: Author’s calculations
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STEADY STATE PRICE DISPERSION. — The elasticity of price dispersion to inflation is the main
cost of inflation in sticky price models. Figure E.I shows steady—state price dispersion as a function of
the inflation target in the models with and without quality shocks. In the case of the model with quality
shocks, it shows the percentage deviation with respect to 1, as in the main text. In the case of the model
with no quality shocks, I renormalize the price dispersion to match its counterpart in the model with
quality shocks at a 0% inflation target. The argument for this decision is that the level of labor dispersion
across models is different, since in the model without quality shocks, there is an efficient dispersion of
output across firms. As we can see in Figure E.I, the cost of inflation across models is almost identical.
Therefore, we can conclude that the main cost of inflation related to price dispersion is not affected by
the assumption of quality shocks.
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F. ROBUSTNESS EXERCISES

A. Consumption Equivalent B. Frequency of Binding ZLB ~ C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.I.A. OPTIMAL INFLATION TARGET: BENCHMARK CALIBRATION IN THE CALVO MODEL
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FIGURE F.I.B. OPTIMAL INFLATION TARGET: GOLOSOV AND LucAas MENU CoST MODEL

Note: Panels A describes the consumption equivalent in the MC and Calvo models normalized by the
optimal inflation target. Panels B describe the frequency of a binding ZLB. The frequency of a binding
ZLB without a ZLB constraint refers to frequency of negative values of the interest rate. Panels C
describe the mean consumption-labor ratio given by (E7[Ct/(Lintz)]/E™ [Ct/(Limez)] — 1) x 100. Panel
D describes the standard deviation of the output gap given by Std™ [log(mct)] X ﬁ The solid black

lines describe the moments without a ZLB and the dotted gray lines describe the moments with a ZLB.
The scale of figures F.I.a and F.I.b coincide.
Source: Author’s calculations
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A. Consumption Equivalent B. Frequency of Binding ZLB  C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.I1.A. OPTIMAL INFLATION TARGET: SHARE OF INTERMEDIATE INPUT OF 0.63 IN THE CALVO

MODEL
A. Consumption Equivalent B. Frequency of Binding ZLB  C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.I1.B. OPTIMAL INFLATION TARGET: SHARE OF INTERMEDIATE INPUT OF 0.63 IN THE MENU
CosT MODEL

Note: Panels A describes the consumption equivalent in the MC and Calvo models normalized by the
optimal inflation target. Panels B describe the frequency of a binding ZLB. The frequency of a binding
ZLB without a ZLB constraint refers to frequency of negative values of the interest rate. Panels C
describe the mean consumption-labor ratio given by (E7[Ct/(Lintz)]/E™ [Ct/(Limez)] — 1) x 100. Panel
D describes the standard deviation of the output gap given by Std™ [log(mct)] X -y The solid black
lines describe the moments without a ZLB and the dotted gray lines describe the moments with a ZLB.

The scale of figures F.Il.a and F.II.b coincide.
Source: Author’s calculations
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A. Consumption Equivalent B. Frequency of Binding ZLB  C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.III.A. OPTIMAL INFLATION TARGET: DEMAND ELASTICITY EQUAL TO 7 IN THE CALVO MODEL
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FIGURE F.III.B. OPTIMAL INFLATION TARGET: DEMAND ELASTICITY EQUAL TO 7 IN THE MENU COST

MODEL

Note: Panels A describes the consumption equivalent in the MC and Calvo models normalized by the
optimal inflation target. Panels B describe the frequency of a binding ZLB. The frequency of a binding
ZLB without a ZLB constraint refers to frequency of negative values of the interest rate. Panels C
describe the mean consumption-labor ratio given by (E7[Ct/(Liniz)]/E™ [Ct/(Limez)] — 1) X 100. Panel
D describes the standard deviation of the output gap given by Std™ [log(mct)] X X(ll#—oa) The solid black
lines describe the moments without a ZLB and the dotted gray lines describe the moments with a ZLB.

The scale of figures F.IIl.a and F.IIL.b coincide.
Source: Author’s calculations
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A. Consumption Equivalent B. Frequency of Binding ZLB ~ C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.IV.A. OPTIMAL INFLATION TARGET: RECURSIVE UTILITY IN THE CALVO MODEL
A. Consumption Equivalent B. Frequency of Binding ZLB ~ C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.IV.B. OPTIMAL INFLATION TARGET: RECURSIVE UTILITY IN THE MENU COST MODEL

Note: Panels A describes the consumption equivalent in the MC and Calvo models normalized by the
optimal inflation target. Panels B describe the frequency of a binding ZLB. The frequency of a binding
ZLB without a ZLB constraint refers to frequency of negative values of the interest rate. Panels C
describe the mean consumption-labor ratio given by (E7[Ct/(Liniz)]/E™ [Ct/(Limez)] — 1) X 100. Panel
D describes the standard deviation of the output gap given by Std™ [log(mct)] X X(%Ba) The solid black
lines describe the moments without a ZLB and the dotted gray lines describe the moments with a ZLB.

The scale of figures F.IV.a and F.IV.b coincide.
Source: Author’s calculations
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A. Consumption Equivalent B. Frequency of Binding ZLB  C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.V.A. OPTIMAL INFLATION TARGET: LOWER VOLATILITY OF AGGREGATE SHOCKS IN THE CALVO

MODEL
A. Consumption Equivalent B. Frequency of Binding ZLB ~ C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.V.B. OPTIMAL INFLATION TARGET: LOWER VOLATILITY OF AGGREGATE SHOCKS IN THE MENU
CosT MODEL

Note: Panels A describes the consumption equivalent in the MC and Calvo models normalized by the
optimal inflation target. Panels B describe the frequency of a binding ZLB. The frequency of a binding
ZLB without a ZLB constraint refers to frequency of negative values of the interest rate. Panels C

describe the mean consumption-labor ratio given by (E7[Ct/(Lintz)]/E™ [Ct/(Limez)] — 1) X 100. Panel
D describes the standard deviation of the output gap given by Std™ [log(mct)] x %.The solid black
lines describe the moments without a ZLB and the dotted gray lines describe the moments with a ZLB.
The scale of figures F.V.a and F.V.b coincide.

Source: Author’s calculations
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A. Consumption Equivalent B. Frequency of Binding ZLB  C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.VI.A. OPTIMAL INFLATION TARGET: 4.5% OF STEADY STATE REAL INTEREST RATE IN THE CALVO

MODEL
A. Consumption Equivalent B. Frequency of Binding ZLB  C. Mean Consumption-Labor Ratio D. Std. Output Gap
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FIGURE F.VI.B. OPTIMAL INFLATION TARGET: 4.5% OF STEADY STATE REAL INTEREST RATE IN THE MENU

CosT MODEL

Note: Panels A describes the consumption equivalent in the MC and Calvo models normalized by the
optimal inflation target. Panels B describe the frequency of a binding ZLB. The frequency of a binding
ZLB without a ZLB constraint refers to frequency of negative values of the interest rate. Panels C
describe the mean consumption-labor ratio given by (E[Ct/(Liniz)]/E™ [Ct/(Linez)] — 1) X 100. Panel
D describes the standard deviation of the output gap given by Std™ [log(mct)] X % The solid black
lines describe the moments without a ZLB and the dotted gray lines describe the moments with a ZLB.
The scale of figures F.VI.a and F.VIL.b coincide.

Source: Author’s calculations
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FiGure F.VII. PorLicy FUNCTION WITH DIFFERENT DEMAND ELASTICITIES

Note: The figure plots the Ss bands and reset relative prices of a firm with a demand elasticity of 3 and
7. The gray dotted lines describe the Ss bands and the reset price with a demand elasticity of 7. The
black solid lines describe the same variables with a demand elasticity of 3.

Source: Author’s calculations
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A. Benchmark B. Change in Discount Factor
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FIGURE F.VIII. MEAN AND TARGET INFLATION IN THE CALVO MODEL

Note: The light gray solid lines describe the mean inflation without a ZLB constraint, the grey dotted
lines describe the same variables with a ZLB constraint and the black lines describe the optimal inflation
target across all the calibration.

Source: Author’s calculations
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TABLE F.I-—MICRO PRICING MOMENTS: GOLOSOV AND LucaAs (2007) AND DATA

Data Model
Moments Raw  With filters | Steady state  Business cycle
Absolute value of price changes
Mean 0.154 0.153 0.155 0.156
Standar deviation 0.159 0.137 0.025 0.026
Skewness 1.538 1.314 1.264 1.203
10th percentile 0.014 0.020 0.128 0.129
25th percentile 0.034 0.049 0.138 0.137
50th percentile 0.096 0.114 0.147 0.150
75th percentile 0.223 0.217 0.166 0.170
90th percentile 0.386 0.356 0.189 0.192
Price changes
Standar deviation 0.222 0.205 0.156 0.158
Kurtosis 4.672 3.809 1.180 1.154
Mean frequency of price change 0.169 0.126 — —
Frequency with implied duration 0.119 0.097 0.100 0.100
Cost of price adjustment x 100 0.400 0.400 0.408 0.408
Ratio free to total price adjustments — — 0.000 0.000

Note: The table presents selected moments of the micro price statistics in the SMM estimation. The
first column describes the price statistics with standard filters, and the second column describes the same
moments computed with the filters explained in Online Appendix Section B.B.2. Columns 3 and 4 show
the price statistics in the model with and without business cycles.

Source: Author’s calculations
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TABLE F.II—BUSINESS CYCLE MOMENTS: GOLOSOV AND Lucas (2007) AND DATA

MONTH YEAR

Standard deviation Autocorrelation Correlation with output
Model Model Model

Data  Median [2,98] Data  Median [2,98] Data  Median [2,98]
Output 0.95 1.06 [0.82,1.34] 0.83 0.79 [0.69,0.86] 1.00 1.00 [1.00,1.00]
Consumption 1.14 1.07 [0.85,1.36] 0.85 0.79 [0.69,0.86] 0.92 0.96 [0.93,0.98]
Interest rate 0.35 0.43 [0.33,0.54] 0.83 0.84 [0.77,0.89] 0.19 0.30 [0.04,0.51]
Real wage 0.86 0.68 [0.49,0.98] 0.71 0.88 [0.80,0.93] 0.25 0.66 [0.43,0.83]
Inflation 0.26 0.28 [0.23,0.33] 0.49 0.44 [0.28,0.59] 0.09 0.22 [0.02,0.43]
Gov. expenditure  1.42 1.43 [1.15,1.79] 0.82 0.78 [0.69,0.84] 0.42 0.81 [0.66,0.88]

Note: The table presents business cycle moments from the U.S. data and the simulated series of the
Golosov and Lucas (2007) model at a 3.5% inflation target. Online Appendix Section A describes the
variables in the U.S. data. Model and data series are detrended with Hodrick-Prescott filter (A = 1600)
to remove the trend component. The period in the data is from 1960 first quarter to 2017 fourth quarter.
The moments in the MC model are the median and a [2,98] percent confidence interval across simulations.

I compute the statistics in the model for over 5000 simulations with the same length as in the data.
Source: Author’s calculations

TABLE F.III-—BUSINESS CYCLE MOMENTS: MODEL WITH EPSTEIN-ZIN PREFERENCES AND DATA

Standard deviation Autocorrelation Correlation with output
Model Model Model

Data  Median [2,98] Data  Median [2,98] Data  Median [2,98]
Output 0.95 1.07 [0.87,1.29]  0.83 0.78 [0.68,0.85]  1.00 1.00 [1.00,1.00]
Consumption 1.14 1.08 [0.88,1.32]  0.85 0.78 [0.68,0.85]  0.92 0.97 [0.94,0.98]
Interest rate 0.35 040  [0.31,050] 0.83  0.86  [0.80,0.90] 0.19 030  [0.06,0.53]
Real wage 0.86 0.68 [0.49,0.93] 0.71 0.88 [0.78,0.93]  0.25 0.67 [0.46,0.81]
Inflation 0.26 0.12 [0.10,0.14]  0.49 0.56 [0.40,0.68]  0.09 0.26 [0.07,0.49]
Gov. expenditure  1.42 1.42 [1.15,1.75]  0.82 0.77 [0.66,0.84]  0.42 0.80 [0.67,0.89]

Note: The table presents business cycle moments from the U.S. data and the simulated series of the
model with Epstein-Zin at a 3.5% inflation target. Online Appendix Section A describes the variables in
the U.S. data. Model and data series are detrended with Hodrick-Prescott filter (A = 1600) to remove
the trend component. The period in the data is from 1960 first quarter to 2017 fourth quarter. The
moments in the MC model are the median and a [2,98] percent confidence interval across simulations. I

compute the statistics in the model for over 5000 simulations with the same length as in the data.

Source: Author’s calculati

ons
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G. OPTIMAL INFLATION TARGET WITH COIBION, GORODNICHENKO AND WIELAND
(2012) WELFARE APPROXIMATION IN THE CALVO MODEL

This section uses Coibion, Gorodnichenko and Wieland (2012) calibration of the Calvo model and their
welfare approximation to show the following result: In the Calvo model, the optimal inflation target is
determined by a trade-off between the mean and volatility of inflation, given their respective impact on
the mean of price dispersion. Thus, the main benefit of a higher inflation target in the Calvo model is
not a reduction of inefficient fluctuations of consumption and labor implied by the ZLB constraint, but
the reduction of inflation volatility and its effect on the dispersion of relative prices.

Coibion, Gorodnichenko and Wieland (2012) provides an excellent tool to analyze welfare in the Calvo
model with positive trend inflation. This paper shows that welfare in the New Keynesian model with
producers setting prices 4 la Calvo can be approximated as:

(G.l) W =09 + @ﬂ/ar(g)t) + QQV(IT(ﬁ't) =+ ®3Var(ét).

Here ©¢ represents the steady—state cost of inflation in the form of higher markups and price dispersion,
and ©1Var(y:) and ©3Var(é:) represent the business cycle cost associated with inefficient fluctuations
of consumption and labor. ©2Var(#:) represents the cost due to inflation volatility coming from the
following mechanism: A rise in the volatility of inflation increases the mean of price dispersion, and
therefore it reduces average labor productivity.32

Each term in (G.1) is a function of the inflation target. If the term given by ©1Var(g:) +©3Var(é:) is
almost insensitive to the inflation target, while the terms ©g and ©2Var(7;) are sensitive to the inflation
target, then business cycle stabilization of consumption and labor is not the primary force for the optimal
inflation target.

FIGURE G.I. FIGURE 3 IN COIBION, GORODNICHENKO AND WIELAND (2012)

Cost of Steady-State Effect x 10* Cost of X Variability x 10 Cost of C Variability Cost of it Variability
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Note: The figure plots the different components of welfare for the optimal inflation target.
Source: Coibion, Gorodnichenko and Wieland (2012)

Figure G.I shows each term from Coibion, Gorodnichenko and Wieland (2012). The steady cost of
inflation goes from 0 to -0.017, the cost of inflation volatility goes from -0.012 to -0.005, and the terms
representing the business cycle cost go from -0.00035 to -0.00065. These orders of magnitude for the
costs and benefits of inflation suggest that the main trade-offs are related to the stochastic process of
inflation. Next, I define two welfare evaluations to show this result formally.

Let Wb denote the welfare function with inefficient business cycle fluctuations, and let W"¢ denote
the welfare function without inefficient business cycle fluctuations. Formally, Wb¢ and W"™b¢ are given
by

(G.2) Wb = @g 4+ ©1Var (i) + ©2Var () + O3Var(ér),
(G.3) Wnbe = ©g + ©2Var(#y).

Figure G.II Panel A shows Oq, ©1Var(g:), ©2Var(#t), and ©3Var(é:) in the same scale, and Figure G.I1
Panel B shows W¢ and W"%¢. This figure shows that the effect of the inflation target on welfare through
inefficient business cycles is quantitatively insignificant, and it does not affect the optimal inflation target.

32For a proof with zero trend inflation, see Woodford (2002); for the proof with positive trend inflation,
see Coibion, Gorodnichenko and Wieland (2012).
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FIGURE G.II. COIBION, GORODNICHENKO AND WIELAND (2012) WELFARE DECOMPOSITION

0.0 102 A. Welfare components 10-2 B. Welfare function
—0.20} —0.60}
=040, | 080
—0.60l B | —1.00f
—0.80f & | —L20f
_1.00t :.: | —1.40¢
—120f ¢ [ —L60p
—1.40} " ©o0 | —1.80f
—1.60} _@lvar(lzt) | —2.00f
180} | SVer(@) | —220]

SeVar(#) ~2.40]
B (R R R R W 0 1 2 3 4 5 6
Inflation target Inflation target

Note: Panel A plots the four component of welfare in equation (G.1) from their benchmark calibration.
Panel B plots W?¢ defined in equation (G.2) and W™ defined in equation (G.3).
Source: Author’s calculations using original codes in Coibion, Gorodnichenko and Wieland (2012)
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H. NUMERICAL ALGORITHM FOR THE COMPUTATION OF THE CALVO MODEL

An important problem in the Calvo model with positive trend inflation is that the model does not
satisfy the Blanchard and Khan conditions for large inflation targets. For this reason, I add business
cycle indexation: nominal prices adjust automatically to business cycle fluctuations of inflation. If py; is
the nominal price of the firm ¢ at time ¢, then

A
(H.1) Pite1 = <(1‘1[3r7+7?1)> pit  if no price change with prob. 1 — Q
. i =
Py if price change with prob. Q

Notice that this form of indexation does not affect the steady state of the Calvo economy. Therefore
I can describe the steady—state cost of inflation in this model accurately.

H.1. FEquilibrium Conditions of the Calvo Model

Let X denotes a detrended variable and X denotes the original variable. Let S be the aggregate
state of the economy, given by S = <mc_7 A_,R_,dnz,ng,nq,nh). Next, I describe the equilibrium

conditions with and without trend.

e Household’s optimality conditions

mu
(H.2) muy = POng,tREt {il
IMiyq
(H.3) 3t = Et[Ugt1]
~ Lt1+x -7
H.4 mu = a|C¢—k —_
( ) t t Nzt T+x
(H.5) Nkl = e
- Flex\ 177
(Ct - Uz,t“ﬁ_ix)
(H.6) uy = U
1—0o
(H.7) U = (1—pB)it+ B

e Stationary household’s optimality conditions

_ n=(8)\ "7 mu(s’)
(H.8) mu(S) = Bng—(S)R(S)Es/ [(nz(s)) (s S]
_ n:(S)\'"7 U(S)
(H.9) 5(S) = Eg [((m(&) U )H
o B KL(S)HX _
(H.10) mu(S) = a(C(9) T+
(H.11) KL(SX = np,_(S)w(S)

1+x
1—o0

(c(8) — w2 )1*”
(H.12) wS) = a

(H.13) US) = (1—B)u(S) + BUE(S)
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— The original variables can be obtained as:
Cr=C(St)nze 5 mug = mu(S)n,{ Ly =L(S:) ; I =TI(S:)
(H.14) Uy = u(St)nSt_U) ; Ut = U(St)ngt_a) ;oW = w(St)ﬂz,t

e Firms’ optimality conditions, inflation, and price dispersion

i = %(1 — B)ymiw Yimey + B(1 — Q)E, [(ng};ﬁ”u T fr)M) f{tﬂ]
B = wiudi(l-8)+ B0 - QE, [(1{V070 14+ 02070 Fip
pr o= I

Fy

_1
b _ 1o @m0 NOT T
LT Q

Ay = (Q (PF)™ +(1—Q) (Hglf”W 1+ fr)M) At_l)

e Stationary firms’ optimality conditions, inflation, and price dispersion

H(S) = ﬁu—ﬂ)m(sw(smcww.u
772(5') 1= 7\ (1—A) _ /
R [(nz(s>) (msH NN ) H(S') S]
FS) = muS)Y(S)Q-8)+...
_ 1=\ 7 (11057 A-NG-D (1 4 A-D) (g?
o Q)ESI[(nz(w) (s @O0+ PAOD) P8 5
co _ H(S)
P we
Pi(s) = [1 IR e H(S)“—W-U} =

AS) = (P77 +0-9) (ST 1+ 1)) A(S))

— The original variables can be obtained as:
(H.15)
rice = me(St), Yo = Y(Some.e, Py = P{(Se), He = H(Somly 7, Fr = F(Spml;
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e Monetary policy and aggregate feasibility with change of variables

(H16)  mer = (1—TmC)L(ﬂ)17Q

Mtz
1-— mc
(H.17) My = =—_Tme
mecy
s 1—¢r rg
b ¢ Hdn
(H.18) Rf = Ry RY(1—9r) ( Ht_) (mct) v ( mey ) dy
(1+7) MCss mct—1
1, br
(H19) Repn = (R—l/u—m)R:) —
(H.20) Ry = max{l,R}}
(H.21) ni;o‘[,t = Yt(@> Ay
! Qwt
11—«
(H.22) C = Y, 1_<ﬂ) IA_ta 1
l-a M2 ) Mgt
e Stationary monetary policy and aggregate feasibility with change of variable
(H.23) me(S) = (l—TmC)Lw(S)lfa
(H.24) M(S) = 1—7Tme
’ T me(S)
(s) \* s)\ev\ S) \ P
75 " Y y
(H25)Ri(S) = R_(S)RV(1—¢r) ( (5) ) (mc( )) (mc( ) )
(1 + 7T) MCss mc— (S)
- ér
(126) B(s') = (RYU-2IR"(8))"
(H.27) R(S) = max{1,R"(9)}
1_ [e3
(H.28) L(S) = Y(S)<( ‘”) A(S)
ow(S)

_ [ w(S)a tme 1
(H29) C(S) = Y(9) <1 1fa) MS)) ng—(S5)

e Exogenous shocks

(H.30) log(ng)(S") = (1 —pg)log(n;) + pglog(ng(S)) + agey
(H.31) log(n./n2)(S") = (1 —pz)log(l+g)+ pzlog(n./n2)(S) + o€,
(H.32) log(n:)(S") = ore,

(H.33) log(ng)(S") = (1 —pg)log(ng) + pglog(ng(s)) + oqcq
(H.34) log(np)(S) = (1= pn)log(n;) + pqlog(nn(s)) + onen

H.2. Solution Method for the Calvo Model

The solution method has three steps:

1) Solve the model using 2nd-order perturbation methods.
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e Compute the steady state.

e Set the hypercube limits for the solution with the global solution.

e Get initial the condition for the coefficients in the policy functions.
2) Solve the model using global methods without the zero lower bound.

e [ use an iterative method in this step. The previous step gives the initial condition for the
policy functions.

3) Solve the model using global methods with the zero lower bound.

e I use an iterative method in this step. The previous step gives the initial condition for the
policy functions.

STEP 1: PERTURBATION METHOD AROUND THE STEADY STATE. — First, I compute the
steady state of the model. It is given by:

Ng,ss =1 5 MNzss =Nz
Ng,ss =MNg ; MNriss =1
1/(1— « _ _
- _(17(179)<1+ 7))~ )/( Vo _PA(=1) 1-Bnss (1= QA+ 9 (14 7)
- -
- ’ Y 1= Buges(l ) (L= Q) AT

Q
e Voo wd
l—Tmc)L ’ 537(.‘-@)
A

( ss) 7 . _ LSS
ss ( Q)HZS )

l—« 1+x\ ¢
WgsQ _ L
Css = Yss 1- (L) Ass (1 - 1/7]g,ss) ; Mmuss = U Css — K 28
11—« 14+ x

Litx
(Css — k=22

1—0o
Uss = ﬁ41+x ) ) USS Uss - ﬁ
1-0 1-B(1+g)t-°
Hgs = i (1 _ ﬁ)mussYssm0557 ; Foo = (1 _ B) MUssYss _
¥=11-Bg*=on(1-Q)(1+ 7)Y 1= Bglt=on(1-Q)A+7)7~
145
Ree= 0 Ma=(1+7)
Bg—7

Ses = (1 +g)17" ; OCCMgs = (1—171L)/mc

Then, I solve the system of equations described in the previous section without ZLB with second—order

perturbation methods. I apply the log transformation X; = XSSeXf for all the positive variables. I didn’t
use log transformation for negative variables.

e Positive variables:
{mu,H,Z,C,L,’U},S,)/,P*,F,mC,A,,R*,R,’OG,’I]Z,’I]R,T]Q} .

e Non-positive variables: {u,U}.

STEP 2: SOLVING THE MODEL WITHOUT ZLB. — I use an iterative method to find the
equilibrium.

e Step 2.1: Initiate
(H.35) mu®(S), R°(S), R°(S),11°(S), U°(S), H°(S), FO(S), A°(S)

using second—order perturbation methods.
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o Step 2.2: Given mu®(S), R(S),IT:(S), U(S), H (S), Fi(S), AY(S), T use the Euler equation to

get
»it1(8) =Eg [(dn(s’)lﬂ’%) S]

Ss

mat1(S) = g~y (SR () | T 5]
e Step 2.3: With mu?*t1(S) I solve the following system
rLTL(S)X = np, (S)wiT1(S)
mui+1(S) = ﬂ(C’Hl(S) — niLHl(s)lJﬂ( )" on
1+ x

i v (I—a) \*
pis) =y (U ) ais)

) ) wWTH(Sa\ 1Y
CiH(8) = Yi+I(s) (1 - (i) N(S)) Jng(S).

l1—«

Compute the marginal cost and period utility given by

_ , _ Citl(g) — g LTHSTX o
me(S) = (1= Tme)e (w1(8) 77 & wit(S) NG I )
— 0
e Step 2.4: Update forward looking policies U(S), H(S), F(S)
UTHS) = (1-B)u'T(S) + BUss S TH(S)
HT(S) = (1= Bmu (S)Y  (S)me ! (9) + ..
-

B (1= QB [ () TV 2N H(S)
mutHS)Y NS 1 - 8) +...
4 Bg' T (1= QB [ (@ (8)INOTN A+ RO Fi(s)

s]

FL(S)

s]

e Step 2.5: Update policies R(S), R(S),T1(S), A(S)

. -9 Y@-na-a)
H+1(S) = (17Q(((P*)i+1(5')))1—“/) 14+7)1=x>
Ai+l(s) _ (Q ((P*)z+1(s)))*"l+ (H'Hrl S) (1 )\)"/(1+ ) ’Y) Az(g))

v = o () (59) (e)”) T ()™

) = (P2 ) s = sy
e Step 2.6: If
(H.36) error = meang (|mu’(S) — mu'T(S)| + [II(S) — IFH(S)| + |UHS) — UF(9)]) < e,
stop. Otherwise go back to step 2.2.

REMARK. — T use a Smolyak sparse grid with anisotropic construction for the projection method.

REMARK. — T use Gauss-Legendre quadrature and the inverse of the accumulated normal distribution
in the nodes to recover the nodes in the normal distribution.
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REMARK. — I use Golden search to obtain the labor supply in step 3. Specifically, labor supply in
the i—th iteration satisfies
; . xX1+x\ ~° 2
(H.37) L**1(S) = argmin [ mu®(S) — (C’(X) —K )
X 1+x

with

1 XX @ XX 1= Al(s
(H.38) o(X) = : X( ki ) 1—( ki ) (5)

ng(S)YAH(S) " \mn(S)(1 — ) (1 —a)nn(9) 1

REMARK. — 1 evaluate every function in min {max{S’, Smin}, Smaz} whenever I compute the

expectation. Here, Sp,in is the lower bound for the hypercube and Spqz is the upper bound for the
hypercube.

STEP 3: SOLVING THE MODEL WITH ZLB. — I repeat the same algorithm as in step 2, using
the policy function of the model without ZLB with the global solution as the initial condition. The only
difference comes in step 2.4, where I solve the following system:

ATS) = (QUP)HE)) T H - @) ()T 4 RN A1)

B 147 HiJrl(S) oz n:wi-‘rl(s) by \ L7 mci+1(s) Pay
R(S)<B(1+g)"><((1+7‘r)) (") ) (")
Rprl(s) _ ((5(1 +g)—a) (R*)i+l(s))¢r

147
R7TYS) = max {1, (RS}

(R)™1(5)

For the model with the ZLB, I make sure the interest rate R always stays inside the hypercube. To
achieve this goal, let us define R and mc to be the lower bounds of the hypercube for the interest rate
and the real marginal cost. I add the following wedge, 7€, into the Euler equation:

. mu(S’
mu(S) = 51 = 7€ (S)(1+ ) 7 (SRS | T 5]
0 if R(S) > R & mc(S) > me
T¢(S) = { 1- L ) otherwise
B1+9) =7 mg— (S)R(SEg | Tt |s]
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I. NUMERICAL ALGORITHM FOR THE COMPUTATION OF THE MENU CoOST MODEL

This section describes the computation of the menu cost model in the steady state and with business
cycles.

1.1.  Recursive Equilibrium Conditions

I divide the equilibrium conditions into five blocks: household optimality conditions, firms’ optimality
conditions, monetary policy and aggregate feasibility, Krusell-Smith cross-equation approximations and
exogenous shocks. For simplicity, I denote with X the detrended version of variable of X and by S the

aggregate state of the economy given by S = (mc,, A_,R_, dnz,ng, nq,nh>.

e Household optimality conditions:

mu(S) = B (S)R(SEs: |dna(5) 7 ] 5]
2(s) = Bar [ (an(sy-r 5D )| o]

R Tt ek Wt
mu(S) = u(C(S) 1+X)
ALY = m(S)w(S)
u(s) = ﬁ(c(s)**“i“fl;ﬂfﬁ

1—0o

U(S) = (1-B)ulS) + AUS(S)

— The original variables can be obtained as:
Cy = C(St)n=t ; mur =mu(Se)n,,” ; Li=L; ; = I(S)
’ﬂ,t = u(St)T]S_G) 5 0t = U(St)nii_a> 5 ’lf)t = 'w(St)nzt

e Firm’s optimality conditions:

6.5) = Bs | (1= Qe {07(5) 087,06 (). 8} + €0°(5) )|

P*(S) = argmgx{@(ﬁ, S)+B(1+9) (5, 9)}
v(S) = ® (P*(S),S) + B(1+g)' v (P*(S),5)

v (5, 5) = @ (5, 5) + B+ 9)' v (5,5)
®(p, §) = mu(S)Y (S)p~" (p — me(S))

=~ _Aa
s % with prob. p
PP =9 S A )

IHT,) with prob. 1 —p

with (S) = w(S")mu(S’) and Aay, ~ N(0,0,.) with k € {I,h}.
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e Monetary policy and aggregate feasibility:

1

~ a(s) s
ms) = (1— S (P ()1 ) #(5)

me(S) = (1 = Tme)w(S)17
- y 1—¢p dy
R*(S) = R(S)Rl/um)(((lf[f;)y (7;06(5))"’> (WZC(?E)Y
Rs) = (RTVOIR ()"
R(S) = max{L, R*(S)}
B Y (S) 1-a)\®
U= G o) Cas) 2O

11—«
o) = Y(S) <1<“1’(f)§) A(S)) 77g_l(s)

— The original variables can be obtained as:

Tﬁct = mc(St) H Y/t = Y(St)nzt

e Krusell-Smith cross-equation approximation: Let P2 (S) be a 2nd-order polynomial for the
aggregate state

log (A(S)) = P*(log(5)) ; log (Q(S)) = P*(log(5)) ; log(¢(S)) = P*(log(s))

¢ Exogenous shocks:

log (ng(S")) = (1= pg)log(ny) + pglog(ng(S)) + ogey
log (dn=(S")) = (1 —pz)log(l+g) + pzlog(dn=(9)) + o€,
log (1r)S")) = orep
log (14(S")) = (1= pg)log(n;) + pqlog(ng(s)) + oqeq
log (n,(S")) = (1= pn)log(n;) + pn 1og(nk(s)) + onen

1.2. Menu Cost Model: Steady State

The equilibrium conditions in the steady state of the menu cost are given by

e Household optimality conditions

Litx\ 77
- ss
muss = u|Css—kK
1+x
kLY, = wss
1—0o
Lit+x
(Css K 1IX >
Uss = K 1—o

U.ss = (1_ﬁ)uss+ﬁ(1+g)lig Uss
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e Idiosyncratic equilibrium conditions

o) = By | (1= ) max {max v (9) = Owssmuns, V) | +Cmax V(7))

V(p) = ®(p) + Bg'~“v(p)
®(p) = mussYssﬁi’y(ﬁ — MCss)

sedap .
pe
s o= with prob. p
P (p) = ﬁeIal )
T with prob. 1 —p

~%

p* = argmax V (p)
P

U ={z:V(p*) — wssmuss < V(p)}
~ _Aa
- p—e
C= _,Aa): evw
{(p ) TR }
e Aggregate feasibility and monetary policy
mess = (1— TmC)L'wi;O‘
1—
Mss = ( TmC)
MCss
_ — br
. 14+ 7 g
oo () e ()
B1+g) l+7
1
_ 1—Qss > T—v
1+7 = (7~
[ ONRED

O = C+(1-0) /( NIRECSIOY
p_,Aa

5_ela -y ﬁ
pss = < / (p)<1—<>f<dﬁ>g<dAa>>
(p—,Aa)eC

1—Qss
Ags = /ﬁf'yf(ﬁ) ;i f(p) := distribution of posted prices
D
1—a)\“
Lss = Y (g) Ass
QWss

-«
Css - Yss <1 - (wssa) A55> /779,55
11—«

NUMERICAL ALGORITHM FOR THE COMPUTATION OF THE STEADY STATE EQUILIB-
RIUM. — The algorithm to compute the equilibrium consists in finding the solution to the following
system of equations, F(Xss) =0,

(L.1) [(Xs) — 11 =0
(1.2) Qus — QXas) = 0
(1.3) Ags —A(Xss) =0,

where Xgs = [mcss, Qss, Ass] (i.e., real marginal cost, frequency of price changes and price dispersion) are
arguments in the functions. II(Xss), Q(Xss), and A(Xss) are equilibrium implied inflation, frequency of
price changes, and price dispersion, respectively. Next, I describe the operations inside the F'(z) function.
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1) Step 1: Given (mcss, Qss, Ass) solve

1

w(Xss) = <%)1_a

L(Xss) = (w(Xss))%

K

Y(Xss) — L(XSS)_(QSS_C)Q (

aw(XSS)>“

Ass 1 — o
1-a
C(Xss) = Y(Xeo) (1_(w(Xss)a) Ass) :
e Ng,ss
B O e
-0
mu(Xss) = E(C(XSS)_H%)ﬂT
- X)L F)
U(Xss) = Xer)ll—
H(XSS) = 14+ 7
1+
RXSS =
) Bg—°
S(Xe) = 1
R(Xe) = 1

2) Step 2: Given (Y (Xss), mu(Xss), w(Xss), L(Xss)), solve

v ) = (1= ¢)max {max ¥ (2) + Bg" 70 (2) — mu(Xos)w(Xes)0, 8X (5) + Bg' T Tu (5) } + ...
et ngx <<I>(z) + ﬂglia’vf{“ (Z))
w @) = By (o ()]
dXes(p) = mu(Xes)Y (Xss)p Y (B — mess)
h_a
o peZat with pr. p
PP = T,
pel:ﬁ with pr. 1 —p

and get p*Xss WXss and CXss |

a) Technical remark 1: I use 3rd order splines to approximate the value function in the firm’s
problem. It is important not to use 1lst order splines, since this method generates jumps
in the reset price in the iterations.

b) Technical remark 2: 1 use value function iteration together with collocation to solve the
firm’s Bellman equation.

¢) Technical remark 3: 1 use the Brent optimization method to solve the firm’s problem.

3) Step 3: Fix a grid between [Ppin,s; Pmaz,s] With ns points close to the continuation region

implied by the policy. Construct the three transition matrices Faq, F1, Fpr with CXss and WXss

using linear splines over the grid [Pmin,s, Pmaz,s]- The definitions of Faq, F1, F, are:

a) Fa, is given by the transition probability p1 = 15%/.

b) Fyp is given by the transition probability po = r’fl .
88

c) Fp),(“ is given by the transition probability

| paI(p€CXes) +I(p ¢ CXss)p*Xss  with prob. 1 —¢
p3 = p*Xss with prob. ¢
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I compute the ergodic distribution as the eigenvector of the unit eigenvalue of Faq,FriFy/. The

eigenvector associated to the unit eigenvalue gives the ergodic distribution nXss. After obtaining
the ergodic distribution, I compute the reset inflation, price dispersion, and frequency of price
changes.

o nogi = (nXss FaoFrn)I(p € C#)(1 - Q).

o O(Xss)=1->, naux(d).

1

o p(Xss) = (1+7) (Ziﬁ(i)lfwni(i(i).)) =

X
>, nads (i

1
_ 1-0(X,) =
o H(XSS) = (179()(55)(17*’)(55)17’7) K SD(XSS)'

o A(Xso)* =3, 5(3) T nXss (i)

I.3. Menu Cost Model: Business Cycle Computation Algorithm

The algorithm to solve the model has three steps:

Step 1:

Step 2:

Step 3:

It uses a perturbation method to approximate the equilibrium dynamics without the ZLB with
the reset price of the Calvo pricing model. It projects price dispersion, menu cost inflation and
frequency of price changes onto the state.

It solves the equilibrium conditions with global methods ignoring the zero lower bound.

It solves the equilibrium conditions with global methods with the zero lower bound.

1.4. Step 1: Approximation of the Equilibrium

Step 1: Initiaze the Krusell-Smith projection

(L4)  A(S)=Pi(log(s) ; Q(S)=Pi(log(s) ; ¢(S)=Pilog(s)) ; 7
where P! denotes a linear projection.

Step 2: Given

(1.5) A(S) = Pi(log(S)) 5 9(S) = Pi(log(5)) ;3 ¢(S) = Pi(log(s)) ; 77

solve the aggregate equilibrium equations using a first order perturbation method (with Q* =
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F;(S)

P(S)

(3

a) Warning: The order of the projection has to be equal to the order of the perturbation. I
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mu;(S)
I1;(S")

B (S)Ri(S)Es/ [dnxs’r“

o [foier )

a(cs) - KLiI(SﬁjX)‘“

Mh,— (S)wi(S)
Li(s)i+x\177
<Cz(s) - K (1“’))( )

1—0

(1 = B)ui(S) + BUssZi(S)

1—9Q5(5) —
(1 *Qi(S)(Pi*(S)p—W) ©i(S)

(1 = Tare)wi (S) 2

o (50 () (") Gess)™

’

u

(Li(S) — 0(2:(S) — O)) + Yi(S) ((1 - “))a Ai(S)

aw;(S)
e <1 (1701) Az(S)> T

c BgtTT(1 = QF)Egr [dn(S') oI (S))Y H(S)] S]
mu; (S)Yi(S)(1 —B) + ...

o+ B9 (1= QF)Egs [dn (S I TI(S)) T Fi(S))| S]
H;(S)

Fi(9)

use first order in both, the perturbation and the Krusell-Smith approximation.

3) Step 3: Given
(16)

Ai(S) = Pi(log(9))

Qi(S) = Pi(log(9))

wi(S) = Pi(log(S))
log(ng(S")) = (1 —pg)log(ny) + pglog(ng(S)) + agey,
log(nz(S")) = (1 —pz)log(n;) + pzlog(n:(S)) + o€,
log(n-(8")) = ove,
log(ng(S") = (1—pg)log(ng) + pqlog(ng(s)) + oqcq

mu; (S), me; (S), Ui (S), Yi(S), wi (S), I1;(.S)

MONTH YEAR
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solve the firm’s problem

vip,S) = (1 ¢)max {vS(S) — muy(S)wi(S), v (5, S)} + Cvi(S)
vi(S) = mgx@(z, S) 4 Bui(x, S)
ne(= _ 15 % ﬁ
Evi(p,S) = Egy [dnz(S/)l_"”vi(ﬁ', ')}
©(3,8) = mu(S)Yi(S)p7 (B — (11— 1r)me;(S))
ol _ ﬁe”“ez with prob. p
P = { ﬁe”“ef with prob. 1 —p

and get P™¢(S), ¥;(S),C;i(S)
Pre(s) = argmﬁx@(w, S) + Bgt=ovi(x, S)
¥i(S) {B v (B, 5) 2 v (8) — mui(S)Hwi(5)0}
Ci(S) {(ﬁ,,Aa) pela e \IJ(S)}

a) Technical remark 1: 1 use splines to approximate the firm’s relative price state and Smolyak
polynomials for the aggregate state (see section J).

b) Technical remark 2: 1 use value function iteration together with collocation to solve the
firm’s Bellman equation.

¢) Technical remark 3: 1 use the Brent optimization method to solve the firm’s problem.

d) Technical remark 4: To solve this problem and avoid the Kronecker product in the expec-
tation, I preallocate the base in the optimization before solving the firm’s problem

(s, 8) = Z wles)w(es)dnz (S )17 W(s' (s, es), 5 (S, €5))

€5,€8

= Z Z w(es)w(es)dnz(S')lf‘T” (\115 (s'(s,€5)) @ Ug(S'(S, es))

= <Zw(es)\lfs(s/(s,es))> ® Zw(es)dnz(s’)17‘7"\I!S(S'(S,es)

€s €s

Here w(es) and w(eg) are the weights in the quadrature and ¥ denotes the base for the
functional approximation.

Step 4: Given the policy
(L.7) 11;(S), mei(S), Ri(S), P"°(S), Ci(S)

and some initial conditions s;4;, and Sagge, simulate the model.

a) Compute the distribution after repricing decision
(L.8) Nhuwt = (N—1Faq)I(pe® € Ci(Se-1))(1 —¢)

b) Compute frequency of price changes Qt =1 — >, naua,t(4).

¢) Compute menu cost inflation

1
Nl — Naux t(Z) 1=
1.9 = pla)l—y —2uZth
(19) - (z o zinm,m))
d) Compute inflation

1/(1=~)
1- 0
110 M= ——t
(1.10) ! (1—9@1—”) v
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e) Update the distribution ny = ny—1FaaFr1, Fp
f) Compute price dispersion ¢ = >, p~ Tng
g¢) Update state S; from Si_1

4) Step 5: Check convergence of the policy.

C;i(S) —Ci—1(S) Li(S) — Li—1(S) mc;(S) —me;—1(5)
(I.11) Smax, (abs( S , Li1(S) , ) e
(L.12) <o, Ri(S) — Ri—1(S), BrO8) — RES(S) () — iz (S) )) < tolconv

P9(S) ’ 11,1 (S)

where S = {51,52,S53,...} is obtained from the simulation in the model’s ergodic set. Stop if
convergence. Go to step 6 if no convergence.

5) Step 6: Update the coefficients in the projection
(1.13) Ay = Pip1(log(St)) 3 Q¢ = Piga(log(Se)) 5 ¢t = Pig1(log(Sh)).

Update TEH in such a way the inflation in the simulation is equal to the inflation target. Go to
step 2.

1.5, Step 2: Global Solution Ignoring the Zero Lower Bound.

1) Step 1: Initiate the Krusell-Smith projection
A(S) = PE(log(S)) 5 QS) = Pf(log(S)) ;5 (S) = Pf(log(S))

where P? denotes a quadratic projection.

2) Step 2: Fix £ as the limit in the iteration in the global solutions. i denote the i-th iteration in
the Krusell-Smith projection and j denoted the j-th iteration in the global solution. Given

A(S) = PZ(log(5)) 5 Q(S) = P (log(5)) ; ¢(S) = P} (log(s))

and

Ma(S) 5 Ura(S) 5 Zra(S) 5 mui(S)
e Step 2.1: Given mu; ;(S),U; i (S), 25, (S), mu; ;(S), use the Euler equation to get
1—op Uj+1,i(5’)) S}

Ss
L. ’
o Mty (5) S}
11;,:(5")

Bjy1,i(S) =Eg [(dnz(s')

muug1,1(S) = Brg(S) Ry 4(S)Ess [dnz(s’r

e Step 2.2: With mu;1,,(S) solve the following system
#Lj+1,i(5)X = 1, — (S)wj+1,:(5)

_ L'+1i(5)1 X 7
mu; i(S)=u(C; (S) — gLl
J+1,l( ) ( ]+1,1( ) K T+

Ljt1,:(8) =Y"(3) (%)a Ay (S)
J 5T

o . ) ”LU'+1,,L'(S)OL - ) 1
Cjr1,i(5) = Yj41,:(5) <1 B (ﬁ) AZ(S)) 1g(S)

Compute the marginal cost and period utility given by
Ljt1, (S)1+X _
(Cjt1,(8) — n=EHRET—)1 77

l1—0

]

mej41,i(S) = (1 = Tme)wj1,i(S)' ™% wujy14(S) =
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e Step 2.3: Update the forward looking variable U(S) and the Taylor rule
Ui+1,i(5) = (1= Bujt+1,i(S) + BUssEj+1,:(S)

Ri, () = R,(S)(;;:i) <(I?;iif))¢ﬂ(Nﬂi;;jS))¢y>l_¢T("“Z;&g5)>¢@

(([139;;) (R*)j+1,i(5)) " Rj1,4(S) = (R");41.4(9);

Rjy14(5)

e Step 2.4: If j + 1 =& go to step 2.5. If
error = meang (|mu’(S) — mu(S)| + |II(S) — T ()| + |U(S) — UTH(S)]) < e

go to step 2.5. Otherwise, go to step 2.1.

e Step 2.5: Solve firm’s Bellman equation

vj4+1,i(p,S) = (1—¢)max {U§+1,¢(S) = muj+1,i(S)w;jt1,:(S)9, U?—f—l,i(ﬁv S)} + CUJC'+1,1'(S)
vip1,i(S) = max®(z,S) + Bg' "7 Evjy1.i(x, S)
6.8 = @ (- s) + 8Bu (25)
’ I 41,:(9) IL; (S)
Evjt1i(p,S) = Eg [dn.(S)'""vj41,:#,5")]
®(B,8) = (1—=B)mu;t1,i(9)Yj41,:(S)p™7 (B — mejt1,i(5))
D with prob. p
ﬁ/(ﬁv Sl) = a ”(21
pe?e€ ~72°  with prob. 1 —p

and get Pj11,;(S) from

PG ,(S) = argmax®(z,S) + Bg'~vi(x,S)
o 1—Q(8) R
tre1a(5) (1 - Qi(S)(P;H,i(S))l_W) )

e Step 2.6: If
i(8) = Cj,i(S) Lj+1,i(S) — Lji(S) mejt1,i(S) — me;,i(S)
Cj,i(S) ’ Lj(S) ’ me;,i(S) ’
Pjt1,i(8) = Pji(S) Wjt1,:(S) — ;i (S)
P;i(S) 7 I1;,:(S)

Cii1
L14 bs( 2L
(1.14)  max (abs(

(1.15) ey Rj+17i(S) — Rj,i(S), )) > tolconw

go to step 2.1. If
(Cj+1,i(5) = C5,i(8) Lj+1,i(S) — Lj,i(S) mejt1,i(S) — me;,i(S)
Cji(9) ’ L;j,i(S) ’ me;,i(S) ’
Pj11,i(8) = P, () Wjp1,:(S) — ;i (S)
P; i(S) ' I15,4(S)

s

max (abs
Sesery

s Rig1,i(8) = Ry4(S), )) < tolconw

Set

Cri4+1(5) = Cj11,i(S) 5 L1,i+1(5) = Lj+1,:(S)
me,i+1(S) = mej1,:(8) 5 Ti41(S) = 1j41,:(S)
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and check if

Cj,i41(5) — C1,i(S) L1,i4+1(S) — L1,i(S) mer,i+1(S) — mer,i(S)
max (abs( , , R
Seserg Cl,i(S) Ll’i(S) mcl,i(S)
Py i1(S) = P i(S) Hypi41(S) — 11 4(S)

S R1i41(S) — R1,4(5), ’
Ry (S) — Rai(S) Pyi(S) IT1,4(5)

)) < tolconw

If this is the case, we found the equilibrium. If previous inequality doesn’t hold, go to step
3.

Step 3: Given the policy
(1.16) I1:(S), mei (S), Ri(S), P™¢(S),Ci(S)
and some initial conditions ng and Sop simulate the equilibrium.
a) Compute the distribution after repricing decision
Naua,t = (Ni—1Faa) [(Fe® € Ci(Si-1))(1 = C)
b) Compute frequency of price change Q¢ =1 — >, nauz,t(4).

¢) Compute menu cost inflation

1

_ Naux t(z) =
<ZP(Z ’Yz nau'zt())

- 1-Q, 1/(1—7)
£ 1-— QtPtli'Y 7

e) Update the distribution ny = n¢—1FaaFi, Fp

d) Compute inflation

f) Compute price dispersion @y = >, 5~ Yn¢
g) Update state S; from Sy

3) Step 4: Update the coefficient in the projection

Ay = 1+1(10g(5t 1) ;5 = z+1(10g(5t 1) ‘Pt:Pz?-&-l(lOg(st—l))
Go to step 2.

1.6. Step 3: Global Solution with ZLB

I repeat the same algorithm as in step 2 using the global solution of the model without the zero lower
bound from Step 2 to initialize the policy function. The only difference comes in step 2.4 where I solve
the following system:

- i T e v\ 1O i dy
(=) (59" (m522)™) ™ ()’

RTYS) = ((%)(R*)iJA(S))d)T

max {1, (R*)H'I(S)}

(R*)"H(S)

Ri+1 (S)

For the model with ZLB, I make sure the interest rate R stays always inside the hypercube. In order
to achieve this goal, let R and mc be the lower bound of the hypercube for the interest rate and the
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marginal cost. I add the following wedge 7€ into the Euler equation:

S/
mu(S) = 51 = 1)1 +9)n- (SIREEs: | ) 5]
0 if R(S) > R & mc(S) > mc
T(S) = { 1-— 1 el otherwise
B(14+9) =7 ng— (S)R(S)Eg, | ) |]

This wedge is never active at the optimal inflation target.
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J. PROJECTION METHOD FOR THE FIRM’S RECURSIVE PROBLEM IN THE MC MODEL

This section discusses the projection method I use to approximate the firm’s value function in the MC
model. The approximation method is important since the optimal reset price and Ss bands come from
the numerical approximation of the value function; hence, it is important to have a reliable method to
approximate the firm’s value function. The main idea of this method is to use 2nd—order splines for the
firm’s state variable dimension and a Smolyak sparse grid for the aggregate state variables dimension.
First, I will describe the construction of the grid and then the approximation method.

e Grid: Let s = [p1,p2,...,Pn,]" € R™*! be the grid on the firm’s idiosyncratic state variable
with ns — 1 breakpoints and let S = [S1,S2,...,S7)’ € R*S*7 be the grid on the aggregate state
variables. I follow Judd et al. (2014) to construct a sparse grid in S. If we order the firm’s state
last, so that the state vector is (.5, s), then I construct the grid for the firm’s state as

(J.1) (5,8) = [Zn,x1® 8,5 ® Tngpi] € RM*1s)X8

e Function bases: let Z € R”*8 be H arbitrary point in the grid (S,s). To generate the base
for Z, T generate the base for the idiosyncratic state variable ®5(Zs) € R”*"s using 2nd-order
splines, and I generate the base for the aggregate state variable ®5(Zg) € RHX"s using Smolyak
polynomials as in Judd et al. (2014). Then I take the Kronecker product

(J.2) B(Z) = ®:(Zs) @ Pg(Zg) € RIT*(ns*ns5)

Figure J.II describes the values of changing the price and not changing the price, the optimal price, and
the expected continuation value in the steady state and in the model with business cycle fluctuations.
In the steady state, I'm using 3rd—order splines. In the model with business cycles fluctuations, I'm
using Smolyak sparse grid in the dimensions for the idiosyncratic and aggregate state variables. We can
see three properties: (i) There is a large difference in the value of not changing the price in the steady
state and in the model with business cycles, (ii) the expected continuation value with business cycles
has oscillations that the steady state expected value function doesn’t have, and (iii) the Ss bands in
the model with business cycle are bigger than the Ss bands in the steady state since it cannot capture
the concave-convex shape of the value function. These properties are errors coming from the inaccurate
approximation in the interpolation method. The main reasons for this numerical errors are: (i) the
sparsity in the grid of the idiosyncratic state, and (ii) the Chebyshev polynomial cannot capture the
shape of the value function.

Figure J.I describes the values of changing the price and not changing the price, the optimal price,
and the expected value in the steady state and the model with business cycle fluctuations. In the steady
state, I'm using 3rd—order splines. In the model with business cycle fluctuations, I'm using 2nd—order
splines for the firm’s state variable dimension and a Smolyak sparse grid for the aggregate state variables
dimension. As we can see, all of the previous problems disappear.
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OPTIMAL INFLATION

B. Business Cycle
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F1GURE J.I. VALUE FUNCTIONS WITH COMPLETED SMOLYAK SPARSE-GRID INTERPOLATION METHOD
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Relative Price

89

Note: Panel A describes the value function, the optimal price, the value of changing the price—without
the menu cost—and the expected continuation value in the steady state. Panel B to D describe the same
variables with business cycle. All the value functions are normalized.

Source: Author’s calculations
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A. Steady State

B. Business Cycle

MONTH YEAR
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FIGURE J.II. VALUE FUNCTIONS WITH SMOLYAK SPARSE-GRID INTERPOLATION METHOD

Note: Panel A describes the value function of no changing the price, the optimal price, the value of
changing the price—without the menu cost—and the expected continuation value in the steady state.
Panel B to D describe the same variables with business cycle. All the value functions are normalized.

Source: Author’s calculations
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K. KRUSELL-SMITH IN STICKY PRICE MODELS WITH A TAYLOR RULE

This section of the Online Appendix explains the solution method to compute the equilibrium in
a simplified environment, since the computation of the equilibrium poses a sizeable challenge: The
combination of a Taylor rule for monetary policy and an infinite-dimensional aggregate state requires
a nonstandard application and evaluation of accuracy of the Krusell-Smith algorithm. I explain the
challenge and the solution, and provide an analytical example in which it is easy to see this problem.

For exposition, and for exposition only, I simplify the model in several dimensions: Preferences are

. . 1 1+
given by period utility u(C, L) = log (C’ - Ii+>:<
menu costs are constant; the risk premium shock is the only structural shock in the economy; and the

Taylor rule is given by R; = max {HTT? (1117’7?

); the only input of production is labor y; = A;l; and

b
) ,1}. I abstract from productivty growth rate; thus
g=0.

K.1. Equilibrium Conditions

FIRM’S EQUILIBRIUM CONDITIONS. — The relevant idiosyncratic state variable for firm ¢ at time

tis Py = p‘;’?“ , the relative price multiplied by productivity. For simplicity, I refer to this object as the

relative price. The assumption that productivity shocks also affect the demand of the intermediate input
implies that the firm’s static profits depend only on the relative price; thus, it is the only idiosyncratic
state variable for the firm. Let v(p—,S) be the present discounted value of a firm with previous relative
price p— and current aggregate state S. Then v(p—_, S) satisfies

~ c nc ﬁ_eAH‘
U(p_, S) = ]EAa changeI,I})%Xchange {V (S)’ v ( H(S) 7S) }j| ’
vrep,S) = mu(S)C(S)p Y (B — w(S)) + BEs: [v (5. ") [S]},
(K.1) Vels) = —0w(S)mu(S) + mgx {mu(S)C(9)p~ 7 (p — w(S)) + BEs [v (,5") |S]},

where mu(S), C(S),w(S) and II(S) denote the marginal utility, aggregate consumption, real wage, and
inflation, respectively. The timing of the firm’s optimization problem is as follows: First, aggregate and
idiosyncratic uncertainty are realized; then the firm has the option of either changing the price or keeping
it the same. If it changes the price, it has to pay the menu cost 6.

The policy of the firm is characterized by two objects: (1) a reset price and (2) a continuation region.
Let P*(S) be the reset price, i.e., the firm’s relative price with respect to the aggregate price level. Then

(K:2) P*(8) = max {mu(S)C(S)F (5 — w(S)) + BEs: [0 (7,5") 5]}

The firm’s relative price does not depend on the idiosyncratic shock; it only depends on the aggregate
state of the economy, and therefore it is the same across resetting firms. The continuation region is given
by all relative prices such that the value of changing the price is less than the value of not changing the
price. Let ¥(S) be the continuation region. Then

(K.3) W(S) ={p: V™(p,S5) = V(9)}

Since the firm makes the pricing decision after aggregate and idiosyncratic shocks are realized, the
firm’s policy is given by changing the price and setting a relative price equal to P*(S) if and only if
- Aa
p_e
T £ Y0

As is typical in models with heterogeneity, the firm needs to forecast equilibrium prices and quantities

and the aggregate state law of motion. If the firm knows these functions, then it has all the elements to
make the optimal decision in (K.1).
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AGGREGATE CONDITIONS. — The aggregate equilibrium conditions are given by the household
optimality conditions, feasibility, and the monetary policy rule:

(K4) mu($) = SRS | HEIs).

w(S) ; mu(S) = a(C(s) ~ (147" L)

147 (TI(S)\ *~ ' _L(S) — ()0
‘“"‘X{ 7 (1%) ’1} ="

where A(S) is labor productivity depending on inefficient price dispersion, given by

(K.5) KL(S)X

(K.6) R(S)

(K.7) A(S) = / 7 F(dp);

here, f(p) is the distribution of relative prices after repricing, and €(.5) is the measure of firms changing
the price.

Aggregate equilibrium conditions depend on two outcomes of the firm problem: inflation and price
dispersion. Price dispersion only depends on the distribution of relative prices. This is a direct con-
sequence of the assumption of idiosyncratic quality shocks. To see this, notice that the technological
assumptions over the idiosyncratic shocks imply that labor demand is given by

(K.8) =) | [ 750p) + oas)

where 1;(S) are firms’ demand functions.

The key cross-equation restriction in which the MC model deviates from the Calvo model is the cross-
equation restriction with respect to inflation. The next proposition shows the equilibrium condition for
inflation:

PROPOSITION 5:  Define

c(s) = { (- a0): T2 € wis) ).

(S)
Inflation dynamic is given by

1

—Q(8) =
( Q(S S)FV) ©(S),
= / F(dp_)g(dAa),
_Aa)¢e(s)

(ﬁ_eA“)l ol B T—v
(K.9) ( o Aayec(s >1Q(S)f(dp_)g(dAa)) )

where g(Aa) is the distribution of quality shock innovations and f(p—) is the distribution of relative
prices previous period.

Inflation is a function of three elements: the reset price, the firm’s inaction set, and the distribution
of relative prices from the previous period. Inflation depends on forward-looking variables like the reset
price and the continuation set—they are forward—looking because they solve the firm’s problem—and a
backward-looking variable given by the distribution of relative prices, which is backward—looking because
it depends on the history of firms’ previous choices.

AGGREGATE STATE. — Given that inflation and price dispersion are the aggregation of the relative
prices, the distribution of relative prices is a state in the economy. I denote with S the state of the
economy with the law of motion I'(S’|S). Therefore, in this simplified economy, the state of the economy
is S = (f(p—),n?) with the law of motion I'(S’|S).

K.2. Solution Method

To solve this model numerically, I modify the KS algorithm. Next, I describe this development.
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MODIFICATION OF THE KS ALGORITHM. — Given that the distribution of relative prices
is part of the state, I use the Krusell-Smith algorithm to solve this problem. However, the standard
way of implementing Krusell-Smith does not work for this problem. The main reason is the following:
Whenever solving equilibrium conditions, the KS algorithm replaces a model’s equilibrium conditions
with an approximation of the equilibrium policies obtained in the simulation. In this model—as in many
others—this could generate indeterminacy at the time of solving the aggregate equilibrium equations.
Next, I explain the steps in Krusell-Smith and indicate where it fails. Then, I describe the modification
of the Krusell-Smith algorithm and evaluation of its accuracy in this model.

The Krusell-Smith algorithm consists of projecting aggregate prices and quantities on a small set of
moments of the distribution of relative prices—one of the states of this economy—and the exogenous
state. Let us define Sgx as the set of finite moments of the distribution in Krusell-Smith together with
the exogenous shock n<; (S5 k|Ssk) the law of motion of the state; and I1(Ssx ), Q(Ssk) and A(Sgk)
the projections of inflation and price dispersion onto the state. Formally, the algorithm is given by

1) Given II(Sks), A(Sks), QSks) and I'(Sy g|Sks), solve aggregate conditions (K.4) to (K.6).

2) With the solution of (K.4) to (K.6), solve the firm’s value function (K.1).

3) Simulate and update I1(Sks), A(Sks), Q(Ssk) and I'(Syg|Sks). Check convergence. If
II(Sks), A(Sks) and I'(S% g|Sks) haven’t converge, go to step 1.

To my knowledge, all Krusell-Smith formulations use this approach. The next proposition shows how
the standard method generates multiplicity of solutions of equilibrium equations at the step of solving
aggregate conditions.

PROPOSITION 6:  For any 1(Sks), A(Sks), T'(Sk s|Sks) and A > 0, if
(K.10) {mu(Sks), C(Sks), L(Sks), R(Sks),w(Sks)}

is a solution for (K.4) to (K.6) , then {Mmu(Sks),C(Sks), L(Sks), R(S),w(S)} is a solution, where
C(Sks), L(Sks), and w(S) solve

(K.11)

L(Sks) — USks)0

®L(Sks)X = @(Sks) ; C(Sks)= A(Sks)

(w0 153)
i Amu(Sks) =1u | C(Sks) —

1+ x
PROOF: B B

It is easy to see that {Amu(Sks),C(Sks),L(Sks), R(S),w(S)} satisfies all the equilibrium condi-
tions.

From Proposition 6, we can extract three observations. First, since we didn’t make any assumption
about Sk g, the main result in Proposition 6 does not depend on the selected moments in the Krusell-
Smith approximation. Second, the result does not depend on using global or projection methods. Third
and more importantly, this is not saying that the economy has multiplicity of equilibria, but rather saying
that the method for computing the equilibrium generates multiplicity at the moment of solving aggregate
equilibrium conditions.

To understand the implication of previous propositions, we need to understand how models with price
rigidities work. Assume a deviation from the equilibrium with an increase in consumption. This increase
in consumption raises the real marginal cost, and due to the Phillips curve, it also raises inflation. If the
Taylor principle is satisfied, this change in inflation impacts the real rate, feeding back to consumption,
and undoing the original increase. It is the general equilibrium effect between households, firms, and the
central bank that generates uniqueness of equilibrium. The KS algorithm breaks this general equilibrium
effect at the moment of solving equilibrium equations since the Phillips curve is replaced by the inflation
policy obtained in the simulation.

The main problem until now is that in the aggregate equilibrium conditions, there is no information on
the relationship between inflation and real marginal cost, i.e., the Phillips curve. The solution I propose
is to apply the Krusell-Smith algorithm to the frequency of price changes, and menu cost inflation,
and solve jointly the aggregate and idiosyncratic equilibrium conditions. Even if this method generates
some numerical challenges—which I have solved—it provides the central bank with the cross-equation
restriction of the intensive margin of the Phillips curve, breaking the multiplicity mentioned above in
step 1. Through numerical computation, it seems a reliable method, since it provides a unique solution
when solving equilibrium conditions.33

33 Aggregate kinks eliminate from considernation methods like that of Reiter (2009), and implemented
in menu cost models by Costain and Nakov (2011).



94 AMERICAN ECONOMIC JOURNAL MONTH YEAR

Before describing the solution, I need to find the state. In models with nominal rigidities, the important
object for the repricing of the firm is the markup, the ratio between the relative price and real marginal
cost. Therefore, I use real marginal cost in the previous period as the state in Krusell-Smith. This
variable is significant for predicting menu cost inflation. Moreover, I use price dispersion in the previous
period. This variable approximates the second moment of the relative prices distribution and predicts
menu cost inflation and itself. Next, I describe the algorithm used to solve the model.

1) Guess A(w—,A_,n9), Q(w_,A_,n®), o(w—, A_,n?) as functions of the state.

2) Solve the equilibrium conditions: the joint system of (K.1), (K.4) to (K.6), and (K.9). Get the
law of motion for inflation and real wage (mu,C,w,II)(w—,A_,n?), and the continuation set
and reset price (¥(w—,A_,n?), P*(w_, A_,n%?)).

3) Simulate a measure of firms and compute {Q, ¢, S}+.

4) Project A, €, and ¢ on the state. Check convergence. If convergence has not been achieved,
update and go to step 2.

Note that the only law of motion of the state obtained in the simulation is that of price dispersion.
Since the business cycle fluctuations of price dispersion are small, the laws of motion for all relevant
endogenous states comes from solving the aggregate and idiosyncratic equilibrium conditions in step
2—mnot from the simulation. Second, even without the ZLB, I need to solve the model globally, given
the kinks in the idiosyncratic policies. Third, this method breaks the separability in the equilibrium
solution. With the previous implementation of Krusell-Smith, it was possible to solve the aggregate
conditions separate from idiosyncratic conditions, dividing the system into two subsystems. Now, the
aggregate and idiosyncratic equilibrium conditions must be solved together.
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L. EVALUATION OF ACCURACY OF THE MODIFIED KRUSELL-SMITH ALGORITHM

I evaluate the accuracy of the KS algorithm in the simulation. First, I construct the time series of
simulated inflation, price dispersion, and frequency of price changes, together with the simulated marginal
cost, interest rate, and structural shocks—i.e., the states in the economy. Let X; be the simulated vector
with these variables, given by

(L1) Xe = {me(S7), AF_y R (87), dn=(S7),mg (S5), mg(S7),ma (57), 117, 24 -
Let Y be the model-implied equilibrium functions in the simulation using the projections,
(L.2) Y = {me(S7), mu(S7), R(S7), R*(57), Y (S7), C(S7), L(SF), P*(SF), w(S{)}y »
and let Y;® be the solution of the equilibrium equations in the simulation using X¢,
(L.3) Vi = {mei miug, By, Ry Ve G Ly B0 wi
Next, I describe the construction of each function. Table L.I shows the standardized errors oy o =

% % 100 for each variable and Figures L.I to L.VI show the time series for Yts and Y; (with

and without the ZLB).

e Method for the construction of )Afts using the static equations and mu(S;). Given
mu(S§) and X¢, I construct Y} solving the static system of equations

B . . /e (S5 g\ 170" mes dy
= e () () (555 ") 7 (2

R = max{1,R*}
N 15)Y1+x -7
mu(S;) = Cf—f{i( )
1+x
me(L))X = winn_(S})
. N 1— o
(L -owi—ney) = 7 (! AS)) A7
Oé'LUt
~8 11—«
¢t = v (1-(%) at) i
I-a ng—(S)
me = o1 = ) (@5)

e Method for the construction of the marginal utility niu; using forward—looking equa-
tions. I construct muj using the household Euler equation. First, I project realized inflation

onto the state. Let II(S) be this function. Then, I construct the marginal utility in the simulation
as
_oy mu(S’) Sf}

muj = Bng—(SP)RiEg: |dn(S7) fi(s")

where S§ = (me—(S7), Af_y, R—(57), dn=(S5),mg(S5), g (S5 ), 1 (57))-
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TABLE L.I-—ACCURACY OF THE KRUSELL-SMITH ALGORITHM

Annual Inflation Target (0" no ZLB , oy""°" ZLB)

MONTH YEAR

Variables 1.3 3 5
Nominal rate  (0.038,0.624)  (0.053,0.329) (0.086,0.133)
Gross output ~ (0.511,3.518)  (0.577,0.968) (1.359,1.217)

Real wage (0.001,0.005)  (0.001,0.001) (0.001,0.001)
Consumption  (0.505,4.358)  (0.571,0.989) (1.378,1.223)
Period utility ~ (0.055,1.924)  (0.062,0.070) (0.170,0.141)

Note: The table describes the ratio between the variance of predicted errors to the total variance for
nominal interest rate, gross output, real wages, consumption, and period utility.

Source: Author’s calculations
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FIGURE L.I. PREDICTED AND SIMULATED AGGREGATE TIME SERIES WITH NO ZLB AT A 1.3% INFLATION

TARGET

Note: The figure describes the macroeconomic time series for one simulation at a 1.3% inflation tar-
get with no ZLB constraint. Panels A to F plot (in the following order) nominal interest rate, gross
output, real wages, consumption, labor supply, and period utility. Black solid lines describe the model—
implied aggregate variables with Krusell-Smith projections, and gray dotted lines describe the implied
macroeconomic time series with simulated inflation, frequency of price changes, and price dispersion.

Source:

Author’s calculations
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FIGURE L.II. PREDICTED AND SIMULATED AGGREGATE TIME SERIES WITH NO ZLB AT A 3% INFLATION

TARGET

Note: The figure describes the macroeconomic time series for one simulation at a 3% inflation target with
no ZLB constraint. Panels A to F plot (in the following order) nominal interest rate, gross output, real
wages, consumption, labor supply, and period utility. Black solid lines describe the model-implied aggre-
gate variables with Krusell-Smith projections, and gray dotted lines describe the implied macroeconomic
time series with simulated inflation, frequency of price changes, and price dispersion.

Source:

Author’s calculations
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FIGURE L.III. PREDICTED AND SIMULATED AGGREGATE TIME SERIES WITH NO ZLB AT A 5% INFLATION

TARGET

Note: The figure describes the macroeconomic time series for one simulation at a 5% inflation target with
no ZLB constraint. Panels A to F plot (in the following order) nominal interest rate, gross output, real
wages, consumption, labor supply, and period utility. Black solid lines describe the model-implied aggre-
gate variables with Krusell-Smith projections, and gray dotted lines describe the implied macroeconomic
time series with simulated inflation, frequency of price changes, and price dispersion.

Source: Author’s calculations
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FIGURE L.IV. PREDICTED AND SIMULATED AGGREGATE TIME SERIES WITH ZLB AT A 1.3% INFLATION

TARGET

Note: The figure describes the macroeconomic time series for one simulation at a 1.3% inflation target
with the ZLB constraint. Panels A to F plot (in the following order) nominal interest rate, gross
output, real wages, consumption, labor supply, and period utility. Black solid lines describe the model—
implied aggregate variables with Krusell-Smith projections, and gray dotted lines describe the implied
macroeconomic time series with simulated inflation, frequency of price changes, and price dispersion.
Source: Author’s calculations
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FIGURE L.V. PREDICTED AND SIMULATED AGGREGATE TIME SERIES WITH ZLB AT A 3% INFLATION

TARGET

Note: The figure describes the macroeconomic time series for one simulation at a 3% inflation target
with the ZLB constraint. Panels A to F plot (in the following order) nominal interest rate, gross
output, real wages, consumption, labor supply, and period utility. Black solid lines describe the model—
implied aggregate variables with Krusell-Smith projections, and gray dotted lines describe the implied
macroeconomic time series with simulated inflation, frequency of price changes, and price dispersion.
Source: Author’s calculations



102

AMERICAN ECONOMIC JOURNAL

A. Nominal Interest Rate

B. Gross Output

C. Real wages

MONTH YEAR

400

0.302 0.158
0.300 15
1015 0.298 0.158
0.296 0.157
0.
1010 0-204 0.157
0.292
0.200 0.156
.
1.005 0.288 0.156
0.286 0.155
1.000 0.284 155
0.282 0155
0.995 - — 0.280 0.154
— with KS projections 0.978 0.154
- with simulated variables 0.2”6 :
A
100 200 300 400 100 200 300 400 0 100 200 300 400
D. Consumption E. Labor Supply F. Utility
3:2; —17.30
! —17.40
0.755
o —17.50
- —17.60
0.745 o
—17.7
0.740
—17.80
0.735
—17.90
0.730
—18.00
0.725
—18.10
0.720
—18.20
0.715
—18.30
0.710
—18.40
0 100 200 300 400 0 100 200 300 400 100 200 300
Months Months Months

FIGURE L.VI. PREDICTED AND SIMULATED AGGREGATE

TARGET

TIME SERIES WITH ZLB AT A 5% INFLATION

Note: The figure describes the macroeconomic time series for one simulation at a 5% inflation target

with the

ZLB constraint.

Panels A to F plot (in the following order) nominal interest rate, gross

output, real wages, consumption, labor supply, and period utility. Solid black lines describe the model—
implied aggregate variables with Krusell-Smith projections, and dotted gray lines describe the implied
macroeconomic time series with simulated inflation, frequency of price changes, and price dispersion.

Source:

Author’s calculations



