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Abstract

I study the welfare effects of a lack of common knowledge in a dynamic price-setting model
with incomplete nominal adjustment due to incomplete, heterogeneous information. I identify
two welfare effects of informational heterogeneity: First, it affects the dynamic adjustment of
prices in response to aggregate shocks, and thereby the magnitude of aggregate consumption
volatility. Second, informational heterogeneity leads to price dispersion across firms, which
leads to an ex-post resource mis-allocation. There is a trade-off between the two: Better public
information always improves the ex post resource allocation, but by acting as a focal point of
beliefs, it may increase consumption and price volatility. Better private information reduces
aggregate volatility, but may increase price dispersion. The aggregate welfare implications are
driven by the latter: Better public information is always welfare-improving, but better private
information may lead to welfare losses. Finally, I compare equilibrium strategies to the first-
best use of information, and show that the equilibrium relies too heavily on private information,
relative to the social optimum. This inefficiency is the result of a forecasting externality, whereby
individual decision rules do not internalize their effect on the forecasting problem other firms
face in equilibrium.
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1 Introduction

Will better information lead to better decision-making, and hence induce higher welfare? For single-
agent decision problems, access to better information leads to more accurate forecasts, and is hence
welfare-improving. However, many market environments are characterized by the interaction of
a large number of agents who have access to potentially heterogeneous sources of information,
yet ideally would like to coordinate their decisions. The social benefits and costs of changes in
information provision then depend on how well the decentralized use of this information internal-
izes the social tradeoffs that result from the coordination of individual decisions. To the extent
that macroeconomic policy is directly concerned with the effect of information disclosures on mar-
ket outcomes, understanding these tradeoffs is of direct relevance for assessing the desirability of

transparent information policies by policy makers and other public information sources.

In this paper, I study the costs and benefits of information provision and transparency within
the context of a simple model of monopolistic price-setting under heterogeneous information. For
such an environment, Woodford (2002) has recently argued that informational heterogeneity in
combination with the strategic complementarity in price-setting under monopolistic competition
may lead to persistent delays of price adjustment, even when changes in underlying fundamentals
are precisely, albeit privately, observed. Hellwig (2002a) extends Woodford’s analysis to discuss the
effects of public information disclosures on price adjustment, and shows that while the provision of
public information reduces adjustment delays, the complementarity also amplifies the response to
public information, and may thereby induce excess sensitivity to noise in public signals. Because of
the resulting excess volatility, Morris and Shin (2002 - henceforth MS) conclude that the provision

of better public information may lead to welfare losses.

While all these papers capture important stylized features of imperfect competition and in-
complete nominal adjustment, they are not fully micro-founded, and hence do not lend themselves
easily to a rigorous discussion of the welfare effects of information provision. The main objective
of this paper is to provide a framework for such an analysis. I construct a stochastic dynamic gen-
eral equilibrium model with monopolistic competition along the lines of Blanchard and Kiyotaki
(1987), but with incomplete nominal adjustment due to incomplete and heterogeneous information.
The framework generates the main conclusions regarding adjustment dynamics that emerge from
Woodford’s and Hellwig’s analysis; in addition, it provides a simple and tractable characterization

of social welfare. I further identify and separate the welfare effects of informational heterogeneity
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from the effects of monopolistic price competition that is the source of the strategic interaction.
Finally, to avoid that observable prices are fully informative of the underlying state, I consider an
incomplete asset market structure, in which the number of contemporaneously observable signals
is smaller than the number of underlying shocks. The model also controls for the allocative effects
of this market incompleteness.

Two important conclusions emerge within this framework: First, I consider how changes in
information provision affect equilibrium welfare. I show that better public information always im-
proves welfare. Better private information, on the other hand, may be welfare-decreasing. Second,
I compare the equilibrium use of information to the social optimum. I show that the equilibrium
uses the available information inefficiently, and in particular relies too much on private information

and too little on public information, as compared to the social optimum.

To understand these results, it is useful to identify the different welfare effects of informational
heterogeneity. First, the provision of public and private information determines how much prices
adjust to fundamental changes, and hence the aggregate volatility of consumption and prices.
But informational heterogeneity also leads to an ex post mis-allocation of resources, which lowers
output: different signal realizations induce some firms to set prices below, others above the average
price. With decreasing returns to scale in the production technology, it follows that some firms
who set low prices will produce at a higher marginal cost than other firms who set higher prices.
Since information is the only source of heterogeneity among firms, this ex post mis-allocation of
resources is its direct consequence, and its magnitude depends on the degree to which individual

decisions are conditioned on private information.!

The interaction between aggregate volatility and the mis-allocation of resources leads to a
trade-off for the welfare effects of heterogeneous information: As in MS, the provision of better
public information may actually increase aggregate volatility, because public information “acts as
a focal point for individual beliefs”, inducing excessive coordination of individual decisions, and
hence excess volatility in outcomes. However, it also crowds out the private signal, and thereby
unambiguously reduces resource mis-allocation. Better private information, on the other hand,
always reduces aggregate volatility, but may raise price heterogeneity, thus potentially increasing

the resulting deadweight loss.? The overall welfare implications of changes in public or private

'This effect is ruled out in MS due to the zero-sum nature of the strategic interaction.
2The adverse effects of better public information on aggregate volatility and of better private information on

heterogeneity arise only for sufficiently diffuse public or private signals: When public information becomes infinitely
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information provision therefore appear to be ambiguous at first sight; however, this ambiguity is
resolved by the first main result of the paper, which also reverses the welfare result of MS.

To understand the non-monotonic welfare effect of private information, it is useful to character-
ize the decentralized information optimum, i.e. the linear decision rule that makes socially optimal
use of the available information. This leads to the second conclusion, that the equilibrium makes
inefficient use of the available information. In particular, while the equilibrium discounts private
information relative to its value in forecasting fundamentals, its equilibrium weight is still too high,
compared to the decentralized information optimum.

Comparing individual incentives to condition prices on private information to the resulting
social costs reveals a negative forecasting externality as the source of the equilibrium inefficiency and
the excessive reliance on private information. In equilibrium, each agent faces a signal extraction
problem not only about the underlying state of the world, but also about the other agents’ actions.
The more these actions are conditioned on private information, the more difficult they are to
forecast, and the larger is the aggregate strategic uncertainty. This strategic uncertainty at the
individual level mirrors the welfare loss from mis-allocation of resources at the social level. There is a
wedge between the private and the social value of private information: When conditioning actions
on private information, agents do not take into account that this makes them more difficult to
forecast for other agents, i.e. equilibrium decisions do not internalize the individual contribution to
aggregate strategic uncertainty. Thus, in equilibrium, there is excess reliance on private information,
excess price heterogeneity, and too little aggregate volatility.

While this entire discussion is based on the strategic interaction, the implicit risk aversion of
firms (due to decreasing returns to scale), and the existence of an information externality as three
salient features of the environment, and hence its conclusions potentially more generally applica-
ble, one final implication of the present model comes as a direct consequence of the monopolistic
competition framework: the more competitive the market is, i.e. the higher the elasticity of substi-
tution between goods, the more complementary pricing decisions become. Hence, while increased
competition reduces monopoly rents, it also increases strategic risk, which increases the welfare
costs of information heterogeneity. These costs are especially important, when the welfare costs of
market power are small; thus with heterogeneous information, too much competition might even

have negative welfare effects.

precise, aggregate volatility necessarily goes to zero; similarly, when the precision of private information becomes

infinite, price heterogeneity vanishes.
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Related Literature: This paper contributes to the recent literature on dynamic adjustment with
heterogeneous information and strategic complementarities. Woodford (2002) points out within a
stylized example that heterogeneity in beliefs may lead to substantial adjustment delays, even
when the underlying fundamentals are precisely observed. In solving his model, Woodford faces an
infinite regress problem similar to Townsend (1983), which he solves by numerical approximation.
Hellwig (2002a) extends Woodford’s model to incorporate public information, showing that public
information reduces adjustment delays, but generate excess sensitivity of prices and output to
public information noise. Furthermore, that paper provides a simple, yet general structure in
which to avoid the infinite regress problem.? All these papers focus on adjustment dynamics in
a simple model that captures the main stylized features of monopolistic competition, but they
do not provide a complete modelling of the underlying microfoundations; in contrast, the present
paper provides a fully specified model that captures the main insights of nominal adjustment under
heterogeneous information in a simple framework.*

The welfare analysis of this paper makes explicit the link between the static analysis in MS and
dynamic adjustment literature discussed in the preceding paragraph. As I had discussed at some
length in the earlier paper, the MS results arise naturally, if one combines Woodford’s stylized price-
adjustment model with a reduced form welfare function as in Barro and Gordon (1983). In contrast,
this paper comes to the conclusion that such a reduced form welfare analysis misses important
welfare effects of public and private information provision. The present results thus highlight the
critical importance of proper microfoundations for a consistent welfare analysis. In independent
work, Angeletos and Pavan (2004) also find that the results in MS may be overturned under natural
alternative modelling assumptions. However, they consider an investment model with technological
spill-overs, in which the excess volatility induced by public information is socially beneficial, because
it improves the coordination of individual investment decisions; furthermore, their analysis does
not separate the welfare effects of information heterogeneity and technological spill-overs. The
connections and differences between the models and results is fully discussed in Appendix 2, where
I analyze in detail the private and social costs and benefits that arise in each of the papers within

the context of a static linear-quadratic model, and I discuss under what conditions Morris and

3 Amato and Shin (2003) extend Woodford’s solution techniques to the public information setting, and derive

similar implications for the dynamic effects of public information.
'In current work in progress, I extend the technical results of Hellwig (2002a) to a very general class of linear

interaction models, and I further discuss the underlying micro-foundations of information heterogeneity in dynamic

price-adjustment models. Notes are available on request.



6 C. HELLwWIG

Shin’s results remain valid, and when they are overturned. The discussion in the appendix further
emphasizes the essential role of the underlying model structures in determining the social costs and
benefits of better public and private information.

Finally, I point out the connection to results that are implicitly, if not explicitly, known from
the global games literature. The central result of this literature states that in a binary action
coordination game with locally multiple equilibria under common knowledge, the presence of small
idiosyncratic noise in the observation of payoffs leads to the selection of a unique risk-dominant
equilibrium (Carlsson and van Damme 1993, Morris and Shin 1998). Following up on this result,
various authors (see for example Morris and Shin 2003 and 2004, and Hellwig 2002b) have considered
the effects of public information and concluded that the provision of sufficiently precise public
information may lead back to multiplicity, and in the limit as both signals become infinitely precise,
the selection of the payoff-dominant equilibrium becomes feasible. In a way similar to the results of
this paper, these equilibrium selection results thus suggest that the provision of private information
reduces the scope for coordination on a payoff-dominant equilibrium, while the provision of public

information facilitates such coordination.

Section 2 presents the model, defines the equilibrium, and derives a series of preliminary results.
In section 3, I characterize the equilibrium, and discuss the effects of information heterogeneity for
nominal adjustment. In section 4, I present the main welfare results of this paper. All proofs are
collected in a first appendix. In a second appendix, I formally discuss the connection between the

results of this paper, and those in MS, as well as Angeletos and Pavan (2004).

2 The Model

Apart from the specific assumptions regarding the information structure, I consider what is other-
wise a standard model of incomplete nominal adjustment with monopolistic firms, along the lines
of Blanchard and Kiyotaki (1987), with nominal prices being preset, conditional on available in-
formation, before markets open. Time is discrete and infinite. There is a measure 1 continuum of
different intermediate goods, indexed by i € [0, 1], each produced by one monopolistic firm, also
indexed by %, using labor as the unique input into production. There is a final consumption good,
which a perfectly competitive final goods sector produces from the continuum of intermediates

according to a CES technology with constant returns to scale. On the consumption side, there is
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an infinitely-lived representative household, with preferences defined over consumption of the final
good and labor supply in each period. The household faces a Cash-in-Advance constraint, and has
to finance the current period’s consumption out of the current period’s nominal balances. Timing
in each period is as follows: at the beginning of the period, a nominal shock, which takes the form
of a stochastic lump sum transfer to the representative household is realized. Each input-producing
firm observes the shocks with noise, with one signal being private, and one signal being public.
Based on the available signals, each intermediate goods producer sets the nominal price of his
product. After intermediate goods prices are set, markets open. Intermediates are traded at the
posted prices, and intermediate producers hire labor to satisfy the demand for their products at
the posted prices. The wage rate and the final goods price adjust to clear the labor, goods and

money markets.

2.1 Household preferences

The representative household’s preferences over final good consumption and labor supply {Citr, ner Foo
are given by

[e.e]

Up = By ZﬁT (log Cryr — nutr) (1)

7=0
where 5 < 1 denotes the discount rate, and E; (-) denotes the household’s expectations as of date
t. The household’s objective is to maximize (1) subject to its sequence of flow budget constraints,
fort=0,1,...

PrirCrir + M, = Wigrnir + M7+ Tigr + 1y~ (2)

where Mg, . denotes the household’s demand for nominal balances, P, the price of the final
consumption good, Wiy the nominal wage rate, T; . a stochastic monetary transfer the household
receives at the beginning of each period, and Il;;, the aggregate profits of the corporate sector,
which are rebated to the household. Wage payments and corporate profits are transferred to the
household at the end of each period and the consumption good has to be purchased with cash,
so that in addition, the household has to satisfy a Cash-in-Advance constraint in each period and
finance consumption purchases out of its nominal balances after receiving the monetary transfer;
ie fort=0,1,...

P Ciyr < Mtd+T_1 + T r (3)

The nominal money supply is stochastic, with the government making a lump sum transfer
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Tivr = M{,, — M, . | to the representative household at the beginning of each period. For
simplicity, consider the case, where log u, is i.i.d. over time with mean 0, so that m; = log M}
follows a random walk:

mg = M1 + \/—T_Mﬂt
where p, ~ N (0,1) is i.i.d. over time, and 7, is a scaling parameter representing the shock’s
precision. The information about money supply shocks is private to the household, and in particular
is not accessible to the input-producing firms. In each period, the household chooses final good

consumption C, labor supply 7, and money demand Mtd to maximize (1), subject to the constraints

(2) and (3). Finally, I assume that 7, satisfies
i 1
v = perr <1 (4)
As T will show below, this assumption guarantees that the Cash-in-Advance constraint is binding
in every state and date.
2.2 Final Good Producers

A large number of final goods producers uses the intermediate goods to produce the final output

according to a constant returns to scale technology, which is given by the CES aggregator

Cy = [/01 (ci)%diril. (5)

Final goods producers maximize profits, taking as given the market prices of intermediate and
final goods. Due to constant returns to scale, their profits will be zero in equilibrium, and for a
total demand Cy of the final good by the household, a final goods price P;, and input prices pi, the

demand for intermediate good ¢ by the final good sector is given by
d=ctl) =ci (%) - (©)
The final goods price P; is given by the Dixit-Stiglitz aggregator
1
1 -6
in1-0 .
n=| [ el ™

To close the model, I need to specify the objective function and price-setting behavior for interme-

diate producers.
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2.3 Intermediate good producers

Each intermediate good is produced by a single firm using labor as the only input into production,
according to a technology with decreasing returns to scale. In order to produce y units of good ¢,
firm ¢ needs to hire n (y) units of labor, where n (y) is given by
L s
with 6 > 1.> In each period, input producers set prices, conditional on available information .
Specifically, I assume that at date ¢, each firm has access to a private signal about m;, denoted w::
T = my + —¢;
t t \/T—££t7
where 53; ~ N (0,1) is i.i.d. over time and across the population, and is independent of p;. 7¢ is
a scalars representing the precision of the private signal. For notational purposes, I let ® (- | my)

denote the normal cdf of the private signal distribution, conditional on a realization m;. In addition,

all firms have access to a public signal z,

1
zZg =my + ——=v
t t \/ﬁ ts
where v; ~ N (0,1) is i.i.d. over time, and independent of p, and all ff;, and 7, represents the
precision of the public signal. Finally, I assume that m;_; is commonly known at the beginning of
date t.5 The information set %i is then given by 3% = {xi_s, zt,s,mt,s,l};ﬁo. Firm ’s nominal

profits 7%, as a function of its price pi, are given by:
;= pie (pt) = Win (¢ (p1)) , 9)

where ¢ (p) denotes the demand firm ¢ faces for its product, given by (6). From the firm’s per-
spective, this demand will be stochastic in equilibrium.

With homogeneous information and a complete asset market, the firm’s objective is determined
simply by evaluating profits according to state-prices. Here, such an approach would lead to the
added complication that, if available to the firms, these asset prices would fully and commonly

reveal the underlying state; on the other hand, when markets are taken to be incomplete, the firm’s

5 Alternatively, the production function y (n) is given by y (n) = [6n]*/°
SHere, this will follow naturally from the assumption that firms observe the market-clearing wage rate W;.
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objective need not be unambiguously specified. To get around this issue, I assume that Arrow-
Debreu prices are not available to firms, but instead each firm sets its price p} to maximize expected
shareholder value, which I will define below as E <Vlvé | %2) The idea behind this objective is that
each firm is instructed to set prices so as to maximize the representative household’s welfare, taking
as given the other firms’ equilibrium pricing behavior. Under complete information, this approach
is equivalent to evaluating profits according to state-prices. Here, it provides an alternative that
avoids the issue of complete information relevelation through fully observable asset prices.

Let Ej () = E(-|S}) denote the expectations operator, conditional on . Then, firm 4’s

objective is

max F}
P

Hebl) et (10)

To aggregate prices and profits, I assume that the realized distribution of private signals across
firms (conditional on fundamental realizations m) is given by the distribution of z%, conditional on
mg, almost surely, which implies that the population average of the private signal, [ ridi equals my,
almost surely.” If prices p} are a measurable of private signals xi, it then follows that the CES price

0—1

index P; is given by P, = / (p%)T dd (a:% | mt), almost surely, and aggregate profits are given by
/ Viv%dz’ = VEV": = / %d@ (2} | my), almost surely.

2.4 Equilibrium Definition

The entire aggregate history of states in period ¢ is hy = {z—s, my—s}ocy, while the current state
in period ¢ is s; = {2, my, my—1}. Here I focus on stationary Markov equilibria, in which (7)
intermediate good prices pi are functions only of the firms’ contemporaneous information sets
7} = {2, x},my_1}, and (ii) the representative household’s equilibrium demand for the final good
and nominal balances and its supply of labor, as well as the final good price and the nominal
wage rate, are all functions only of the current state s;. Let S =R? denote the set of current state
realizations and J the set of contemporaneous information sets. A stationary Markov equilibrium

is then defined as follows:

Definition 1 A symmetric, stationary Markov equilibrium is defined as a set of functions C : S —
R,P:S—>R M:S—R W:S—R,n:S—R, andp:J — R, such that:
(i) {C (), M (-),n(-)} mazimize (1) subject to (2) and (3).

"see Judd 1985 for the Law of Large Numbers with a continuum of random variables
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(i6) zero profits for final good producers: P (-) is given by (7), where p; = p (I})
(73i) p () mazimizes (10), where c(p;s¢) is given by

c(pise) =C (s0) [P (s0)) p~*
(iv) All markets clear.

The equilibrium definition imposes symmetry across intermediate good producers, i.e. all firms

use an identical pricing rule p (). The money-market clearing condition is
log M2 (s) = my (11)
whereas the labor market clearing requires

n(s) = 5 1C I 1P (s0)" [ [p (2] d® (af | me) (12)

In addition, the final goods market clears from the zero profit condition, and intermediate goods
markets clear, since demand is met at preset prices. By Walras Law, (11) then implies (12), in a

symmetric equilibrium.

2.5 Preliminary Results

To characterize the equilibrium, I procede in two steps: I first characterize optimal household

behavior and ex post market-clearing, for a given realization of prices {p%} el I then use these

i€[0,1]"
results to characterize the optimal price-setting among the intermediate firms as the solution to a

fixed point problem.

2.5.1 Household Problem

Lemma 1 characterizes the household’s optimal behavior. Its proof is standard and deferred to the

appendix:

Lemma 1 Under condition (4), the Cash-in-Advance constraint is always binding, and the house-
hold’s optimal consumption in equilibrium is given by:
M
Py

C (St) = (13)
while the equilibrium wage rate satisfies

W (st) = vMy (14)
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Substituting the resulting budget constraint into the household’s objective, we find:
M 1 11
B 1 (Up) =K § ! e ) _— (1= 15
tl(t t—1 B |:Og<Pt+s> 7( Mts+s ( )

As a consequence of (15), the representative household’s expected utility is maximized when in-
termediate good producers maximize F! (ﬂz > or equivalently E? ( S ) This justifies the earlier

definition of shareholder value for firms.

2.5.2 Input producers

After substituting (6), (13) and (14) into (10), the intermediate firms’ maximization problem is
given by:

-0 _g_ =08 -
max B} [ ()" P = 5 (o)) ) O] (16)

The corresponding first-order condition for p! is

7 5\6 pd(0—1)
( i)1+9579 0 By {(Mt) B }
t

-1 Ei [Pto—l} (17)

Conjecture that log P; and my, conditional on Z}, will be jointly normally distributed in equilibrium.

(17) can then be rewritten as:
ogp = (1—7)|=1 ’W + X wv—w (18)
0gpy = st g1 o5 (V1T V2
+ (1 —7) E! (my) + rEt (log P;)

where

(0—-1)(-1)
1+65—0
Vi = &2 [1og (M;Pf*l)]

v = v o (177

€ (0,1) denotes the degree of strategic complementarities in price-setting. (18) captures

r =

the strategic interaction that results from monopolistic price competition: a firm’s optimal pricing
rule is an increasing function of its expectation about the average price in the market. The novel

aspect of the model presented here lies in the assumption that firms are heterogeneous in their
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information. This implies a need not only to form expectations about nominal spending, but also
about the pricing decisions of other firms.

Let 212, denote the conjectured normal variance of prices across the population of firms, and

2

note that log P, = logps — %Ep,

where logp; = [log pidi = [log pid® (:n% | mt), almost surely.
We can then rewrite (18) as
; 1 0 1 o—1
logp; = (1—71) [5 log (%) + % (Vi — Vg)] T E?) (19)
+(1—7r) B (me) +rEj (log pr) -

3 Equilibrium characterization

Equation (19) implicitly defines the equilibrium pricing rule as the solution to a fixed point problem.

The resulting equilibrium characterization is provided in proposition 1.

Proposition 1 In the unique equilibrium in linear strategies, firms set prices according to:

7’5(1—7“)
Tu+To+ (1 —7)7¢

Ty
Tu+To+ (1 —71)7T¢

log pj = Lo +my—1 + (zh —my_1) + (ze —mq—1)  (20)

and P, and C; satisfy:

To+7e(1—7) Ly To v

logP, = T'4+mp_1+ + 21
g =1 Tu+To+ (L =7)Te /T Tp+To+(1=7)7Te /Ty (21)
T Ly Ty v
logCy = -T'+ L - 22
&b Tu+7v+(1—r)75\/ﬁ Tu+To+ (1 —7)Te /Ty (22)
where I'g and I, as functions of the undetermined coefficients Vi, Vo and Zg, are given by:
1 ~0 1 0—1 _,
r = =1 — — V) — ———% 2
50g<9—1>+25(vl Do sa e (23)

01
Iy = F+TE§

To complete the equilibrium characterization, I solve for the equilibrium values of the coeffi-

cients Vi, Vo and 2123, and consequently of I':
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Corollary 1 Vi, V5, 212, and I' are given by:

2
Vo= 2 Tu+To+ Te 2[1+ T¢ r }
[TM+TU+(1_T)T£] TM+TU+T§6_1
Ve = g2 Tu+To+ Te [ Te r ]2
? [Ty + 7o+ (=77 [T+ 7o +7ed—1

7'5(1—7“)2
[Ty + 7o+ (1 —7)7e
r — llog( 79) §7#+7v+0(1—r)752
J 0—1 2(rp+ 710+ (1 —1)7¢]

2 _
Zp—

]2

Proposition 1 illustrates the two main sources of informational heterogeneity that were laid
out in the introduction: namely, the aggregate volatility effect operating through the effect of
fundamental and monetary shocks on output, and the effect of informational heterogeneity on the
expected level of prices and output, as measured by I'. This term captures the deadweight loss
in output that results from the mis-allocation of resources due to price dispersion. Proposition 2
below lays out in detail the comparative statics of the informational parameters 7¢, 7, and 7, for
the deadweight output loss I', the overall dispersion of prices 212,, and the volatility of consumption,
a%. As a function of 7¢, 7, and 7, the latter is given by:

T Ty
Tu+TU+€1 —T‘)TE]2 * Ty + 7o+ (1 —71)7e

0% = [ P (24)

The first term in (24) measures the sensitivity of consumption to monetary shocks, due to incom-
plete nominal adjustment. The second term measures the sensitivity of consumption and prices to

public information.

Proposition 2 Informational heterogeneity has the following implications for prices and consump-

tion:

1. Strategic discount on private information: The response of individual price decisions
to private signals are discounted (relative to its signal precision T¢). The weight on public

and the prior is amplified, relative to their information value about fundamentals.

2. Dynamic Adjustment: Holding T¢ + 7, constant, a shift in signal precision from public to
private information reduces the adjustment of prices to fundamental shocks, and amplifies the

response of prices to public signals.
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T
[TH+TU+(1—T‘)’TE]
Ty, but non-monotonic in 1,:. Whenever 7, > ¢ (1 —1) 4+ 7y,

3. Sensitivity of consumption to monetary shocks: 5 15 decreasing in T¢ and
Tw

[TM+T7J+(17T)T§]

> 1§ decreasing
in Ty, otherwise it is increasing.
Ty

[Tu+’7'u+(1—7’)7’5]
T¢ and T,, but non-monotonic in 1,. Whenever 7, > T¢ (1—7r)+ Ty

4. Sensitivity of consumption to public information: > 1§ decreasing in

Ty

[Fatrot(rre]”

decreasing in T,, otherwise it is increasing.

5. Consumption volatility: o% is decreasing in T¢, but non-monotonic in 7, and 7,. When-

ever T, + 7, > T¢ (1 — 1), 0% is decreasing in T, and T, otherwise it is increasing.

6. Price Dispersion: 212) is decreasing in T, and T,, but non-monotonic in T¢. Whenever

2 . . . . . . . .
Te (1 —=7) > 7y +7p, X2 is decreasing in T¢, otherwise it is increasing.

7. Deadweight output loss: I is decreasing in 7, and 7,,, but non-monotonic in 7¢. Whenever

Te(l—7) > 9%02 (To +Tu), is decreasing in T¢, otherwise it is increasing.

Proposition 2 outlines the aggregate effects of information heterogeneity for the dynamics of
output and prices, and establishes the tradeoff between aggregate volatility 020 and the deadweight
output loss I' that was discussed in the introduction.

The first point follows directly from comparing the equilibrium pricing rule to the relative
information weights in first-order expectations. As a consequence of the shift towards the prior
and the public signal, we find that prices respond less to monetary shocks than they would if all
information was common, so that monetary shocks have more important real effects. Furthermore,
such a shift from public to private information may amplify the response of prices to noise in public
information, and increase overall consumption volatility, as stated in the second point. The present
model thus replicates the main insights of Woodford (2002) and Hellwig (2002a) in a substantially
simplified version.

The third, fourth and fifth points lay out the effects of information heterogeneity for the
volatility of aggregate consumption, and illustrate in particular the effect highlighted by Morris
and Shin that aggregate volatility may be increasing in the precision of public information. Note
that some heterogeneity in information is essential for this result to hold, i.e. it is necessary that

T§>O.
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The last two points of the proposition lay out the effect of information heterogeneity on the
deadweight output loss (or equivalently, the expected price level), and related to that, the degree of
heterogeneity in prices. Equation (23) decomposes I' into three terms. The first term measures the
mark-up in prices that is due to monopolistic mark-ups, as well as the expected inflation tax. This
term arises identically under complete information. The second term measures the fundamental and
strategic risk that firms face in setting their prices, i.e. % (V4 — Vo). The value of this strategic risk
premium is endogenous to equilibrium strategies, since uncertainty about average prices depends
on how strongly firms condition their prices on private information. The last term of (23) accounts
for a negative substitution bias that arises out of the price dispersion. The equilibrium value of
I" reveals that the strategic uncertainty premium dominates the negative substitution bias. The
comparative statics of I' with respect to 7¢, 7, and 7, are driven by the former, and we observe
that increasing the precision of private information may increase the expected price level, because

of the deadweight output loss that is due to price heterogeneity.

Proof of Propositions 1 and 2: A standard approach to solve for an equilibrium is by con-
jecturing and verifying a linear pricing rule for logpi. Here, I provide an alternative route for
characterizing the equilibrium pricing rule that highlights the role of higher-order expectations
about fundamentals for the equilibrium pricing rule, and provides some insights into the effects
of private and public information about fundamentals for dynamic adjustment of prices. This ap-
proach is laid out in the following two lemmas. The first is equivalent to results used in Woodford
(2002), and MS, the second is a special case of the dynamic equilibrium characterization in Hellwig

(2002a), and appears in similar form for the static game studied by Morris and Shin.

Lemma 2 The unique fixed point solution of (19) is characterized by:

logp} = Lo+ (1 =) Y r* B} [E}” (my)] (25)
5=0
where ng) (my) is recursively defined by: EEO) (m¢) = my; Ey(my) = [ E} (my) d® (z) | my); and
B (my) =By [Egkl) (mt)}-

In words, the log price is represented as a weighted average of higher-order expectations; i.e.
i’s expectation of the average expectation of the average expectation... (repeat s times) ... of m;.

When all information is common, the law of iterated expectations implies that the higher-order
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expectations all collapse to the common first-order expectation, however, the law of iterated expec-
tations does not apply to average expectations in the presence of information heterogeneity. Lemma
2 transforms the fixed point problem of forecasting equilibrium prices into one of determining a
weighted average of higher-order expectations. Since this weighted average is uniquely defined from
the information structure, the fixed point solution has to be unique. The second lemma computes

the weighted average of these higher-order expectations:
Lemma 3 (1—17)> % r°E} [E,ﬁs) (mt)} is given by:

Ty

2 — my_
7'#+7'1,+(1—r)7-§(t 1)

G s i [(8) _ (1—7)7¢ i
(1—r) gr E; [Et (mt)} = mtfl‘i‘Tu et (- 7e (ﬂit - mt71)+

Lemma 3 illustrates the effect of heterogeneous information on higher-order expectations that
underlied the previous detailed discussion of the equilibrium effects of heterogeneous information:
The weights of the prior and the public signal increase in the higher-order expectations, relative
to the first order, while the weight of the private signal is reduced. The intuition behind the shift
in weights is transparent from the comparison between the inference problem underlying the first-

order expectation, and that underlying the second-order expectations about m;. These two are

given by:
Ei(my) —my, = ——& (2t —m,_ +— (=M
+ (my) t—1 T,L+7'v+7'g(t 1) TM+TU+T§(t t—1)
- T¢ , T
EE(my)| —myy = ————— B (my) —my_1| + ———————— (2 — my—
! [Er (my)] -1 Tu+Tv+T£[ ¢ (my) t—1] Tu+TU+T§(t 1)
— |:1 + ¢ :| Ty (Zt — mtfl)
TM+TU+T§ TM+TU+T§

2
T¢ i

+| — T — My

<7'u+7'v+7'£> (t t 1)

The public component of the information structure is doubly useful in forming second order ex-
pectations: On the one hand, the public component of the information set is perfectly forecastable,
because it is shared by all firms. On the other hand, both signals are useful for forecasting m;, and
consequently also to forecast another firm’s private signal. The private signal only serves to forecast
another firm’s private signal, and therefore it becomes comparatively less important in forecasting

higher-order rather than first-order expectations.
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4 Welfare Results

In this section, I establish the two main results of this paper regarding the welfare implications of
heterogeneous information. In Theorem 1, I establish the comparative statics of the representative
household’s expected utility with respect to the informational parameters and argue that improving
private information may lead to lower welfare. In Theorem 2, I compare the equilibrium to the
socially optimal use of the available information, and argue that there is excess reliance on private

information. I first derive a few preliminary results to facilitate the welfare analysis.

4.1 Preliminaries

To begin, consider the representative household’s expected per period utility:
U =Ei—1 (u) = Ey—1 (log Cy) — Ey—1 (nyg) (26)

The next lemma determines U under the household’s expectation that log C; is normally distrib-
uted with mean E;_; (log C}), and that furthermore, prices are normally distributed across firms,
as a function of expected consumption E (log Cy), the volatility of consumption a% and the price

dispersion 212).

Lemma 4 Suppose that the firms’ prices are distributed according to logpi ~ J\/’(logpt,E]%), and
log Cy ~ N (E (log Cy) ,0%.). Then, U is given by:

1 2 0
U =E(logCy) — 5 OXP {5E (log Cy) + 5 [U% + :Zg] } (27)
For any linear pricing rule of the form
log p} = my—1 + Ao + A1 () — mu—1) + Ao (2 — my_1) (28)

that is stationary over time, and fully incorporates the past money supply into the price, U is
constant over time, and U/(1 — ) equals the representative household’s expected life-time utility
prior to knowing the current period’s monetary shock. Furthermore, any linear pricing rule of the
form of (28) will satisfy the assumptions of lemma 4. We then have the following lemma which
characterizes the representative household’s utility as a function of the parameters {Ag, A1, A2} of

the linear pricing rule:
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Lemma 5 Suppose that firms set prices according to (28). Then, E (logC}), J%,Z}% and U are

given by:
E(logCt) = —AE—A()—FA%Q_li
T¢
1
Y2 o= Aj—
P 17'6
02 = (1—A—Ay)® L 42t
C 1 2 T 27'11
1 52 5 1 1 6 1
= —A—= A+ — [(1 = A1 —Ag)? — 4+ A2— 4+ A? — 2
v 5exp{ oA+ 2 [( ! 2) TM+ 27U+ 11—7’75}} (29)

4.2 Equilibrium welfare

Evaluating the equilibrium welfare using (29) and the equilibrium pricing coefficients

AT — llog< ~6 >+é7'u+7'v+9(1—r)7§

o \0—=1)  2[r,+7,+(1—r)7e]?
A = (1_T)T§
L Tu+To+ (1 —7)7¢
A = Tv

Tu+To+ (1 —7)7¢

now delivers the first main result of this paper:

Theorem 1 FEquilibrium welfare is given by

U = —P--2—= (30)

(9—1) _0—1] 0Tt Tt O —r) e
70 0 2[rp+ 7o+ (1 —1)7e)?

Il

| =
| — |

—

o

and is strictly increasing in T, and T,, but non-monotonic in T¢: OU/OT¢ > 0, if and only if

Te(1—71)> % (To +7p), and OU?/0T¢ < 0 otherwise

Theorem 1 establishes the first main result of the paper, stating that equilibrium welfare
is strictly increasing in the precision of public information, and non-monotonic in the precision of
private information: initially decreasing, but increasing for 7¢ sufficiently large. As can be seen from
(30), the welfare considerations are dominated by the strategic risk premium, which is decreasing

in the precision of public information, and non-monotonic in the precision of private information.
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As can be seen in (30), the characterization of equilibrium welfare separates the social cost
of the inflation tax and the market power from the social cost of incomplete and heterogeneous
information. The first component of the RHS of (30) measures the inflation tax and the market
power, this term would is maximized when % =1, i.e. in the limiting case when 6 — oo (infinite
elasticity of substitution, or zero mark-ups) and v — 1 (eliminating the inflation tax, so that
the Cash-in-Advance constraint is no longer binding). This first term would arise identically in a
complete information model. The second component of the RHS of (30) measures the social cost

of heterogeneous information, and the resulting deadweight loss of output.

The conclusion of Theorem 1 is diametrically opposite to the results obtained by MS. The
qualitative effects of information provision on aggregate volatility is identical in the two papers,
the difference in the conclusions, arises from the difference in the planner’s preferences: In MS, the
principal’s preferences are given by a quadratic loss function of the deviation of the average action
from a stochastic target; hence they do not take into account the coordination motive that the
agents face. Alternatively, the heterogeneity in actions across agents bears no social cost. Since the
coordination motive is relevant for the individual agents’ decisions, this leads to a tension between
the agent’s and the planner’s preferences. Consequently, in MS, the planner will always benefit
from more precise private information, but may be worse off with better public information. The
agents, however, always benefit from more precise public information, but may be worse off, if
private information becomes more precise. In the present model, the planner’s objective is aligned
with the firms’ objective, and welfare always increases with improved public information, but there

may be welfare losses resulting from better private information.

It is possible to replicate the results of MS in a reduced-form version of the present model that
evaluates social welfare according to a quadratic loss function in inflation and output, along the
lines of Barro and Gordon (1983). The consideration of micro-foundations in the present model
revelas that strategic uncertainty rather than the aggregate volatility effect highlighted by MS are
the determinant force behind the welfare effects of improving the precision of public and private
information. To the extent that both the aggregate volatility and the strategic uncertainty effect are
relevant for applications, a carefully micro-founded model might therefore yield radically different
conclusions from a reduced-form approach that only takes into consideration that average deviation

from the target.
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4.3 Decentralized Information Optimum

How efficiently is the available information used in equilibrium? To answer this question, I next
derive the Decentralized Information Optimum, i.e. the linear decision rule that makes socially
optimal use of the locally available information.® To derive this rule, I maximize (29) with respect
to the coefficients A, A1 and As to find:

Proposition 3 The decentralized information optimum is given by the linear pricing rule

log pf = my—1 + Aj + A% () — my—1) + A3 (2 — mu—1) (31)
where
0/2
A* = / 1—r
TM + Ty + 77—5
0—-11
A* — A* _ A* 27— -
; (A1) 5 o
A = e
Tpt+ To+ %TT&
Tp

T+ T+ %Tg
The decentralized information optimum achieves a welfare level:
1 5/2

U= —=—
0 TM+TU+1T;TT£

(32)

We note that the decentralized information optimum differs from the equilibrium in two ways:
first, the decentralized optimum corrects the price level for the positive mark-up that was due to
monopoly power and the inflation tax. Second, the optimal rule also shifts the weight in pricing

decisions from private towards public information. We immediately have the second theorem:

Theorem 2 The equilibrium pricing rule puts too little weight on public information, and too much

weight on private information, relative to a socially optimal use of the available information, i.e.
AJT > A7 and AT < A3

with strict inequalities, whenever T¢ > 0.

8 Restricting attention to linear decision rules is obviously not without loss of generality. Nevertheless, it provides a
very simple first step towards understanding the difference between private and social costs and benefits of information

use.
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Thus, even though the equilibrium weight on private information is smaller than its Bayesian
weight in forecasting first-order expectations, the market equilibrium puts too much weight on
private information.

The equilibrium inefficiency that results with heterogeneous information is the consequence of
an externality in the problem of forecasting the equilibrium actions of other firms: The more the
firms condition their prices on private information, the larger is the aggregate degree of uncertainty
about equilibrium prices, i.e. the harder it becomes for any individual firm to forecast the average
price. The uncertainty about equilibrium prices is reflected in the firm’s pricing equation in the
constant term A, which incorporates the risk premium due to the strategic uncertainty that firms
face. This constant depends on the equilibrium values of A7? and A5, but is taken as given in the
individual decisions about conditioning prices on private and public information. Thus, the private
benefit of conditioning prices on private signals exceeds the social benefit, and hence the inefficient
use of information in equilibrium.

This externality can be illustrated by comparing the first-order conditions of the social planner’s
problem to the coefficients of the linear equilibrium rule. The social planner’s first-order conditions

for A1 and Ay are given by:
(1—-A1—A) S = Agi for As
Tu To
(1—A1—A2)i = i i for Al.

Tu ll—rTg

The equilibrium coefficients A7 and A5, on the other hand, satisfy:

1 1 1 0 1
(1—A1—A2)—:A2—:A1 — A1
Tu Ty 1T—rre 1—rr¢

Thus, while the equilibrium fully internalizes the effect of As for aggregate volatility, it does not

internalize the trade-off between aggregate volatility and cross-sectional price heterogeneity in Aj.

It is useful to contrast these efficiency results with the case where information is homogenous.

Setting 7¢ = 0 implies that the equilibrium pricing rule becomes

< 1 ~0 0/2 To
logp; =log P, = =1 1+ — (e —my—1) . 33
0gpy = log L 50g<9_1>+7v+7u+mt1+7’v+7'u(2t mi-1) (33)
The decentralized information optimum is
6/2
log P, = ; +my_1 + v (2t —my-1) (34)

To+ Ty To+ Ty
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Proposition 4 In the absence of informational heterogeneity,

1. The equilibrium pricing rule responds to the public signal exactly according to its Bayesian

Tv
To+Tu "

weight

2. There is no strategic uncertainty: Equilibrium prices can be perfectly forecast, and the risk

5/2

To+Tu

premium only takes into account the exogenous uncertainty about fundamentals.

3. The equilibrium makes socially efficient use of the available information, i.e. AS* = A%.

Thus, under common information, prices make efficient use of the available information, and

the only inefficiency in the market results from the firms’ market power, and the inflation tax.

4.4 The welfare effects of monopolistic competition

Besides the results about the welfare effects of public and private information, the present model
also allows us to revisit the welfare effects of monopolistic competition. In this class of mod-
els, monopolistic competition is typically parametrized by the elasticity of substitution between
intermediates 6, or the resulting equilibrium mark-up. Under homogeneous information, one im-
mediately arrives at the conclusion that raising the degree of competition lowers mark-ups, hence
lowers monopoly wedges and raises welfare. In the present model, it has a second effect, in that
the degree of competition influences the degree to which pricing decisions are complementary, i.e.
the parameter r, and consequently the cost of informational heterogeneity. As can be readily seen
from (30) and (32), this welfare cost of monopolistic competition is increasing in #; thus more
competition leads to a higher cost of informational heterogeneity. Furthermore, the welfare loss
relative to the decentralized information optimum is increasing in #. When information is very
precise, but mostly private, this welfare cost can become arbitrarily large. To see this, note the

limiting properties as # — oo of (30) and (32):

1 1 1 1
im Ut = Llog(L) -0t [ 0 T
f—00 0 Y v 27, + Ty d—17,+ Ty
lim U* = —l—é—l
0—o0 0 27,4+ Ty

Thus, when evaluating the welfare effects of enhanced competition, the present model suggests that
one needs to trade off the gains from reduced mark-ups against the losses due to increased impact of
information heterogeneity. This leads to the conclusion that too much competition may be costly,

when information is heterogeneous, and private information sufficiently precise.
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5 Concluding Remarks

In this paper, I have studied the welfare effects of public and private information provision in a
dynamic price-setting model with incomplete nominal adjustment due to incomplete, heterogeneous
information, along the lines of Woodford (2002). I have shown that increased transparency, in the
form of improved public information is always beneficial, while better private information may
increase the heterogeneity in prices, and thus lead to welfare losses. I have also compared the
equilibrium to the socially optimal use of information, and shown that equilibrium price-setting
relies too heavily on private information. The source of this inefficiency is an information externality,
whereby the firms do not internalize the full social cost of price heterogeneity for the allocation of

resources.

While the paper studies a model of monopolistic price-setting, its main insights are the conse-
quence of the strategic interaction, the implicit risk aversion of firms, and the negative forecasting
externality. There is a large number of other applications which share the strategic complemen-
tarity and risk aversion as salient model features, such as investment models with technological
spill-overs, agglomeration and demand externalities, or models of search and thick-market exter-
nalities. However, the paper has also highlighted the crucial role of the information externality
for the resulting welfare analysis. Thus, in order to assess whether similar conclusions arise in
different environments, one needs to assess whether similar (or other) externalities arise from the
microfoundations of such models. In the appendix 2 below, I generalize Morris and Shin’s reduced
form model to discuss how the welfare implications of public and private information provision
differ depending on the underlying preference structure, and I analyze the different implications of
different externalities. Finally, a recent paper by Angeletos and Pavan (2004) studies the effects
of transparent information provision in an investment model with technological spill-overs, and
arrives at welfare conclusions similar to the ones presented here. I also explore the connection
to Angeletos and Pavan’s model, and show that their results can be traced to an externality due
to aggregate volatility, whereby individual actions do not fully internalize the social benefits of

aggregate investment.

Finally, although the model remains silent about the conduct of monetary policy, its results
raise new questions in that direction. The traditional literature on the costs and benefits of dif-
ferent monetary regimes emphasizes the role of transparent information and policy decisions for

monitoring purposes within a principal-agent framework with time-inconsistency in the absence
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of policy commitment. The present model suggests a role for monetary transparency even with
full commitment, namely by influencing the market information structure, and thereby improving
the coordination of price-setting and investment decisions among market participants. Two chan-
nels for policy interventions in the market appear to be worthwhile investigating: First, starting
from the premise that a policy authority has some private information about fundamentals, the
transmission of this information to market participants reduces the heterogeneity of beliefs among
market participants therefore influencing adjustment dynamics and price heterogeneity.” Second,
even in the absence of private information by a policy maker, the model identifies a forecasting
externality in the processing of heterogeneous information. Thus, even without having additional
private information, there might be a role for active policy intervention to influence the trade-offs

in the use of public and private information. I leave an analysis of these questions to future work.
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6 Appendix 1: Proofs

Proof of lemma 1. Substituting the budget constraint, the household’s optimization problem

can be rewritten as:

U = max - By
{Ct+r7M,§i+.r —0

st. PrCryr < Mtd+7_1 + Ty r

P, d d

M. — M, — 1T I
E BT log Ct+7— _ t+TCt+T _ TtT t4r—1 tr P
7=0 2} t+1 V[/t+T ”rt+T

Let 0.4, denote the Lagrange multiplier on the period ¢ + 7 Cash-in-Advance Constraint. The

resulting first-order conditions are:

T
Pt+TCt+T WtJr‘r i
1 1
_ B o )
Wiir = <Wt+7+1 el

while the transversality condition is

Md
lim 8By | =22 | = 0.
Tl_{rolo F By (WH-T )

. My .
We check that the proposed solution Cyyr = P::, Wiyr = yM{, . and Mtd+T = M, , satisfies

the first-order conditions and transversality condition. For this solution, we find that 6, =

1 1 . 1 1 . T . . c 1 . .
PirCrr ~ Wirr — M., (1 7) > 0, so that the Cash-in-Advance constraint is binding in every

. . C e M
period and in every state (justifying that Cyy, = P:: ). Next, we check that the second first-order

condition is satisfied. To see that this is the case, note that

1 1 1 1
_ 8B o) = -3 (3 —)
Witr 8 t<Wt+7—+1 e YME, P YMEy

1 M?
e
YMPy Miyr 1

1 [ 1
= 1-— 6'762W] =0
")/Mig—&-T

Thus, the two first-order conditions are satisfied. It is also immediate that the transversality

condition holds, and that the money market clears. m

Proof of lemma 2. Averaging equation (19) over the population, we find:

logp; = (1 —7)To+ (1 —7) Et (my) + 7E; (log py)
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where

1 0 1 r 0—-1_,
Fo_élog(9—1>+25(v1 V)i S

Successively substituting forward, we find:

logpy = (1—7)To+ (1 —7r)E; (my) + 1By (log pt)
= (1-r)1+mTo+ 1 —7r)E(my)+(1—7) TE?) (mye) + T2E§2) (log py)
k-1 k—1
= (1-r)Tg Z r° 4+ (1—r) Z rSEf“) (my) + rkfik) (log pr)
s=0 s=0

Taking the limit as k — oc:

ogp = Lot (1—1) > r B (my)
s=0
+ lim [rk_lfgk) (me) + rkfgk) (logpt)}

k—o0

But as is shown in Theorem 1 in Samet (1998), limg . ng) (logpt) = E;[logps | ¢, my—1] and

limp 0o Eﬁk) (my) = Ey [my | ze,my—1], so that limg_, o rkEEk) (logpt) = 0 and limp_, rkilﬁgk) (my) =

0. m

Proof of lemma 3. The first-order expectation of m; is given by:

‘ T¢ ‘ Ty
E(m)=my1+————— () —msy_1) + ——————— (2t — my_
¢ (me) -1 TM+TU+T5(t tl) TM+TU+T§(t 1)

Averaging over 7, we find the first-order average expectation:

_ T¢ Ty

Eimy) =my_1+————(my —my—1) + —————— (2 — my—
t( t) =1 7'#+7'1,+7'§( ! t 1) Tu+7'v+7'§(t 1)
and the second-order expectation:
E; Et(mt)] = mt,1+L[E,f(mt)—mtfl]—FL(zt—mt,l)
Ty +To+ Te Ty + To+ Te
2
T¢ i
= my_1+ | —m—— T, — My
=1 <T“+TU+T§> (t tl)
T T
+[1+ E } - (2t —my-1)
Tu+To+Te] Tp+To+ Te
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Successively averaging and substituting forward, we find:

s) Te s+1
g .
E; {Et (mt)] = m_1+ <—Tu e +T£> () —my_1)
- s+1
To - <Tu+7v+75) (2e —my_1)
t t—1
T+ r
TuT T T 1 (er‘r—&JrTg)

And summing over s:

(- f’;E [ )]

o0 s+1 )
= My— 1+ 1—7' er <m) (l?i—mtfl)
s=0

- 1 (#_)s—f—l
+To+T T
(1-r r® Tu ] v 2 — My—
Z: _(_5) 7'#+7'v+7'§(t t-1)
5=0 Tu+To+Te
N
L+ 1)+ .
= mp1+(1-7r) 1 s (wf —my—1)
Tt Te
1 o e oo T
+ - [1—(1—?”) 1 TuiTo ng T v i (Zt—mt_l)
1= (=) — T | Tu Tt T
1—7r)7 . T
= my_1+ ( )7e (z} — mu—1) + u (2t —my—1)

Tu+To+ (1 —1r)7¢ Tu+To+ (1 —1)7¢

Proof of Proposition 1 and Corollary 1. I prove this proposition in three steps: The first
two steps are given by lemmas 2 and 3 above. The final step consists in deriving the remaining

undetermined coefficients. For the definition of I', note that from the definition of P,

. —  (1-0)?

and hence
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Since the equilibrium pricing rule takes the form given by lemmas 2 and 3, it immediately follows

2
that 212, = [ +(11T()1 75) T Using the fact that (§ —1) (1 —r) = 57"—_51, we have
TV‘ To -Tr ’TE

Vo= 8% [log (MR = 6 P+ @—UO—MQ}Q

Tu+ To+ Te Tu+ 7o+ (1 —71)7T¢
5 2
_ 52 N 3-17¢
Tu+To+Te Tu+To+ (1 —1)7¢
2
_ 52 Tu+ To+ Te Tu+Ty+(1—7)7¢ FoTe
[Ty 4 7o + (1= 7) 7¢]? T+ To+Te T+ To+Te
_ g2 Tu+ T+ T [1+ Te r r
[TM+TU+(1_T)T§]2 TM+TU+T§(S—].
: 1 0—1)(1— 2
Vo = V! [log(Pte_lﬂz [ ( J(A—r)7e ]
Tu+To+Te |[Tu+To+ (1 —1)7¢
_ g2 TutTetTe [ T¢ r r
[Tp 7o+ (1 =7) 7 [Tu+ 7o +7e0 -1
1 0 1 0-1_,
I = =1 — ———E
5‘%(9 >+25(V1 V-1
1 0 1)
= —log(L>+— Tp ¥ T 7 2[1—%2 ¢ ! ]
6 "N\0=1)  2r,+7y+ (1—1)7] Tu+Ty+7e0—1
(9—1 (1—7’)7’5
2 [ru+Tet(1-r)7]?
1 0 1)
_ —log(7—>+— Tu+To+Te 2[1+ T¢ T ]
6 PNO—=1)  2r 41y + (1—7)7 Tyt To+Ted—1
1 ( ~0 >+é7'#—|—7'v—|—9(1—7“)7'£
0 0—1 Q[TH—FTU—F(l—T)Tg].
[
Proof of Proposition 2. 1 and 2 are immediate consequences of proposition 1. For 3

through 7, the first part is also immediate. For the non-monotonicity results in 3 through 6, note

that for generic x1,z2 > 0,

8 1 2 9 — T1
— [Inzy — 2log (1 + x9)] = — — =
0x1 [ ! g( ! 2)] € xr1 + T2 T1 (w1 + :L‘Q)




THE SOCIAL COST OF HETEROGENEOUS INFORMATION 31

which is positive if 1 < x2 and negative otherwise. For 7,

%[ln(7u+7'v+c9(1—r)7'§)—210g(7'ﬂ+7'1,+(1—r)7'§)]
0(1—r) 2(1—r)

- Tu+To+0(1—r)7¢ _T,u—i-’i'v—i-(l—?“)’]'g
(I-—nr)[0(rutTo+t A —7)7e) —2(Tu+ 70+ 00 —7)7¢)]

(Tu+To+0(1—=r)7e) (T + 7o+ (L —7)7¢)

which is positive, if and only if (0 — 2) (1, + 7,) > 6 (1 — r) ¢, and negative otherwise. m
Proof of lemma 4. Note that

wo= g [ a=1 [

1 —  (05)
= —CfPtaeexp{—95logpt+ ( 2) ZIQ,}

4
1 o
di = ~C9 P / (o)) di
0

C

(p)) "’
Pt d

J

1 )
= ngexp {(—2) [1—6+00] Zg}

using the fact that log P, = logp: — 9—51212,. It follows that

1 52 0621 — 0+ 05

Eiq(ny) = 5 CXP {51@ (log Cy) + ?a% + T%ZIQJ}
1 6, 65> 9

= g exp {5E (log Ct) + ?O—C + mzp}

from which the result follows immediately. m

Proof of lemma 5. For a linear pricing rule as posited, it follows that E (log C;) = —Ag +

9—51212) = A. The other terms follow immediately by substituting from the linear pricing rule. m

Proof of theorem 1. Given the previous results, the theorem follows immediately, once it

is shown that ) )
0“ o 06 2| 0—1
exp {5E(logCt) +5o0+ 0 _T)Ep} =9

Since

0 0(1—
0%4- E]%:Tu—i-ﬂ,—i- ( 7’)7527
= " " bt (1-r)rg
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we find, after substituting for E (log Cy),

SE (1 C)+5—2 2+975222
b BH T I A

— 2 1—
e ] oo
1—r [Ty + 7o+ (1 —1)7¢]

Proof of Proposition 3. Taking First-order conditions of (29) with respect to A, Aj, and

Ao, one finds:

52 5 1 1 6 1
1 = 0N+ — [(1 = Ay — Ag)® — + A3— + A? —
eXp{ 3 {( 1= A2) e 11—”5“
1 1
(1—-A1—Ay)— = Ap—
Tu Ty
1 0 1
(I-A1—N)— = A —
Tu 1—rr¢
Solving these conditions with respect to A, Aj, and Ay yields A*, A}, and A3, and Aj = A* +
2
S

Proof of Theorem 2. Follows immediately from Propositions 1 and 3 m

Proof of Prop. 4. Follows immediately from Propositions 1 and 3, setting 7¢ = 0. =

7 Appendix 2: the Social Value of Public Information revisited

The results presented in the paper are in stark contrast with those reported in MS. This raises
several issues: First, which of the modelling features drive the differences in results between MS and
the present analysis? Second, under what conditions is the MS analysis appropriate for discussing
the welfare effects of information provision, and when are the conclusions of the present model
applicable?

In this appendix, I generalize the linear-quadratic model studied in MS to discuss the connec-

tions between this paper, MS and Angeletos and Pavan. The purpose of this is threefold: First, I
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show how the conclusions that were derived here also arise under a natural modification of the MS
set-up; second, I discuss explicitly the role of the forecasting externality under heterogeneous infor-
mation; and third, I show how a general class of linear quadratic models may lead to observationally
equivalent conclusions regarding equilibrium actions, yet may lead to very diverse welfare implica-
tions. This last point suggests that an appropriate modelling of the underlying microfoundations
is essential for a proper understanding of the welfare effects of private and public information.

I begin by reviewing the formal results of MS. MS consider a one-shot game, in which a measure
1 continuum of agents, indexed by [0, 1] takes actions a; € R. There is a fundamental parameter
0, drawn from a normal distribution, § ~ N (z, ail), where this prior parametrizes the publicly
available information. In addition, agents have access to a private signal z;, z; ~ N (9,6‘1).
The private signals are iid across the population. Thus the model yields an information structure
equivalent to the one in the paper, for parameters o = 7, + 7, and 8 = 7¢.

An agent’s objective function is given by:
ui(a,0) = —(1—7)(ai —0)*—r(Li—1I)
where L; = /01 (a; — aj)2 dj and L = /01 Ljdj
The resulting first-order condition for a; is
a; = rEi(a)+(1-7)E;(0)
where a = /01 a;dj
Solving for the unique linear equilibrium yields:

az+ (1 —r)pz;

4= a+(1-r)p

The decentralized information optimum is found by maximizing

1 1
W(a,@):/o ui(a,H)di:—(l—r)/O (a; — 0)* di

It immediately follows that the socially optimal rule is given by a; = %%”’ and that the equilibrium
puts too much weight on public information, and too little on private information; as a consequence
equilibrium welfare is non-monotonic in public information.

The stark modelling assumption in MS is that the coordination motive enters individual pref-

erences through a zero-sum component that washes out in the social welfare function. As I will now
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illustrate, there is a general class of models that all lead to the same linear equilibrium strategies as
MS, but yield radically different implications in terms of equilibrium welfare. To begin, it is useful

to rewrite L;, L and u; (a, ) as follows:

1 1
L; = / (a; — a;)* dj = (a; — a)® +/ (a; — a)? dj
0 0

1 1
f = / Ljdj = 2/ (aj - a)2 dj
0 0

ui (a,0) = —(1—7)(a; —0)? —T(ai—a)2+r/1(aj —a)?dj
This last formulation captures the different components of the ingividual welfare function: The
first component captures the loss due to “missing the target” 6. The second component captures
the loss that ¢ suffers from missing the average action a. The last term captures an externality
imposed on i by the heterogeneity of the actions taken by the other agents. In other words, this
specification highlights the welfare effects that were underlying the discussion in the paper, with
the first term capturing the aggregate volatility effect, the second term the cost of heterogeneity
that is internalized by individual decisions, and the final term capturing the welfare effect of hetero-
geneity that acts as a pure externality. Under the specification considered by MS, this is a positive
externality, i.e. the more heterogeneous actions are, the better for any individual. We can consider

a more general class of individual objectives:

1
s (2,0 k) = — (1 — 7) (a; — 0)2 —r(ai—a)z—i—k/ (a; — a)? dj
0
where the coefficient k& measures the size and the sign of the welfare effects of aggregate hetero-
geneity. As special cases, we can consider the cases kK = r, which corresponds to MS, k = —r,
which arises naturally when the term L is dropped from the MS objective, and r = 0, which, as
we will see, corresponds to the case where the cost of heterogeneity is fully internalized by each

individual, and the equilibrium makes socially optimal use of the available information. For all

az+(1—r)Bx; .

ErEEG et however the social

these specifications, the linear equilibrium rule is given by a; =

optimum maximizes

1 1
W(a,&;k:):—(l—r)/o (a¢—9)2di+(k—r)/0 (a; — a) dj

Substituting a linear decision rule a; = Ax; + (1 — \) 2z, we find a—0 = (1 — \) (2 —0) and a; —a =

A(z; — 0), so that

A2 (1—=XN? A2
- k—
B
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The resulting first-order condition for A is (1 —7) (1;)‘) =(1-k) %, or

p—r)
Bl—=r)+a(l-k)

A=

Therefore, whether the equilibrium makes too heavy or too little use of public information depends
on the sign of the forecasting externality. When k = 0, every individual fully internalizes the cost
of action heterogeneity, and the equilibrium makes efficient use of the available information. In
the case of MS, the forecasting externality has a positive welfare effect, and the equilibrium makes
too heavy use of the available public information, not fully internalizing the social benefit of action
heterogeneity. Finally, in the case where there is a negative externality, the equilibrium doesn’t
fully internalize the cost of heterogeneity, and makes too heavy use of private information.

Using the equilibrium rule, we revisit the equilibrium comparative statics with respect to public

and private information:

. 1—1r 1—7r 2
W = _a+(1—r)ﬁ+k6[oz+(1—r)ﬁ}
owes 1—r a+(1-2k)(1—-r)p
Oa ot (1-r)pP  at(l-1)p
owes 1-r)? a(l+k)+0—-k@1-r)8
0(1=r) — fa+(-np?  atl-1p

Therefore, W€ is non-monotonic in « whenever k > 1/2, and is increasing in « if and only if

a>(2k—1)(1—7r)p. If £ < 1 (so that heterogeneity in actions is costly from a social point of

view), W€ is increasing in 3 if and only if (1 —r) S > —%a; this implies that 1/¢? is monotonic

in 3, if and only if k& > —1; otherwise W is non-monotonic.!?
As I discussed in the main text, the present model of nominal adjustment under heterogeneous
information generates an externality due to price heterogeneity. Indeed, the main results of the

paper are identically replicated in this quadratic example when £k = 1 — 6 < 0. In that case,

A B
= A

as was stated in the results leading up to theorem 2.

W€ is strictly increasing in «, and increasing in S, if and only if (1 —7) 3 > 07220[’

Up to this point, I have considered quadratic models, in which the only externality came from

the heterogeneity in actions. An alternative externality in information processing might arise from

YIf k > 1, W* is non-monotonic in 8 and is increasing iff (1 —7)8 < —+=a (For high enough 3, a further

increase reduces the heterogeneity in actions, which now comes at a social cost).
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the aggregate volatility effect, whereby individuals do not fully internalize their impact on aggregate

volatility. To illustrate this point, suppose that the household’s objective is given by an arbitrary

quadratic form in (a; — 6, a; — a)":

u; (a,0) = —c1 (a; — 6)2 —ca(a; — a)2 —2c3(a; — 0) (a; — a)
where ¢; + c2 + 2c3 = 1. This objective can be rewritten as:

u; (a,0) = —(c1+c3)(a; — 9)2 —(c2+c3) (a; — a)2
ez |(ai = 0)° =2 (a; — 0) (s — @) + (ai — a)”
= —(c14¢3)(a; —0)* = (2 + ¢3) (a; — a)?
+es[(a; —0) — (a; — a)]2
= —(c14¢3)(a; —0)* = (c2+ ¢3) (a; — a)
+e3(a — 9)2

2

Setting r = ¢ 4 ¢3 and ¢ = c¢3, this objective takes the form
— 2 2 2
ui(a,0)=—(1—-7r)(a;—0)"—r(a;—a)”+c(a—0)

Therefore, the resulting first-order condition is formally equivalent to the previous one, and in the
unique equilibrium, a; = % In this case, there is a spill-over from aggregate volatility
which is not internalized in the equilibrium pricing rule. After substituting for a linear decision

rule a; = A\x; + (1 — \) z and integrating over ¢, we find

2 2 2
wwx@:—%_a_mﬂ-k>+;1,w.

a a
The FOC for the first-best rule is % =(1-r—c¢ El;—’\) or

Bl=r—o)

Xk:ﬁ(l—r—c)—i—a

Therefore, the equilibrium makes too heavy use of private information, when ¢ > 0, and too little
use of it, when ¢ < 0 - thus, when there is a positive spill-over due to aggregate volatility, then
more conditioning on public information (and an increase in volatility) would be socially beneficial,

the opposite is true when ¢ < 0. Consequently, equilibrium welfare as a function of the precisions
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of public and private information is:

e«q _ 1—r . «
we = Oz+(1—7“)5+ [+ (1—r)B)?
owed 1 «
g Ja+(1—r)pP [1_T_26a+(1—r)ﬁ+c]
owe 1 [_ @ }
oB(L—r)  [a+(1-—r)p> at+(1-7)p

Hence, provided that ¢ < 1 — r (so that the noise in public information carries a social cost) we

find as comparative statics that W¢? is increasing in ( if and only if (1 —r) 8 > [% — ] a, which

implies that W€ is monotonic in if and only if ¢ < =L (otherwise it is non-monotonic). W€
p ) Yy 3

is increasing in «, if and only if o > — [%::tg} (I1—=r)B. If ¢ > —(1—r), W is everywhere

increasing in «, otherwise it is non-monotonic.
One example of a game with an externality in aggregate volatility is the investment model
with spill-overs considered by Angeletos and Pavan (2004). In that set-up, agents take investment

decisions a; according to an individual profit function
u; (a,0) = 24a; — a?,

where the productivity parameter A is given by A = ra+ (1 —r) 6, and r < 1/2. The resulting
first-order condition again implies that
az+ (1 —r)px;
a+(1-7)p

Integrating u; with respect to 4, and taking expectations, Angeletos and Pavan show that the social

a; =rE'(a)+ (1 —7r)E" () =

welfare can be expressed as:
1
W= —(1—7")E(a—0)2—/ (a5 — a) di + 1B (a — 0)?
0

This formulation again separates the welfare effects into terms due to aggregate volatility, and terms
due to heterogeneity in actions. The first two terms in the second line are identical to the ones
that would arise in the absence of any information externality. It follows that individual decisions
fully internalize the cost of action heterogeneity (second term), but there is a positive externality
from aggregate volatility (owing to the last two term). Thus, we find the same structure as in the
previous model, with ¢ = r.The decentralized information optimum is

Bl-2r) _ _(1-n)f

A*:B(l—Qr)—i—oz a+(1-r)8
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Thus, the equilibrium makes too heavy use of private information, and too little use of public infor-
mation, since the positive spill-over that is associated with aggregate volatility is not internalized.

Since r < 1/2, W*? is everywhere increasing in «, but is decreasing in /3 for small g, if » > 1/3.

To conclude, this appendix has shown that the private and social benefits and costs of informa-
tion use, and consequently the desirability of transparent public and private information provision
can be linked to existing externalities that operate either through the cost of heterogeneity, or
through the cost of aggregate volatility. While all these models lead to an identical strategic in-
teraction, and consequently an identical rule regarding equilibrium play, their welfare implications,
and the resulting costs and benefits of public and private information provision are quite diverse,
and they depend on the existing externalities at work. The analysis has identified two potential
sources of externalities: If there is a negative (positive) externality operating through action het-
erogeneity, then (i) actions are too heterogeneous relative to first-best, (ii) the equilibrium makes
too heavy (little) use of private information, and too little (heavy) use of public information, and
(iii) the equilibrium welfare is potentially non-monotonic in the precision of private (public) infor-
mation. On the other hand, if there is a negative (positive) externality operating through aggregate
volatility, then (i) the equilibrium exhibits too much (little) volatility, (ii) makes too heavy (little)
use of public information, and too little (heavy) use of private information, and (iii) equilibrium
welfare is potentially non-monotonic in the precision of public (private) information. Which of
these scenarios is applicable for the welfare effects of information provision depends on the specific

context, and has to be determined from the underlying model structure.



