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Abstract

Conventional wisdom in macroeconomics suggests that price sta-
bility is a sufficient condition to avoid important welfare losses arising
from price stickiness. This idea is supported by sticky price models
in which firms only react to aggregate shocks. However, it is well
documented that firms also face idiosyncratic productivity shocks. In
this paper, I investigate how the introduction of these shocks affects
the welfare implications of price rigidities. I develop an analytical
framework to measure the welfare losses when firms face idiosyncratic
productivity shocks. Then, I compute these losses by using two alter-
native price settings and different calibration exercises that match the
data on individual price changes. Several interesting results emerge.
First, even when the aggregate price level is stable, an economy can in-
cur quantitatively important welfare losses. In particular, these losses
can add up to 4.4 percent of steady state consumption with time de-
pendent pricing; while they can reach up to 2.3 percent of steady state
consumption with state dependent pricing. Second, welfare losses are
always significantly higher with time dependent pricing. Third, the
variance of the idiosyncratic productivity shock and the frequency of
price adjustments are the most important factors in determining the
size of the welfare losses.
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1 Introduction

The existence of nominal price rigidity seems uncontroversial. The fact that
individual goods prices adjust sluggishly has been well documented by dif-
ferent studies for the United States and the Euro Area!. This fact naturally
raises the following question: What are the welfare consequences of this
rigidity in the economy? Theoretically, in the face of exogenous shocks, price
stickiness can cause welfare losses by creating relative price distortions that
lead to an inefficient sectoral allocation of resources. The general belief in
macroeconomics is that these losses would be negligible if monetary policy
were to fully stabilize the aggregate price level. This idea is supported by
models with price rigidities in which firms face only aggregate shocks?. The
story behind all these models is that by attaining zero inflation, relative
price distortions are eliminated and the economy reaches the flexible price
allocation.

Empirical evidence suggests that firms are also hit by idiosyncratic pro-
ductivity shocks®. In this paper, I consider these shocks in the analysis of the
welfare losses of price rigidities. In a simple model, in which firms face both
aggregate and idiosyncratic productivity shocks, I develop a general frame-
work that allows for the measurement of the welfare losses of price rigidities.
These losses are defined as the difference between the households’ utility un-
der sticky prices and the one under flexible prices. I then derive a second
order approximation of the utility function and obtain the analytical expres-
sion for the welfare losses. I show that these losses depend on two different
elements, independently of the way the price setting is modeled. The first is
the aggregate output gap, which measures the deviation of total output from
the natural output?. The second component is the dispersion of output gaps
across goods. This component indicates how inefficient the sectoral alloca-
tion of goods is, given the aggregate output. Moreover, I show that a direct
relationship exists between the dispersion of output gaps across goods and
the dispersion of price gaps across goods®. The latter measures how distorted

! Among these studies, Bils and Klenow (2004) point out that the average duration of
a price spell is 7 months for US; whereas Dhyne et al.(2006) find that this duration is 13
months for the Euro Area. Both studies used the monthly price records underlying the
computation of the CPI.

2See Goodfriend and King (1997), King and Wolman (1999), Chari et al.(2000), Galf
(2003), Woodford (2003) among others.

3See Blundell and Bond(2000), Cooper et al.(2004) among others.

4The natural output is defined as the equilibrium level of output that would prevail if
prices were flexible.

5The price gap is defined as the diference between the actual price and the one that
would be set if prices were flexible.



relative prices are. Therefore, I confirm the intuition that inefficient output
composition is associated with relative price distortions.

Once I find the analytical expression for the welfare losses, I need to
assume a price setting structure in order to compute these. Given the lack of
consensus about how price stickiness should be modeled, I use two alternative
price settings to evaluate the magnitude of the welfare losses. The first one is
the time-dependent pricing and the second one is the state-dependent pricing.
The main difference between these two approaches is that the timing of price
changes is exogenous in the time-dependent framework, while it is endogenous
in the state-dependent one. In the latter case, the timing depends basically
on how far the price of a firm is from its optimal price.

The introduction of idiosyncratic shocks has important consequences re-
garding the welfare losses associated with price rigidities. Accounting for all
the uncertainty that exists on the structure of the economy, I find that these
losses are between 0.5 and 4.4 percent of steady state consumption when
the time dependent pricing is considered, while they are between 0.1 and
2.3 percent of steady state consumption when the state-dependent pricing is
used. In both cases, these losses arise even if price stability is followed. These
results suggest that price rigidities are relevant from a welfare point of view;
and consequently, that it is important to think more carefully about their
determinants in order to investigate if there exist alternative policies that
can help to reduce the welfare losses arising from price stickiness. Moreover,
the results show that the size of the welfare losses is very sensitive to the
price setting, to the variance of the idiosyncratic productivity shock and to
the frequency of price adjustments. Regarding the sensitivity to the price
setting, I show that price rigidities in the form of pricing policies that are
state-dependent are always significantly less harmful than those based on
time-dependent rules. The intuition of this result is related to the existence
of the selection effect identified by Golosov and Lucas (2007) in the case of
the state-dependent pricing. In the latter case, firms that are further away
from their optimal price are more likely to change their price, diminishing
the distortions that price rigidities can cause.

The remainder of the paper proceeds as follows. Section 2 presents the
model. Section 3 derives an analytical expression for the welfare losses and
shows some important analytical results. Section 4 introduces the standard
Calvo price setting in order to compute the welfare losses when the pricing
decisions are time-dependent. In this case, I show analytically that the dis-
persion of output gaps across goods depends, in the long run, on aggregate
inflation and on the variance of the idiosyncratic productivity shock. The
part of the dispersion that is due to idiosyncratic shocks is independent of
aggregate macroeconomic variables, and consequently, independent of mone-
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tary policy. Therefore, it is concluded that there does not exist any monetary
policy that can reach the flexible price allocation when some firms cannot
adjust prices to their idiosyncratic shocks. The welfare losses are computed
under different plausible calibration exercises and assuming that price sta-
bility is followed. Section 5 presents a modified version of the Generalized Ss
model developed by Caballero and Engel (2007). This model is used in order
to compute the welfare losses when the pricing decisions are state-dependent.
Section 6 concludes.

2 The Model

Most of the structure of the model developed in this section is taken from
the one developed in Gali (2007). The main difference is that firms are hit
also by idiosyncratic productivity shocks.

2.1 Households

The representative household seeks to maximize the objective function:

[e.o]

Ey» B'U(Cy, Hy) (1)

t=0

where 0 < 8 < 1 is the discount factor, C; is an index of consumption
goods and H; is the number of hours worked in period ¢. The household
purchases differentiated goods and combines them into a composite good
using a Dixit-Stiglitz aggregator:

1 €/(e—1)
Ct - /Ct(Z)(el)/edZ (2)
0

where Cy(7) is the differentiated good of type i and € > 1 is the constant
elasticity of substitution among goods. The households maximize the index
Cy, given the total cost of all differentiated goods and their nominal prices
{P,(z)}. Then, the demand for each good is given by:

Cy(i) = <P ;(j))e C, (3)

where P, is the aggregate price level and is defined as follows:
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1/(1—¢)

P = /1 P(i)'~di (4)

The maximization of the expected utility is subject to an intertemporal bud-
get constraint of the form:

Z EyQoP,Cy < By + Z EoQo. (1 +n)W H, — T3] (5)
=0 t=0

where By is the initial level of wealth, W, is the nominal wage per hour
worked, 7; represents a lump sum tax and 7 denotes a constant rate of
employment subsidy that is funded by the lump sum tax. This subsidy is
introduced in the model in order to offset the distortion associated with im-

perfect competition in goods markets. Moreover, @)y is a stochastic discount
t—1

factor that satisfies Qoo = 1 and EyQos = H(l +1s) ! where 7; denotes the

interest rate at period t. The labor market iss Serfectly competitive and wages
are flexible.

The household’s optimization problem is then to choose processes C; and
H, for all dates ¢ satisfying (5), given its initial wealth By, the goods prices,
the nominal wage and the stochastic discount factors that it expects to face,
so as to maximize (1).

For the purpose of this paper, the intratemporal first order condition
(associated with labor supply) is the only one to be presented. This condition

1S:

=1 +n)= (6)

2.2 Firms

Each firm i has a production function of the form:
Yii) = A A(i) Hy(i)" (7)

where Y;(7) is the level of output at period ¢ of firm 7, :{5; is the aggregate
level of productivity in period ¢, A;(i) is the firm i’s idiosyncratic productivity
level at period ¢t and H,(i) is the total hours hired by firm ¢ in period ¢. The
idiosyncratic productivity level is assumed to follow an AR(1) process of the
form:



log A4(7) = plog Ay _1(i) + 4(4) (8)

where £,(i) follows an i.i.d process with zero mean and constant variance o2.
Firms face a rigidity in changing their price. Two ways of modeling this
rigidity are explored in the paper: the Calvo pricing (1983) and a modified
version of the Generalized Ss model developed by Caballero and Engel (2007).
The details on the price settings proposed in these models are left for Sections
4 and 5 respectively.

2.3 Equilibrium
Market clearing in the goods market requires that Cy(i) = Y;(¢) for all ¢ and

at all times. This implies that the index of aggregate consumption C; must at

e/(e-1)
all times equal the index of aggregate output Y; = ( fol Y, ()= / Edi) )

Moreover, labor supply must equal labor demand, which means:

H, = /1 H,(i)di (9)

By using the market clearing condition in the goods markets, the de-
mand for goods and the production function of the firm, the market clearing
condition in the labor market implies:

()Y
Taking logs in (10), T get: 0

ahy =y —a, + d, (11)

where the lower case letters are used to denote the logs of original variables
1

. 1/«
and d; = alog / (%) is a measure of output dispersion across goods

0
adjusted by the presence of idiosyncratic shocks. Throughout this paper, I
will use the term adjusted output dispersion when I refer to d;. This term

captures how the composition of output between firms affects total output.
1

1/ L\ —€/a
Alternatively, d; can be written as: d; = alog / <ﬁ(z)> (Pt?(j)) di.
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3 The Welfare Losses of Price Rigidities

The welfare losses of price rigidities are given by the difference between the
households’ utility under sticky prices and the one under flexible prices. In
this section I derive a second order approximation of the utility function
around a zero inflation steady state. I then evaluate this approximation under
sticky prices and flexible prices. Finally, I obtain the analytical expression
for the welfare losses.

3.1 A Second Order Approximation to Utility

The second order Taylor expansion of U, around a steady state (C',N) with
zero inflation yields:

. 1—0_ ~ 14+ x=
where hat variables represent log deviations from steady state, o = —UU—CPCC
and xy = UU—"hhH . Moreover, I have made use of the market clearing condition
Ui = & . Next, it is convenient to rewrite h; in terms of 3 by using (11) and
the fact that d; is a term of second order around a zero inflation steady state.
Then, we have:

L+Xx ,~  ~2
oa? (Y — ay)

(13)
Efficiency in the zero inflation steady state, which is guaranteed by the gov-
ernment subsidy to labor, implies that _TU’I = a%. Therefore, period t utility
function can be written as:

1— UnH
Ut—UZUCC (Z//\t_‘_ O-AQ) + h

9 Yy (/y\t_at‘i‘dt)“‘UhH

Uy—-U 1—-04, _ 1+x,.. .9
~ —dy — —= (g — 14
U.C 5 Y +ay — dy 50 (e — az) (14)
The latter expression measures the deviation of period utility from its steady

state. It is expressed as a fraction of steady state consumption.

3.2 An Analytical Expression for the Welfare Losses

The welfare losses of price stickiness, expressed as a fraction of steady state
consumption, can be defined as follows:
U -Uf

L, =——> 1
K U.C (15)
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where U, and Uf are the utilities under sticky prices and flexible prices
respectively. Therefore, in order to compute the welfare losses, it is necessary
to obtain utilities under both scenarios. The deviation of utility from the
steady state under flexible prices can be expressed as:

UF—U 1—0-~2 _ ¢ 2

ro =g Ve ta s die s G- d) (16)

where ;' and d} denote the natural output and the adjusted output dis-
persion without price rigidities respectively. By using (14), I can define the
deviation of utility from the steady state under sticky prices. Then, by tak-
ing into account that 7" = —*X g and substracting (16) from (14), I get

. . ao—+1_a+x . . . . .
the following expression for the welfare losses of price rigidities:

ac+1—a+x| - n
L= - |2 G g - - ) (17)

It can be seen that these losses depend on two different components. The
first one, known in the literature as the output gap, measures how close total
output is from the natural output. The second element has two possible
interpretations. Omne is that it captures how distorted relative prices are.
The other one is that it reflects how inefficient the sectoral allocation of
goods is.

In order to illustrate the two possible interpretations of the difference
between d; and d}, it is helpful to define two concepts. The first one is the
dispersion of price gaps across goods. It is defined as the variance across
goods of the difference between actual prices and the ones that these goods
would have if prices were flexible. In Appendix B, it is shown that the
dispersion of the price gaps across goods is related to the second component
in (17) in the following way:

d, —dv = %vam {pt(i) _pl (i)} (18)

where © = m, pi(7) is the logarithm of the actual price of good i and

p{ (7) is the logarithm of the price that a good i would have if price rigidities
were permanently removed. The magnitude of the variance in (18) measures
how distorted relative prices are®. From expression (18), it is clear that
higher relative price distortions due to price stickiness imply more welfare
losses. Moreover, by using (18), it is obvious that the second element in (17)

6Notice that Var; {pt (1) — p{(z)} = Var; {pt(i) —p; — (p{ (1) — ptf)} where p; and ptf
are the price levels under sticky and flexible prices respectively.



is always non-negative. This implies that there always exist welfare losses in
this model, unless the flexible price allocation is reached.

The second concept that is useful to develop is the dispersion of output
gaps across goods. This is equal to the variance across goods of the difference
between actual output of good 7 and the natural output of good i. The size of
this variance measures how inefficient the sectoral composition of output is,
given the aggregate output. By using the structure of the demand for good
1, it is straightforward to see that the dispersion of price gaps across goods
and the dispersion of output gaps across goods are related in the following
way:

Var:{pi) ~ pl()} = SVor (i) - 47(0)} (19)

where (i) is the logarithm of the actual output of good ¢ and y;'(i) is the
logarithm of the natural output of good i. Expression (19) confirms the
intuition that there is a direct relationship between relative price distortions
and the inefficiency in sectoral allocation of real resources. Moreover, by
using (18) and (19), it can be concluded that the second interpretation of
the difference between d, and dj is also right. Given this interpretation,
throughout the rest of the paper, I will refer to the gap d;—d}' as the dispersion
of output gaps across goods.

To conclude this section, it is convenient to show the particular form
of the welfare losses when there are no idiosyncratic shocks. In this case,
the frictionless price is the same for every firm i. Therefore, the dispersion
of price gaps across goods can be expressed only as a function of the cross
sectional variance of actual prices. This means that expression (17) can be
written as the standard welfare losses in the literature on optimal monetary
policy with d; — d}} = —55Var; {p:(i)}.

4 The Welfare Losses with Calvo Pricing

In this section, first, I present the model with Calvo price setting. Then, I
show how to use it in order to compute the welfare losses when this price
setting takes place. Finally, I present estimates of the welfare losses under
different plausible calibrations of the parameters of the model.

4.1 Calvo Price Setting

Firms set prices as in the sticky price model of Calvo (1983). In this model,
during each period, a randomly chosen fraction of firms (1 — 0) is allowed to



change the prices; whereas the other fraction 6 do not change. Those firms
resetting prices will choose an optimal price Pj(i). Notice that in this case,
given the idiosyncratic productivity shock, the optimal price for each firm
would not be the same among those firms that change.

4.1.1 Optimal Price Setting

A firm reoptimizing in period ¢ will choose a price P/ (i) that maximizes
the current market value of the profits generated while that price remains
effective. This means solving the following problem:

maxZH B {Qu i1 (Py (1) Yeq (i) — Wi Heyr (7)) } (20)

subject to the sequence of demand constraints and production functions.
The first order condition associated with this problem, up to a first order
approximation around the zero inflation steady state, is:

o

0 (89) Eyay4(i)
e (21)

where the lower case letters are used to denote the logs of original variables,
p = log = and =, is given by the following expression:

pt(z'):@{u+ 1-60) Y (56) Et:mk} L=
k=0

1. 1-«a
—loga +w, — —a; +
o

(epe + ) (22)

Notice from (21) that the optimal price has two components: the first one
is a macro component (common across firms) and the second one is a firm
specific component. Then, it is convenient to express this condition as:

o 1—ﬁ6 -

p; (i) = pf — ——=0 (89)* Erar.x(i) (23)
k=0
where pf = © {u + (1 —/0) Z(ﬁ@)kEtka}. Finally, by using the fact
k=0

that the idiosyncratic shock follows an AR(1) process, (23) can be written
as:

Bl = — gy (21)
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4.1.2 Aggregate Price Level Dynamics

Using the definition of the aggregate price level, the log of the price level can
be written as:

1

P = / pali)di (25)
0
Then, by using the Calvo pricing, this relation can be written as:

1 1

b= [p i+ (1= 0) [ i) 20
0 0
Finally, by combining (24) and (26), I get:

0
P — = T—g™ (27)

where 7; is the inflation rate between periods ¢t — 1 and .

4.1.3 The New Keynesian Phillips Curve with Idiosyncratic Shocks

The first step to derive the aggregate supply curve with idiosyncratic shocks
consists in defining the economy “s real average marginal cost (mc;) as the
difference between the real wage and the economy “s average product of labor.
Then, this definition implies:

1. 1-«
Mey = Wy — P — — Q¢ +

—log « (28)

By combining the previous definition with the one of x;, I get:

1
Ty = mc; + 6]?1} (29)

Plugging the latter relationship into the definition of p¢ and rearranging
some terms, I obtain:

(1—80)0 > (80)*Eyintisy, + (1 860) > (80)* Evpysx (30)
k=0 k=0

Substracting p;_; from both sides, I get:
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P —pier = (1= 80)0> (B)* Eymeyy, + (1 - 6) Y (80)*Eymisy, (31)
k=0 k=0

Notice that the previous expression can be rewritten more compactly as a
difference equation in the following way:

Ptc — P11 = 59(17&1 — )+ (1 — B0)Ome 1y, + ™ (32)
Finally, by using the fact that p¢ —p; ; = , which is derived from equation
(27), equation (32) yields the following mﬂatlon equation:
(1-0)(1—p0)

T = BEm 1 + Omc; 4, (33)

0
It has been shown that the existence of idiosyncratic shocks does not affect
the first order approximation of the standard relationship between inflation
and real marginal costs. This is because the mean of the idiosyncratic produc-
tivity shocks is zero. Now, for the welfare analysis, it is convenient to obtain
a relationship between inflation and the output gap. Gali (2007) shows that
the following relationship between the economy ’s real average marginal cost
and the output gap holds in the model developed in Section 27:

U= ;) (34)

To conclude the derivation of the relationship between inflation and the out-
put gap, I combine (33) and (34) to obtain:

_ +1—-al .
MCyyr, = [a—i—x—}(

T = BEm +

(1- 9)(91 — B0) [0 N mf—a} o — 1) (35)

4.2 Measuring Welfare Losses

In this case, it is convenient to write the welfare losses as in equation (17):

Lt:_[aa—i-l—oz—i—x
2c

|G- - -

Now, it is necessary to find an expression for the dispersion of output gaps
across goods that depends on aggregate inflation and on the variance of the

"Notice that the existence of idiosyncratic shocks does not affect Gali’s result on this
relationship because the mean of firm-specific productivity shocks is zero. The latter
means that these shocks do not have any impact on the average of aggregate variables.
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idiosyncratic component of productivity. This expression will be useful in
order to decompose the welfare losses of price rigidities in two parts: one
that is dependent of monetary policy and another one that is not. By using
the lemmas developed in Appendix C, it can be shown that the dispersion
of output gaps across goods, as t — oo , is given by:

S N AN € 1+(e—1)© €1-46
SRR SN R

1-50)0 2 2
where ¢ = ((17ﬁ93)a and o = 1755

Some comments about the last expression are useful. First, in the long
run, the dispersion of output gaps across goods depends on aggregate infla-
tion and on the variance of the idiosyncratic productivity shock. Second,
the first component in (36) measures the dispersion that is generated due to
the fact that some firms cannot adjust prices to aggregate shocks; whereas
the second component in (36) measures the dispersion that is created be-
cause the same firms cannot adjust prices to their idiosyncratic shocks. Un-
der sticky prices (0 < 6 < 1), both components are always non negative.
Third, when # = 0, it can be shown that the dispersion is zero, which
implies d; = d}!. Fourth, the part of the dispersion that is due to idio-
syncratic shocks is independent of aggregate macroeconomic variables, and
consequently, independent of monetary policy. Therefore, it can be concluded
that no monetary policy exists that can reach the flexible price composition
of output among goods when some firms cannot adjust their prices to their
idiosyncratic shocks. Fifth, the dispersion is increasing in the elasticity of
substitution among goods, in the degree of price rigidity and in the variance
of the idiosyncratic productivity shock.

By using (36), it is clear that we can decompose the welfare losses of price
rigidities in two parts: one that is dependent of monetary policy and another
one that is not. The losses that depend on monetary policy are given by the
following expression:

0 > ac+1—a+x]| -
LP__c i 2 _ am2
T DI el L T

whereas the ones that are independent are given by:

1+(e—1)©  €1-0) o?
2 ol - 6p)¢} 1—p? (38)

€
L{P:—{%¢2+
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Then, the natural question is: how big are these welfare losses? Clearly, LI
will depend on the monetary policy that is followed. For simplicity, I assume
a policy that fully stabilizes the price level. This implies that the output
gap is also zero up to a first order approximation, according to the Phillips
Curve presented in (35). Consequently, under zero inflation, LY is zero up to
a second order approximation®. Therefore, the only source of welfare losses is
LI which can be measured in the model without resorting to the monetary
policy. The next subsection seeks to quantify that term.

4.3 Quantifying L!¥

In order to measure LIT| it is necessary to calibrate the parameters of the
model. The frequency chosen to perform this exercise is monthly. The base-
line calibration is shown in Table 1. Before discussing this calibration, it
is worth mentioning that four out of six of the structural parameters are
calibrated by using information from the Dominick “s database and some re-
lationships derived from the model?. These parameters are ¢, «, 6 and o2,
The main advantage of calibrating the majority of parameters by using the
same database is that it provides consistency between the different choices
of parameters.

T A 0
1 0.997 [ 3.00 | 0.990 | 0.80 | 0.95 | 0.0036 |

It is assumed that § = 0.997, implying a steady state real return of
financial assets of about four percent in annual terms. I set ¢ = 3, based
on the evidence provided by Chevalier, Kayshap and Rossi (2003). They
estimate price elasticities using the quantity and price data from Dominick “s
database. Most of their elasticity estimates range between 2 and 4. I set « so
that it equals the average labor income share (0.66 in this calibration) times

8When firms face idiosyncratic productivity shocks, a zero inflation policy cannot attain
the natural level of output. In fact, the second order approximation of the standard
New Keynesian Phillips curve is different from the one derived when firms are hit by
idiosyncratic shocks. In the latter, there is a constant term than depends on the variance
of the idiosyncratic shocks. Therefore, zero inflation cannot lead to a zero output gap, up
to a second or higher order approximation. However, the impact of non zero output gap
on the welfare function is of third or higher order with price stability.

9The Dominick s database contains nine years (from 1989 to 1997) of weekly store level
data on the prices and quantities of more than 4500 products for 86 stores in the Chicago
area. For more details on this database, see Midrigan (2006).
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the markup implied by the choice of €'°. On price stickiness, it is assumed
6 = 0.8 such that the model matches the average price duration of five months
estimated by Midrigan (2006) using the Dominick “s database!'. This price
duration is also close to those found in the studies performed by Bils and
Klenow (2004) and Altig et al.(2004). The persistence of the idiosyncratic
component of productivity is assumed to be very high by setting p = 0.95.
This is the preferred point estimate of p in Blundell and Bond (2000)".
They estimate an AR(1) process for the firm s idiosyncratic productivity by
using a panel data covering 509 U. S. manufacturing companies observed
for 8 years. Finally, the calibration of o2 is performed such that I match
the observed variance of individual price changes. This is done by using the
following expression derived from the model presented above!:

2 (1=0p)(1—p?)
T 2(1-p)(1-0)¢"

where Var; {m(i)} is the variance of monthly individual price changes across

goods and 7 is the monthly inflation. Now, it is straightforward how o2 is

15
computed. Given equation (39), the values set above for f,¢,a,0 and p, a
constant monthly inflation of 0.03/12 and a variance of monthly individual
price changes across goods equal to 0.002116 (consistent with the observed
standard deviation of monthly individual price changes of 4.6 percent found
in the Dominick s database), it yields 02 = 0.0036. The latter value is
slightly lower than the one set by Golosov and Lucas (2007)'4. Under this
calibration, the welfare losses of price rigidities are equivalent to 1.7 percent

of steady state consumption.

{Vari {m(i)} — 12_9 979} (39)

0Firms’ profits maximization in the steady state implies that 1 = —gmc; where mc;

denotes the real marginal cost. Moreover, the assumption about technology implies that
the real marginal cost is equal to the labor share (Is) divided by «.Therefore, a« = —<51s.

H'The average price duration is computed by considering regular prices only (no sales).
See Midrigan (2006) for the details on this calculation.

12They provide an estimate of p equal to 0.565 in annual frequency. In order to translate
this estimate into the monthly frequency, I use p, = p2. This approximation assumes
that productivity is end of period sampled and interprets it as a stock variable. I use "a”
to denote annual frequency and ”m”to denote monthly frequency.

13See the Appendix E for the derivation of this expression.

4They choose a variance equal to 0.011 in their baseline calibration in quarterly fre-
quency. Then, in order to translate my estimate into quarterly frequency and com-
pare it with the one of Golosov and Lucas (2007), I apply the following relation:
o, = (L+ pk + py,)o2,,. My monthly estimate is equivalent to a quarterly estimate
of 0.010. T use ”q” to denote quarterly frequency and ”m”to denote monthly frequency.
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4.3.1 Robustness Exercise

Four important sources of uncertainty can affect the baseline estimate. First,
even assuming that the Dominick “s database is a representative sample of the
economy, there exists uncertainty about the persistence of the idiosyncratic
component of productivity and the elasticity of substitution!®. Second, there
is uncertainty about the determinants of the observed heterogeneity in the
size of individual price changes. In the baseline calibration, it has been as-
sumed that the variance of the idiosyncratic productivity shock can account
for almost all the variance of individual price changes. However, it is possi-
ble that there exist ex-ante heterogeneity, like different frequencies of price
adjustment, that can help to explain this variance. Third, the estimates of
e and #, obtained by using the Dominick “s database, are significantly lower
than others presented in alternative studies. Therefore, there is uncertainty
about how well the economy is represented by the information contained in
the Dominick “s database. Moreover, given the way I calibrate the variance
of the firm specific productivity shock, this third source of uncertainty intro-
duces a fourth one on o2 and its relation with ¢ and 6. In this subsection, I
analyze and discuss how the baseline estimate changes when we consider all
these sources of uncertainty separately.

In order to show how much the first source of uncertainty may matter,
Table 2 presents the welfare losses by allowing the parameters p and € to vary
between reasonable values'®. In all these cases, a and o2 are also changed
appropriately such that the procedure followed to obtain the baseline esti-
mate is the same, except in the choice of p and €. From this table, it can be
seen that the welfare losses are very sensitive to the elasticity of substitution.
This sensitivity is not significantly affected by the values of p. The degree
of autocorrelation of the firm’s productivity is less important in order to
determine the welfare losses for low values of e.

5Notice that the uncertainty in p and € leads to uncertainty in o2. Given that the latter
is pinned down from all the other parameters and from the standard deviation of price
changes, it is not considered that o2 induce uncertainty by itself.

16The two standard error confidence interval for p, implied by Blundell and Bond s
estimation, is [0.93,0.97]. T also consider 0.99 in order to see what happens when the
idiosyncratic productivity is very close to a unit root process. In the case of €, the range
[2,4] has been chosen based on the evidence provided by Chevalier et al (2003) using the
Dominick s database.
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Table2 : Wel fare Losses(in %)
4

0.93 095 097 0.99

0.62 | 0.56 | 0.50 | 0.45

1.85 | 1.68 | 1.b1 | 1.35

3.70 | 3.36 | 3.02 | 2.71

W N,

The second source of uncertainty is explored by analyzing how the base-
line estimate changes when only the variance of the idiosyncratic productivity
shock varies. Table 3 presents this sensitivity analysis. I consider five differ-
ent values for o2 in the table. The first column corresponds to the baseline
estimate. The second row in the table indicates the fraction of the observed
variance of individual price changes that is explained by the model. Clearly,
in the baseline calibration, this fraction is 1, which means that basically all
the observed heterogeneity is due to idiosyncratic shocks. However, it could
be argued that there exists some ex-ante heterogeneity that can also account
for the variance of the individual price changes. Midrigan (2006) performs
an analysis by using the Dominick s database and concludes that only 20
percent of the variance of price changes could be explained by ex-ante het-
erogeneity. This case corresponds to the calibration in the second column.
Given that ex-ante heterogeneity is not incorporated in the model, I calibrate
the variance of the idiosyncratic productivity shock such that only 80 percent
of the variance of individual price changes is explained by the model. It can
be seen that the estimate of the welfare losses diminishes to 1.34 percent of
steady state consumption in this case. This result is not so different from
the one obtained with the baseline calibration.

Table3 : Sensitivity Analysis for o?
2
o

0.0036 [ 0.0029 | 0.0025 | 0.0022 | 0.0018
b et 1.00 (080 [070 |0.60 |[0.50
Welfare Losses (in %) | 1.68 1.34 1.17 1.00 0.83

The third source of uncertainty is related with the convenience of employ-
ing the Dominick “s database to calibrate some parameters. There exist some
evidence that can cast doubt on the usefulness of this database. In particu-
lar, this evidence suggests that the degree of price rigidity and the elasticity
of substitution among goods are much higher than the ones estimated with
the Dominick “s database. Nakamura and Steinsson (2007) report that the
average price duration is between 11.6 and 13 months; while Klenow and
Kristow (2007) find that the average price duration is 8.6 months. Golosov
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Figure 1: Sensitivity Analysis for 6 and e

15 | 1 | 1
0.8 0.52 0.54 0.86 0.558 0g 0.9z
8

and Lucas (2007) mention that € typically falls in the range between 6 and 10.
This implies different values from for a as well'”. Therefore, given the con-
flicting evidence for 6 and e, it is necessary to perform a sensitivity analysis
to the baseline calibration by changing only these parameters and « accord-
ingly. Notice that o2 ,in this analysis, corresponds to the one used in the
baseline estimate, given that the information on the variance of individual
price changes is not available in the alternative studies. I evaluate later how
welfare losses change when o2 varies for different values of 6 and .

Figure 1 shows the results of this exercise. On the vertical axis, the
welfare losses are measured as percentage of steady state consumption. The
parameter 6 is allowed to vary between 0.8 and 0.92, which implies that
average price duration is between 5 and 13 months. The lines in the graph
describe how welfare losses change with the degree of price rigidity for three
different levels of the elasticity of substitution among goods. Two interesting
results arise from this picture. First, for any degree of price rigidity, the
estimation of the welfare losses is very sensitive to variations in € in the range
between 3 and 6; while it is not severely affected when € moves between 6

1"Notice that the model establishes a relationship between € and o.
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Figure 2: Sensitivity Analysis for 6 and o,
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and 10. Second, the whole picture reveals that the uncertainty in 6 and
€ is translated in a huge uncertainty about the welfare losses, which vary
from 1.7 percent (0 = 0.8,¢ = 3) to 4.4 percent of steady state consumption
(0 =0.92,¢ = 10).

To conclude the robustness exercises, I quantify how movements in o2
affect the estimates of welfare losses for different degrees of # and e. Figures
2 and 3 present the results of these exercises. Figure 2 shows how welfare
losses change with the degree of price rigidity for three different levels of o..
It can be seen that the degree of price rigidity does not significantly affect the
losses for low levels of volatility of the shock (o, = 0.03 or less). The picture
considers € = 3, but this result also holds if € = 10. Moreover, the uncertainty
in 6 and o, also implies an enormous uncertainty about the welfare losses,
which vary from 0.4 percent to 3.3 percent of steady state consumption.
Figure 3 presents how the losses vary with the elasticity of substitution for
the same levels of 0. This picture shows that the uncertainty in the elasticity
of substitution does not matter much for low levels of o_. Besides, the impact
of the uncertainty in € is lower than the one of #. Notice that the size of the
range for the welfare losses is lower in figure 3 than in figure 2.
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Figure 3: Sensitivity Analysis for € and o,
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5 Welfare Losses with State-Dependent Pric-
ing

In the previous section, the Calvo price setting was used in order to esti-
mate the welfare losses resulting from price stickiness. One weakness of this
approach is that it does not incorporate the fact that it is more likely that
those firms that have their prices further away from their target prices have a
higher probability of changing their prices'®. In this section, I use a modified
version of the Generalized Ss model proposed by Caballero and Engel (2007)
in order to let the probability of changing prices be an increasing function
of the difference between the actual price and the target price. The section
is divided into three parts. First, I present the model. Then, I show how to
use it in order to compute the welfare losses. Finally, I present the baseline
calibration of the model and some robustness exercises.

18The cost of deviating from the target price is increasing with respect to the distance
from this price. Therefore, adjustment is more likely when this distance is larger.
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5.1 The Model

Consider a firm ¢ € [0,1] at time ¢ that sets its price at P(i) but would
choose its price at P;(i) if price rigidities were momentarily removed. Let
the difference between these two prices (the actual and the target prices
respectively) be defined, in logarithms, as follows:

$t(l) = pt(i) — i (@) (40)

For simplicity, in this section I assume that there exists idiosyncratic produc-
tivity shocks only, which are independent across firms and across time. All
these shocks have zero mean and variance 2. Moreover, under the assump-
tion that increments in productivity are approximately independent (over

time for each i), I can approximate p}(i) by the following expression'?:

pi(i) ~ Q + pl (i) (41)

where pf (¢) is the log of the frictionless price (the price that a firm would
choose if price rigidities were permanently removed) and €2 is an uninteresting
constant. In general, the target price would be a weighted average of current
and expected future frictionless prices. When productivity is very persistent
(in the limit it is a unit root), it can be shown that the expectation of the
future frictionless prices is approximately the current price?’. Therefore, it
holds that the target price is approximately given by the frictionless price?.
From (41), it holds that:

Ap; (i) = Apl (i) (42)

Notice from Section 2 that the frictionless price is given by:

, 11—« 1 .
pl(i) = © |~loga + w; + o (epe +cx) — aat(l) (43)

Considering that there are no aggregate shocks and that inflation is equal to
zero, it can be concluded that w;, = w, p; = p and ¢; = ¢. The latter implies
that the target price follows the process:

Apt(i) ~ Apl (i) = —gAat(z) (44)

19This assumption has been used in other applications by Caballero and Engel
(1993a,1993b). It seems very plausible according to the empirical evidence provided by
Blundell and Bond (2000). Notice that, in other words, this assumption means that the
idiosyncratic productivity should be very persistent. In the limiting case, when p = 1,
increments in productivity are independent.

20Notice that, in the limiting case, when the productivity is a unit root, the frictionless
price is a unit root.

21See Caballero and Engel (1993b) for more details on this issue.
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Given that p is very close to 1, Aay(i) ~ &4(¢). Therefore:

AP (1) = 2=l (45)

The existence of idiosyncratic productivity shocks every period implies that
the target price changes every period; and, consequently the price imbalance
x also varies. To complete the model, I need to specify how firms would ad-
just their prices after being hit by the idiosyncratic shock. I assume that the
probability that a firm ¢ changes its price is equal to A(x,(i)) where A(x) rep-
resents the adjustment hazard. In this way, I capture the most distinguishing
feature of state-dependent models: the fact that the disequilibrium variable
x4(4) influences how likely it is that a firm adjusts its price in a given time
period??. In principle, a hazard function could take any shape. Reasonable
hazard functions should be increasing with respect to the absolute value of
x, given that it seems unlikely that firms tolerate large deviations as much
as they tolerate the small ones?*. This feature is known in the literature as
the increasing hazard property (Caballero and Engel 1993a).

The timing convention of the model is as follows. At the beginning of
period ¢, firm ¢ has a price imbalance of x; 1(i). Then, an idiosyncratic
productivity shock hits the firm. This implies that x moves from x; (i)
to x;—1(7) + Ap;(i). Finally, the adjustment hazard is applied on the price
deviation after the idiosyncratic shock. With probability A(x;_1(i) + Ap; (7))
the firm changes its price and eliminates the price imbalance® ( z;(i) = 0)
and with probability 1 — A(z;_1(7) + Ap;(i)) the firm does not change its
price and keeps its price deviation in x;_1(i) + Ap;(i). Therefore, for each
firm 4, the following process for x,(7) holds:

i) = 10 [z11(0) = =) (46)

«

where:

I;(i) = 1 with Probability 1 — A(x;—1(2) + Ap (7))
= 0 with Probability A(x;_1(i) + Apj (7))

22The adjustment hazard framework has been used by Caballero and Engel (1993a,
1993b, 2006, 2007). In their 2006 paper, they claim that almost any Ss model can be
approximated by using the adjustment hazard framework.

23In fact, menu costs models are consistent with increasing hazard functions.

24When the price imbalance is positive (negative), eliminating it implies that the firm
has decreased (increased) its price.
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5.2 Measuring Welfare Losses

In this case, it is convenient to combine (17) with (18) in order to write the
welfare losses as:

ac+1—a+yx
200

L= = Var {n() - 0} - | |@-ae  an
Again, these losses have two parts: one that depends on policy and one that
does not. Equation (45) is consistent with zero inflation, which is assumed.
Moreover, I assume that the standard New Keynesian Phillips curve is still
a good approximation to relate output gap and inflation?®. Under this as-
sumption, a zero inflation policy leads to a zero output gap, up to a first
order approximation. Consequently, the welfare losses are given by:

L= —s=Var () = pl ()} (48)

This implies that the only source of welfare losses is the dispersion of price
gaps across goods. Given that the model is defined in terms of the price
deviation from the desired price (or target price), it is convenient to rewrite
the welfare losses as a function of the cross sectional variance of z;. By using
(41) in (48), the welfare losses can be expressed as:

L, = —%Vari {z(1)} (49)

5.3 Quantifying Var; {z,(i)}

The cross sectional variance is estimated by finding the variance of the ergodic
distribution of the state variable x for a given firm 7. In order to simulate the
process z I need to assume a functional form for A(x). Following Caballero
and Engel (2006), I assume the simplest quadratic hazard they present in
their paper, which is given by the following expression:

Az) = 0,2° ,2<0 (50)
= 6,22 ,2>0

The parameters ¢ and « are the same as those in the baseline calibration
in Section 4. The remaining parameters d,,d,, and o2 are calibrated in two

25Gertler and Leahy (2006) show that the standard New Keynesian Phillips curve is
consistent with state-dependent pricing. The main difference with respect to the time
dependent pricing is the sensitivity of the output gap to movements in inflation. In the
latter case, the sensitivity is much higher.
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slightly different ways. In the first one, I impose ¢, = 9, and calibrate
the parameters such that I match the fraction of price adjustments and the
standard deviation of individual price changes observed in the Dominick’s
database. In the second one, I remove the restriction d, = §,, such that I
can match additionally the fraction of positive price changes?’.

Table 3 : Calibration of the Hazard Models
Data Models
1 2 3

STATISTICS (In %)

Fraction of Price Adjustments 20 20 20 20
Standard Deviation of Price Changes 4.6 4.6 4.6 4.6
Fraction of Positive Price Changes 13 10 13 10

|Mean of Price Adjustments| 7.7 9.8 9.0 7.6
Mean of Price Increase 9.8 6.8 7.6
Mean of Price Decrease 9.8 134 7.6
PARAMETERS

Op 50 205 -

On 50 15 -

o 0.047 0.047 0.047
WELFARE LOSSES (In %) 0.28 0.37 1.33

Table 3 summarizes the results of the simulations. Model 1 reports the
symmetric quadratic hazard model. The model fails to match the mean of
the absolute value of individual price changes (it overestimates it). This
is consistent with the failure of menu costs models to generate many small
price changes.?® By using this model, the welfare losses are 0.3 percent of
steady state consumption. Model 2 reports the asymmetric quadratic hazard
model. Notice that 0, is much higher than 4, in order to capture the fact
that price increases occur more frequently than price reductions. Moreover,
the asymmetric hazard allows for matching the fraction of price increases,
which is higher than the one of price decreases. Like Model 1, it predicts an
absolute value of price changes that is much higher than the one observed in
the data. With this model, the welfare losses are 0.4 percent of steady state
consumption. Model 3 reports the constant-hazard model (Calvo 1983). This
model has been calibrated so that A(x) = 1 — 6 = 0.2. In contrast to the

26Notice that the fraction of price adjustments (f) is approximately related to the av-
erage price duration (d) by the following expression: f ~ d~!

2T0Of course, there exists other dimensions of the data that could be matched. It would be
interesting to see how they affect our understanding of the welfare losses of price rigidities.

28 As an example, see the menu cost model developed in Golosov and Lucas (2007).
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previous two models, it matches fairly well the mean of the absolute value of
price adjustments. However, it does not capture (by construction) the higher
probability of a price increase. By using this model, the welfare losses are
much higher (1.3 percent of steady state consumption ). Finally, notice that
the welfare losses estimated by using model 3 are a very good approximation
to the ones estimated by using the complete structure of the Calvo model
under the assumption that the idiosyncratic productivity is highly persistent.
In fact, when using the adjustment hazard approach, the estimated losses are
1.33 percent; whereas when using the model of section 4 with p = 0.99, these
losses are 1.35 percent.

5.3.1 Robustness Exercise

In the previous calibration exercises, there exist two important sources of
uncertainty. Conditional on the representativity of the Dominick “s database,
the first source is the estimation of the elasticity of substitution. In fact,
estimates of this parameter based on the use of the Dominick “s database are
in the range 2-4. This implies, after following the same type of procedure
performed in table 3, that the welfare losses are between 0.1 and 0.6 percent
of the steady state consumption if model 1, with J, = 9, is used. When
model 2 is considered to perform this robustness analysis, the range for the
welfare losses is 0.1-0.7 percent of the steady state consumption.

The second source of uncertainty is related with the convenience of using
the Dominick 's database. As mentioned before, other studies present esti-
mates of the elasticity of substitution among goods and the average price
duration that are much higher than those obtained by using this database.
For this reason, I also perform some additional calibration exercises of the
welfare losses that consider: a) lower frequency of price adjustments (aver-
age price duration equal to 13 months instead of 5 months) b) three different
estimates for the elasticity of substitution among goods and c¢) two different
values for o.. All these exercises are performed by calibrating model 2 (with
dp # 0,,) such that the fraction of price adjustments and the fraction of pos-
itive price changes are the same as in the data on individual price changes
due to Nakamura and Steinsson (2007). Results are presented in Table 4.

Several interesting results emerge from this robustness exercise. First,
the impact of the degree of price rigidity on the welfare losses is crucially
affected by the size of the standard deviation of the idiosyncratic productivity
shock. When o. = 0.03, these losses are between 0.4 and 0.6 percent of the
steady state consumption; while they are between 1.8 and 2.3 percent when
the standard deviation of the idiosyncratic productivity shock is doubled.
In both cases, the degree of price rigidity is the same. Second, based on
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the ability of the different calibrations of the model to match the data on
the size of individual price changes, it is difficult to take a position on the
amount of the welfare losses. In particular, calibrations 1 and 5 do a great
job in matching the absolute value of the median of price adjustments and
the median of price increases but yield completely different welfare losses (0.4
versus 2.3 percent). Independent evidence on the variance of the idiosyncratic
productivity shocks is necessary in order to obtain a more precise estimate
of the welfare losses. Third, given o., the impact of varying ¢ on welfare is
not very important. This result holds because in order to match the fraction
of price changes and the fraction of positive adjustments, an increase in €
implies a reduction in the variance of the price imbalance x;. Fourth, this
exercise shows clearly that a lower frequency of price adjustments would
not necessarily imply significantly more welfare losses. If we compare the
result obtained by using calibration 1 with the baseline estimate of 0.37
percent, we see that the difference between the two is small. This is because
it is plausible that economies with lower frequency of price adjustments are
economies with smaller idiosyncratic productivity shocks. Fifth, the model
does not fit the disaggregated data on prices when € = 10. A higher variance
of the idiosyncratic productivity shock will solve this problem. In general,
when choosing any value for the elasticity of demand higher than 6, the
model would require a higher o. in order to match adequately the data on
individual price changes.

Table 4 : Robustness Exercise
Data Alternative Calibrations for Model 2
1 2 3 4 5 6

STATISTICS (In %)

Frac. of Price Adj. 8 8 8 8 8 8 8
St. Dev. of Price Ch. n.a 2.9 1.4 0.9 5.9 3.0 1.7
Frac. of Pos. Adj. 5 5 5 5) ) 5) 5)
|[Median of Price Adj.| 8.5 8.7 4.2 2.4 17.0 8.6 5.1
Median of Price Inc 7.3 7.2 3.6 2.1 144 7.3 4.3

Median of Price Decr 105 11.7 5.8 3.7 23.6 119 7.1
PARAMETERS

5, 64 250 785 15 60 167
O 9 3 9 2 9 25
¢ 3 6 0 3 6 10
o. 0.03 0.03 0.03 0.06 0.06 0.06
WL (In %) 0.43 0.55 0.60 1.79 2.27 2.33
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6 Concluding Remarks

I have presented a new perspective on the importance of the study of price
rigidities. Traditionally, these rigidities have been analyzed in order to under-
stand the real effects of monetary policy, inflation persistence or the design
of optimal monetary policy. In this sense, price stickiness has been an im-
portant element in monetary policy analysis. Here I provide an additional
motivation to pay attention to price rigidities. In particular, I emphasize
that price stickiness is relevant because it can cause important welfare losses,
even in economies with price stability. This conclusion has been obtained
after considering idiosyncratic productivity shocks in the welfare analysis of
price rigidities.

The results of this paper also allow for the identification of two aspects
of price rigidities that are relevant from a welfare point of view. First, they
highlight how crucial it is to understand why firms would decide in favor
of state dependent behavior or time dependent behavior??. In fact, this
study has shown that the welfare losses are significantly higher with time
dependent pricing. Secondly, they emphasize the importance of investigating
the determinants of the frequency of price adjustments. According to my
results, this variable is a key factor in determining the size of welfare losses®’.
Research on these two aspects would also be helpful in order to see if there

exist policies that can help to reduce the negative impact of price rigidities.

29 Alvarez (2007) develops an econometric analysis in this line of research. He estimates
a multinomial logit model with Spanish Survey data in order to explain the relationship
between the use of time dependent pricing strategies and industry characteristics. He finds
that time dependent behavior is associated with higher labor intensity in the production,
lower degree of competition and large firms.

30The other factor is the variance of the idiosyncratic productivity shocks. Clearly, this
factor is exogenous.
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A The Adjusted Output Dispersion (d;)

The adjusted output dispersion, up to a second order approximation, can be
expressed as:

d, = %Vam {p:(?)} + %Vari {a¢(i)} + gC'OUi {pe(i), ar(i) } (51)

Proof: First, notice that the adjusted output dispersion (in logs) can be

written as:
dy = alo /1 P(i)) " (1 l/adz’ (52)
0= go P, A,(7)

Then, a second order approximation of d; around a zero inflation steady state
is given by3!:

€
di =« —5/(1%() ptd2+ / — ) dZ+_/at

1 1 (53)

Now, by taking into account that /(pt(z) —pr)di = —(1— e)/ (pe(i) — po)* di

0 0
(from a second order approximation around a zero inflation of the identity

of the price level), the following expression arises:

1 1

=§%j1% —p) i+ — ,/ m+§/@%ﬂ—%wﬂﬂi (54)

0 0

Finally, by noticing that p; is the mean of p,(7) and that a;(7) has mean zero,
then (54) can be written as (51).

31Tt has been taken into account that a;(i) has a zero mean, which means that

j%@mzo
0
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B The Relationship between d; — di' and the
Dispersion of Price Gaps Across Goods

The difference between d; and d} can be expressed as follows:

€ . .

dy —d} = —Var; {pt(@) — p{(z)} (55)
20

Proof: First, up to a second order approximation around a zero inflation, it

holds that:

Var, {p(i) = pl (i) } = Vari {p(@)} + Var: {pl i) } = 2Cov: {p(i).p{ (i)}

(56)
Now, notice that the frictionless price pf (1) is given by the following expres-
sion:

. 1. 11—«
pl(i)=© |:_10ga+wt_aat+

(ite) = 2ald)| 6T

Then, by using (57), Cov; {pt(i),p{(i)} = —2Cov; {p(4), a;(i)}. This means

that if both sides of (56) are multiplied by 55 and terms are rearranged, the
following expression holds:

€

chm' {pt(i)}+§Covi {pe(0), (i)} = 20

. Var: {pu(i) = pl () } = Var: {pl () }]

(58)
The latter expression is useful to find an alternative expression of d; that
relates it with Var; {pt(i) — p{(z)} In fact, by combining (51) and (58), I
have:

€

4= s [Var {p(i) ol @)} = Var [ )}] + S-Var fa ()} (59

Using the latter, the adjusted output dispersion under flexible prices is given
by:
. € ) 1 :
dy = —%Vam {p{(z)} + %Vari {ai(7)} (60)
Finally, by substracting (60) from (59), (55) is obtained.
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C Proofs of Lemmas

Lemma 1: The adjusted output dispersion d;, up to a second order approxi-
mation, is given by the following expression:

4= s Var (pli)} + 5=Var {a (i)} + <Con {pi) o)} (61)

Proof: See appendix A
Lemma 2: The adjusted output dispersion under flexible prices (d}'), up
to a second order approximation, can be written as:

1

dr = _Of@Vari {a,(i)} (62)

2
Proof: By using lemma 1, dj’ can be expressed as:

. € , 1 . € . .
dy = %Va,ri {p{(z)} + %Vari {a¢(i)} + &Covi {p{(z), at(z)} (63)
Then, by considering (57) and the fact that the idiosyncratic shocks and the
aggregate variables are uncorrelated, it is straightforward to find Var; { p,{ (z)}

and Cov; {pf (1), at(i)} as a function of Var; {a,(i)}. More precisely:

Var; {p{(z)} — (g)2Vari {a:(i)} (64)

Cov; {p{ <z‘),at(z’)} = Wl_a)e

Finally, by plugging (64) and (65) into (63) and adding all the resulting
terms, lemma 2 is found.

Lemma 3: The variance of prices across goods, up to a second order
approximation, is given by the following expression:

Var; {a.(i)} (65)

Var (0} = (g S0+ (1= 000° Y 0Var fay ) (69

where ¢ = ((11__5;3)% .

Proof: The proof can be divided into four steps.
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1

L\ €/
Step 1: Define E; = / (%@) di. Then, up to a second order ap-

0
proximation around zero inflation, this variable (in logs) can be expressed

as:

e = 2@ {pe (@)} (67)

Step 2: Take into account the Calvo price setting. In this case, e; can be
written as:

1 1

6 / (Pra(i) — po)? di + (1 6) / W) —p)2di|  (69)

0 0

€
20«

€t =

Now, by plugging pi = pi-r+ m and pi(i) = pf — da,(i) into (68); and
considering that p¢ — p; = 57 holds, then after some algebra I get:

e = {QVan {pi_1(7) 2+ (1 —0) ¢*Var; {at(i)}l (69)

2@ 1-46
Step 3: Combine (67) and (69) in order to find:

Vari {p:(i)} = 0Var; {p;-1(i)} + Leﬂ-t +(1-0)¢*Var; {a,(i)}  (70)

Step 4: Considering that 0 < § < 1, (70) can be solved backward in order
to obtain (66).

Lemma 4: The covariance between prices and the idiosyncratic produc-
tivity shocks can be expressed as:

Covi {pi(i),a;(1)} = —o(1 — 29 Cov; {ai(i), ar—; (1)} (71)

Proof: First, use the following deﬁnltlon.

Covi {pi(i), au(i)} = / (ne(i) — pr) an(i)di (72)

Second, considering the Calvo price setting, the previous expression can be
written as:

1 1

Cov, {pili), ar(i)} = 0 / (pes(i) = po) an(i)di + (1 — 0) / (i(0) — po) as()di
0 0 (73)
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Third, by plugging p; = p;_1+ 7 and p}(i) = p¢ — ¢a.(i) into the latter
equation; and considering that the idiosyncratic and the aggregate variables
are uncorrelated, I get after some algebra:

Cov; {pi(1),a:(0)} = 0Cov; {ps_1(i),a:(1)} — (1 — 0) ¢Var; {a; (i)}  (74)

If the previous steps are repeated to find an expression for Cov; {p;—1(4), a;(7)},
I get:

Cov; {pi(i), a, (1)} = 0*Cov; {pi_2(i), a, (i)} —p(1—-0) Z 07 Cov; {a,(4), a—;(4)}

(75)
If this process is repeated infinitely many times, I get (71).
Lemma 5: As t — oo, Var; {a:(i)} = 1fi2 = o2

Proof: Without loss of generality, assume that the initial level of pro-
ductivity (in logs) for every firm is zero. Then, at time 0, it holds that
ao(i) = €o(i). Then, Var;{ao(i)} = o2. Now, at t = 1, a;(i) = pag(i) +
e1(i), which implies that Var;{a;1(i)} = o (1+ p*). In general, at ¢t = n,
Var;{a,(i)} = o2 (1 + p* + .. + p*"). Therefore, as ¢ — oo, I get lemma 5.

Lemma 6: Cov; {ay(i),a,—; (i)} = pPo?

Proof: Notice that Cov; {as(i),a1(i)} = pVar;{a1(i)}; Cov; {as(i),a:(i)} =
p*Var;{a;(i)}.

In general, Cov; {a,(i), a;—;(1)} = p? Var;{a,—;(i)}.

Finally, applying lemma 5 to the previous expression, I get lemma 6.

Lemma 7: Cov; {p:(1),p1—1(i)} = OV ar; {pi—1(i) } —p(1—0)Cov; {a(i), pt—1(i) }
Proof: Up to a second order approximation, the following identity holds:

1

Covs {pr(i), prs (i)} = / (9e(i) = 1) (s () — prs) (76)

0

Considering the Calvo price setting, the latter expression can be simplified
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until the lemma is finally proved in the following way:

Covi{pt(i)aptfl(i)} = 9/ Di— 1 pt 1 ) ptfl)di
-0 / 1) = o) (01 () — prs) di

1
= 9/ Pe—1(2) — o1 + ) (Pr—1(3) — pe—1) di

+(1-10) / (pgj — ¢a(i) — pt) (pr—1(i) — pr—1) di

= OVar; {pi—1(i)} — ¢(1 — 0)Cov; {as(i), pr—1(i) }
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D Decomposing the Variance of Price Changes

The variance of price changes across goods, up to a second order approxima-
tion around zero inflation, is given by the following identity:

Var; {m(i)} = Var; {p:(i)} — 2Cov; {p: (i), ps—1(1)} + Var; {pi—1(¢)} (77)

By using lemma 7, the previous relationship can be expressed as:

Var;{m (i)} = Var; {p:())} + cVar; {pi—1(0)} + A\Cov; {a;(i), p—1(i)} (78)

where £ = (1 — 260) and A = 2¢(1 — 0).
From (78), Var; {p;—1(7) }can be expressed as:
~ Vari{m (i)} — Var; {p(i)} — ACov; {a,(i), p;—1(7)}

Var; {p_1(i)} = p (79)

Then, by plugging (79) into (70) and rearranging terms, I obtain:

Var; {p(i)} = (%) {Vari {me(i)} + 1i97rf}

—200C0v; {ay (i), pi—1 (i)} + kd*Var;a(i) (80)

Combining the previous expression with (66), I get:
Var; {m(i)} = i@jﬂz (=% 77 + idio (81)
7 t ~ t—j 1-0 t

where idio is given by:

idio = ﬂgbz i 0V aria;_;(i) + ACov; {a.(i) (i)}
= 7 2 iQt—j i \At\?), Di—1
_ (1- g)’fﬁb? Vara,(i) (82)

Some comments about expression (81) are useful. First, notice that the
variance of price changes across goods can be decomposed in two parts: one
that is driven by aggregate shocks (summarized by current aggregate inflation
and its lags) and another one that is driven by the idiosyncratic productivity
shock (idio). Second, considering an annual inflation of 3 percent (0.03/12 in
monthly frequency) an average price duration of 5 months (# = 0.8), and the
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values set in Section 4.3 for 3, €, a,and p, the model predicts that the variance
of monthly individual price changes across goods is 0.7 percent. However,
in the data, this variance is 4.6 percent®*. The introduction of idiosyncratic
productivity shocks helps the model to fit much better this dimension of the

data.

32Midrigan (2006) reports that the standard deviation of price changes, conditional on
price adjustment is 10.4 percent. Then, assuming that 80 percent of prices do not change
(consistent with the average duration he found), it can be inferred that the standard
deviation of all price changes (including zeros) is 4.6 percent.
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E Calibration of the Variance of the Idiosyn-
cratic Productivity Shock

In this appendix, I show the way how to derive (39) in order to calibrate
the variance of the idiosyncratic productivity shock. First, it is convenient
to find an expression for idio that depends only on the current and past
cross sectional variances of the idiosyncratic productivity shock. By look-
ing at (82), it is clear that I should obtain an alternative expression for
Cov; {a(i),pi—1(7)}. The way to find it consists in plugging (71) into (74) to
obtain, after rearranging some terms, the following expression:

Coui {10} = =552 S W Cou i), s} (89

By replacing the previous expression into (82), and considering that a large
enough period of time has passed until now (as ¢ — o), I can apply lemmas
5 and 6 in order to write idio as:

2(1-6)(1 = p)¢* o2
(1—06p)  1-p?

As t — 00, I can also assume that 7, = w. Therefore, as t — oo, the cross
sectional variance of price changes is given by:

(84)

idio =

2, 20 =p)1-0)¢* o
=0 T =gy 1-p (85)

Vari{r(i)} =

Finally, rearranging terms, I obtain the following expression for the variance
of the idiosyncratic productivity shock:

o (1-0p)(1 p’) ar {1(i —2—97r2
7= g Ve r) - T2 ()
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