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We study the interaction between dispersed and sticky information by assuming that firms
receive private noisy signals about the state in an otherwise standard model of price
setting with sticky information. We compute the unique equilibrium of the game induced
by the firms’ pricing decisions and derive the resulting Phillips curve. The main effect of
dispersion is to magnify the immediate impact of a given shock when the degree of
stickiness is small. Its effect on persistence is minor: even when information is largely
dispersed, a substantial amount of informational stickiness is needed to generate
persistence in aggregate prices and inflation.
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1. INTRODUCTION

According to Mankiw and Reis (2002), the sticky information model achieves
two important goals at once: (i) it explains why prices fail to respond quickly to
nominal shocks and (ii) it reconciles the backward-looking behavior needed to
generate the observed persistence in aggregate prices with the assumption that
agents are fully rational. One key feature they do not take into account in their
paper is the fact that, in the real world, information is differential: agents get
different pieces of (relevant) information when they update their information sets.
What are the consequences of having firms setting prices when information is
sticky and dispersed? In this paper, we build a model in which firms update their
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information set infrequently and, when information is updated, receive a noisy
signal of the relevant state. Our goal is to analyze the resulting dynamics for
aggregate prices and inflation rates.

In the model, firms’ optimal price is a convex combination of the current
state of the economy and the aggregate price level. Nevertheless, as firms do not
observe the current state or other firms’ pricing decisions, they have to use the
available information to infer the optimal price. As in Mankiw and Reis (2002),
only a fraction of firms update their information set in each period. Those that
update receive two types of information: the first piece is the value of all previous
periods’ states, while the second piece is a noisy, idiosyncratic, private signal
about the current state of the economy. Since noisy signals are idiosyncratic,
the firms that update their information set will have heterogeneous information
about the state [as in Morris and Shin (2002) and Angeletos and Pavan (2007)].
Hence, in our model, heterogeneous information disseminates slowly in the econ-
omy. While firms receive private signals and information about past states only
infrequently, they also have access to a public information about the evolution of
the state. This information is available to all firms, including those that were not
selected to update their information set.

Since a firm’s optimal price depends on both the current state of the economy
and the price chosen by the other firms, it must form beliefs not only about the
current state but also about the other firms’ beliefs about the current state of the
economy, and so on, so that higher-order beliefs play a key role in our model.
Hence, the pricing decisions by firms induce an incomplete information game
among them. In our main result, we prove that there exists a unique equilibrium of
such game. The uniqueness of the equilibrium allows us to unequivocally speak
about the sticky—dispersed information (henceforth, SDI) aggregate price level
and Phillips curve.

The SDI aggregate price level we derive depends on all the current and past
states of the economy and on the public signals. This is so for two reasons. First,
there are firms for which the information set has been last updated only in the dis-
tant past. This is a direct effect of sticky information. Second, firms that have just
received new information will behave, at least partly, as if they were backward-
looking. This happens because of a strategic effect: their optimal relative price
depends on how they believe all other firms (including those that have outdated
information sets) in the economy are setting prices. The influence of public
signals on the aggregate price index emerges from these two effects. Public infor-
mation helps firms to predict not only the unknown states, but also one another’s
actions.

From aggregate prices, we are able to derive the SDI Phillips curve and show
that inflation also depends on all the current and past states of the economy and
on the public signals. This dependence on current and past states is linked to the
result obtained in Mankiw and Reis (2002), in which inflation depends on past
expectations of current economic conditions, due to the fact that firms compute
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expectations based on outdated information. This is an implication of the stick-
iness of information in our model and was already present in Mankiw and Reis
(2002). In our model, however, in addition to being sticky, information is also
noisy and dispersed. The fact that information is noisy leads a firm that has just
updated its information set to find it optimal to place positive weight on the states
from previous periods to predict the current state. Hence, in comparison to the
model economy stated in Mankiw and Reis (2002), the adjustment of prices to
shocks will be slower in an economy with noisy information. Through the com-
plementarities in price setting, the fact that, on top of being noisy, information is
dispersed magnifies such effect.

Related literature. There is a vast literature relating informational frictions
and the macroeconomy.! To the best of our knowledge, this is the first paper
to build a dynamic model of price-setting decisions where information is both
sticky and dispersed. There are, however, a large number of papers that are con-
nected to what we do. Among those papers, in addition to the ones that were
already mentioned, our work follows a large literature that sheds new light into
the tradition that dates back to Phelps (1968) and Lucas (1972) of considering
the effects of imperfect information on price-setting decisions. Mankiw and Reis
(2010) provide the most recent survey on the impact of informational frictions
on pricing decisions, comparing a partial (dispersed) information model with a
delayed (sticky) information model, and deriving their common implications.? In
turn, Angeletos and La’O (2009) introduce dispersed information (and explic-
itly discuss the role of higher-order beliefs) in an otherwise standard setting with
sticky prices a la Calvo (1983); throughout the paper, we compare how our dis-
persed information model differs from their sticky price environment. Veldkamp
(2011) covers a myriad of topics related to informational asymmetries and infor-
mation acquisition in macroeconomics and finance. Our paper connects to this
broad literature through two strands. In our model, information is sticky [as in,
e.g., Mankiw and Reis (2002)] and dispersed [as in, among others, Morris and
Shin (2002)]. Also, by focusing on informational stickiness (rather than price
stickiness), we complement the analysis of Angeletos and La’O (2009).

Our work is also related to the recent empirical work on belief heterogene-
ity. Andrade et al. (2016) document a set of facts about disagreement among
professional forecasters and propose an extended version of the sticky informa-
tion framework of Mankiw and Reis (2002) that can jointly explain these facts
and compare the results of their sticky information model to a noisy information
model, when agents observe a noisy signal of the current state of the economy.
Instead of choosing one information imperfection, stickiness versus dispersion,
our proposed model embeds the two in a unified framework. On the one hand,
following Mankiw and Reis (2002), information spreads slowly through the econ-
omy. On the other hand, the information received by the fraction of informed firms
is noisy and heterogeneous, which entails fundamental and strategic uncertainty.
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As a result, the SDI model is the natural framework to test between the two
competing information frictions.

The paper that is the closest to ours is Baeriswyl and Cornand (2010). They also
combine, in a single model, dispersed information and informational stickiness to
study the signaling role of policy actions. There is one main difference between
their paper and ours: the relevant fundamental in our economy evolves dynam-
ically, whereas they assume that the fundamental is random noise over time.
Dynamics substantially change the way agents form their beliefs. Over time,
different agents have different pieces of information regarding the fundamental.
In fact, since the fundamental evolves according to a process which is time-
dependent, any two agents whose information sets were updated at different
points in time will have different beliefs regarding the state. As a consequence,
at a given point in time, there is heterogeneity in beliefs regarding the fundamen-
tal (and aggregate prices) even within the agents who have outdated information
sets. Such a cross section of beliefs has nontrivial impacts on both aggregate
prices and inflation. Also, by explicitly incorporating dynamics, we are also able
to obtain impulse responses of aggregate prices and inflation rates to structural
and informational shocks that hit the economy.

Organization. 'The paper is organized as follows. We describe the setup of the
model in Section 2 and derive the unique equilibrium of the pricing game played
by the firms in Section 3. In Section 4, we analyze which properties are satis-
fied by the equilibrium values of the coefficients of our model and evaluate the
impulse response functions for inflation and aggregate demand. In both exercises,
we compare our results for the sticky and dispersed information model with the
ones obtained for the sticky prices and dispersed information model proposed
by Angeletos and La’O (2009). Section 6 contains the concluding remarks. All
derivations that are not in the text can be found in the Appendix.

2. THE MODEL

The model is a variation of Mankiw and Reis’s (2002) sticky information model.3
There is a continuum of firms, indexed by z € [0, 1], that set prices at every period
tefl,2,..}.

Although prices can be reset at no cost at each period, information regarding
the state of the economy is made available to the firms infrequently. At period ¢,
only a fraction (1 — A) € (0, 1) of firms are selected to update their information
sets about the current state. For simplicity, the probability of being selected to
adjust information sets is the same across firms and independent of history.

We depart from a standard sticky information model by allowing information
to be heterogeneous and dispersed: a firm that updates its information set receives
information regarding the past states of the economy as well as a private signal
about the current state. There is also a public signal about the change in the state
that is available to all firms.
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Pricing decisions. Under complete information, any given firm z € [0, 1] sets
its (log-linear) price p; (z) equal to the optimal price decision p; given by

p;=rPi+ (-6, @

where P, = [ (1) p: (2) dz is the aggregate price level, and 6, is the nominal aggre-
gate demand, the current state of the economy. This pricing rule is standard, and
although we don’t do it explicitly, it can be derived from a firm’s profit maximiza-
tion problem in a model of monopolistic competition in the spirit of Blanchard
and Kiyotaki’s (1987).4

Information. The state 6, follows a random walk
0;=0,_1+¢, (2)

with €, ~ N(0, ™ 1).

If firm z € [0, 1] is selected to update its information set in period ¢, it observes
all previous periods’ realizations of the state, {9,__,«, Jj=> 1}. Moreover, it obtains
a noisy private signal about the current state. Denoting such signal by x; (z), we
follow the literature and assume

x(2)=0;+§&,(2), 3)

where £, (z) ~N(0, B~1), B is the precision of x; (z), and the error term £, (z) is
independent of ¢, for all z, ¢.

There is also a public signal y, that is available in all periods to all firms,
including those that have not been selected to update their information set,

yi=0; =01 +mn,,

where 1, ~ N (O, y’l) is independent of the other shocks and over time. It is clear
from equation (2) that y, is a signal over the exogenous shock ¢,. In the same line,
once the state 0,_; is observed to those that have updated their information sets at
t, x; (z) — 0,1 is a private signal over ¢,.

As a result, the information set of a firm z; that was selected to update its
information j periods ago is

i (g) = {xi— (5) » Orjmr. Yol @

where ©,_; = {9,,k},f°=j and Y, = {y,—r}pe, represent the sets of all states previous
to t — j and of all public signals.

3. EQUILIBRIUM

Using (1), the best response for a firm z; that was selected to update its information
J periods ago—and, therefore, has J,(z;) as its information set—is its forecast of
p;, given the available information 3,(z;):

pe(5) =E [P} 13 (3)]- )
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Denoting by A;_; the set of firms that last updated their information set at period
t — j, we can express the aggregate price level P, as’

Pi= i n, P (@) dz (©)
=250 [ a, E 7130 (z)]

Since the optimal price p; is a convex combination of the state, #,, and the
aggregate price level, firm z needs to forecast the state of the economy and the
pricing behavior of the other firms in the economy. The pricing behavior of each
of these firms, in turn, depends on its own forecast of the other firms’ aggregate
behavior. It follows that firm z; must not only forecast the state of the economy, but
also predict the behavior of the other firms in the economy and make forecasts of
these firms’ forecasts about the state, forecasts about the forecasts of these firms’
forecasts about the state, and so on. In other words, higher-order beliefs will play
a key role in the derivation of equilibrium in our model.

Indeed, if one defines the average kth-order belief about the current state
recursively as follows:

_ s k= O,
E [6,]= 1 oo — N 7
(0] Zj:O fA,fj E [Ek Lo, [ 3 (Zj)] dzj, k>1, ™
then in equilibrium, the aggregate price level is
Pi=1-r Y, FEN6,. (8)

3.1. Computing the Equilibrium

In this section, we derive the unique equilibrium of the pricing game played by the
firms. First, we obtain the higher-order beliefs. Then we compute the aggregate
price level in period ¢ as a weighted average of all higher-order beliefs about the
state 0,.°

3.1.1. Posterior distribution. The common posterior for a firm z; that updated
its information set in period ¢ — j given public information alone is normal with
mean w,_;=E [Ot_j|®,_j_1, Y[_j] =K (yt_j + 9,_j_1) + (1 —«)6,j—1 and vari-
ance ag =(a+y)" !, where k =y (@ +y)~'. Private posteriors, on the other

hand, are
0013 () ~ N (8x—j () + A = wijs @+ B+1)7), 9)
where
SELE(O 1). (10)
a+p+y ’

Hence, a firm z; that updated its information set in  — j expects the current state
to be a convex combination of the private signal x;_; (Zj) and a (semi-)public sig-
nal w;_j—combining the public information y,_; with the only relevant piece of
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information that comes from learning all previous states {6, } 4~ The rela-
tive weights given to x,_; (z) and w;_; when the firm computes the expected value
of state 0,_; depend on the precision of such signals.

Using (2), one has, for m <j,

E (0|30 ()] = E 00130 ()] + Zimn E[emi 1% ()] (b
As aresult, a firm that last updated its information set in 7 — j must infer about
the errors {6,,i}’i;,ln to forecast the fundamental 6,_,, in any period after t — j. The

only signal that reveals information about €;_; is the public signal y,_; because
from (2),

Viei=0i —0_i1+n_ =€+ 0,

The weight x captures the importance of €, on the signal y,_; =€, + n,_;.
Thus, the expectation of a firm z; that last updated its information set at t — j
about 6 is

8% (z) + (L= &) Wi+ 1 b viei sm <,

Eor 1% ()] = .
O—m m>j.

12)

In words, a firm that last updated its information set in period ¢ — j combines the
forecast made in that period with the information from the public signals {y,,,-}]i;}n
to forecast all future values of the fundamental 6. Moreover, since at the moment
it adjusts its information set the firm observes all previous states, the firm will

know for sure the value of 6,_,, for m > j.

3.1.2. Beliefs. We establish that there is a unique linear equilibrium in the game
by computing the aggregate price level in period ¢ as a weighted average of all
(average) higher-order beliefs about the state 6,, as stated in (8). In the Appendix,
we use (12) and the recursion (8) to derive the following useful result:

LEMMA 1 (Higher-Order Beliefs). The average kth-order forecast of the state
is given by

Ek [et] = anozo AT {(1 - )") [am,ket—m + bm,ket—m—l] + Kcm,kyt—m}v (13)

where the weights (am,k, b ks cm,k) are recursively defined, for k > 1, by

A k+1 A k . 8
bups1 | =Am | bus | + (A=A [ 1 =681,
Cmk+1 Cimk P

the initial weights are (am,l, b, cm,l) =(6,1-6,p), p=1—58(1 —1), and the
matrix A, is given by
(1= 4+a-8a-2m 0 0
Ap=|A=8)[(1=2"") =@ =2m]1—am 0. (14)
(1 —=2) pA™ 0 1
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3.1.3. Equilibrium price level and SDI Phillips curve. We obtain the equilibrium
aggregate price level by plugging (13) into expression (8) for P, and the SDI
Phillips curve by taking the first difference.

PROPOSITION 2 (Linear Equilibrium). The equilibrium aggregate price level

in period t, Py, is linear in the states {9,,j}zo and in {y,,j}lio, that is,

Pt = Z;.lo:O gmef—m + Z:fz(] hmyl—lm (15)
where the coefficients are given by
(rr)gl*ﬂ) ifm=0
=1 il L1 and  (16)
(59) [17r(17px'") - 1,,.(1,p,\m_1)] ifm>1,
A’m
1—r(1—pam

In such equilibrium, the SDI Phillips curve is given by
= Z?y,o:() 8m (9[7,” - etfmfl) + anozo hm (thm - ytfm71)~ (18)

The equilibrium aggregate price level P, and consequently inflation 7, as shown
in (18) depend on current and past states of the economy. This is so for two rea-
sons. First, there are firms in the economy for which the information set has been
last updated in the distant past. This is a direct effect of sticky information and
is linked to the result obtained in Mankiw and Reis (2002), in which inflation
depends on past expectations of current economic conditions. In our model, as
shown in (8), individual expectations about the current state are functions of the
past states of the economy. Second, even firms that have just adjusted their infor-
mation set will be, at least partly, backward-looking. This happens because of a
strategic effect: their optimal relative price depends on how they believe all other
firms (including those that have outdated information sets) in the economy are set-
ting prices. While prices depend on §, they reflect a nontrivial interaction between
dispersion and stickiness due to strategic complementarity in pricing decisions.

In our model, however, besides being sticky, information is also dispersed. The
effect of private information is captured by the positive weight given to the state
in period 6,_,,—; by a firm that has its information set updated in ¢ — m. If, instead
of having a private signal of 6,_,, firms knew the state, they would ignore the
information given by 6,_,,_1. But, since the private signal the firm observes is
noisy, it is always optimal to place some weight on past states to forecast the
current state. Hence, in comparison to an economy a la Mankiw and Reis (2002),
the adjustment of prices to shocks will be slower in an economy with dispersed
information.

The expression (18) also shows that public information has long-lasting effects
on inflation. This result emerges from the fact that, in contrast with Mankiw
and Reis (2002), in our model agents that do not update their information set
are partially informed about the state through the public signal. Comparatively
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to this result, private signals have a relatively mild influence on prices insofar
as idiosyncratic shocks die out with aggregation. The only effect that remains
from private signals comes from the modification on the strategic interaction that
occurs when firms compute the equilibrium. In contrast, shocks that come from
public signals last forever.

The model with i.i.d. disturbances. We argue that we are able to obtain impulse
responses to various shocks because, in contrast to Baeriswyl and Cornand
(2010), we explicitly incorporate dynamics. In order to formalize this statement,
consider that, instead of following a random walk as in equation (2), the state 6,
is simply an i.i.d. disturbance:

0;=¢;, withe,~N (O,a").

In this case, if firm z € [0, 1] is selected to update its information set in period z,
it continues to observe all previous periods’ realizations of the state, {9 —ja] = 1},
but now they are uninformative about 6,. Moreover, the noisy private signal about
the current state is no longer useful to forecast the state in any future period:

%@ =0,+& (), withé @~N(0,87"),
= €; +$t (Z)

If, in order to be more directly comparable to Baeriswyl and Cornand (2010), we
ignore the public signal y, we are able to show that the higher-order beliefs, and
consequently the price level, become functions of the current state:

EF[o,] = (M> 6,

B+a
Po=(-r 32, FENG)]
B—r)(1—21)

T et Bll—rd—n] "

As aresult, the only relevant shock is the current fundamental 8, = ¢, itself, which
will have only an immediate and temporary effect on the price level.

4. PROPERTIES OF THE MODEL

In this section, we analyze the properties of our model using the work of
Angeletos and La’O (2009) as our benchmark. Perhaps the most prevalent form
of introducing nominal rigidity in macro models comes from the seminal paper
by Calvo (1983), in which, in each period, randomly selected firms set their prices
optimally, while the remaining firms keep their prices unchanged. Angeletos and
La’0O (2009) introduce dispersed information in an otherwise standard Calvo
model. In contrast, we introduce dispersed information in a sticky information
model a la Mankiw and Reis (2002). One might wonder whether there are mean-
ingful differences in considering the effect of dispersed information in those two
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models and, therefore, whether there are relevant differences in Angeletos and
La’O (2009) and our paper.

To compare the models, we ignore public information, which is absent in
Angeletos and La’O (2009), and use the fact that the aggregate price level in
both models can be written as

P = ¢09t + ¢19t—1 + Z,onozz ¢m9t—m,

where Y7, ¢, =1—¢y— ¢}

The coefficients ¢'s of the two models are functions of three parameters repre-
senting (i) the degree of stickiness, A, (ii) the degree of strategic complementarity
in pricing decisions, 7, and (iii) the ratio of the precision of private signals to the
precision of the prior, 8/a.” The main difference is the parameter A, which rep-
resents the degree of Calvo (1983) price rigidity in Angeletos and La’O (2009)
while, in our model, represents the degree of Mankiw and Reis (2002) information
rigidity.

First, we analyze which properties are satisfied by the equilibrium values of
the coefficients ¢'s in the two models. Then, we evaluate the impulse response
functions of the two models for inflation and aggregate demand.

4.1. Comparative Statics

The comparative statics is illustrated in Figure 1. For ease of comparison, we use
the same baseline parameterization of Angeletos and La’O (2009): we identify
the length of a period as 1 year, a probability of price/information change equal
to 1/3 per quarter (A =0.20), and strong complementarity in pricing decisions
(r=0.85). These values are consistent with standard calibrations of the Calvo
model, but not necessarily with sticky information models. We, however, post-
pone the analysis of a calibration more in line with Mankiw and Reis (2002) to
the evaluation of impulse response functions. We also follow Angeletos and La’O
(2009) and set B/a = 1, meaning that the variance of the forecast error of the typ-
ical firm about the current innovation in nominal demand is one half the variance
of the innovation itself.

The first column of Figure 1 plots the coefficients ¢, ¢;, and 1 — ¢, — ¢, as
functions of A, the relevant degree of (price vs. informational) stickiness for each
model. For both models, ¢, is decreasing in A while 1 — ¢, — ¢, is increasing
in A. The most relevant difference is in the coefficient attached to the current
state: ¢ is decreasing in the degree of information stickiness but non-monotonic
in the degree of price stickiness (it increases for low values but decreases for
high values). As in the standard sticky price and sticky information models,
the aggregate price level becomes more and more persistent as the number of
firms that cannot adjust prices or update their information sets increases (higher
values of A). In both models, this pattern is characterized by an increasing
weight 1 — ¢, — ¢, attached to past fundamentals as X increases. Clearly, the
incorporation of public signals, characterized by « #0 (or y #0), does not
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change the shape described for the sticky information model. However, it shifts
upward the curve associated with the coefficient ¢,. As all coefficients must sum
to one, an increase in @, is associated with a decline in the other coefficients. The
rationale behind the shift of the curve associated with ¢, is easy to understand:
when the public signal becomes more precise, firms are better informed about the
errors that drive the fundamental in all periods (¢,—;, for all i > 0), meaning that
their pricing decision will generate an equilibrium price level that is closer to the
one that would be produced if there were complete information. At this limit case
(complete information), firms ignore all past states and set P, = 6,. Past states are
only relevant to firms’ pricing decisions because of outdated information. Not
only are there firms in the economy for which the information set has been last
updated in the far past, but also firms that have just received new information
will behave, at least partly, as if they were backward-looking due to a strategic
effect. Public information helps firms to predict not only the unknown states, but
also one another’s actions. This shift of ¢, also appears in the analyses presented
for the other two parameters—r and (f/a)—since firms can always use public
signals to better infer the fundamental 6,.

The second column of Figure 1 plots the same coefficients as functions of the
degree of strategic complementarity in pricing decisions. Once again, the coef-
ficients of both models present similar dynamics: ¢, is a decreasing function in
r, 1 — ¢y — ¢, is an increasing function in r, and ¢, is non-monotonic in r, first
increasing and then decreasing in r. The pattern here is also similar to the one
observed in a model without dispersed information. Under sticky prices, after
a monetary shock, firms that can adjust their price following a monetary shock
will find it optimal to stay closer to the past price level the higher the degree of
strategic complementarity between them and the firms that cannot adjust (and are
thus stuck to the past price level). Under sticky information, firms that updated
their information sets will find it optimal to attach more weight to the information
that is available for most of the firms that cannot update. As a result, both mod-
els present an increasing weight 1 — ¢, — ¢, attached to past fundamentals as r
increases.

Finally, the third column of Figure 1 plots these coefficients as functions of
B/, the ratio of the precision of private signals to the precision of the prior.
Clearly, ¢, is increasing in this ratio, while 1 — ¢, — ¢, is decreasing for both
models. The major difference between the two models is in the coefficient ¢,
which decreases under sticky prices but is non-monotone under sticky informa-
tion, first increasing and after that slowly decreasing. Consider the coefficients ¢,
and ¢, which characterize, respectively, the price impact of the current and the
past shocks. To understand how the precision of information affects these coeffi-
cients, first consider the choice of the price-setting firm. Under sticky prices, each
firm chooses a price that is a linear combination of past prices and past nomi-
nal shocks (which are common knowledge among all firms) and the firm’s own
expectation of current nominal demand (which is unknown in the current period).
Aggregating across firms gives the aggregate price level as a linear combination
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of past price levels and past nominal shocks and of the average expectation of 6,.
As in any static incomplete information model with Gaussian signals, the firm’s
own expectation of the fundamental is merely a weighted combination of its pri-
vate signal and the common prior, which here coincides with 6,_;. If firms have
less precise private information relative to the prior, that is, lower 8/, they place
less weight on their private signals than on their prior when forming their expec-
tations of 0;. As a result, the average expectation is less sensitive to the current
shock 6, and more anchored to the past shock 6,_;. This explains why less precise
information (a lower B/«) implies a lower ¢, and a higher ¢,.

Now consider the case of sticky information. Firms updating their information
sets in ¢ will also attach more weight to the private signal x, to the detriment of
the past observed fundamental 0,_;. As the weight of the current fundamental 6,
in the aggregate price level depends only on the private information of period ¢,
an increase in private precision that increases the weight that firms updating in
t attach to x, translates into an increase in the weight of 6,, that is, a higher ¢,,.
Now consider how an increase in private precision affects 6,_;. Following the
same logic, firms that updated their information sets in # — 1 will increase the
weight of x;_; and, consequently, of 8,_;  However, as we have already noticed,
firms that updated in ¢ will attach less weight to 6,_;, which they now observe,
and more to x,. The former effect dominates for lower values of private relative
precision 8/« while the latter takes place as B/« increases.

4.2. Impulse Responses

We now study how the precision of information affects the impulse responses of
the inflation rate and real output to an innovation in nominal demand.

Figure 2 plots these impulse responses for inflation (Ap,) and real output
vy =6, — p;). We identify the period as a year and set A =0.20 and r = 0.85.
Once again, we follow Angeletos and La’O (2009) and consider three alternative
values for the precision of information: (i) 8/« = 1 (baseline case); (ii) 8/«o — 0o
(standard sticky price/information model); and (iii) 8/« = 0 (alternative extreme:
no information about the current shock other than the past shock). The first line
of Figure 2 illustrates how the incompleteness of information affects the dynam-
ics of inflation for Cases (i)—(iii) for both sticky prices and sticky information
models. Two observations are common to both models. First, the instantaneous
impact effect of a monetary shock on inflation is increasing in §/«. As the
precision of private information increases, prices initially react more to a nom-
inal disturbance. Second, as the precision of private information decreases, the
second-period inflation becomes higher and higher. As the past nominal demand
now becomes common knowledge, prices with low sensitivity to the monetary
shock in the last period greatly increase in the second period to reflect this new
information. Note, however, that prices react less under sticky information than
under sticky prices. Besides this, inflation continues to rise and returns more grad-
ually under sticky information. This is so because, for r < 1, firms also care about
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FIGURE 2. Impulse responses to an innovation in nominal demand—Angeletos and La.O’s (2009) calibration.
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the overall price level and, therefore, need to consider what information other
firms have. For small values of r, even an informed firm will not adjust its price
much to the change in aggregate demand until many other firms have also learned
of it. From the second line of Figure 2, the instantaneous impact effect of a mon-
etary shock on inflation is decreasing in 8/« for both models. Furthermore, the
sticky information model seams to converge more quickly to the steady-state level
than the model with sticky prices.

At first sight, the differences between the two models (sticky prices vs. sticky
information) under dispersed information seem quite modest. However, if we con-
sider a calibration close to the standard sticky information model of Mankiw and
Reis (2002), the results differ dramatically. We increase the degree of strategic
complementarity (r = 0.90) and consider that firms on average make adjustments
once a year (A =0.25). As becomes clear in Figure 3, inflation under sticky infor-
mation becomes much more inertial than under sticky prices. The sticky price
model with dispersed information could also present a more inertial pattern if we
change the model so that the shock becomes common knowledge after a number
of periods different from one.

As pointed out by Angeletos and La’O (2009), inflation can start low if firms
initially have little information about the innovation and can rise in the early
phases of learning, but once firms have accumulated enough information about
the shock then inflation will begin to fall. This is true for both models (sticky
prices and sticky information). The major difference is that the standard sticky
information model seems to capture all the relevant inertia.

In Figure 4, we extend the analysis previously made by incorporating public
signals in the sticky information model. In contrast to private signals that just
give information about the state of each firm’s last update, we assume that pub-
lic signals are available every period. This difference in our modeling strategy
strengthens the importance of those signals. Clearly, when the precision of the
public signal increases, the impulse responses of both aggregate demand and infla-
tion to an innovation in nominal demand become attenuated. The occurrence of
this phenomenon is easy to understand. When agents do not observe a state, they
use the information conveyed in public signals to make inferences about it. As
the precision of public signals grows, y — oo, the informational shocks vanish
(1, LY 0, Vj), meaning that y,_; LS 0,—; — 6,—;—1. Therefore, no matter how long
it has been since firm z; last updated its information set, it will always be able to
assess the state 6, through

9t—j—1 + Zj,:=() Vi—i 5 0;.

Not surprisingly, when y — oo (and consequently x — 1), inflation becomes
m,=6,—6,_1, which is the inflation rate that would prevail if firms had com-
plete information about the fundamental. Alternatively, we can express inflation
as , = €,. This simple expression shows that €, has an immediate impact on infla-
tion when information is complete, meaning that the impulse response of inflation
is concentrated at the point =0 and zero afterwards. When the precision of
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FIGURE 4. Impulse responses to an innovation in nominal demand—Mankiw and Reis’ (2002) calibration and including public signals.
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the public signal grows without approaching infinity, as shown in Figure 4, the
impulse response keeps the same shape, but, for any ¢ > 0, it is partially atten-
uated by a greater influence of public signals (since it is closer to the complete
information case) and becomes concentrated at the point t = 0.

The incorporation of public signals clearly attenuates the movements of the
real output. This observation is just an extension of the analysis just made: when
the informational friction vanishes, the impulse responses converge to the com-
plete information case. Since the model does not incorporate any nominal rigidity,
under complete information, shocks do not move the real output.

4.3. Efficiency Criterion

We use an efficiency benchmark that addresses whether higher welfare could be
obtained if agents were to use their available information in a different way than
they do in equilibrium. Following Angeletos and Pavan (2007), we adopt as our
efficiency benchmark the strategy that maximizes ex ante utility subject to the sole
constraint that information cannot be transferred from one agent to another. We
modify their efficiency criterion to nest the assumption that information is sticky.
The Lagrangian for our problem is

Ell=—(1—-2X) > )J/
(©1,Yr) Xt

+/ 7)(®r7 Yt)h(®t7 Yt)dF(®t7 Yt)7
(On.Y1)

u (xz—j, O, Yr) dF(xt—j | ©, Yt)i| dF(®,,Y))

=

where u (xt_j, O, Y,) is the “utility” function of the firm, and 5 (®,, ¥;) is the
Lagrange multiplier associated to the constraint

h(®,Y)=P(0,Y)—A Zf:o (I— )’ / pt(xt—j’ ®t—j—l s Yz)dF(xz—j | O, Y7).
Xt—j

This criterion may be understood as measure of social welfare, if “welfare” is now
evaluated from the perspective of firms. We know that p; is obtained as the first-
order condition of u (x,,j, ®,,Y, ,). But since many different functions can generate
the same first-order condition, this social welfare measure can vary. For instance,
in Morris and Shin (2002), (1) appears as the first-order condition of a beauty-
context utility function. Using this function, Morris and Shin (2002) showed that
the provision of public information may diminish social welfare. Nevertheless,
Woodford (2003) shows that

u (-xt—j’ 0, Yt) =— (Pr () _pf)z

guarantees profit maximization in a way that is consistent with the approach
presented in Blanchard and Kiyotaki (1987). We consider an extension of this
function.
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As a result, any direct comparison regarding the impact of communication
on welfare between our work and the related literature, specifically Baeriswyl
and Cornand (2010) and Tang (2013), should be misleading as we are applying
a diverse welfare criterion, Angeletos and Pavan (2007), on a diverse group of
agents, firms instead of households.

5. COMMUNICATION POLICY

We now use the model to discuss communication policy by a benevolent cen-
tral banker. Assume the central banker has access to information about the
fundamental growth of the economy; namely, it observes

&=0,—0,_1+u,

where i, reflects the fact that the central banker’s information is a noisy signal of
the fundamental growth.

The central banker’s communication policy takes a very simple form: it
commits to disclosing a garbled transformation of g,

V=g +v=0,—0,_1 +u+uv,

where v, is a noise the central banker adds to information it has at the time of
disclosure.

The central banker controls the precision of v, given by o 2. Hence, a fully
transparent communication policy corresponds to the choice of 0,2 — oo,
whereas a policy of not communicating any information corresponds to
U;Z — 0'10

Before proceeding, we notice that by making 1, = u, + v,, all the results we
have derived in previous sections hold true for a given communication policy and
by taking the information disclosed by the central banker as the relevant public
information in the economy. As before, we denote by y the precision of such
public signal.

To evaluate the optimal communication policy, we need to establish what the
objective function of the central banker is. We first assume that each firm incurs
a quadratic cost for setting prices that are different than the target ones. In fact,
firms’ payoffs in period ¢ are

M, (D =E[— (i () = (1= 1) 0, +rP))* =1 (p: ) |31 D)].

We take the central banker as maximizing—by choice of the precision v,—
firms’ ex ante (i.e. period zero) total profits, which we denote by ETI. Simple
computations allow us to write such total profits as a function of y as

1—x A
+
a+p+y o+vy

ET (y)=— < ) Y RN,

https://doi.org/10.1017/51365100518000470 Published online by Cambridge University Press


https://doi.org/10.1017/S1365100518000470

766 MARTA B. M. AREOSA ET AL.

where

—r

Q; =

i (p (Y =1— (= p7)

It is easy to verify that the first derivative of this expression with respect to y is
always positive. Hence, full transparency is always optimal.

PROPOSITION 3. The optimal communication policy by the central banker
entails full transparency, that is, o> — oo.

In a setting like ours, one could think that, much as Morris and Shin (2002),
public information could harm social welfare. The reason is that, besides revealing
information about the state, public information is, due to strategic complementar-
ities, indicative of what other firms will do, so each firm responds excessively
to public signals. Proposition 3 shows, however, that the positive effect of more
precise public signals in reducing the relative importance of past shocks vis a
vis current shocks—which, in turn, reduces the persistence of aggregate prices in
our sticky information setting—outweighs any costs that might emerge from the
strategic effects of public information. Full transparency is always optimal.

5.1. Taxation

In the above section, we assumed there existed a central banker with access to
a piece of information that could be made public so as to help pricing decisions
and, as a consequence, improve welfare. We could give a step and answer the
following questions: (i) if a benevolent planner who observed the information set
of all firms could choose the pricing rule to be adopted by those firms, which rule
would he choose and (ii) could such rule be implemented through taxes?

We start by answering the first question. The planner’s problem would be to
choose pricing rules for the firms to maximize ex ante total profits:

max ETI.
{P1(@}ze00,1]

Computation shows that the set of individual price schedules that solve this
program is given by

pi()=E [(1 - r*) 0, +7°P (0, 1) | Se—j (Z)], 19)
where
(1-r)=1-r?,

so that r > r*.

Hence, from a social point of view, price setters place too much weight on
aggregate prices relative to the true state of the economy 6,. Of course, this would
be inconsequential if all agents knew 6,, for they would necessarily choose the
same (and “correct”) price 6,. In our sticky and dispersed information model, such
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“externality” has consequences. A natural way to remedy the bad consequences
of such externality is through taxes. But how should this be done?

Assume that a benevolent planner sets linear taxes 7 ( p; (z)), which, of course,
might depend on the price the firm chooses. Given those taxes, the profit function
of firm z becomes

() =E [~ (pi(2) = (1 = 1) 0, + rP))* — 1(p(2)) | 31-(2)].
Now, if a tax scheme successfully fixes the externality firms impose on each other,
while solving

max E [—(p@) = (1 = 1) 0, + rP))* — 7(pi(2)) | 31-(2)] s

firms choose prices that lead to (19). Combining the firms’ first-order condition
with (19), we get
d
@) o~y 0, — Py,
dp(2)

Therefore,

T(pr () =2r(1 = 1) (0: — Py) pi(2).

Of course, the difficulty is that neither 6, nor P, is observable by all firms (in fact,
0, is only observed for a given firm when its selected to update its information
set). However, one could solve the problem by charging

T(pi () =2r(1 = NE [0, — P, | 31-(2)] pu(2).
PROPOSITION 4. By charging taxes

t(pi(@)=2r(1 = NE [0, — P, | 31— )] pi(),

a benevolent planner will induce pricing rules by the firms which are socially
optimal.

6. CONCLUSION

In this paper, we considered the impact of sticky and dispersed information on
individual price-setting decisions, and the resulting effect on the aggregate price
level and the inflation rate. We analyzed which properties are satisfied by the
equilibrium values of the coefficients of the model, which are functions of three
parameters representing (i) the degree of information stickiness, (ii) the degree of
strategic complementarity in pricing decisions, and (iii) the ratio of the precision
of private signals to the precision of the prior. Then we evaluated the impulse
response functions of the two models for inflation and aggregate demand. In both
exercises, we compared our results from the sticky and dispersed information
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model with the ones obtained by a model with dispersed information and
sticky prices.

The model we propose nests the dispersed information model and the sticky
information model as special cases, and can be extended in many directions.
One possibility is to analyze how communication interacts with other policy
instruments (e.g. interest rates) available to a central banker. We believe these
extensions/applications are interesting avenues for future research.

NOTES

1. For example, Hahn (2014) studies the impact of central bank transparency under heterogeneous
information, Giuli (2010) analyzes the rationale for delegating monetary policy to a central banker
more conservative than the society if information is sticky, and Carrera and Ramirez-Rondan (2017)
provide evidence consistent with agents that update information faster when inflation is higher.

2. The theories of “rational inattention” proposed by Sims (2003, 2010) and “inattentiveness”
proposed by Reis (2006a,b) have been used to justify models of dispersed information and sticky
information.

3. Subsequent refinements of the sticky information models can be found in Mankiw and Reis
(2006, 2007, 2010) and Reis (2006a,b, 2009).

4. See Woodford (2003) for details.

5. In a slight notational abuse, we use [ », [01dz; to denote the Lebesgue integral over the
subset A;.

6. We could also follow Morris and Shin (2002) and first derive an equilibrium for which the
aggregate price level is a linear function of fundamentals. We could then establish, using (8), that this
linear equilibrium is the unique equilibrium of our game.

7. 0,_;_ is the only piece of information in ©,_; = {Gt,j,k}:il the firm needs to use because the
state’s process is Markovian.

8. On request, we can send a sketch of a proof on the impossibility of writing the price index
obtained from the SDI model as a function of the past price indexes, as presented in Angeletos and
La’O (2009).

9. Using the notation introduced in Angeletos and La’O (2009), ¢, = ¢, and ¢, = c¢;¢s + ¢3.

10. We are implicitly assuming that the central banker is forced to choose a communication policy
which is i.i.d. over time. This, however, is without loss given its objective function and the fact that
the environment is stationary.
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APPENDIX: HIGHER-ORDER BELIEFS

In this appendix we derive the general formula of the kth-order average expectation
Ek [91] = (1 - )") Z;O:() )‘-m [am,kgl—m + bm,kel—m—l] + K anc;() )"mcm,k Vi—m>»

considering that the weights (ayu, buk. cnx) are recursively defined, for k > 1, by

A k+1 8 Ak
Bt | = | (L=8) | (1 =A™+ A, | b |
bm,k+1 P Cmk
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where the matrix A,, is given by

S(I=a"+d-8d-2 0 0
Ap= A =8 [(1=2"") = =am] 1=2"1 0], (A1)
1 —=2) pA™ 0 1
the initial weights are (a1, b1, Cn1) = (8,1 =8, p),and p=1—5 (1 —1).
Proof (Higher-Order Beliefs). We start by computing E' [6,] as

E'00 =300 [, E[E 10130 )] da
=Yoo [ n, E10: 13 (@) dzn
=Yoo S, [5x’*’" @)+ (1 =8) Ot + (1= 8) vy + 15 yt—i] dzm
=-» anozo A" [50’*’” +A=8)0,_p + A —=8)ky—py+k Z;:ol )’r—f]
= (1 - )‘) Z/C;O=() A" [5€t—m + (1 - 5) Gl—m—l] + pk Z )»iy,_;.
i=0

The first two equalities use the definition of E*[e], for ke {0, 1}, as stated in (7).
The third equality uses (12) to compute firms’ expectations. The forth equality results
from the computation of the integral, considering that the Lebesgue measure of A,
is (1 —A) A" and idiosyncratic shocks die out with aggregation, [ A,y Xt=m (Zm) dz,, =
fAm Or—m +&,_y (zm) dz= (1 — 1) A"0,_,,. The last equality just rearranges the terms. This
eixpression shows that (am.lsbm,ls cm,l) = (6,1 —235,p). We can use this result to obtain
E*[6,] as
E* 100 =200 [, E[E' 101130 )] dzm
=A=MYl [a, Y WE[86, 4+ (1= 8)0i i1 |3, (zn)] dzm
DI

This last equality holds because y,_; belongs to all firms’ information sets. We use (12) to
rewrite £ [0,] considering three different cases: (i) j < m, when firm z,, does not observe
either 6,_; or ,_;_,, (ii) j = m, when firm z,, observes 6,_;_;, but not 6,_;, and (iii) j > m,
when firm z,, observes both 6,_; and 6,_;_,. Thereafter,
E 100 = (1=0) Yo [, Xime ¥ {SE[6,513 Gu)] + (1 = OE[0,-1 | 3u(zm)]} dam

+ (1 - )") ZS,:;() /A,,, A" {‘SE [et—m | St (Zm)] + (1 - 6) gtfm—l } dzm

F A= X000 [y, Xl ¥ [801+ (1= 8) 01 ] dzj + oK 320 Ay
Using (12) to compute expectations, we get
EP 16 = (=030 [, 300 ¥ (8% @) + (1= 8) 01t} da

U= 2 o [, S ¥ [0 [8vi+ (L= 8) v ] e

F A= 20 [a, X[ [8%m @ + (1 =8) 0t + (1= 8) kyim]

+ (1 - 6) 9,,,”,1] dzm
F A=) X [a X ¥ 800+ (1= 8) 0r 1] daw + o Yooy Moy
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Evaluating the integral and rearranging the terms, we find

E[00=(1 =2 Yo g A" [0, + (1= 8) Oy | 00 W
i (1= g W 2 [yii 4+ (1= 8) i ] X ¥
F (=2 g A" [8201mm 4 [1 = 87] 0 + (1 = 8) Sk Y]
(1= 207 32 W 860+ (1= 8) 0] 0,10 A7 pie 3724 Wi
=1 =20 g A" (A= 2") [860 - + (1 = 8) 0,11 ]
i (1=2) 20 [8ymi + (1= 8) yimy | (L =AY 30 A
+ A =2)22  A" [820—m + (1= 8%) Ormet + (1 = 8) Skyi—m]
+(1 =2 i N (1=¥)[801—+ (1 =8) 0, j1] + p kfoxky,,k

=
=1 =2 20 22" (1= A") [860— + (1 = 8) 0,1 |
+ (=27 Y A2 [8%0 1 + (1 — 8%) 0t ]
F i oA Y {1 =8) (1= pA™) + 8 (1 — pA™ ) +2p — 1}.
We can write this expression as
E*[0,0=(1—1) Y20V [@ja0j + bjabijr ] + 6 7% Mejayis
where
ajp = [1= (1 =82 (1—=¥)+8* (1 =N"),
bjo=(1—-8)(1-M)+(1-8) (1-¥"),
ca=(1=8)(1—pN)+8(1—pXT)+2p—1.
This result shows that (13) holds for k = 2. Note that
G+ b= Yo (1= 2) (1= (A2)

for k = 2. We use induction to obtain to prove that (A2) holds for a generic k and to compute
E*[6,]. Suppose that (13) holds for k — 1. Then

8 Nk—1 Gjik=1
a+byp=[110]|1—=8 | (1—¥)" +[110]A4; | b
Lo Ck—1

= (=) 4 (=2 (e + )
=[1=W] T 2 =] 1=
IR
Based on this result, we prove that
- . . ‘ . B - 1— )\j n
S K (ajur + bier) = Yy M [1— M“]k Ty [m}
(1 _ )Lm)kfl
I—x
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To obtain E* [0,], we follow the same steps we used before: we decompose E*[6,] into
three different cases (j <m, j=m, j > m), we use (12) to compute expectations, and,
finally, we evaluate the Lebesgue integral:

ES100 =300 [, E[ET 10013 (@] dan
== ol [ o, Xim W E 00513, (20)] dan
+ A= 0 [, X0 Wb E [0, 1130 @] dam
+ A=) 00 [, X {amir E [0m | S0 @) ] + bk 161-m1 } dzm

. o] .
+A=2) Y0, fA,,, Zﬁm{»l N [aj,kflet—j + bj,k—let—j—l] dzp + 1Y My
=0

= (1 =2 oo [ a, 20 ¥ (@t + biacr) [85-m @) + (1= 8) 01y ] dzn
+A =300 4, Z:rl:_o] N (a1 + big—1) (1 = 8) kyr-mdzm
+A=2) Y0, fA,,, ij:BI N {(aj,k—l + bj,k—l) K Zjn:;i] Vi + Kaj.k}’t—j} dz,
A=) 200 [ o, M mir [8%m @) + (1 =8) O,y + (1 = 8) kY] dzm
(=2 200 [, M bk 10r -1z
+ =2 00 [ o, Dt ¥ [@ac181- + a8 ] dzm + 1 3750 Kejayi
= (1= 1) g A" [80im + (1 = 8) Oyt + (1 = 8) ki ]
Z;':ol N (@ju—1 + bja—)
o (=2 20y A 3 v Ymg ¥ (jacr + bracr)
i (1= 22 3 Maja1yi g Yooy A"
+ (=230 A" [t [801—m + (1 = 8) kY]
+ (@maer (1 = 8) + byp—1) 01—t ]
(=2 37 W (@180 + bia16i 1] Tl A 1 750 Mejuo v
=(1=1) Yo g A (L= 80, + (1 —8) 0, 1]
+ (=220 0 A" [An-180 —m + (@mg—r (1 = 8) + bug—1) Ot ]
+ (=2 Yoo A" [@mk—101—m + Bung—101—m—1 ] (1 = A™)
1 Yoo M Yem (o (L= A (1= 2) pA g1 + Cir )

Since (1 — ) A" = (1 — )Lm“) — (1 — A™), we can rewrite the last four lines as
Ek [et] = Z,o,:):() A {(1 - )") [am,ketfm + bm.ketfmfl] + Kcm,kytfj}7
where

A =8 (1 =2+ [8 (L =) A" + (1= 1")] dus
=5 (1— """
+[8 (1= + A =8) (1= 1"™)]
bup=(1=8) 1 =2+ 1 =8) (1= 2) N @per + [(1 = W) A"+ (1 = 1)) By
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=(1=8 (-,
+ =8 [(1=2"") = (A=) ] appr + (1= 2") byuges
Cni=p (1 =A™+ (1= 1) pA" g + Cone.

Rewriting these weights in matrix format, we obtain

Ak A k—1 8
bui | =Au | buger |+ A =2 1=,
Cmk Cimk—1 1%

where the matrix A,, is given by

S(L=a"")4+d=8)@—2" 0 0

A= =8)[(1=2"")=A=am] 1=2"0].

(1= 1) pA™ 0 1

which is exactly our result.
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