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Abstract

This dissertation consists of four chapters analyzing the effects of heterogeneous and asym-
metric information in macroeconomic and financial settings, with an emphasis on short-run
fluctuations. Within these chapters, I study the implications these informational frictions may
have for the behavior of firms and financial institutions over the business cyle and during crises
episodes.

The first chapter examines how collateral constraints on firm-level investment introduce a
powerful two-way feedback between the financial market and the real economy. On one hand,
real economic activity forms the basis for asset dividends. On the other hand, asset prices
affect collateral value, which in turn determines the ability of firms to invest. In this chapter
I show how this two-way feedback can generate significant expectations-driven fluctuations
in asset prices and macroeconomic outcomes when information is dispersed. In particular, I
study the implications of this two-way feedback within a micro-founded business-cycle economy
in which agents are imperfectly, and heterogeneously, informed about the underlying economic
fundamentals. I then show how tighter collateral constraints mitigate the impact of productivity
shocks on equilibrium output and asset prices, but amplify the impact of “noise”, by which I
mean common errors in expectations. Noise can thus be an important source of asset-price
volatility and business-cycle fluctuations when collateral constraints are tight.

The second chapter is based on joint work with George-Marios Angeletos. In this chapter
we investigate a real-business-cycle economy that features dispersed information about underly-
ing aggregate productivity shocks, taste shocks, and—potentially—shocks to monopoly power.
We show how the dispersion of information can (i) contribute to significant inertia in the re-
sponse of macroeconomic outcomes to such shocks; (ii) induce a negative short-run response of
employment to productivity shocks; (iii) imply that productivity shocks explain only a small
fraction of high-frequency fluctuations; (iv) contribute to significant noise in the business cy-
cle; (v) formalize a certain type of demand shocks within an RBC economy; and (vi) generate
cyclical variation in observed Solow residuals and labor wedges. Importantly, none of these
properties requires significant uncertainty about the underlying fundamentals: they rest on the
heterogeneity of information and the strength of trade linkages in the economy, not the level of
uncertainty. Finally, none of these properties are symptoms of inefficiency: apart from undoing
monopoly distortions or providing the agents with more information, no policy intervention can
improve upon the equilibrium allocations.



The third chapter is also based on joint work with George-Marios Angeletos. This chapter
investigates how incomplete information affects the response of prices to nominal shocks. Our
baseline model is a variant of the Calvo model in which firms observe the underlying nominal
shocks with noise. In this model, the response of prices is pinned down by three parameters: the
precision of available information about the nominal shock; the frequency of price adjustment;
and the degree of strategic complementarity in pricing decisions. This result synthesizes the
broader lessons of the pertinent literature. However, this synthesis provides only a partial view
of the role of incomplete information: once one allows for more general information structures
than those used in previous work, one cannot quantify the degree of price inertia without
additional information about the dynamics of higher-order beliefs, or of the agents’ forecasts
of inflation. We highlight this with three extensions of our baseline model, all of which break
the tight connection between the precision of information and higher-order beliefs featured in
previous work.

Finally, the fourth chapter studies how predatory trading affects the ability of banks and
large trading institutions to raise capital in times of temporary financial distress in an en-
vironment in which traders are asymmetrically informed about each others’ balance sheets.
Predatory trading is a strategy in which a trader can profit by trading against another trader’s
position, driving an otherwise solvent but distressed trader into insolvency. The predator, how-
ever, must be sufficiently informed of the distressed trader’s balance sheet in order to exploit
this position. I find that when a distressed trader is more informed than other traders about
his own balances, searching for extra capital from lenders can become a signal of financial need,
thereby opening the door for predatory trading and possible insolvency. Thus, a trader who
would otherwise seek to recapitalize is reluctant to search for extra capital in the presence of
potential predators. Predatory trading may therefore make it exceedingly difficult for banks
and financial institutions to raise credit in times of temporary financial distress.
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Title: Professor of Economics






For my grandparents,

Virgilia, Estelita, Democrito, and Benjamin



Acknowledgements

I cannot overstate my debt to my advisor and co-author, George-Marios Angeletos. Marios
has encouraged my development as an economist and incited my enthusiasm for macro ever
since my days as an undergraduate. In graduate school, Marios has been an incredible mentor
whose continual guidance and support has critically influenced my thinking and research. I
cannot thank him enough for the countless discussions and insights he has passed on to me. I
have truly enjoyed our time working together on our research; we have learned so much while
sharing an excitement for our discoveries. Interacting with Marios throughout these years has
been a true privilege.

I would like to also thank my thesis advisor Mike Golosov for his ongoing guidance. Mike’s
encouragement and advice have been invaluable to me throughout my years as a graduate
student, and especially during the job market process. I am deeply indebted to Mike for all of
his support. I also thank Guido Lorenzoni in particular for his insightful comments and useful
discussions. Furthermore, I have benefitted greatly from classes and conversations with Daron
Acemoglu, Olivier Blanchard, Ricardo Caballero, Veronica Guerrieri, Patrick Kehoe, Leonid
Kogan, and Ivan Werning. Finally, I thank Ellen McGrattan for the substantial feedback she
has given me on the first chapter in my thesis. My research has improved significantly thanks
to the interactions I'’ve had with all of these professors.

I would also like to thank my mentors during my undergraduate years at MIT. Through
their teaching and advising, David Autor, Dora Costa, Sergei Izmalkov, Sendhil Mullainathan,
Nancy Rose, as well as Marios Angeletos, all contributed to the formation of a strong interest
in economics and encouraged my decision to pursue a PhD. Nancy in particular was not only a
huge influence academically, but her unconditional support, especially through my last year of

undergrad, gave me the peace of mind to start graduate school off on the right foot. Amazingly,



by the end of graduate school, her guidance throughout the job market had again proven
invaluable. I cannot thank her enough for everything she has done.

I am grateful for all of the classmates and officemates who have made my years in graduate
school a great experience. I thank especially Ruchir Agarwal, Sergi Basco, Arthur Campbell,
Dan Cao, Gabriel Carroll, David Cesarini, Sebastian Di Tella, Florian Ederer, Jesse Edgerton,
Laura Feiveson, Stefano Giglio, Danny Gottlieb, Pablo Kurlat, Monica Martinez-Bravo, Sahar
Parsa, Florian Scheuer, Alp Simsek, Johannes Spinnewijn, and Xiao Yu May Wang. I look
forward to interacting and working with many of these friends and colleagues in the future.

This endeavor could not have been completed without the support of my family. I thank
my father Edwin, my mother Debbie, and my brother Brian for their love and encouragement
throughout my life.

Last but not least, I would like to extend my deepest gratitude to Luigi Iovino for countless

discussions, constant support and encouragement.

Cambridge, MA
May 15, 2010






Contents

1 Collateral Constraints and Noisy Fluctuations 11
1.1 Introduction. . . . . . . . . . . . . . e 11
1.2 TheModel ... ........ S 20
1.3 Equilibrium definition and characterization . . .. ... ... ... ... ... .. 27

1.3.1 Definition . . . . . . . .. e 27
1.3.2 Characterization . . . . . .. . ... ... 31
1.4 Complete Information Benchmark . . .. ... .. ... .. ... ......... 36
1.5 Collateral Constraints and Dispersed Information . .. ... ... .. ... ... 39
1.5.1 Strategic Complementarity and Positive Co-Movement . . . . . . ... .. 44
1.5.2 The Relative Contribution of Noise . . . . . . .. ... ... ... ..... 51
1.5.3 Movements in the Labor Wedge . . . . . . . ... ... ... ... . .... 56
1.6 Equilibrium in the Full Model . . . . ... ... . ... ... ... ........ 58
1.7 Numerical Results . . . . . . . . . . . . e 63
1.7.1 The Relative Contribution of Noise . . . . . .. . ... ... .. .. .... 65
1.7.2 Positive Co-Movement . . . . . . . . . .. L0000 e e 65
1.7.3 Movements in the Labor Wedge . . . . . . . .. . ... ... ... .. ... 67
174 Further Results . . . . . . . . . . . . . . . 69
1.8 Concluding Remarks . . . . . . ... ... L oo 72

2 Noisy Business Cycles 73
2.1 Introduction . . . . . . . . L L e e 73
2.2 TheModel . .. . . . . . e 80



2.3 Equilibrium . . . . . ... 85
2.3.1 Definition . . . . . . ... 85
2.3.2 Characterization . . . . . . . .« . . i 87
2.3.3 Specialization, trade and strategic complementarity . ... ... ... .. 90
2.3.4 Relation to complementarity in New-Keynesian models . . . .. ... .. 93

2.4 Dispersed information and the businesscycle . . . ... ... ... ... ..... 94
2.4.1 Closed-form solution . . . . . . . . .. .. . e 95
2.4.2 Remark on interpretation of noise and comparative statics . . . . . . ... 97
2.4.3 Macroeconomic responses to fundamentals and noise . . . . . ... .. .. 98

2.5 Slow learning and numerical illustration . . . . . . ... ... ... ... ... .. 101
2.5.1 Impulse responses to productivity and noise shocks . . . . ... ... ... 104
2.5.2 Variance decomposition and forecast errors . . . . .. ... ... ... .. 109
2.5.3 Demand shocks, new-Keynesian models, and structural VARs . . . . . .. 112
2.5.4 Labor wedges and Solow residuals . . . . ... ... ... ......... 115
2.5.5 DISCUSSION . . .« « v v e it e e e e e e e e e e e e e 117

2.6 Efficiency . . .. . . . . o e e e e 120

2.7 Concluding remarks . . . . . . ... ... e 125

Incomplete Information, Higher-Order Beliefs and Price Inertia 134

3.1 Imtroduction. . . . . . . . . i i i e 134

3.2 Related literature . . . . . . . . . . e 138

3.3 The Calvo Model with Incomplete Information . . . . . ... ... ... ..... 140

3.4 Uncertainty about precisions . . . . ... ... ... ... oo 153

3.5 Heterogeneous Priors . . . . . . .« . o it i i e e e e e e e e e 159

3.6 Heterogenous priors and cost-push shocks . . . . . ... ... ... .. .. .... 166

3.7 Concluding Remarks . . . . . . . . .. ... . 168

Predatory Trading and Credit Freeze 174

4.1 Introduction . . . . . . . . . . . i e 174

4.2 TheModel . .. . . . . e 178

4.3 Equilibrium Definition . . . . . . . . . .. ... o o 186



4.4
4.5

4.6
4.7

Equilibrium without Predator . . . . . .. ... ... .. ... ........... 191

Equilibrium with Predator . . . . . . . . ... ... ... .. L 193
4.5.1 Equilibrium Characterization . . . . . .. .. .. ... ... ........ 199
Concluding remarks . . . . . . ... ... 203
Appendix: The Predation War . . . . .. ... ... ... ............. 204

11



12



Chapter 1

Collateral Constraints and Noisy

Fluctuations

1.1 Introduction

Standard business cycle models generally assume that the economy’s financial structure is both
indeterminate and irrelevant to real economic outcomes. However, many economists have ar-
gued that credit constraints and financial conditions may in fact be key factors in determining
business cycle fluctuations. The idea of assigning a more central role to credit-market imperfec-
tions in explaining short-run macro fluctuations not only dates back to the work of Fisher and
Keynes, but has furthermore gained renewed interest in light of the recent financial crisis. In
accordance with this view, this chapter demonstrates an important and distinct role financial
frictions may serve in generating significant expectations-driven business cycles.

An extensive literature on credit-market imperfections has incorporated financial frictions
into standard macroeconomic models of the business cycle. In particular, many researchers have
explored how collateral constraints interact with aggregate economic activity. In an economy
in which firm-level debt must be fully secured by collateral, an endogenous two-way feedback
arises between the financial market and the real economy. On one hand, firm output and ac-
tivity forms the basis for pricing assets. On the other hand, asset prices affect collateral value,
which in turn determines the ability of firms to invest. The seminal work of Kiyotaki-Moore

(1997) demonstrated how under certain conditions this feedback may amplify the response of
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the economy to changes in technology or the income distribution. This has launched a wealth
of research on collateral constraints; examples include Kiyotaki (1998), Krishnamurthy (2003),
Caballero and Krishnamurthy (2001, 2006), Iacoviello (2005). Still others have questioned the
quantitative significance of such an amplification mechanism, especially within less stylized
environments and under more standard assumptions for preferences and technology (Kocher-
lakota, 2000; Cordoba and Ripoll, 2004). In any case, most of the existing literature focuses
primarily on how collateral constraints affect the response of the economy to aggregate fun-
damental shocks, e.g. technology, endowments, and preferences, presuming that these are the
main cirivers of both business cycle and asset price fluctuations.

This comes as no surprise as the current dominant explanation of business cycle fluctuations
are changes in fundamentals, the most important being technology shocks. At the same time,
many economists find the idea of short-run fluctuations driven entirely by quarterly movements
in the technological frontier somewhat implausible. For example, using structural VAR meth-
ods researchers have attempted to provide some empirical evidence that only a small fraction
of output variation at business-cycle frequencies can be accounted for by technology shocks
(Blanchard and Quah, 1989; Shapiro and Watson, 1988; Cochrane, 1994; Galf, 1999). Sec-
ondly, the finance literature has found it difficult to explain movements in the stock market on
the basis of fundamentals alone; Shiller (1981) and LeRoy and Porter (1981) were the first to
document the existence of “excess volatility”, or residual variation in asset prices not accounted
for by changes in technology or discount factors. Thus in general, while much research has been
devoted to understanding the macroeconomic consequences of certain disturbances, the true
sources of short-run business cycle and asset price fluctuations still remains very much an open
question.

this chapter addresses these issues by providing a theory of why financial frictions may imply
that an important and potentially significant driver of short-run fluctuations in aggregate output
and asset prices may simply be “noise”. By this I mean noise in available public information,
or more generally, correlated errors in agents’ expectations of underlying fundamentals. In
this chapter I show how the feedback between asset prices and the real economy that results
from collateral constraints may lead to significant expectations-driven business cycles when

one breaks the assumption that information is commonly shared. Importantly, I find that
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when collateral constraints are tight and information is dispersed, the effects of noise can
potentially account for a large portion of both business cycle and asset price fluctuations, while
the relative contribution of technological shocks to these short-run fluctuations may be small.

Thus, by allowing for heterogeneity in information, I identify a distinct and novel role for

financial frictions.

Preview of the Model. The starting point of this chapter is a micro-founded one-sector
real business cycle model in which firm debt must be fully secured by collateral.! I abstract from
capital to simplify the analysis, but assume firms must borrow in order to pay their workers.?
As in most models of collateral constraints, in this economy there exists a durable asset which
plays a dual role: it serves both as collateral to secure firm debt, and its value depends on real
economic activity.®> The endogeneity of the collateral value is effectively what creates the two-
way feedback between the financial market and the real economy: the tighter the constraint,
the less any individually-constrained firm may produce; at the same time, the less the entire
economy produces, the tighter the constraints. In this respect this model is very similar to the
mechanism present in Kiyotaki-Moore (1997) as well as the rest of the literature on collateral
constraints.

One key difference between this model and Kiyotaki-Moore (1997), however, is that Kiyotaki-
Moore allows firms to be highly levered, in that they have borrowed heavily against the value of
their collateral. For this reason they obtain amplification of productivity shocks, yet many have
convincingly argued that this effect must be quantitatively small (Kocherlakota, 2000; Cordoba
and Ripoll, 2004). In this chapter I abstract from the effects of leverage. I do so in order to
isolate the contribution of the essential ingredients considered in this model. This model thus
incorporates the salient feature that endogenous credit constraints create a feedback between
the financial market and the real economy, but it is designed so that the Kiyotaki-Moore lever-

aged amplifier of productivity shocks is absent. I could argue that this doesn’t seem to be such

!The underlying assumption that motivates this type of credit constraints is that lenders cannot force bor-
rowers to repay their debts unless the debts are secured.

2] can show in an extension of the model that the inclusion of capital does not affect the paper’s main
qualitative results.

3Most collateral-constraint models allow the asset to be an input to production. Here I instead assume workers
obtain utility from consuming its dividends. In either case, the main reason for this assumption is to make the
asset price sensitive to aggregate economic activity.
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a terrible assumption in its own right, as demonstrating the quantitative significance of the
Kiyotaki-Moore amplifier is clearly a challenge. Nevertheless the main reason for making this
modelling choice is that it allows me to focus solely on the contribution of the information struc-
ture. By construction, then, my benchmark economy is one in which collateral constraints have
no effect on the business cycle properties of equilibrium output when information is complete.
As anticipated, a key ingredient in this chapter is the heterogeneity of information. I show
how this type of informational constraint interacts with the aforementioned financial friction.
Unlike all previous models of collateral constraints, I allow for production, employment, and
asset demand decisions to take place under dispersed information about the underlying fun-
damentals. I then show how the introduction of dispersed information creates a distinct and
important role for financial frictions with respect to the equilibrium behavior of the economy.
Finally, I assume that the durable asset is traded among firms and workers across all islands.
Therefore the price of this asset is observed by all agents in the economy and in equilibrium

partially aggregates the dispersed information.

Preview of the Results. First, as a benchmark I demonstrate that under complete in-
formation, by construction tighter collateral constraints have no effect on the business cycle
properties of the equilibrium. The focus of this chapter, then, is to explore the implications of
collateral constraints when information among agents is heterogeneous. The main results that
obtain under dispersed information are the following:

(i) Noise as a Source of the Business Cycle. The combination of endogenous collateral con-
straints and dispersed information can lead to significant noise-driven fluctuations in aggregate
output and asset prices. Specifically, I find that tighter collateral constraints mitigate the im-
pact of productivity shocks on equilibrium output and asset prices, but amplify the impact
of noise, and hence lead to a greater relative contribution of noise to business-cycle fluctua-
tions. Noise can thus be a significant source of asset-price and output volatility when collateral
constraints are tight.

(ii) Positive Co-Movement. Noise results in positive co-movement in employment, output,
consumption, and asset prices. These fluctuations are independent of the underlying produc-
tivity shock; they are merely the product of common errors in agents’ expectations.

(iii) Labor Wedge. Noise contributes to movements in the measured “labor wedge”. In
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particular, the measured labor wedge is positively correlated with fluctuations in output when

the main driver of the business cycle is noise.

The first result highlights the main contribution of this chapter. This is the first paper,
to my knowledge, to provide a theory of how financial frictions may imply that movements
in both the business cycle and asset prices may be driven primarily by noise, as opposed to
fundamentals. In this sense, collateral constraints play a distinct role in comparison to the
earlier literature. this chapter thus highlights the importance of considering heterogeneous
information when firms are subject to collateral constraints.

The intuition for this result begins with the fact that asset prices, and hence the value of
co-llateral, are based on average expectations of aggregate economic activify. When one relaxes
the assumption of common knowledge and allows for heterogeneity of information, agents rely
more on common sources of information regarding aggregate productivity, and less on private
sources of information. This is because common sources of information are relatively better
predictors of aggregate economic activity. As a result, asset prices become relatively more
sensitive to this noise and less sensitive to fundamentals.

Consider then a small negative expectational error about technology, common to all agents.
If agents believe common information will affect output, the small error depresses asset prices
relatively more than what is dictated by its informational content about fundamentals alone.
The decline in asset prices, however, lowers collateral values, which in turn leads to a fall in
output. Thus, due to collateral constraints, the behavior of asset prices affects the behavior
of real output. Moreover, the expected decline in output depresses asset prices even further.
The two-way feedback just described amplifies the small expectational error, and in this way
expectations about aggregate production become in many ways self-fullfilling.

Now consider a small positive innovation in aggregate productivity. Heterogeneity of infor-
mation implies that this shock is not common knowledge. Hence even if agents on all islands
are sufficiently well-informed of this innovation, because of lack of common knowledge asset
prices are not extremely responsive. However, if asset prices move relatively little in response
to the productivity innovation, constrained firms cannot react to the increase in productivity.
But this inertia in expected output reinforces the dampened response of asset prices. There-

fore, the two-way feedback generated by the collateral constraints mitigates the impact of the
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productivity shock.

In equilibrium, this behavior makes both asset prices and output more sensitive to noise
and less sensitive to fundamentals. A robust prediction then of this model is that the tighter
the collateral constraints, i.e. the more asset prices matter for firm production, the greater the
relative contribution of noise to business cycle and asset price volatility. Thus, noise could very

well be an important and dominant source of business cycle fluctuations.

The second and third main results then describe the implications of noise in this model in
terms of observables.

The second result is notable as it shows how the noise-driven movements highlighted in this
chapter are a possible interpretation of what many believe as a major source of business cycle
fluctuations—namely, “demand shocks”. Using structural VAR methods, many researchers claim
to identify a certain type of shock, orthogonal to technology, which causes positive comovement
in aggregate macroeconomic variables including employment, output and consumption. They
moreover find that these shocks may account for the majority of short-run fluctuations. While
New-Keynesians have designated these as “demand shocks”, their structural interpretation
remains a contentious issue. This model offers a possible explanation for these fluctuations. The
noise-driven movements documented here resemble demand-driven fluctuations in the following
sense. They have many of the same features often associated with such shocks: they contribute
to positive co-movement in employment, output and consumption, yet at the same time are
orthogonal to underlying movements in productivity.

The third result relates the implications of noise in this model to the large body of research
documenting the observed variation in the “labor wedge” over the business cycle (Hall, 1997;
Rotemberg and Woodford, 1999; Chari, Kehoe, and McGrattan, 2007; Shimer, 2009).? Chari,
Kehoe, and McGrattan (2007), in particular, show that a large class of models are equivalent
to a frictionless representative-agent model of the business cycle in which various types of time-
varying wedges (labor, investment, efficiency) distort the equilibrium decisions of the agents.
They furthermore document the empirical contribution of each wedge over certain business cycle

episodes as well as over the entire postwar period and find that the efficiency and labor wedges

4The labor wedge is defined as the wedge between the marginal rate of substitution and the marginal product
of labor that would obtain in a frictionless representative-agent model of the business cycle.
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together account for the bulk of fluctuations while the investment wedge plays essentially no
role. While their methodology is not meant to identify the source of the business cycle, it does
suggest that the most promising models, in terms of relating to the data, are ones in which the
underlying sources and frictions manifest themselves as labor wedges. Thus, this model may be
useful for understanding certain business cycle periods, such as the recent crisis, in which the

labor wedge plays an important role empirically.

Finally, in delivering these results this chapter makes two methodological contributions to
the recent growing literature on dispersed information in macro. There are a number of papers,
most notably Morris and Shin (2002), which highlight the potential implications of heteroge-
neous information in a more abstract class of games that feature strategic complementarity. In
relation to this body of work, one of the contributions of this chapter is that it provides a novel
microfoundation for these games. By this I mean the following: I show how the equilibrium
allocation of the fully micro-founded business-cycle economy featured here can be represented
as the Bayesian-Nash equilibrium of a game similar to those considered in the more abstract
game-theoretic settings. This representation is useful, as the more abstract insights of this ear-
lier work aids one in understanding how the two-way feedback between the financial market and
the real economy results in noisy fluctuations when combined with dispersed information. In
this respect, this chapter is complementary to Angeletos and La’O (2009), in that it considers a
micro-founded real business cycle model in which agents have dispersed information about un-
derlying fundamentals. However, the micro-foundations and hence the mechanisms considered
in these two papers are substantially different. Angeletos-La’O focuses on the effects of spe-
cialization in a multisector economy, and how trade across sectors creates interlinkages among
firms. this chapter instead considers a standard one-sector economy and highlights the two-way
feedback that naturally arises between the financial and real sides of the economy when firms
are constrained by collateral.

Secondly, the environment here features an asset whose price both aggregates and conveys
information across islands. While most models with dispersed information abstract from this
complication, this model calls for financial markets, and thus I demonstrate how one can allow
for observable asset prices in a dispersed information environment yet preserve tractability.

This is important, as one possible concern with heterogeneous information models is that their
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effects may disappear when financial market prices aggregate information. I show here that this

concern is misguided; the effects of noise are robust to the inclusion of observable asset prices.

Layout. this chapter is organized as follows. The remainder of the introduction discusses
the related literature. Section 1.2 introduces the model and describes the economic environment.
In Section 1.3, I define and characterize the equilibrium of the economy. In Section 1.4 I consider
the complete information benchmark. Section 1.5 explores the mechanism underlying the main
results of this model in a simplified environment. In Section 1.6, I describe the method I use
to obtain an approximate solution to the general equilibrium of the full model. I then present
the results of this solution in Section 1.7 and highlight the main contributions of this chapter.

Section 1.8 concludes.

Related Literature. this chapter is related to the literature on financial frictions in the
business cycle. Within this literature, there are two general strands. One strand builds on the
work by Townsend (1979) and Gale and Hellwig (1985) and focuses on the costly state verifica-
tion problem between creditors and debtors. Papers such as Carlstrom and Fuerst (1997),
Bernanke, Gertler, and Gilchrist (1999), Cooley, Marimon, and Quadrini (2004), Gertler,
Gilchrist, and Natalucci (2007), and Christiano, Motto, and Rostagno (2008) build this prob-
lem into macroeconomic models, emphasizing the interaction between interest rate speads and
aggregate quantities. The key mechanism here involves the link between “external financing
premium” (the difference between the cost of funds raised externally and the opportunity cost
of funds internal to the firm) and the net worth of borrowers.

this chapter, however, is more closely related to another strand of the financial frictions
literature: one that emphasizes collateral constraints in models of the business cycle. Examples
in this literature include Kiyotaki-Moore (1997), Kiyotaki (1998), Kocherlakota (2000), Kr-
ishnamurthy (2003), Caballero and Krishnamurthy (2001, 2006), Cordoba and Ripoll (2004),
Tacoviello (2005), Liu, Wang, and Zha (2009). In this class of models, a firm’s debt level is
constrained by the value of its collateral. this chapter incorporates a similar collateral con-
straint friction into a business cycle model, but focuses on its interaction with heterogeneous
information.

There is a wealth of empirical evidence that point towards the importance of financial

frictions in aggregate fluctuations. First, there is considerable evidence of balance-sheet effects
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on investment, see Fazzari, Hubbard and Petersen (1988), Gertler, Hubbard, and Kashyap
(1991), Gilchrist and Himmelberg (1995), Hubbard, Kashyap and Whited (1995), as well as on
inventories, see Kashyap, Lamont and Stein (1994). Secondly, some authors have found that
smaller firms are more sensitive to the business cycle; see Gertler and Gilchrist (1994), and
Sharpe (1994).° Finally, Rajan and Zingales (1998) provide empirical evidence for a causal
effect of financial development on growth.

this chapter furthermore contributes to the growing literature on informational frictions
in macro.5 Within this context, this chapter follows in methodology lines similar to Lucas
(1972), Barro (1976), Townsend (1983) and others, by introducing a geographic segmentation
of information among islands to formalize the dispersion of information. this chapter thus fits
in with the recent revival of models of dispersed information, which has been duly influenced
by the work of Morris and Shin (2002), Sims (2003), and Woodford (2003).

In considering expectations-driven business cycles, this chapter is related to the literature
on news-driven business cycles; see, for example, Beaudry Portier (2004, 2006), Christiano et
al.(2007), Jaimovich and Rebelo (2008), and Lorenzoni (2009). These papers also generate
certain types of expectations-driven fluctuations. However, the mechanisms considered in these
papers differs significantly from the one considered here. The news-shock literature focuses on
how expectations of future productivity may drive current production within representative-
agent environments. Thus, their results do not rest on the heterogeneity of information. Here,
I show that the heterogeneity of information is key in bringing about a self-fulfilling feature of
expectations: agents need not make large forecast errors when information is dispersed, they
merely coordinate on the same information.

Finally, this chapter is also very related to an important contribution by Chen and Song

(2010). Chen and Song (2010) study an economy in which a fraction of firms face financial

SHowever, recent work by Chari, Christiano, and Kehoe (2009}, find evidence towards the contrary.

Phelps (1970), Lucas (1972, 1975), Barro (1976), King (1982), Townsend (1983). More recent papers include
Adam (2007), Amador and Weill (2007, 2008), Amato and Shin (2006), Angeletos and Pavan (2004, 2007, 2009),
Bacchetta and Wincoop (2005), Collard and Dellas (2005), Hellwig (2002, 2005), Hellwig and Veldkamp (2008),
Hellwig and Venkateswara (2008), Klenow and Willis (2007), Lorenzoni (2008, 2009), Luo (2008), Mackowiak
and Wiederholt (2008, 2009), Mankiw and Reis (2002, 2006), Mertens (2009), Morris and Shin (2002, 2006),
Moscarini (2004), Nimark (2008), Reis (2006, 2008), Rondina (2008), Sims (2003, 2006), Van Nieuwerburgh and
Veldkamp (2006), Veldkamp (2006), Veldkamp and Woolfers (2007), and Woodford (2003a, 2008), Angeletos,
Lorenzoni, Pavan (2009), Angeletos La’O (2009a, 2009b)
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constraints. They then show how news of future productivity relaxes these financial constraints,
allowing capital to flow to constrained projects. The reallocation of capital generates an increase
in current aggregate TFP as well as positive co-movement in macro aggregates. Because there
is no uncertainty in their model, news-driven fluctuations are in fact correlated with future
productivity, despite the fact that they are independent of current productivity. In this sense,
unlike this chapter, the positive-comovement generated in Chen and Song (2010) is remains
correlated with fundamentals. If they were to add uncertainty under symmetric information
to their model, errors in expectations of future productivity would drive current production.
However, in this case, as in the news shocks literature, expectations would have no self-fulfilling

role.

1.2 The Model

There is a (unit-measure) continuum of households, or “families”, each consisting of a continuum
of worker-members. There is a continuum of “islands”, which define the boundaries of local labor
markets as well as the “geography” of information: information is symmetric within an island,
but asymmetric across islands. Each island is inhabited by a competitive representative firm
which produces a consumption good; goods produced among islands are perfect substitutes.”
Households are indexed by k € K = [0,1], its members by j € J = [0,1]; and islands, as well
as the representative firm on each island, are indexed by i € I = [0, 1].

There are two stages. In stage 1, each household sends a worker to each of the islands. Once
workers reach these islands, the representative firm on each island is endowed with a durable
good, which I henceforth refer to as land, and learns of its own productivity for producing the
commodity. This information is also revealed to all workers within the island. Thus, at this
point workers and firms on each island have complete information regarding local productivity
and land, but incomplete information regarding the productivities and land endowments of
other islands.

Firms and workers then trade claims on land in a centralized (economy-wide) market; in

particular, firms sell land claims, workers buy these claims, and the land price adjusts so as

"One may think of this as a continuum of identical competitive firms within an island. To supress notation I
will refer to this continuum as a single competitive representative firm.

22



to clear the market. After the economy-wide land market has cleared, local (within-island)
labor markets open: workers decide how much labor to supply, firms decide how much labor to
demand, and local wages adjust so as to clear the local labor market. Finally, after employment
and production choices are sunk, workers return home and the economy transits to stage 2.

In stage 2, all information that was previously dispersed becomes publicly known, and the
commodity market opens. Quantities are now pre-determined by the exogenous productivities
and the endogenous employment choices made during stage 1, but the price of the consumption
good adjusts to clear the market. Finally, consumption of goods and housing takes place.

Households. The utility of household k is given by
Uy = Cy TH] — Ny

where C}, is the household’s consumption of the identical good produced by firms, and Hy and
N}, are composites of the housing purchased and the labor supplied by the household’s various
workers in stage 1. The household has Cobb-Douglas utility in consumption and housing, where

v € (0,1) is the income share of land. The composites Hy and Ny are given by the following

v—1 ,,1.,_1
Hi = [/ hig dj] ; Nk=/njkdj
J J

where n;i is the amount of labor supplied by family member j during stage 1 and hji is that
family member’s purchase of land claims.® Here v > 0 is the elasticity of substitution across
housing purchased by different members of the household.

Households own equal shares of all firms in the economy. Accordingly, the budget constraint

of household k is given by the following

PCk-I-Q/hjkdj S/ﬂidi+/wjnjkdj
J I J

where P is the price of the consumption good, @ is the price of housing, m; is the profit of firm
i, and w; is wage of family member j.

Finally the objective of the household is simply to maximize expected utility subject to

8Here utility is quasilinear in labor, but that assumption can easily be relaxed.
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the budget and informational constraints faced by its members. Here, one should think of the
members of each family as solving a team problem: they share the same objective (family utility)
but have different information sets when making their labor-supply and asset-demand choices.
Formally, during stage 1 the household sends off its workers to different islands with bidding
instructions on how to supply labor and demand assets as a function of (i) the information that
will be available to them on their island, (ii) the wage in their local labor market, and (iii) the
price of the asset. In stage 2, the workers return home and the household collects all labor
income and firm profits and consumes.

Firms. The output of the representative firm on island i is given by
= A0
yi = Ain; (1.1)

where A; is the productivity on island 4, n; is the firm’s employment, and 6 parameterizes the
degree of diminishing returns to production. Each firm is endowed with L; units land, which
they sell on the centralized land market at price Q. Thus, the firm’s realized profits are given
by

m; = Py; — win; + QL;

The firm’s objective is to maximize expected shareholder value.

I make the following critical assumption about firms: the firm cannot precommit to not run
away with the revenues from its sales in stage 2. The goods, however, must be produced by
workers in stage 1, before the product markets open. This poses a problem as workers, in light
of the firm’s commitment problem, refuse work in stage 1 unless paid up front.

To get around this problem, firms may use their land holdings as collateral to pay workers.
This implies that the firm may hire as much employment as it likes, as long as the cost of doing
so does not exceed the value of its land. The firm’s problem then is given by the following. The
competitive representative firm on island ¢, taking prices as given, maximizes expected profits

weighted by the representative household’s marginal value of wealth, A,

main [)\ 71’@']
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subject to its production function (1.1) and subject to its collateral constraint given by
win; < XQLi (1'2)

where x > 0 is the fraction of land which is collateralizable. The collateral constraint (1.2)
dictates that the firm’s cost of employment in stage 1 cannot exceed the value of its land, where
land is valued mark-to-market at the price Q.

Labor, Land, and Product Markets. Labor markets operate in stage 1. Because labor cannot

move across islands, the clearing conditions for the local labor markets are as follows

ni:/ ng;dk, Vi
K

The land market also operates in stage 1, but unlike the labor market, land claims are traded
in an economy-wide market. One can think of this as follows. There is a centralized market,
not located on any island, to which workers submit demand schedules for land as functions of
the price, and firms submit their land endowments. A walrasian auctioneer then sets the land

price such that it clears the market. The clearing condition for the land market is as follows.

/ Lidi = / / hjrdjdk
I KJJ

Finally, the consumption good is traded in a centralized market that operates in stage 2; the

clearing condition for the product market is given by

/y,-dz’=/ Crdk
I K

Fundamentals. Each island in this economy is subject to two types of shocks: technology
and land endowment shocks. I assume the island-specific productivities Ag: are lognormally

distributed in the cross-section of islands:
a; = logA; = a+¢&,,,
where @; denotes the underlying aggregate productivity shock and &, ; is a purely idiosyncratic
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(i.e., island-specific) productivity shock. I assume &, ; is drawn from the Gaussian distribution
with mean zero and variance Ui,w = 1/Kayz, is orthogonal to @, and is i.i.d. across islands.
Similarly, the island-specific land endowments are lognormally distributed in the cross-section

of islands:

l; logL; = l_+§l’i,

il

where [; denotes the underlying aggregate land endowment and §;; is a purely idiosyncratic
(i.e., island-specific) land shock. I assume ;; is drawn from the Gaussian distribution with
mean zero and variance a%’z = 1/KL 4, is orthogonal to both [, and is i.i.d. across islands.

Finally, the aggregate shock @ is drawn from a Gaussian distribution with mean zero and
variance ‘731,0 = 1/k a0, while the aggregate shock I is drawn from a Gaussian distribution with
mean zero and variance O’%’O = 1/k1,0. The two aggregate shocks, @ and [ are orthogonal to
each other.

Information. Aggregate productivity and the aggregate land endowment are assumed to be
common knowledge at stage 2, when all production materializes and consumption takes place,
but not in stage 1, when the key employment, production, and asset holding choices are made.
Rather, at this stage workers and firms in any given island know perfectly the productivity
of their own island but not the productivities of other islands. Local productivity and local
land endowments thus serve also as valuable, but noisy, private signals of the distribution of
productivities, land, and information in other islands.” In addition to these private signals, all

islands observe an exogenous public signal of aggregate productivity:
z=a+¢

where ¢ is drawn from the Gaussian distribution with mean zero and variance ai’z =1/ka.z,
and is orthogonal to both @ and I. I assume the precisions (and equivalently the variances) of
all fundamentals and signals, K4z, KLz, KA,0, KL,0, and k4, are common knowledge.

Here ¢ is what is referred to as “noise”. In terms of this model, noise is literally the

error in the public signal. However, this is just a convenient modelling device for common

9The assumption that firms and workers know perfectly their own productivities and endowments is not
essential; all results go through if I allow for uncertainty about local as well as aggregate productivity.
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information. More generally, one can think of noise merely as correlated errors in expectations
about aggregate productivity.

Finally, firms and workers in each island observe the land asset price Q.

Remarks. The constraint imposed on firm-level expenditure in (1.2) is similar to those found
in the larger literature on collateral constraints. In this class of models the borrowing capacity
of a firm is constrained by the value of its collateral. Although this setup is described as though
the firm literally takes its revenues from selling land claims and uses these revenues to pay its
workers, one could allow for an intermediate step between these transactions in which a financial
intermediary loans funds to the firm and secures this loan with collateral. The collateral, then,
is the value of land held by the firm.

Most papers on collateral constraints provide a simple justification for this type of financial
friction. Following Kiyotaki-Moore (1997), these papers interpret this type of constraint as
reflecting the problem of control over assets (see Hart and Moore, 1989). The crucial feature is
that the firm is needed to run or control the project but cannot precommit to repay its debt.
If the firm defaults, the creditor can seize the borrower’s land. Hence the firm’s repayment is
bounded from above by the value of its land.!® Furthermore, the usual interpretation of the
parameter y stems from the consideration that it may be costly to liquidate seized land, hence
the creditor can recoup only up to a fraction x of the total value of the collateral assets. More
generally, however, one can think of x as parameterizing the tightness of collateral constraints in
the economy. Finally, while it is true that few firms literally collateralize their loans using land,
in reality there are many layers of collateralization that are ultimately grounded in a physical
asset. In this sense, stylized collateral constraint environments do capture some element of
reality.

The durable asset in this model plays a dual role: it serves both as an asset of value,
and as collateral to secure firm debt. In this way the model preserves the key feature of
all collateral constraint environments. However, as already mentioned in the introduction, this

feature alone does not necessarily generate amplification. One key difference between this model

10This is not the same as exogenously ruling out the possibility of state-contingent contracts. As pointed out
to me by Randy Wright, one could think that writing state-contingent contracts are possible in this framework
so that loan markets are, in a sense, complete. However, the commitment problem of the firm makes it so that
no worker nor creditor would ever want to write a state-contingent loan contract, as the firm would in every state
have the incentive to run away with the money.
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and Kiyotaki-Moore (1997), is that Kiyotaki-Moore allows firms to be highly levered in that
they have borrowed heavily against the value of their collateral. In particular, firms enter each
period already in debt, at which point these firms obtain new loans, subject to their collateral
constraints, and use these loans to both repay old debt and to invest. In this environment,
the response of the economy to changes in fundamentals such as productivity is amplified. In
contrast, in this model I abstract from this effect and assume firms enter without any existing
debt, yet must borrow in order to pay for their static operating cost of paying workers. Thus
this model features a simple, static input-financing friction due to collateral constraints.!! I
show in Section 1.4 that in this case under complete information collateral constraints have no
effect on the business cycle properties of the equilibrium. That is, the complete information
benchmark is designed so that tighter constraints do not amplify the response of the economy
to productivity shocks.

I assume that consumption choices in stage 2 take place in a centralized market, where in-
formation is homogeneous, and that households are “big families”, with fully diversified sources
of income. The big-family formulation allows for household members to be completely insured
against idiosyncratic risk in consumption and hence guarantees that the economy admits a rep-
resentative consumer in stage 2. This assumption is made merely to maintain high tractability
in analysis despite the fact that some key economic decisions take place under heterogeneous
information.

Shocks to the aggregate amount of land are introduced in this model for one reason and one
reason only: so that in equilibrium the asset price is not fully-revealing of the underlying aggre-
gate state. In other words, if I were to eliminate the shocks to the aggregate land endowment
so that the only fundamental shock were that in aggregate productivity, the asset price would
perfectly reveal aggregate productivity. In this case all agents would have complete information
of the aggregate state of the economy. To guard against this, I introduce another disturbance
in the asset price, so that as in any Noisy Rational Expectations equilibrium the mapping from
the aggregate state to the asset price is not invertible. I do this by introducing shocks to the

aggregate land endowment. This however could have been accomplished in a variety of ways;

'1See Chari, Kehoe, McGrattan (2007) for an example of an input-financing friction due to differential interest
rates.
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for example, one could incorporate an aggregate preference shock. In any case, one may think of
this as a substitute for the “noise traders” that are often used in the noisy rational expectations
equilibrium models in finance. However, instead of bringing in agents from outside the model,
shocks to the aggregate land endowment could be considered a more micro-founded modelling
device that ensures a non fully-revealing asset price.

Finally, while the benchmark of this model is a one-sector economy, the model could be
further enriched to allow for a multi-sector economy in which firms from different islands spe-
cialize in the production of differentiated goods. This could be introduced here by allowing Cj
to be a CES composite of the consumption of differentiated commodities. Specifically, one could
write C, = [ L c:;?l dz’] o where c;; denotes household k’s consumption of the differentiated
good produced by the firm on island 4, and where p > 0 is the elasticity of substitution across
these commodities. For finite values of p, the model nests, as a special case in which there
are no collateral constraints and no trading in the land market, the environment considered in
Angeletos-La’O (2008, 2009a). Angeletos-La’O (2008, 2009a) show that the specialization of
goods and the strength of trade linkages across islands leads to strategic complementarity in
production decisions. Here, for the bulk of this chapter I omit this effect by assuming perfect
substitution among goods, i.e. p — co. When presenting numerical results for the full model
in section 1.7, as an extension I return to allowing for imperfect substitution among goods and

show how this additional effect interacts with the financial friction in general equilibrium.

1.3 Equilibrium definition and characterization

In this section I define and characterize the equilibrium of the economy.

1.3.1 Definition

Because of the symmetry of preferences across households and information within each island,
each island admits a representative worker; that is, it is without any loss of generality to impose
symmetry in the choices of workers within each island. Furthermore, because each family sends
workers to every island and receives profits from every firm in the economy, each family’s income

is fully diversified during stage 2 and the economy admits a representative consumer in this
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stage.

I then use the following notation. First, let w denote the “type” of an island in stage 1. This
variable identifies the vector (a;,[;, z) and hence encodes all ezogenous information available to
an island about the local shocks as well as about the aggregate state. I thus let A(w) and L(w)
denote the local productivity and land endowment in island w, with A(w) = %, L(w) = €
for w = (a;,l;, z), respectively. Next, let  denote the “aggregate state” of the economy. This
variable denotes the realized distribution of w in the cross-section of islands. Because {2 is a
joint normal distribution with mean productivity @, mean land endowment [, public signal z,
and a commonly known variance-covariance matrix, one may think of the vector (a, I, z) as a
sufficient statistic for the aggregate state 2. The key informational friction in this model is
that agents face uncertainty about the underlying aggregate state 2. Finally, let S, denote the
set of possible types for each island, Sq the set of probability distributions over S, and P(-)
the prior probability measure for {2 over Sq.

I then formalize the information structure as follows. In stage 1, Nature draws a distribution
Q € Sq using the measure P(2). Nature then uses §2 to make independent draws of w € S,
one for each island. The information that becomes available to an island in stage 1 is both w
and @, where the asset price @) is an endogenous variable that in equilibrium depends on the
aggregate state 2. The island’s local type w and the asset price () informs firms and workers
on that island perfectly about their local shocks, but only imperfectly about the underlying
aggregate state .12 As a result, for any given island, the labor supply and the housing demand
of the local workers, the labor demand and the level of production of the local firms, and the
wage that clears the local labor market, are functions of the island’s w and @, but (conditional
on @) not on the aggregate state Q. In stage 2, 2 becomes commonly known. Thus, the price
that clears the commodity market in stage 2, and all aggregate outcomes, do depend on the

current aggregate state (2. I thus define an equilibrium as follows.

Definition 1 An equilibrium consists of an employment strategy n : S, x Ry — Ry a pro-

duction strategy y : S X Ry — Ry, a housing demand strategy h : S, x Ry — Ry, a wage

12\Whether they agents uncertainty about their own local shocks is immaterial for the type of effects we analyze
in this paper. Merely for convenience, then, I assume that the agents of an island learn their own local shocks in

stage 1.
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function w: S, X Ry — Ry, an aggregate output function Y : So — R, an aggregate employ-
ment function N : Sq — Ry, a commodity price function P : Sq — Ry, a land price function
Q : Sq — Ry, and a consumption strategy C : Ry — Ry, such that the following are true:

(i) The price that clears the commodity market in stage 2 is normalized so that P(Q) = 1
for all Q2.

(ii) The quantity C(Y") is the representative consumer’s optimal demand for the consumption
good when the aggregate output (income) is Y.

(iii) The price that clears the land market in stage 1 is Q (£2).

(iv) When the current asset price is Q, the employment and output levels, n(w,Q) and
y(w, @), of the representative firm from island w mazimize the expected shareholder’s value of
this firm subject to its production function y(w,Q) = A(w)n(w,Q)? and collateral constraint
w(w, Q)n(w, Q) < xQL (w), taking into account that firms in other islands are behaving ac-
cording to the same strategies, that the local wage is given by w(w,Q), that the price of the
commodity in stage 2 is given by P(Q)) = 1, that the representative consumer will behave ac-
cording to consumption strategy C, and that aggregate income will be given by Y (2).

(v) When the current asset price is @, the quantity h(w, Q) is the optimal housing demand
of the typical worker in an island of type w, and the local wage w(w, Q) is such that the quantity
n(w, Q) is also this worker’s optimal labor supply.

(vi) When the aggregate state is Q2, the aggregate output and employment indices are, re-

spectively,

Y(Q) = / Y, QE)iRw) and N = [ (0, Q@))dw).

This first condition simply states that, without any loss of generality, the numeraire for
this economy is the consumption good. The rest of the conditions then represent a hybrid of
the following: (i) for given production choices made in stage 1, a Walrasian equilibrium for
the complete-information exchange economy that obtains in stage 2, (ii) for a given realization
of the asset price, a Bayesian-Nash equilibrium for the incomplete-information game played
among different islands in stage 1, and (iii) a Noisy Rational-Expectations equilibrium in the
asset market in stage 1.

Allow me to expand on this. First, once production choices are sunk in stage 1, there is

simply a competive exchange economy in stage 2 so that the product market clears as in any
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standard Walrasian equilibrium.

Second, in stage 1 for any given realization of the asset price, there is a competive equilibrium
in the labor market on each island. However, note the following. Although firms within an
island, in deciding how much labor to demand, face no uncertainty in terms of the price of their
good, the asset price, nor the local wage, workers on the other hand, in deciding how much
labor to supply and how much land to demand, do face uncertainty about the real income
of their household in stage 2. In other words, in stage 1 workers face uncertainty about the
marginal value of the wealth. But this then implies that the equilibrium local wage and the
equilibrium asset price, and hence the amount of goods produced on each island, depends on
the anticipated realized level of real aggregate income in stage 2. Aggregate income, however,
is given by the level of production in all islands in the economy. Therefore, through general
equilibrium price effects, the equilibrium employment and production decisions in the economy
can be reduced to a certain incomplete-information game played among different islands, where
the incentives of firms and workers on each island depend on their expectations of the choices
of firms and workers in all other islands. In Section 1.5 I formalize this argument, and show
that the equilibrium of this economy is isomorphic to the Bayesian-Nash equilibrium for the
incomplete-information game just described.

Third, consider the asset market in stage 1. A worker on an island, in deciding how much
land to demand, anticipates that the asset price affects his household’s budget constraint and
hence, as in any standard household optimization problem, the asset price affects the worker’s
demand for the asset. Given these demand functions, the equilibrium asset price clears the
land market. But this implies that the asset price is a function mapping the distribution of
agents’ private information, and thereby the aggregate state (2, to an asset price. Thus, by
observing the price, a firm or worker on any island may use the price to extract information
on the aggregate state of the economy. Thus, the Noisy Rational-Expectations equilibrium in
the asset market imposes a fixed-point relation between the equilibrium allocations and the
equilibrium information structure, and hence captures the notion that agents learn from prices.
The reason it is considered “noisy” is due to the fact that agents are making inference of two
aggregate shocks, the aggregate productivity shock and the aggregate land shock, from one

price. Thus the price as a function of the underlying state is not invertible and therefore cannot
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be fully-revealing.

1.3.2 Characterization

In characterizing the equilibrium, I proceed as follows. First, I solve the team-problem of the
representative household and characterize the optimal consumption, labor supply, and housing
demand schedules for its members. I then solve for the firm’s optimal level of production.
Local labor-market clearing conditions allows me to solve for the partial equilibrium within each
island. Finally, using economy-wide goods and land market clearing conditions, I characterize

the general equilibrium for the economy.

Household optimality. Household members make choices both in stage 1 and stage 2.
Stage 2. In stage 2 the only choice the representative household faces is its consumption
of goods. As goods are perfect substitutes, there is only one good the household buys at this
stage. Thus this choice is quite simple: the household merely spends all of its income (net
of wages, stock dividends, and payments for land) on consumption, and the price that clears
this market is given by P () = 1. In equilibrium, then, C(Q) = Y (2). It follows that the
equilibrium consumption strategy is given by C (Y') =Y. Furthermore, the marginal value of

wealth of the household in this stage is given by

@ =a-n (5) 1.3
and is thereby decreasing in aggregate consumption.

Stage 1. I now turn to the optimal choices of the household in stage 1. Again, one can think
of this as the following: the household sends off its workers to different islands with instructions
on how to supply labor and buy assets as a function of the wages, asset price, and information
available to each member on his respective island. The optimal labor supply of the typical

worker on island w is then given by

1
I PY)

which merely equates the wage with the marginal rate of substitution between consumption
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and leisure. Combining this equation with the marginal utility of wealth in (1.3) implies that
the wage is increasing in the expected consumption of the household.
Secondly, the optimal housing demand of the typical worker on island w is given by

. [(1 jv) fI((g)) di}(iffg) ‘“’ Q] =Q(9) (1.4)

where

dH () L (. O) 2

Condition (1.4) simply states that the price of land is equal to the expected marginal rate
of substitution between land and corisumption. Solving this for h(w, Q) gives the following
expression for the optimal demand for land of the typical worker on island w when the asset

price is @, in terms of local expectations of aggregate output and land.

S (R T ) S

Firm Optimality. I now consider the firm’s problem. In stage 1 the representative firm on

island w chooses production and employment to maximize the following objective,

max E[A (Q) (y(w, @) — w(w, Q)n(w, @))|w, Q) (1.6)

subject to the production function y(w, Q) = A(w)n(w, @)%, and the collateral constraint given
by
w(w,Q)n(w, Q) < xQL (w) (L.7)

If credit constraints are not binding, the production choice of the typical firm on island w is

pinned down by the standard first-order condition

e I ACAY)
(w,Q) On(wa) (1.8)

which simply states that the unconstrained firm produces where the marginal cost of labor

equals its marginal product. The representative firm on island w would always like to produce
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the amount dictated in (1.8) whenever possible, as it is the firm’s profit maximizing quantity. If
the collateral constraint is binding however, the firm’s output is pinned down by the constraint

(1.7), satisfied at equality.

Partial Equilibrium. In equilibrium, the local labor market within each island must clear.
By combining the optimal employment choices of the firms and workers, along with market

clearing, I obtain the following result.

Lemma 2 For any asset price @, the equilibrium production of the typical firm on island w is
given by
y (w) Q) = min {yu (wa Q) ) yc (w’ Q)} (]‘9)

where the functions y* : S, x Ry — R4 and y°: S, x Ry — Ry are defined as follows

¥ (w,Q) = A(w)TT [%} 1_9 (1.10)
¥ (w, Q) = Aw) [XQ%]G (1.11)

where
w@,@=5|a-v (£F)

The functions y* and y°® defined in (1.10) and (1.11), are equivalent to conditions (1.8)

w, Q] - (1.12)

and (1.7), respectively, in which I have used the production function to solve for local equi-
librium output. The function y°¢(w, @) denotes the amount of output produced by the firm
on island w such that its collateral constraint is binding. The representative firm on island
w thus produces unconstrained output y* (w, Q) whenever possible unless this choice violates
the collateral constraint, i.e. y*(w,Q) > y°(w, @), in which case the firm has no choice but
to produce y°¢(w,@). Therefore, the production of the typical firm on island w is given by
Y (w, Q) = min {y* (w, @), y° (w, @)}, when the asset price is Q.

Lemma 2 characterizes the equilibrium level of production on each island. One may think
of this as the partial equilibrium within an island in the following sense. Given @ and local
expectations of aggregate output and aggregate land endowments, the demand for labor by

the firm is given by (1.9) while the supply of labor satisfies the wage equation given in (1.12).
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Combined, these conditions fully describe the equilibrium levels of local employment and local
output on an island in terms of the realized asset price and local expectations. These last
objects—the asset price and local expectations of aggregate output-are, however, determined
endogenously and depend on the general equilibrium properties of the economy.

One important lesson to take from Lemma 2 is that the asset price @) directly affects the
production of the constrained firm. Because the value of collateral determines how much labor
a constrained firm may hire, this firm’s production is increasing in . This is precisely the
feedback from the asset price to aggregate output. While obviously not a result in and of itself,

this feature is important, and is highlighted in the following remark.

Remark 3 The production of a constrained firm is an increasing function of the asset price.

That s, there is a feedback from asset prices to real output.

In contrast, for the unconstrained firms the asset price does not affect firm output, and

hence this channel is absent.

Market Clearing and General Equilibrium. Finally, market clearing conditions then pin
down the general equilibrium of this economy. First aggregate output is simply given by the
total sum of output produced by all firms, Y (Q2) = [ y(w, Q)dQ(w).

I now consider market clearing in the land market. Land market clearing imposes that the
~ sum of the individual housing demand equations of the workers, given in (1.5), aggregated over
all islands, must be equal to the supply of land, ie. L(2) = [h(w)dQ(w). This market-
clearing condition determines the equilibrium asset price, @ (2). The equations that determine
equilibrium asset price are presented in the appendix. Here, for expositional purposes, I take a
log-linear approximation (which will be justified later) and present the equilibrium price in the

following terms.

- Lemma 4 In equilibrium, the asset price is gien by

L (log L () — Elog L (2)) + const (1.13)

v

logQ () = (ElogY (Q) —ElogL (2))
where the operator E denotes the average expectation in the population.
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This condition has a simple interpretation. The first term is the average expectation of
the marginal rate of substitution between land and consumption. Note that under complete
information the land price is given by @ (2) = 11—7%, so that the asset price is exactly equal
to the marginal rate of substitution between land and consumption. The second term then is
merely the average forecast error of the land endowment. This is due to the fact that under
dispersed information, the average expectation will not be equal to the actual amount of land.

The main property I highlight here is the fact that the asset price is increasing in the
average expectation of aggregate output. In fact, the elasticity of the asset price with respect
to the average expectation of aggregate output is 1. This thereby represents the feedback from

expectations of aggregate output to the asset price. This point is underscored in the following

remark.

Remark 5 The asset price is increasing in the average expectation of aggregate output. That

18, there is a feedback from real output to asset prices.

Remarks 3 and 5 form the basis in this model for what one would call the two-way feedback
between the financial and real sides of the economy generated by collateral constraints. One
one hand the asset price is sensitive to expectations of aggregate output, while at the same time

output is sensitive to the asset price when firms are constrained by collateral.

In summary, the general equilibrium of the economy, as defined in Definition 1 is fully

characterized by the following lemma.

Lemma 6 The equilibrium levels of local and aggregate output and the equilibrium asset price
are given by the joint solution to the following fized point problem

(i) The local production strategy y(w, Q) satisfies all conditions in Lemma 2, V (w, Q).

(ii) Aggregate output is given by Y(Q) = [y(w, Q (2))dA(w), VQ.

(i1) The asset price satisfies condition (1.13) in Lemma 4, VS1.

Condition (i) merely restates that the local production strategy must satisfy the optimality
conditions of the firm and worker in the partial equilibrium within any island. Condition (ii)
states that the product market must clear. Finally, condition (iii) is given by equilibrium in

the asset market.
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It is important to note that @ actually plays three roles in the equilibrium of this economy.
First, as workers’ demand functions for the asset are not completely inelastic, in equilibrium
the asset price is such that it clears the land market. This is the standard function of a price in
any Walrasian setting. The second role it plays is the value of collateral, and thereby directly
affects the production of constrained firms. This is not a standard role of the asset price, as this
effect would be absent in any frictionless business cycle setting. However, this effect would be
present in any model which adds the specific friction of collateral constraints. Note that these
first two roles just described form the basis for the main mechanism underlying any model with
collateral constraints: it is specifically these two features of the asset price which create the
two-way feedback between the financial and real sides of the economy. In the current model,
too, these functions of the asset price are key to the results. Finally, the third role the asset price
plays in this equilibrium is that it affects expectations by partially aggregating information in a
dispersed information environment. This role would not be present in any standard complete-
information environment, with or without financial frictions, but it is present in any model in

which one introduces dispersed information with an observable price, i.e. a Noisy REE setting.

1.4 Complete Information Benchmark

In this section I solve for the general equilibrium of the economy under the assumption that
information is commonly shared across islands. I therefore consider the following special case

of the baseline environment

Case 7 Firms and workers on every island have complete information about the aggregate state

Q in stage 1.

When all information is commonly shared, aggregate output is also commonly known in
equilibrium and hence all firms and workers ha\}e complete information about the aggregate
shocks hitting the economy. I show that in this environment by design collateral constraints
have only a level effect on the equilibrium value of aggregate output, but have no effect on the
equilibrium sensitivity of output to underlying shocks.

Allow me to first state the result, and then show how it is true. The equilibrium level of

aggregate output and the asset price may be characterized by the following lemma.
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Lemma 8 Suppose that information were complete as in Case 7. Then the equilibrium levels

of aggregate output and the asset price are given by

YD s | P e | i)
lOgQ(Q) (rba ¢q,l

where
1 O~y 1-6

fe=Tga oy WTTea oy T TToea-)
!
and m(x) = [ my (x) mq(X) ] is a 2 x 1 vector-valued function of x.

Consider the optimal production of each firm. Substituting the equilibrium behavior of
aggregate output and the asset price into the conditions stated in Lemma 2, and using the fact
that a(w) = @ (Q) + &, (w) and I (w) = 1 () + £ (w), I rewrite the equilibrium production on

island w as follows.

Lemma 9 Suppose that information were complete as in Case 7. In equilibrium, the represen-

tative firm on island w produces output
logy (w) = min {logy* (w), log y* (w)}
where

] :
logy* () = 943 () + 6,0 (Q) + Tosba () — —ogymy (x) + const® (1.14)

logy° (w) = B, () + ¢y 1 () +logx + &, (w) + 0€; (w) + 6 (1 =) my (x) + constl.15)

and const* and const® are constants composed entirely of the parameters 8 and 7.

If there were no collateral constraints, the representative firm on island w would always find
it optimal to produce the amount dictated in (1.14), as it is its profit maximizing quantity.
If the constraint is binding however, i.e. the amount the firm would produce if unconstrained
is greater than that given by its constraint, then the firm’s output is dictated by (1.15). The
representative firm on island w is thus constrained if and only if logy* (w) > logy® (w). This

implies that I may characterize the set of constrained firms in the following way.
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Lemma 10 Suppose that information were complete as in Case 7. In equilibrium, the repre-
sentative firm on island w is constrained if and only if w is an element of the set S, C S,,

where the set Sy is defined as
Sy={w: & (W) —(1-0)& (W) > pn(x)}

with
00 = (12 ) Togx+ (1= 61 =) m (x) + const

Therefore, the constrained firms are those that have the greatest idiosyncratic shocks to
their productivity and those that have the lowest idiosyncratic shocks to their land endowments.
Furthermore, whether a firm is constrained or not is independent of the aggregate realizations of
a () and I (). This is due to the fact that in equilibrium, both constrained and unconstrained
firms have the same sensitivity to aggregate shocks. Hence, an aggregate shock to productivity
or land shifts all firms up or down in parallel, but does not affect the distribution of constrained
and unconstrained firms relative to each other.

This property almost immediately implies that the behavior of aggregate output takes the
one conjectured in Lemma 8. Let S’X be the complement of S, i.e. SXOS'X = ) and SXUS'X = Su;
thus gx denotes the set of unconstrained firms. One can then express total output as the

following

l%wwmmm+/_l%wwmmm+mwunm%g

WESy

logY () = /

wESy

where the term disp captures the dispersion in production across islands, and hence is a function
x as well as the variance in idioysncratic productivity and land shocks, as well as x. In general,
the function disp could be either increasing or decreasing on x.!* From this expression it is
immediate that the sensitivity of aggregate output to an innovation in aggregate productivity
is ¢,. Thus, aggregate output indeed satisfies the equilibrium behavior posited in Lemma 8,

where the functions m, (x) and p(x) solve a fixed point problem given in the appendix.

131 find sufficient conditions so that disp is a decreasing function of x.
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Finally, note that the equilibrium asset price under complete information satisfies condition

(1.13), that is,
log @ (Q) =logY () — log L () + const

thereby verifying the behavior of the asset price given in Lemma 8.

In Lemma 8, the coefficient ¢, summarizes the response of both aggregate output and the
asset price to an aggregate productivity shock under complete information. Any variation in
x thereby moves the level of aggregate output and asset prices, but doesn’t affect their overall
sensitivity to aggregate fundamental shocks. Therefore, in this environment when information
is commonly shared, tighter collateral constraints have no effect on the equilibrium behavior of

the economy.

Proposition 11 When information is complete, tighter collateral constraints have no effect on

the business cycle properties of the equilibrium.

This result provides an important benchmark for the business cycle properties of this econ-
omy under complete information. When information is commonly shared, both unconstrained
and constrained firms exhibit the same sensitivity to aggregate movements in underlying fun-
damentals. Thus, changing the fraction of constrained firms in the economy has only a level
effect on the equilibrium- constrained firms produce less than had they been unconstrained-
however, it does not affect the business cycle properties of equilibrium aggregate output.

The natural question to ask in light of Proposition 11 is whether dispersed information
significantly changes these results. Before moving to the general equilibrium of the full model
with dispersed information, in the next section I provide intution for how and why introducing

heterogeneity in information has a profound effect on the equilibrium properties of this economy.

1.5 Collateral Constraints and Dispersed Information

The aim of this section is to convey how the introduction of dispersed information creates a
distinct role for financial frictions. In particular, I show how dispersed information interacts
with the collateral constraints and delivers vastly different implications for the equilibrium

of this economy than in the complete information benchmark. Towards this goal, I make a
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few important simplifying assumptions. These assumptions are made for purely pedagogical
reasons, as the full model is solved numerically in the following sections. However, as I show
here, these assumptions simplify the analysis so that the general equilibrium may be solved
analytically and in closed-form. This serves to isolate the important mechanisms underlying
the main results of the full model, illustrating the impact of dispersed information without any
numerical complications.

Specifically, in this section I compare two economies: an economy in which all firms behave as
if they were unconstrained and an economy in which all firms behave as if they were constrained.

More precisely, I define the first of these economies as follows

Definition 12 Let the “unconstrained economy” denote an economy in which the equilibrium
levels of local and aggregate output and the equilibrium asset price are given by the joint solution
to the following fized point problem

(i) The local production strategy is given by y*(w, Q) in condition (1.10), Lemma 2, V (w, Q).

(i) Aggregate output is given by Y () = [ y*(w, Q (Q))dQ(w), VQ

(i1) The asset price satisfies condition (1.13) in Lemma 4, V.

Thus, the “unconstrained economy” equilibrium is essentially the same as the one described
in Lemma, 6, except for the following condition: in the “unconstrained economy” all firms follow
a production strategy in which they produce their unconstrained optimal output. Conditions
(i) and (iii) are then identical to those in Lemma 6. Note that Definition 12 describes a
special case of the full model in which x approaches infinite. This definition thus describes the
equilibrium of a basic one-sector static RBC economy with no collateral constraints, and in so
doing, may also serve as an interesting benchmark when thinking about the role of dispersed
information within the context of business cycles.

The “constrained economy” is defined in a similar manner.

Definition 13 Let the “constrained economy” demote an economy in which the equilibrium
levels of local and aggregate output and the equilibrium asset price are given by the joint solution
to the following fized point problem
(i) The local production strategy is given by y°(w, Q) in condition (1.11), Lemma 2, ¥ (w, Q).
(ii) Aggregate output is given by Y (Q) = [y(w, Q (2))dQ(w), V.
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(ii) The asset price satisfies condition (1.13) in Lemma 4, V).

Again the equilibrium in the “constrained economy”‘is essentially the same as the one
described in Lemma 6, except that all firms here behave as if they were constrained. That is,
in the “constrained economy”, all firms follow a production strategy in which they produce up
to where their collateral constraint is binding.

Of course, neither equilibrium can be possible in the true general equilibrium of the full
model. In the full model, for any finite x, there will always be a non-zero measure of un-
constrained firms which do not find it optimal to produce where their collateral constraint is
binding, as well as a non-zero measure of constrained firms which cannot produce their un-
~ constrained optimal amount.!¥ Nevertheless, I consider these two economies here primarily for
pedagogical reasons: comparing the two economies under dispersed information is instructive
in understanding how dispersed information interacts with the collateral constraints. At the
same time, assuming that all firms behave as if they were constrained or that all firms behave
as if they were unconstrained greatly simplifies the analysis in such a way that the equilibrium

fixed-point may be solved in closed form.

As for the information structure, in contrast to the complete information case presented in
the last section, this section considers the impact of dispersed information. Instead of consider-
ing the full rich information structure outlined in the baseline model, however, for pedagogical
reasons I again make another simplifying assumption. Recall that the asset price @) in the
baseline environment serves three roles: it is at once the asset price, the value of collateral, as
well as an endogenous source of information about the underlying aggregate state. The third
role, in which the asset price partially aggregates and conveys information, thereby contributes
to an indirect effect on firm output. This indirect effect, however, is subsidiary to the main
mechanisms underlying this model, and hence becomes an unnecessary complication in terms
of understanding the interaction between dispersed information and collateral constraints.

For this reason, in this section I completely abstract from the indirect effect of the asset

price to aggregate information, in order to isolate the important aspects of this model. Towards

11Gince 1 have modeled the idiosyncratic shocks to have a Gaussian structure, the support of these shocks is
infinite. Thus for any x there exists a non-zero measure of representative firms who will be unconstrained. This
would not be true if the support of the idiosyncratic shocks were finite.
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this goal I assume that all agents (in either economy) do not learn from the asset price. That
is, although firms and workers on each island observe both their local information w and the
asset price @, here I simply assume that agents only use their local information to update
their priors about the aggregate state, but do not use the asset price. Put more simply, I
assume no inference is made from observing ). Moreover, as aggregate land endowment shocks
were introduced in the baseline model solely to ensure that the asset price would not be fully-
revealing, in this case they are unnecessary. Thus, I furthermore eliminate these shocks. This

section therefore considers the following special information structure

Case 14 Firms and workérs on every island have incomplete and heterogenous information
about the aggregate state () in stage 1:

(i) The only information firms and workers use to update their priors about the aggregate
state Q) in stage 1 is w

(i1) Aggregate land is constant: a%’o = 0.

In later sections, I show that the exclusion of learning from the asset price in fact does not
make much of a difference, i.e. the main results survive the partial aggregation of information

through Q.

The Equilibrium under Dispersed Information. From Proposition 11, it is immediate
that under complete information (Case 7) about the aggregate state, the equilibrium of the
“unconstrained economy” and that of the “unconstrained economy” have identical business
cycle properties. That is, the behavior of equilibrium aggregate output in either economy is
identical up to a constant. In this sense, collateral constraints plays no role in affecting the
equilibrium of the economy under complete information. I now compare this to the equilibrium
in both economies under dispersed information.

Due to the Gaussian specification of shocks and information structure, one may conjecture
a log-linear form for the equilibrium aggregate output and asset price. The behavior of these

objects is characterized in the following lemma.

Lemma 15 Suppose that information were dispersed as in Case 14.
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(i) In the unconstrained economy, the equilibrium aggregate output and asset price behave

according to

logY (2) _ s 1+dya —dye a(Q + const

log Q () N 1-dye dge £ (Q)

where dy a,dga,dye,dge are all positive.

(i) In the constrained economy, the equilibrium aggregate output and asset price behave

according to
logY () 1—bya bye a(f)

log Q () 1—bga bge e ()

where by 4, bq,a,bye, bge are all positive and less than 1.

This gives a closed-form solution of the equilibrium aggregate output and asset price in the
two economies as a log-linear functions of the productivity shock @ and the public error &, which
from now on I refer to as noise. The positive scalar b’s and d’s depend on the the precisions of
the signals, as well as the parameters v and 6.

First, note that aggregate output and asset prices in either economy respond disparately to
an innovation in technology. Furthermore, dispersed information opens the door for possible
effects of noise. While it is obvious that when one introduces incomplete information noise will
have some effect, what is not obvious is how it has an effect. One stark distinction between these
two economies is how equilibrium aggregate output reacts to noise: in the constrained economy
output reacts positively to noise, while that in the unconstrained economy reacts negatively. I
will elaborate on these distinctions shortly.

The differences in equilibrium behavior between the two economies implies that the intro-
duction of dispersed information interacts with collateral constraints, creating a distinct role for
the financial frictions. To understand how dispersed information interacts with the collateral
constraints and implies results different from the complete info benchmark, it is instructive to
understand the equilibrium of the economy at a game-theoretic level. In so doing, this transla-
tion explains how dispersed information is a key ingredient in this model. This translation is

provided in the following subsection.
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1.5.1 Strategic Complementarity and Positive Co-Movement

The equilibrium in either economy may be represented as the Bayesian-Nash equilibrium of
a game, similar to those considered in more abstract game-theoretic settings. The literature
on games with strategic complementarities (for example, Morris and Shin, 2002; Angeletos and
Pavan, 2007; as well as others) considers games with a large number of players, each choosing an
action in Ry. In this game, as in the economic model, let w identify the “types” of these players,
and let £ denote the aggregate state, i.e. the cross sectional distribution of w. Furthermore, let
the “action” of the type w player be denoted by logy(w), and let logY () = [ log y(w)dQ(w)
denote the aggregate action; one can think of these respectively as the individual and aggregate
levels of production. Finally, suppose the players in this game have payoffs which depend both
on private fundamentals a (w) as well as the aggregate level of production, so that players have

the following “best-response functions”
logy(w) = (1 — @) da (w) + aE[logY (2)|w] (1.16)

In this expression, the coefficient o identifies the slope of a player’s best response to its ex-
pectation of the aggregate action—this is the standard definition of the degree of strategic
complementarity (or strategic substitutability). If a is positive then economic decisions are
said to be strategic complements; if « is negative then economic decisions are said to be strate-
gic substitutes. Aggregating this condition over all players yields the following equilibrium

condition.

logY (Q) = (1 — a) ¢a(Q) + aElogY () (1.17)

Thus, the Bayesian-Nash equilibrium of this game reduces to a simple fixed-point relation
between the aggregate action and the average expectation of aggregate action. In the aggregate
equilibrium condition (1.17), « identifies the sensitivity of aggregate production to the average
expectation of output.

I now translate the equilibrium of the economies defined in Definitions 12 and 13 in terms of
the game just described. Consider the optimal production of each firm in partial equilibrium,
as characterized in Lemma 2. Aggregation over individual firm production implies that the

equilibrium in the unconstrained and constrained economies can be characterized as follows.
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Lemma 16 Define the coefficients

6
u=—"37—77 c=0(1-

so that oy, € (—00,0] and a. € (0,1)
(i) In the unconstrained economy, the equilibrium level of aggregate output is given by the

solution to the following fixed-point problem:
logY () = (1 — ) ¢,a (Q) + a,Elog Y (Q) (1.18)

(i) In the constrained economy, the equilibrium level of aggregate output is given by the

solution to the following fized-point problem:
logY (Q) = (1 — @) ¢,a(Q) + aElogY (Q) (1.19)

This result establishes that the general equilibrium of either economy reduces to a simple
fixed-point relation between aggregate output and the average expectation of aggregate output.
It is then evident that the general equilibrium of either economy is isomorphic to the Bayesian-
Nash equilibrium of the game described above. To see this, note that the conditions (1.18)
and (1.19), are direct analogues of the aggregate best response in the abstract game given by
(1.17). To further make the translation, think of an island in these economies as a “player”
in the game, and the (partial) equilibrium level of output on that island as its corresponding
“action”. Finally, note that the “types” w encodes the local shocks and local information sets
of each island.

This game-theoretic representation for the equilibrium is useful in that facilitates a trans-
lation of some of the more abstract insights from the earlier literature. One of these abstract
insights is the concept of strategic complementarity (or strategic substitutability). Note that
the coefficients o, and «. identify the elasticity of output to variation in average expecta-
tions of aggregate output in the constrained and unconstrained economies, respectively. These
coefficients are the analogues of the degree of strategic complementarity (or strategic substi-

tutability) in the economic model. In the game described above strategic complementarity is

47



merely an abstract idea or construct, yet here o, and o, are instead a result of the particu-
lar microfoundations of the economy. In what follows, I examine the micro underpinnings of
these coefficients, and most importantly for the purposes of this chapter, show how collateral

constraints translates into a novel source of strategic complementarity.

Strategic Complementarity and Strategic Substitutability. The coeflicients o, and o,
identify the sensitivity of output to expectations of aggregate output in the unconstrained and
constrained economies, respectively. Understanding the specific micro-foundations for these co-
efficients are crucial for understanding the economics underlying the main results of this model.
Thus, before considering how the information structure affects equilibrium outcomes, I first
consider where these coefficients originate. These coefficients are composed of the underlying
parameters governing preferences and technology in this economy: v and 6. Allow me to rewrite

these coefficients as follows.

— 1—
i e = i

=

From this, one can see that there are similarities between the two coefficients. First, note
that the numerators in both expressions contain the term —v. This term controls the elasticity
of the wage to expectations of aggregate output, and is driven by the income effect on labor
supply.!®> Higher aggregate income causes households to desire more consumption of both
goods and leisure. Thus, if workers are optimistic about aggregate income, they will work less
for any given wage. In equilibrium the inward shift in labor supply leads to a reduction in
the equilibrium output produces on an island. This negative income effect on labor, which is
standard in any neoclassical setting, is thereby a source of strategic substitutability in both the
unconstrained and constrained economy.

Secondly, the denominators in either expression merely reflect the fact that there are de-

creasing returns to scale in production: a one-percent increase in employment hired by the firm

1570 see this clearly, note that labor is quasilinear in the consumption basket C'~7L", where the share of
income spent on land is 7. One can reexpress the wage as equal to the price of this consumption basket, which is
given by (1 ~ ) +7Q, where Q increases 1-for-1 with expectations of aggregate output. Thus, for a larger share
of income spent on land, the price of this consumption basket increases, and in order to get workers to work,
wages must increase.
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leads to only a f-percent increase in firm output. As the unconstrained firm’s production is
given by a condition involving the marginal cost of production (1.10), whereas the firm’s col-
lateral constrains the total cost of production (1.11), anything that independently shifts these
two conditions will have an effect on output, but subject to a scale factor.

Finally, the primary difference between these two coefficients is that a. contains a term in
the numerator (specifically, the 1) that is unique to the constrained economy and originates
directly from the collateral constraint. This term is given by the elasticity of the asset price to
expectations of aggregate output. Optimism about aggregate output, as seen in condition 1.13,
drives up the price of land. This is precisely the feedback from aggregate output to the asset
price. Moreover, recall that the collateral constraint dictates that production is constrained
by the price of land. An upward shift in asset prices thereby loosens the collateral constraint,
allowing constrained firms to produce more. This is precisely the feedback from the asset
price to real output. In total, optimism about aggregate output increases constrained firm
production. This positive collateral constraint effect on output is not standard in a neoclassical
setting, and as such is absent from the unconstrained economy’s sensitivity «,. Rather, this
effect is a direct manifestation of the two-way feedback between the financial market and the
real economy, and is hence a distinct source of strategic complementarity in the constrained
economy.

In summary, note that for all parameter values, oy, is always negative whereas a. is always
positive. Therefore, in total, production in the unconstrained economy are strategic substitutes,
whereas production in the constrained economy are strategic complements. As I show next,
these total sensitivities are important determinants of the equilibrium when information is

asymmetric across islands.

Implications of Dispersed Information. I now consider how the information structure
affects the aggregate properties of the equilibrium. One of the most insightful and important
results from the earlier more abstract literature on these games is that strategic complementarity
is an important determinant of the equilibrium if and only if information is heterogeneous among
players. To illustrate this, consider the abstract game presented above with the equilibrium

described by the fixed point relation in (1.17). When information is commonly shared, strategic

49



complementarity (or substitutability), in this game represented by «, plays no role. In fact, one
can easily check that if log Y () = Elog Y (Q2), then both conditions (1.18) and (1.19) reduce

to

log ¥ (Q) = ¢a ()

and hence confirms the result from the complete information benchmark presented in Lemma
8. Specifically, the sensitivities o, and o, do not affect equilibrium output in either economy
under complete information.

Under dispersed information however, strategic complementarity and substitutability play
a critical role in determining the response of aggregate output to underlying shocks. Under the
information structure spelled out above, I obtain the following characterization of aggregate

output.

Lemma 17 The equilibrium level of aggregate output in this game is given by

QKQa
(1 - Ot) Kza + Kza + Koa

QK zq
(1 - a) Kza + KEza + Koa

¢e (2) + const

logY () = (1— >¢a (Q) +

and the average expectation of aggregate output is given by

— KQa — Kza
= — 0
ElogY (©) (1 (1 — ) kg + Kza + noa) $a () + (1 — @) Kga + Kza + Koa ¢e () + const

Thus, the fixed point relation in (1.17) yields a closed form solution for the equilibrium
level of aggregate output and the average expectation of output as log-linear functions of the
fundamental and noise. This is the direct analogue of the results presented in Lemma 15, for
the behavior of the aggregate output and the asset price, since log@ = ElogY (£2). These
expressions then confirm the results from the dispersed information presented in Lemma 15,
with appropriately specified coefficients b's and d’s.

From Lemma 17 we see the following: first, expectations of aggregate behavior are sensitive
to the public signal. In particular, expectations of aggregate behavior in either economy respond
positively to the noise in the public signal. While this would be true even if information were
common but incomplete, dispersed information implies logY (Q) # ElogY (€2). Therefore,

it is immediate from the fixed-point relation in (1.17) that noise affects equilibrium output,
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and, depending on the sign of «, the response of aggregate output to noise can be either
positive or negative. When economic decisions are strategic substitutes (o < 0), as in the
unconstrained economy, the equilibrium level of output responds negatively to expectations of
aggregate output. When instead economic decisions are strategic complements (o > 0), as in
the constrained economy, the equilibrium level of output responds positively to expectations of
aggregate output. However, in either case, average expectations always respond positively to
noise, and hence asset prices respond positively to expectations of aggregate output. Thus, a
positive noise shock, or a correlated error in beliefs, can be thought of as collective optimism
among agents about aggregate economic activity. Therefore, under dispersed information, the
elasticity of production to expectations of aggregate economic activity then dictate how this
collective optimism or pessimism manifests itself in equilibrium output.

Another observation can be made from these conditions about how much noise matters for
equilibrium aggregate behavior and how this depends on the size of a. For now, I focus on the
sign of the effect of noise, and how this could induce co-movement in variables, before moving

to the relative contribution of noise shocks.

Positive Co-movement. In the unconstrained economy economic decisions are strategic
substitutes (o, < 0), and therefore the equilibrium level of output responds negatively to ex-
pectations of aggregate output. While the mechanics for this result has just been described,
the economics behind it also is straight-forward. In a standard one-sector neoclassical setting,
greater income causes households to desire both more consumption and more leisure. Antici-
pation of greater wealth thus makes workers less willing to work, thereby reducing their labor
supply, and eventually leading to a reduction in equilibrium output. Therefore, optimism about
aggregate economic activity generates a recession.

It is relatively well known (though perhaps counter-intuitive) that in a standard one-sector
neoclassical model, expectations of higher income or wealth cause a recession. This fact was
first pointed out by Barro and King (1984), and later emphasized by Cochrane (1994). In fact,
the difficulty of the neoclassical growth model to generate a boom in response to expectations of
higher future TFP has been the main obstacle for the news-driven business cycle literature. See,

for example the empirical work of Beaudry and Portier (2004, 2008), the theoretical papers of
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Christiano et al.(2007), Jaimovich & Rebelo (2008), and Lorenzoni (2009), and finally the recent
paper by Sims (2009), which offers an empirical challenge to the notion of booms being driven
by news about future TFP. Although these papers focus primarily on expectations of future
TFP as the driving force in dynamic representative-agent models, whereas the model considered
here focuses on correlated errors in expectations among heterogeneously informed agents, the
negative wealth effect on labor supply is a common denominator in any expectations-driven
business cycle model.

Furthermore, it is also worth examining the cyclical behavior of aggregate consumption and

employment. Aggregate consumption is given by

logC (22) =logY () (1.20)

while aggregate employment is given by
1
log N (Q) = const + 7 (logY () —a () (1.21)

It is then immediate that the response of aggregate consumption to noise is equal to that
of output, while the response of employment to noise is proportional to that of aggregate
output. Thus, in the unconstrained economy optimism about aggregate output not only implies
that output falls, but that consumption and employment falls as well. At the same time,
optimism about economic activity causes asset prices to increase, since these are directly tied
to expectations of aggregate output. Therefore, not only does good news or optimism about
output tend to cause a recession, but the implied negative comovement between aggregate
output and asset prices seems difficult to reconcile with the procyclicality of stock prices found
in the data. ‘

On the other hand, in the constrained economy economic decisions are strategic comple-
ments (a. > 0), and hence the equilibrium level of output responds positively to expectations
of aggregate output. Good news about aggregate output drives up the price of land, thereby
increasing the value of collateral and allowing constrained firms to produce more. Therefore,
in the constrained economy optimism about aggregate economic activity generates a boom in

output—in this sense, expectations are partially self-fulfilling. Moreover, from conditions (1.20)
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and (1.21), it is apparent that in the constrained economy consumption and employment also
respond positively to noise in the public signal. Good news about aggregate output thereby
generates positive co-movement in output, employment and consumption and asset prices in

the constrained environment. I summarize this finding in the following proposition.

Proposition 18 Suppose that information were dispersed as in Case 14. In the constrained
economy, aggregate output, employment, consumption, and asset prices exhibit positive co-

movement in response to correlated errors in expectations of aggregate activity.

Therefore, one of the main results in this chapter is that collateral constraints and dispersed
information imply positive co-movement over the business cycle. Moreover, this positive co-

movement is caused by variation in expectations orthogonal to underlying productivity.

1.5.2 The Relative Contribution of Noise

The previous subsection focused on the implications of noise in terms of observable aggregate
macro variables. I now show how noise may be responsible for a larger fraction of business cycle
and asset price fluctuations in the constrained economy than in the unconstrained economy.
Towards this goal, I consider a certain decomposition of the variance of aggregate output and
the asset price into the elements driven either by noise and or by technology. Using this

decomposition, I define what I mean by the relative contribution of noise.

Definition 19 Suppose a variable = is a linear combination of I independent random variables

2

u; with variances o;

T = Egiui

el
where g; are the loadings on each random variable u;. The fraction of x explained by u; is then
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geven 0y 22
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This definition is relatively simple: the fraction of = explained by u; is merely the variance of

R=

z due to uj, divided by the total variance of z. Applying this definition to the log of aggregate
output and the log of the asset price, I find the fraction of aggregate output volatility and the

fraction of asset price volatility explained by noise. This leads to the following proposition.
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Proposition 20 Suppose that information were dispersed as in Case 14. Consider the two
economies in Definitions 12 and 13, both with the same parameter values.

(i) Noise contributes to a greater fraction of asset price volatility in the constrained economy
than in the unconstrained economy.

(ii) For any set of parameters (0, Koa, Kza, Kza), there exists a ¥ (0, Koa, Kza, Kza) Such that for
all v < 4, noise contributes to a greater fraction of output volatility in the constrained economy

than in the unconstrained economy.

The first part of Proposition 20 compares the contribution of noise to asset price volatility
across the two economies. From Lemma 17, note the following: dg, < bgq and dg . < by .. This
immediately implies that the equilibrium asset price in the constrained economy has both a
lower sensitivity to the aggregate productivity shock than in the unconstrained economy, and a
greater sensitivity to noise than in the unconstrained economy. First, compared to the complete
information benchmark, the asset price in both economies exhibit a dampened response to
the aggregate productivity shock. However, as dg, < bgq, the asset price in the constrained
economy has an even lower sensitivity to aggregate output than the unconstrained. Second, the
asset price in both economies respond positively to noise. But, as dg . < by, the asset price in
the constrained economy is in fact more sensitive to noise than in the unconstrained economy.
Together, these conditions are sufficient to prove that the fraction of asset price volatility due

to noise is always larger in the constrained economy than the unconstrained economy.

The second part of Proposition 20 compares the contribution of noise to aggregate output
volatility across the two economies. While the fraction of asset price volatility due to noise
is always larger in the constrained economy than the unconstrained economy, the same isn’t
always the case for output volatility. However, I show that for reasonable parameter values,
noise contributes to a greater fraction of output variance in the constrained economy than in
the unconstrained volatility.

Towards this goal, I can show that the fraction of output volatility accounted for by noise
in the constrained economy is decreasing in the parameter -y, whereas the fraction of output
volatility accounted for by noise in the unconstrained economy is increasing ~y. Thus, for -

sufficiently low the constrained economy has a greater fraction of output variance accounted
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for by noise than the unconstrained economy.

The mechanics for why this is true is as follows. First, from Lemma 15, note that for all para-
meter values, aggregate output in the constrained economy has a lower sensitivity to aggregate
productivity than in the unconstrained economy. This is because stronger complementarity, i.e.
0 > @, raises the anchoring effect on the common prior. In other words, in the constrained
economy, since economic decisions are strategic complements, production is more sensitive to
public sources of information and the prior than to idiosyncratic information. On the other
hand, in the unconstrained economy, since economic decisions are strategic substitutes, local
output relies more on idiosyncratic information than on public sources of information and the
common prior. It follows that in the economy with higher strategic complementarity, that is,
the constrained economy, equilibrium output is less responsive to underlying shifts in aggregate
productivity. This is one force which makes productivity contribute relatively less to aggregate
output volatility in the constrained economy relative to the unconstrained economy.

What then matters is the comparison across economies of the sensitivity of aggregate out-
put to noise. From Lemma 15 one sees that equilibrium aggregate output in the constrained
economy reacts positively to noise, while equilibrium aggregate output in the unconstrained
economy reacts negatively noise. Since public information helps forecast the aggregate level
of output, aggregate output in the economy with strategic complementarity (the constrained
economy) reacts positively to public information whereas aggregate output in the economy with
strategic substitutibility (the unconstrained economy) reacts negatively. In absolute terms, ei-
ther sensitivity could be higher, and the coefficients that control these sensitivities are a, and
a,. The greater o, and «,, are in absolute terms, the greater the sensitivity of aggregate output
to noise. Recall that ~ controls the income effect on labor supply, and is hence the only source
of strategic substitutibility in either economy. Thus, while a lower  implies both a greater a,
and oy, in terms of absolute values a lower « implies a higher |a.| but a lower |ay,|. This then
explains why the fraction of output volatility accounted for by noise in the constrained econ-
omy is decreasing in the parameter -y, whereas the fraction of output volatility accounted for by
noise in the unconstrained economy is increasing . Therefore, in order for noise to contribute
to a greater fraction of output variance in the constrained economy than in the unconstrained

economy, a weak income effect on labor supply will suffice.
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I illustrate this in the following figure. On the left-hand side I plot the fraction of output
variance accounted for by noise in both the constrained and unconstrained economies. In this
figure I let og, = 0.02 for the standard deviation of the productivity innovation. I set the
standard deviations of the private and public information at o, = 0., = 409. These values
are arbitrary, but not implausible: when the period is interpreted as a quarter, the information
about the current fundamentals and/or the current level of economic activity is likely to be
very limited. Finally, I let § = .99 so that technology is near constant returns to scale— I soon
show that this gives a lower bound in terms of 4. Finally, the right hand side plots the fraction

of asset volatility accounted for by noise in both the constrained and unconstrained economies

for the same parameter values.
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As already stated, the asset price variance due to noise is always greater in the constrained
economy than in the unconstrained economy. In terms of output volatility, one sees that the
fraction of output volatility accounted for by noise in the constrained economy is decreasing
in the parameter v, and that the fraction of output volatility accounted for by noise in the
unconstrained economy is increasing . Furthermore, for v = 0 the fraction of output volatility
acounted for by noise in the unconstrained economy is zero, whereas the fraction of output
volatility accounted for by noise in the constrained economy is strictly positive. Together, this
suggests that there exists a cutoff 4, here 4 ~ .45, such that for any - lower than 4, the relative

contribution of noise to aggregate output volatility is greater in the constrained economy than

in the unconstrained economy.
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In the following figure, I show that for given 044, 024,004, the function 4 is decreasing in 6.
Thus for any set of shocks and information structure, the case where 6 = .99 gives the lowest

possible 4, in other words, the lowest upper bound for .
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Thus, if I had assumed there had been a fixed factor in production such as capital, so that ¢
was equal to the income share of labor, say .6, the upper bound for v would then be higher and
hence easier to satisfy. Note from this figure that for high values of the standard deviation of
noise in the public signal, the function 4 is relatively flat in terms 6.

In any case, by considering ~y sufficiently low, I am effectively assuming a small income
effect on labor supply. For business-cycle frequencies, it seems quite plausible that the short-
run wealth effect on labor supply is weak, and many papers calibrate their models as such.
For example, Jaimovich and Rebelo (2009) use preferences such that the wealth effect on labor
supply can be controlled and weakened; in their preferred calibrations, 7y is between 0 and .25.
Woodford (2003) also uses a similar number. Thus, v between .1 and .3 seems to be a relevant
range for this parameter in terms of matching empirically plausible short-run income effects on
labor supply. Moreover, in terms of this model this number implies that about 75% of household
income is spent on consumption goods, while the rest is spent on housing- a decomposition of

wealth that seems fairly likely. Therefore, reasonable values for -y seem to always fall within the
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relevant range, i.e. below the 4 given by plausible parameterizations of 6 and 0.4/00, shown

above.

I therefore argue that the empirically plausible case is one in which + is sufficiently small,
and hence the relative contribution of noise to both asset price and output volatility is greater

in the constrained economy than in the unconstrained economy.

1.5.3 Movements in the Labor Wedge

Finally, I study the cyclical properties of the labor wedge. Following the literature, I define the

labor wedge 1 — 7 (€2) implicitly by

- =(1-7(2) o) (1.22)

() V@)

Namely, the labor wedge is the wedge between the marginal rate of substitution between con-

sumption and leisure and the marginal product of labor.'® First, note that under complete
information, it is trivial to check that the labor wedge is always equal to 1 and does not vary in
response to any shock. In contrast, the introduction of dispersed information changes this pre-
diction. In this model, the equilibrium behavior of the measured labor wedge under dispersed

information may be described in the following lemma.

Lemma 21 Suppose that information were dispersed as in Case 14

(i) In the unconstrained economy, the equilibrium labor wedge behaves according to

log(1—-7(Q)) = [ dya —dye ] ) + const

16Note that in general, the labor wedge is defined by using standard CRRA preferences for consumption.
Here, however, prefences are over both consumption and land, thus if I had defined the labor wedge in the usual
way, there would be uninteresting effects coming from the misspecification of preferences by the econometrician.
Instead, I opt for specifying preferences correctly and thus isolate the results produced solely from the dispersion
of information.
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(ii) In the constrained economy, the equilibrium labor wedge behaves according to

a(Q)
log (1 —7()) = [ —bya bye } + const
e ()

The labor wedge thus exhibits very dissimilar responses to noise in the two economies. In
the constrained economy, the labor wedge 1 — 7 () responds positively to noise, or correlated
errors in expectations of aggregate output. The intution for why the labor wedge increases in
response to noise is given by the following. When there is a positive noise shock, asset prices
increase because agents think output will increase. As a result, firms become less constrained
and increase their output, thus making the noise shock, or expectational error, somewhat self-
fulfilling. In the process, though, firms hire more labor even if there has been no change in their
productivity. Thus, the economy behaves as though there were a decrease in the tax on labor,
distorting firms to increase employment, and thereby leading to an increase in the measured
wedge between the MRS and the marginal product of labor.

In contrast, in the unconstrained economy the measured labor wedge is falls in response to
noise. The intuition for this is the following. A positive noise shock causes workers to believe
aggregate output will be high and thus workers would like to have more leisure and work less.
This drives up wages, causing firms to reduce both employment and production. In other words,
the inward shift of labor supply causes firms in equilibrium to reduce their employment even
if there has been no change in their productivity. Thus, the economy behaves as though there
were an increase in the labor tax, distorting firms to hire less workers, and thereby leading to

a decrease in the measured labor wedge.

Proposition 22 Suppose that information were dispersed as in Case 14. In the constrained

economy, noise leads to a positive response in the measured labor wedge.

Therefore, one of the main results of this model is that the financial friction considered here
manifests itself as a time-varying labor wedge. Specifically, the interaction of collateral con-
straints and dispersed information implies that the labor wedge responds positively to common
errors in expectations about aggregate activity. The empirical relevance of this statement will

be discussed in the following sections.
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The purpose of this section was to illustrate the feedback between asset prices and output,
and show how dispersed information interacts with the financial frictions. Of course I have
abstracted from many important features of the full model. In general equilibrium not all
firms will be constrained and furthemore agents in the economy will learn from observing the
asset price. In the following sections, I solve for the general equilibrium of the full economy
and demonstrate how the theoretical insights highlighted in this section are not lost in the full

model.

1.6 Equilibrium in the Full Model

In this section I describe the numerical method I use to solve for the equilibrium in the full
model. Recall that in the previous section, equilibrium aggregate output could be solved for
in closed-form in either economy. By imposing that all agents are either constrained or uncon-
strained, aggregate output in either case was log-linear in the underlying fundamentals. Com-
bining this with the Gaussian information structure, firms and workers faced simple Bayesian
inference problem, inducing log-linear production strategies and a fixed-point in equilibrium
output.

In considering the full model, I now take into account that in equilibrium there are both
constrained and unconstrained firms in the economy. As seen in the partial equilibrium charac-
terization in Lemma 2, constrained and unconstrained firms react differently to their informa-
tion sets. This creates a non-linearity in the aggregation of output across firms-a complication
when agents must make optimal forecasts of aggregate output. Thus, it is mainly a problem
of inference of aggregate behavior that prevents the equilibrium from admitting a closed-form
analytical solution. In this sense, the numerical method I use is similar in spirit to that of
Krusell-Smith (1998). Krusell-Smith (1998) examines an economy in which there is substantial
heterogeneity in wealth, and show how the equilibrium can be approximated numerically, de-
spite the fact that the state of the economy at any point in time is the distribution of wealth
across agents—an infinite-dimensional object. Importantly, they show how a general equilibrium
model with wealth heterogeneity may feature approximate aggregation, that is, aggregate en-

dogenous variables can be described as a function of first moments, as opposed to the entire
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wealth distribution, without serious error.

Similarly, in this model there is heterogeneity in information, or types w, across islands.
The exogenous aggregate state variable in the economy is the realized distribution of types,
€, in the cross-section of islands. The aggregate variables, Y (Q) and Q (£2), are endogenous
functions of this state variable, and in theory could be highly complicated functions of the
underlying distribution. I show how these aggregate endogenous variables may be approximated
as simple log-linear functions of the first moments of the distribution of types. This greatly
simplifies the analysis as firms and workers in stage 1 face manageable inference problems when
making their employment, production, and asset demand decisions. In this sense, I follow a
similar approximate aggregation technique as in Krusell-Smith (1998) in that I show how the
endogenous aggregate variables can be simple functions of the distribution first moments, yet

lead to small errors in the implied behavior of actual output.

I now outline my numerical strategy for computing the equilibrium. First, suppose that all
agents in the economy perceive that aggregate output evolves according to a log-linear function
of the first moments of 2. Formally, I assume that agents perceive the law of motion for

aggregate output Y to be given by a function F' that belongs to a class F of log-linear functions

Definition 23 Let F be the class of log-linear functions of the first moments of the aggregate

state.

F = {F :Sq — Ry |logF(Q) =®,a+ D)l + Pz, and &,, 9, P, € ]R}

This log-linear approximation of aggregate output greatly simplifies the inference problem of
the firms and workers in Stage 1. I now show that combining this perceived law of motion with
the Gaussian shocks and information structure generates a log-linear asset price and log-linear

output strategies.

Information Structure and Asset Price First, for any F, there is a fixed-point relation
between the equilibrium asset price and the equilibrium information structure. The asset price

in this fixed point takes a log-linear form given in the following lemma.

Lemma 24 For any F, the land price which clears the market is a log-linear function of the

61



first moments of the aggregate state
logQ (% F) = T,aa () + Ul (Q) + V.2 (Q)

where Uy, U1, U, are functions of F.

For any asset price, there is a unique information structure generated by this price. This is
because firms and workers in stage 1 observe the land price ), and hence use the price to make
inference about the underlying state. The log-linear nature of the asset price is important for
tractability, as it preserves the Gaussian structure of the information. Since z is common knowl-
edge, the asset price can be transformed into a simple Gaussian signal about the underlying

aggregate productivity and land endowment:
G=10gQ (% F) — U2 (Q) = Taa (Q) + LI (Q)

I then solve the individual island’s inference problem as follows. Let X; be the vector of

aggregate fundamentals and X, the vector of signals observed by each island

a(w)

a(Q) L(w)
@)= ; Xa(w) =

1(Q2) z

| 9 ]
i1 Xa2 . . . :
and finally let ¥ = be the unconditional variance-covariance matrix for these

Yo Yoo

vectors. Note that while X5 is different for each island, the matrix ¥ will be the same for every
island, since all signals are assumed to have the same stochastic properties. Using their signals,
firms and workers update their priors and form their expectations of aggregate productivity

and land holdings. Their conditional expectations are given by the following.

Lemma 25 For any F, the expectations of firms and workers on island w, conditional on their
signals, are given by

E[X1|w] = 12555 X5 (w) (1.23)
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where ¥ and § are functions of F

Thus the expectations of the aggregate state are linear functions of the signals, and are
generated by the Bayesian inference made from the observed signals and the asset price. Note

that this implies that the average expectation of the aggregate state is then given by
E [Xl] = 21222—21)22

where X5 = [ al z ¢ ]l is simply the mean of X5. Therefore, the average expectation is
furthermore linear in the first moments of 2.

Furthermore, for any given information structure, thére exists a unique asset price. Recall
that the land price which clears the market is given by condition (1.13). Combining this with
the linear average expectations that result from the agents’ inference problem, the asset price
that prevails in equilibrium can in fact be expressed in the log-linear form, as stated in Lemma
24.

Thus, for any F, there is a fixed-point between the equilibrium information structure and

the equilibrium asset price, as standard in rational-expectations equilibria.!”

Individual Firm Optimality Second, for any F, I may characterize the equilibrium output
produced on each island. Lemma 2 describes the partial equilibrium output produced on an
island, in terms of the equilibrium asset price and expectations of the aggregate state. Moreover,
Lemma 25 chactererizes the expectations of the aggregate state of firms and workers on an
island. Combining these results, one may find the equilibrium output produced on any island,
as a function of its information set. Thus, given the law of motion F', each island’s production

can be represented by a decision rule g (w, Q; F)

Lemma 26 The optimal production of typical firm on island w is given by

log g (w, Q; F) = min {log g* (w, Q) , logg®(w,Q)}

17Note that for any given information structure, there exists a unique asset price function, and for any asset
price function there exists a unique information structure generated by this price. Nevertheless, multiplicity can
originate in the fixed-point relation between the two, as often is the case with rational-expectations equilibria.
While this possibility is intriguing, but I will ignore because it is orthogonal to the goals of this paper.

63



where the functions g* and g°¢ are given by

logg" (w,Q) = ¢gai+¢i'li+ ;2 + ¢gd

logg®(w, Q) = ¢gai+ ¢ili + ¢72 + d4d

where the coefficients { ¢y, #1', P fl,qﬁﬁ} are functions of F.

Here, the functions g* and g° merely represent the production of unconstrained and con-
strained firms, given in (1.10) and (1.11) of Lemma 2, in which I have used the agents’ perceived
law of motion for aggregate output, F', and their conditional expectations of the aggregate state
(given by Lemma 25). Note that conditional on being either unconstrained or constrained, out-

put is log-linear in the islands’ signals.

Aggregation Finally, given such a production strategy g for individual islands and the dis-
tribution of types w, it is then possible to derive the implied aggregate output by aggregating
the output produced in the cross-section of islands. Aggregation over island production yields

and aggregate output function which I call G,

G(Q;F)E/g(w,Q;F)dQ(w)

w

Thus, given the log-linear function F agents perceive for aggregate output, the optimal decisions
of firms and workers induces an aggregate output function G which is not log-linear in the
underlying state. Note that the only reason that the implied aggregate output is not log-linear
in @,l, z is due to aggregation over both constrained an unconstrained firms.

I may then compare the implied aggregate output function G to the perceived aggregate
output function F' on which agents base their behavior, by looking at the mean-squared error
between the two. The mean squared error is calculated over all realizations of (2, weighted by

its pdf. I then minimize this mean-squared error over the the class of functions F.

min /Q (F(Q) = G (O F))2 dP (Q) (1.24)

By this I mean that numerically I find coefficients ®,, ®;, ®, which minimize the mean squared
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error between what agents perceive and what is then induced in equilibrium. Therefore the
approximate equilibrium is a function F' such that, when taken as given by the agents, yields
the best fit within the class F to the behavior of Y.

Note that had all firms been unconstrained, or all firms constrained, then the law of motion in
equilibrium would in fact be log-linear. Thus, the approximation error approaches zero at either
extreme: when almost all agents are constrained or when almost all agents are unconstrained.
This is apparent from the previous section, in which I showed that the equilibrium could be
solved analytically in either “unconstrained economy” and the “constrained economy”, which
implies that there is zero approximation error for the law of motion of aggregate output. I
later show that it is only for the intermediate ranges where there is a non-zero, but small
approximation error.

The results from this numerical approximate solution are presented in the following section.

1.7 Numerical Results

In this section I present the numerical results to the full model. For these simulations, I use
values similar to those used in Section 1.5. In particular, I let o9, = 0.02 for the standard devi-
ation of the productivity innovation and set the standard deviation of land shocks to the same
value o¢; = 0go. Furthermore, 0., = 0¢ so that the standard deviation of public information
is equal to that of productivity. I set the standard deviations of the private information at
Oga = Oz = 40p. 1 let § = .9 so that technology is near constant returns to scale, and v = .1 to
ensure an empirically plausible income effect on labor supply. I set v = 2, an arbitrary number
but robustness checks show that the quantitative results are not extremely sensitive to this
value, as it merely controls how sensitive the asset price is to forecast errors about land shocks.
Finally, I do not pick any specific value for x, the fraction of land which is collateralizable.
Rather, I focus on comparative statics with respect to x, and study how the sensitivitiy of equi-
librium output to productivity, land, and noise varies as I vary the tightness of the collateral

constraints.

In the following figure I graph the fraction of constrained firms as a function of x. This

merely illustrates that for lower values of x, i.e. tighter collateral constraints, there are more
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constrained firms in equilibrium.
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Thus, tighter collateral constraints imply that in equilibrium a greater fraction of firms are
constrained. I now examine how the tightness of collateral constraints affects the response of
equilibrium aggregate output and asset prices to shocks in underlying productivity and noise.
The following figure graphs the sensitivity of equilibrium output to productivity and to noise,

for different values of .
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I find that tighter collateral constraints, i.e. lower values of x, lead to a lower sensitivity of
equilibrium output to productivity and a greater sensitivity to noise. Thus, when information
is dispersed, tighter collateral constraints mitigate the impact of productivity yet amplify the

impact of noise.

1.7.1 The Relative Contribution of Noise

Here I show how noise may be an important source of business cycle fluctuations. Towards
this goal, I define the variance decomposition of aggregate output and the asset price as in
Definition 19. In the following figure I graph the fraction of output variance due to noise on

the left, and the fraction of asset price variance due to noise on the right.
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I find that tighter collateral constraints, i.e. lower values of x, lead to a greater relative con-
tribution of noise to both aggregate output and asset price fluctuations. This follows from the
previous discussion on how tighter collateral constraints dampen the impact of productivity
shocks, but amplify the impact of noise. Noise may therefore be an important source of asset-

price and output volatility when collateral constraints are tight and information is dispersed.

1.7.2 Positive Co-Movement

I now examine how noise affects other observable aggregate variables; in particular I show how

noise produces positive co-movement in aggregate output, employment, consumption, and asset
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prices. In the following figure, I graph the sensitivity of output, consumption, employment, and

asset prices to noise.
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Note that when collateral constraints are relatively loose, i.e. for high values of x, positive
noise or, in other words, optimism about aggregate output leads to a small increase in asset
prices, since these are directly tied to expectations of aggregate output. At the same time,
however, optimism causes aggregate output, consumption and employment fall. Therefore,
when collateral constraints are relatively loose, good néws or optimism about output tends to
cause a recession.

In contrast, when collateral constraints are relatively tight, i.e. for low values of x, both the
equilibrium level of output and the equilibrium asset price respond positively to common errors
in expectations of aggregate output. Moreover, consumption and employment also respond
positively to noise. Thus, good news about aggregate output thereby generates positive co-
movement in output, consumption, employment, and asset prices as in Proposition 18.

This is important, as these co-movement properties coincide with many of the stylized facts
about business cycles one observes in the data; see, for example Stock and Watson (1998).

Cyclicality of the stock market and employment are standard features of business cycles. More-
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over, many often think of booms as periods in which agents are optimistic _about aggregate
production (and likewise recessions are periods in which agents are pessimistic). In this model,
when collateral constraints are tight, good news about aggregate output drives up the price
of land, thereby increasing the value of collateral and allowing constrained firms to produce
more. Therefore, optimism about aggregate economic activity generates a boom in output-in
this sense, expectations are partially self-fulfilling.

Finally, these findings further demonstrate how the noise-driven movements found here are
a possible interpretation of what many call “demand shocks”. The noise-driven movements
documented here resemble demand-driven fluctuations in the following sense. They have many
of the same features often associated with such shocks: they contribute to positive co-movement
in employment, output and consumption, yet at the same time are orthogonal to underlying

movements in productivity, and are merely the product of noise in agents’ information.

1.7.3 Movements in the Labor Wedge

I now examine the labor wedge, as defined in (1.22). In the following figure, I graph the

sensitivity of the labor wedge to productivity and noise.

Sensitivity of Labor Wedge to Noise

oast N e R STRUURRS P ]
R NI e b R
025k \ SR T A SRR
oask i ST N R .
P

0.05F

-0.2 0 0.2 0.4 0.6 0.8 1
log chi

Figure 1.7
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First, note that the labor wedge is sensitive to noise. Therefore, the underlying sources and
financial frictions considered in this model manifest themselves as labor wedges when informa-
tion is dispersed. This finding relates the noise-driven fluctuations in this model to the large
body of research documenting the variation in the “labor wedge” over the business cycle (Hall,
1997; Rotemberg and Woodford, 1999; Chari, Kehoe, and McGrattan, 2007; Shimer, 2009).
These researchers have documented that variation in the lavor wedge plays an important role
in accounting for business-cycle fluctuations. Thus, this model may be useful for understanding
certain business cycle periods, in which the labor wedge plays an important role empirically.

Second, one sees that when collateral constraints are loose, the labor wedge falls in response
to noise, but when collateral constraints are tight, the labor wedge increases in response to noise.
Thus, as in Proposition 22, when information is dispersed and firms are constrained, noise leads
to a positive response in the measured labor wedge. Multiple authors have documented that
movements in the labor wedge (as defined as the wedge, as opposed to the implicit tax) is highly
cyclical and exhibits sharp decreases during recessions. For example, while productivity has
stayed relatively flat during the current recession, the labor wedge has decreased significantly.
The labor wedge produced by this model is thus consistent with these empirical properties: when
information is dispersed and collateral constraints are tight, the observed cyclical fluctuation
in the labor wedge could well be the result of small common errors in expectations.

Finally, there is evidence that a large part of business cycle fluctuations in the data can
be accounted for by labor wedges as opposed to intertemporal wedges. Chari, Kehoe, and
McGrattan (2007), in particular, document the empirical contribution of various types of time-
varying wedges (labor, investment, efficiency) over certain business cycle episodes as well as over
the entire postwar period and find that the efficiency and labor wedges together account for
the bulk of fluctuations while the investment (or intertemporal) wedge plays essentially no role.
Thus, they argue that models in which financial frictions show up primarily as intertemporal
wedges are not promising in terms of relating to the data, while models in which financial
frictions show up as efficiency or labor wedges may well be. This model is one in which the
financial frictions manifest themselves as movements in the labor wedge, and hence may provide
guidance in how models which feature financial frictions models could be more in line with these

empirical findings.

70



1.7.4 Further Results

Mean squared error. To show that the approximation method is reasonable, I present the
mean squared error of the approximation method as in (1.24). The following figure graphs the

mean-squared error for different values of x.
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Recall that had all firms been unconstrained, or all firms constrained, then the law of motion
in equilibrium would in fact be log-linear, and therefore the approximation error approaches
zero at either extreme. Thus it is only for the intermediate ranges where there is a non-zero,
but small approximation error.

Cross sectional distribution of firms. I may also describe which types are constrained
in equilibrium. I find that ¢3 > ¢¢, which implies that the unconstrained are more senstivite
to their private idiosyncractic productivity shock than the constrained. In the following fig-

ure, I graph the optimal production of a firm who faces no constraint, and the constraint on
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production, both as a function of their productivity holding all other variables constant.
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In terms of idiosyncratic productivity, since the unconstrained are more senstivite to their
private idiosyncractic productivity shock than the constrained, the unconstrained cross the
constrained from below. Thus, the constrained will be those with the highest productivity
shocks. This occurs for two reasons. First, having higher productivity implies that a firm
would like to produce more. Secondly, the constrained will be those who received the highest
private signals, i.e. the ones with the highest expectations of output. This is due to the
fact that the constraint depends on the asset price which is an average of all expectations of
future output. Thus, firms with the greatest expectations will be the most constrained by their

collateral values.

Trade Linkages and Demand Externalities. Next, I consider the effects of trade
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linkages across islands on the equilibrium sensitivity to the shocks.
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Thus, for a given x, lower values of p, the parameter that controls the substitutabiliy across

goods, imply a greater sensitivity to noise and lower sensitivity to productivity.

Variance Decomposition of Output
Fraction due to Noise

Figure 1.11

Thus demand externalities matters only for how much unconstrained firms care about forecast-

ing the level of economic activity relatively to forecasting the underlying economic fundamentals.
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This introduces an additional affect of financial frictions, as the behavior of constrained firms

now affects the production choices of the unconstrained.

1.8 Concluding Remarks

This chapter provides a theory of how financial frictions may imply that movements in both the
business cycle and asset prices may be driven primarily by noise, as opposed to fundamentals.
Collateral constraints on firm-level investment introduce a powerful two-way feedback between
the financial market and the real economy. In this chapter I show how this two-way feedback
can generate significant expectations-driven fluctuations in asset prices and macroeconomic
outcomes when information is dispersed. Noise can thus be an important source of asset-price

volatility and business-cycle fluctuations when collateral constraints are tight.
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Chapter 2

Noisy Business Cycles

2.1 Introduction

There is a long tradition in macroeconomics, going back to Phelps (1970), Lucas (1972, 1975),
Barro (1976), and King (1982), that breaks monetary neutrality by adding informational fric-
tions. This tradition has recently been revived by Mankiw and Reis (2002), Sims (2003),
Woodford (2003a, 2008), Mackowiak and Wiederholt (2009a), and others. While this work
proposes new formalizations of the origins of informational frictions, most of it remains focused
on the same old theme: how imperfect information about the underlying monetary shocks can
break monetary neutrality.’

In this chapter, we depart from the pertinent literature in one fundamental way: we abstract
from monetary factors and, instead, focus on the dispersion of information about the real shocks
hitting the economy. We do so by introducing heterogeneous information in an otherwise
canonical micro-founded real-business-cycle model, where nominal prices are fully flexible. We
then show how this heterogeneity can have profound implications for the business cycle and
can indeed accommodate a somewhat “Keynesian” view of the business cycle without any
rigidity in nominal prices. In our framework, the bulk of short-run fluctuations is driven, not
by technology shocks, but rather by a certain type of “noise”. This noise generates positive

co-movement in all key macroeconomic variables. Furthermore, the resulting fluctuations may

'Exemptions to this statement inlude Sims (2003) and Graham and Wright (2008), who study how informa-
tional frictions impact the response of consumption to income or productivity shocks.
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look to an outside observer much alike Keynesian demand shocks, even though their origin and
their policy implications are very different.

Motivation. Our departure from the pertinent literature is motivated by the following
considerations. First, the empirical relevance of theories that require significant lack of infor-
mation, or some type of unawareness, about the current monetary policy is debatable. Indeed,
the older generation of the aforementioned literature succumbed to the criticism that such in-
formation is widely, readily, and cheaply available.? Second, we contend that the dispersion of
information about the real shocks hitting the economy is more severe than the one about the
conduct of monetary policy. In the recent crisis, for example, there appears to be far more un-
certainty, and disagreement, about non-monetary factors such as the value of certain assets, the
health of the financial system, or the broader economic fundamentals. And yet, the pertinent
literature has little to say about how the heterogeneity of information about the real underlying
economic fundamentals matters for business cycles. Finally, even if one is ultimately interested
in a monetary model, understanding the positive and normative properties of its underlying
real backbone is an essential first step.

Motivated by these considerations, this chapter introduces dispersed information in an oth-
erwise canonical RBC model, where nominal prices are flexible and monetary factors are irrel-
evant. We first show that the dispersion of information can significantly alter certain positive
properties of the RBC paradigm—indeed in ways that might imply that technology shocks
explain only a small fraction of high-frequency business cycles, while at the same time helping
overcome certain criticisms that New-Keynesians have raised against the RBC paradigm. We
next show that this significant change in the positive properties of the RBC paradigm happens
without affecting one important normative lesson: as long as there are no monopoly distortions,
the equilibrium allocations coincide with the solution to a certain planning problem, leaving no
room for stabilization policies.

These results should not be interpreted narrowly as an attack against the New-Keynesian

paradigm. Our primary goal is to provide a clean theoretical benchmark for the positive and

2The new generation attempts to escape this criticism by postulating that, even if such information is readily
available, it may still be hard to update one’s information sufficiently frequently (Mankiw and Reis, 2002) or
to process and absorb such information sufficiently well (Woodford, 2003a, 2008; Mackowiak and Wiederholt,
2009a).
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normative implications of dispersed information. Abstracting from nominal frictions best serves
this purpose. And yet, our framework is rich enough to nest the real backbone of New-Keynesian
models. Our framework and results may thus prove equally useful for RBC and New-Keynesian
analysts alike. In this regard, we believe that our paper makes not only a specific contribution

into business-cycle theory but also a broader methodological contribution.

Preview of model. The backbone of our model is a canonical RBC economy. We abstract
from capital to simplify the analysis, but allow for a continuum of differentiated commodities.
This multi-good (or multi-sector) specification serves two purposes. First and foremost, it intro-
duces a certain type of general-equilibrium, or trading, interactions that, as further highlighted
in Angeletos and La’O (2009b), play a crucial role for aggregate fluctuations when, and only
when, information is dispersed; this is true whether each of the goods is produced in a compet-
itive or monopolistic fashion. Second, when combined with monopoly power, this specification
permits us to nest the real backbone of New-Keynesian models, facilitating a translation of
our results to such models.> Accordingly, while the core of our analysis focuses on shocks to
technology (TFP), in principle we also allow for two other types of shocks to the fundamentals
of the economy: taste shocks (shocks to the disutility of labor), and mark-up shocks (shocks to
the elasticity of demand). However, none of our results rests on the presence of either monopoly
power or these additional shocks.

The only friction featured in our model is that certain economic decisions have to be made
under heterogeneous information about the aggregate shocks hitting the economy. The challenge
is to incorporate this informational friction without an undue sacrifice in either the micro-
foundations or the tractability of the analysis. Towards this goal, we formalize this friction
with a certain geographical segmentation, following similar lines as Lucas (1972), Barro (1976),
Townsend (1983), and Angeletos and La’O (2008, 2009b). In particular, we assume that each
period firms and workers meet in different “islands” and have to make their employment and
production decisions while facing uncertainty about the shocks hitting other islands. At the

same time, we assume that consumption choices take place in a centralized market, where

3Indeed, all the results we document in this paper directly extend to a New-Keynesian variant as long as
monetary policy replicates flexible-price allocations, which in certain cases is the optimal thing to do (Angeletos
and Lao, 2008).
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information is homogenous, and that households are “big families”, with fully diversified sources
of income. This guarantees that our economy admits a representative consumer and maintains
high tractability in analysis despite the fact that some key economic decisions take place under

heterogeneous information.

Preview of results. As mentioned, the core of our analysis focuses on the special case
where firms are competitive and the only shocks hitting the fundamentals of the economy are
technology (TFP) shocks which makes the analysis directly comparable to the RBC paradigm.

(i) In standard RBC models (e.g., Hansen, 1985; Prescott, 1986), macroeconomic outcomes
respond fast and strongly to technology shocks. We show that the dispersion of information
induces inertia in the response of macroeconomic outcomes. Perhaps paradoxically, this inertia
can be significant even if the agents face little uncertainty about the underlying shocks.

(ii) Some researchers have argued that employment responds negatively to productivity
shocks in the data; have pointed out that that this fact is inconsistent with standard RBC
models; and have used this fact to argue in favor of New-Keynesian models (e.g., Galf, 1999;
Basu, Fernald and Kimball, 2006; Gali and Rabanal, 2004). Although this fact remains debat-
able (e.g., Christiano, Eichenbaum and Vigfusson, 2003; McGrattan, 2004), we show that the
dispersion of information can accommodate it within the RBC paradigm.

(iii) In the RBC paradigm, technology shocks account for the bulk of short-run fluctu-
ations. Many economists have argued that this is empirically implausible and have favored
New-Keynesian alternatives. We show that the dispersion of information can induce technol-
ogy shocks to explain only a small fraction of the high-frequency variation in the business cycle.
And yet, the entire business cycle remains neoclassical in its nature: monetary factors play no
role whatsoever.

(iv) What drives the residual business-cycle fluctuations in our model is a certain type
of noise, namely correlated errors in expectations of the underlying technology shocks. Most
interestingly, we show that the fraction of short-run volatility that is due to such noise can be
arbitrarily high even if the agents are nearly perfectly informed about the underlying technology
shocks.

(v) These noise-driven fluctuations feature positive co-movement between employment, out-

put, and consumption. In so doing, they help formalize a certain type of “demand shocks” within
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an RBC setting. The associated errors in forecasting economic activity can be interpreted as
variation in expectations of “aggregate demand ”. They help increase the relative volatility
of employment while decreasing its correlation with output. An identification strategy as in
Blanchard and Quah (1989) or Gali (1999) would likely identify these shocks as “demand”
shocks.

(vi) These noise-driven fluctuations involve countercyclical variation in measured labor
wedges, and procyclical variation in Solow residuals, consistent with what observed in the data.
Once again, these cyclical variations can be significant even if the agents are nearly perfectly
informed about the underlying technology shocks.

While we stop short of quantifying these results, we hope that they at least highlight how
the heterogeneity of information has a very different mark on macroeconomics outcomes than
the uncertainty about fundamentals—a point that we further elaborate on in Angeletos and
La’0O (2009b). Indeed, what drives our results is not per se the level of uncertainty about the
underlying technology or other shocks, but rather the lack of common knowledge about them:
our effects are consistent with an arbitrarily small level of uncertainty about the underlying
fundamentals.

At the same time, the lack of common knowledge does not alone explain the magnitude of
our effects. Rather, this depends crucially on the strength of trade linkages among the firms and
workers our economy. This idea is formalized by our game-theoretic representation. A measure
of the trade linkages in our economy, namely the elasticity of substitution across different goods,
maps one-to-one to the degree of strategic complementarity in the game that represents our
economy. One can then extrapolate from earlier more abstract work on games of strategic
complementarity (Morris and Shin, 2002, Angeletos and Pavan, 2007a) that the strength of
trade linkages in our economy may play a crucial role in determining the equilibrium effects
of heterogeneous information. We conclude that our findings hinge on the combination of
heterogeneous information with strong trade linkages—but they do not hinge on the level of
uncertainty about the underlying fundamentals.

We finally seek to understand the normative content of the aforementioned findings. Clearly,
a planner could improve welfare by aggregating the information that is dispersed in the economy,

or otherwise providing the agents with more information. But this provides no guidence on
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whether the government should stabilize the fluctuations that originate in noise, or otherwise
interfere with the way the economy responds to available information. To address this issue, one
has to ask whether a planner can improve upon the equilibrium allocations without changing
the information structure.

We show that the answer to this question is essentially negative. In particular, in the special
case of our model where firms are competitive, there is indeed no way in which the planner
can raise welfare without changing the information that is available to the economy. As for
the more general case where firms have monopoly power, the best the planner can do is merely
to undo the monopoly distortion, much alike what he is supposed to do when information is
commonly shared. We conclude that, insofar the information is taken as exogenous, the key
normative lessons of the pertinent business-cycle theory survive the introduction of dispersed

information, no matter how severely the positive lessons might be affected.

Layout. The remainder of the introduction discusses the related literature. Section 2.2
introduces the model. Section 2.3 characterizes the general equilibrium. Sections 2.4 and 2.5

explore the implications for business cycles. Section 2.6 studies efficiency. Section 2.7 concludes.

Related literature. The macroeconomics literature on informational frictions has a long
history, a revived present, and—hopefully—a promising future.* Among this literature, most
influential in our approach have been Morris and Shin (2002), Woodford (2003a), and Angeletos
and Pavan (2007, 2009). Morris and Shin (2002) were the first to highlight the potential impli-
cations of asymmetric information, and higher-order beliefs, for settings that feature strategic
complementarity. Woodford (2003a) exploited the inertia of higher-order beliefs to generate
inertia in the response of prices to nominal shocks in a stylized model of price setting. Fi-
nally, Angeletos and Pavan (2007a, 2009) provided a methodology for studying the positive
and normative properties of a more general class of games with strategic complementarity and

dispersed information.

4Recent contributions include Adam (2007), Amador and Weill (2007, 2008), Amato and Shin (2006), An-
geletos, Lorenzoni and Pavan (2009), Angeletos and Pavan (2004, 2007a, 2007b, 2009), Bacchetta and Wincoop
(2005), Coibion and Gorodnichenko (2008), Collard and Dellas (2005b), Graham and Wright (2008), Hellwig
(2002, 2005), Hellwig and Veldkamp (2008), Hellwig and Venkateswara (2009), Klenow and Willis (2007), Loren-
zoni (2008, 2009), Luo (2008), Mackowiak and Wiederholt (2009a, 2009b), Mankiw and Reis (2002, 2006), Morris
and Shin (2002, 2006), Moscarini (2004), Nimark (2008), Porapakkarm and Young (2008), Reis (2006, 2009),
Rodina (2008), Sims (2003, 2006), Van Nieuwerburgh and Veldkamp (2006), Veldkamp (2006), Veldkamp and
Woolfers (2007), and Woodford (2003a, 2008).
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Part of our contribution in this chapter, and in two companion papers (Angeletos and La’O,
2008, 2009), is to show how the equilibrium and efficient allocations of fully micro-founded
business-cycle economies can be represented as the Perfect Bayesian equilibria of a certain
class of games with strategic complementarity, similar to those considered in Morris and Shin
(2002) and Angeletos and Pavan (2007a, 2009). This representation is useful, as it facilitates a
translation of some of the more abstract insights of this earlier work within a macroeconomic
context. At the same time, the specific micro-foundations are crucial for understanding both
the positive and the normative implications of the particular form of complementarity that we
identify in this chapter. Indeed, it is only these micro-foundations that explain either why this
complementarity turns out to be irrelevant for the business cycle when information is commonly
shared, or why it has none of the welfare implications conjectured in Morris and Shin (2002).

Our main contribution, however, is with regard to business-cycle theory. In this chapter,
we show how dispersed information can significantly alter the positive properties of the RBC
paradigm. In Angeletos and La’O (2008), we extend the analysis by introducing nominal
frictions and by allowing information to get aggregated through certain price and quantity
indicators; we then explore a number of novel implications for optimal fiscal and monetary
policy. Finally, in Angeletos and La’O (2009b), we show how the heterogeneity of information
opens the door to a certain type of sentiment-driven (or sunspot-like) fluctuations despite the
uniqueness of equilibrium. Combined, this work highlights how the heterogeneity of information
has very distinct implications for the business cycle than the uncertainty about the underlying
economic fundamentals.

This also explains how our approach differentiates from the recent literature on “news
shocks” (Barsky and Sims, 2009; Beaudry and Portier, 2004, 2006; Christiano, Ilut, Motto, and
Rostagno (2008); Gilchrist and Leahy, 2002; Jaimovich and Rebelo, 2009; Lorenzoni, 2008).
These papers also feature noise-driven fluctuations. However, these fluctuations obtain within
representative-agent models, do not rest on the heterogeneity of information, and are bound
to vanish when the uncertainty about the fundamentals is small enough. Furthermore, these
papers generate positive co-movement in the key macroeconomic variables only by introducing
exotic preferences (e.g., Jaimovich and Rebelo, 2009) or sticky prices and suboptimal monetary

policy (e.g., Lorenzoni, 2008). In contrast, our paper generates positive co-movement without
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either of these features.

Interestingly, Kydland and Prescott (1982) had also allowed for noise shocks, only to be
discarded in subsequent work; but they, too, did not allow heterogeneous information and
hence could not have considered the effects we identify here. Finally, there are numerous
papers that consider geographical and trading structures similar to the one in our model (e.g.,
Lucas and Prescott, 1974; Rios-Rull and Prescott, 1992; Alvarez and Shimer, 2008), but also
rule out heterogeneous information about the aggregate economic fundamentals. To recap, it
is the heterogeneity of information that is both the distinctive feature of our approach and the

key to the results of this chapter.®

2.2 The Model

There is a (unit-measure) continuum of households, or “families” , each consisting of a consumer
and a continuum of workers. There is a continuum of “islands” , which define the boundaries of
local labor markets as well as the “geography” of information: information is symmetric within
an island, but asymmetric across islands. Each island is inhabited by a continuum of firms,
which specialize in the production of differentiated commodities. Households are indexed by
h € H = [0,1]; islands by ¢ € I = [0,1]; firms and commodities by (i,5) € I x J; and periods
by t € {0,1,2,...}.

Each period has two stages. In stage 1, each household sends a worker to each of the
islands. Local labor markets then open, workers decide how much labor to supply, firms decide
how much labor to demand, and local wages adjust so as to clear the local labor market. At this
point, workers and firms in each island have perfect information regarding local productivity,
but imperfect information regarding the productivities in other islands. After employment and
production choices are sunk, workers return home and the economy transits to stage 2. At this
point, all information that was previously dispersed becomes publicly known, and commodity
markets open. Quantities are now pre-determined by the exogenous productivities and the
endogenous employment choices made during stage 1, but prices adjust so as to clear product

markets.

51t is worth noting that our approach is also different from the Mirrless literature, which allows for private
information about idiosyncratic shocks but rules out private (heterogeneous) information about aggregate shocks.
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Households. The utility of household A is given by

= Zﬁt [U(Ch,t) - /Si’tV(nhi’t)di,:l
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Here, v > 0 parametrizes the income elasticity of labor supply,® € > 0 parameterizes the Frisch
elasticity of labor supply, np;; is the labor of the worker who gets located on island ¢ during
stage 1 of period t, Sh; is an island-specific shock to the disutility of labor, and Cp; is a
composite of all the commodities that the household purchases and consumes during stage 2.
This composite, which also defines the numeraire used for wages and commodity prices, is

given by the following nested CES structure:
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and where cp;; ¢ is the quantity household h consumes in period ¢ of the commodity produced

where

by firm j on island i. Here, 7;; is a random variable that determines the period-t elasticity
of demand faced by any individual firm within a given island 4, while p is the elasticity of
substitution across different islands. Letting the within-island elasticity n differ from the across-
islands elasticity p permits us to distinguish the degree of monopoly power (which will be
determined by the former) from the strength of trade linkages and the associated degree of
strategic complementarity (which will be determined by the latter). In fact, a case of special
interest that we will concentrate on for much of our analysis is the limit where monopoly
power vanishes (n — oo) while the strategic complementarity remains non-trivial (p < c0); this

case nests a canonical, competitive RBC economy. At the same time, letting the within-island

5Note that risk aversion and intertemporal substitution play no role in our setting because all idiosyncratic
risk is insurable and there is no capital. Therefore, v only controls the sensitivity of labor supply to income for
given wage.
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elasticity to be finite and random permits us to introduce monopoly power and mark-up shocks,
thus facilitating a translation/extension of our results to the New-Keynesian framework.
Households own equal shares of all firms in the economy. The budget constraint of household

h is thus given by the following:

/ Pij,tChiz,eA(J, k) + Bht41 S/ Wij,td(iyj)+/witnhi,tdk+RtBh,t7
IxJ IxI I

where p;;¢ is the period-t price of the commodity produced by firm j on island %, m;;; is the
period-t profit of that firm, w;; is the period-t wage on island i, R; is the period-t nominal gross
rate of return on the riskless bond, and By, ; is the amount of bonds held in period ¢.

The objective of each household is simply to maximize expected utility subject to the budget
and informational constraints faced by its members. Here, one should think of the worker-
members of each family as solving a team problem: they share the same objective (family
utility) but have different information sets when making their labor-supply choices. Formally,
the household sends off during stage 1 its workers to different islands with bidding instructions
on how to supply labor as a function of (i) the information that will be available to them at that
stage and (ii) the wage that will prevail in their local labor market. In stage 2, the consumer-
member collects all the income that the worker-member has collected and decides how much to
consume in each of the commodities and how much to save (or borrow) in the riskless bond.

Asset markets. Asset markets operate in stage 2, along with commodity markets, when
all information is commonly shared. This guarantees that asset prices do not convey any
information. The sole role of the bond market in the model is then to price the risk-free rate.
Moreover, because our economy admits a representative consumer, allowing households to trade
risky assets in stage 2 would not affect any of the results.

Firms. The output of firm j on island ¢ during period ¢ is given by
_ 0
Gigt = Ait(nijit)

where A;; is the productivity in island i, ngj; is the firm’s employment, and 6 € (0, 1) para-

meterizes the degree of diminishing returns in production. The firm’s realized profit is given
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by

Tijt = Digtqij,t — Wi tNajt
Finally, the objective of the firm is to maximize its expectation of the representative consumer’s
valuation of its profit, namely, its expectation of U'(Cy)mij .

Labor and product markets. Labor markets operate in stage 1, while product markets

operate in stage 2. Because labor cannot move across islands, the clearing conditions for labor

/nij,tdj=/ Npi tdh Vi
J H

On the other hand, because commodities are traded beyond the geographical boundaries of

markets are as follows:

islands, the clearing conditions for the product markets are as follows:
/ chijtdh = gz V(i,7)
H

Fundamentals and information. Each island in our economy is subject to three types
of shocks: shocks to the technology used by local firms (TFP shocks); shocks to the disutility
of labor faced by local workers (taste shocks); and shocks to the elasticity of demand faced by
local firms, causing variation in their monopoly power (mark-up shocks). We allow for both
aggregate and idiosyncratic components to these shocks.

The aggregate fundamentals of the economy in period ¢ are identified by the joint distribu-
tion of the shocks (A, Sit, n;;) in the cross-section of islands.” Let ¥, denote this distribution.
The standard practice in macroeconomics is to assume that ¥; is commonly known in the
beginning of period t. In contrast, we consider situations where information about ¥; is imper-
fect and, most importantly, heterogeneous. We thus assume that different islands observe only
noisy private (local) signals about ¥; in stage 1, when they have to make their decentralized
employment and production choices. On the other hand, we assume that ¥; becomes common
known in stage 2, when agents meet in the centralized commodity and financial markets.

For our main theoretical results we do not need to make any special assumptions about the

information that is available to each island. For example, we can impose a Gaussian structure as

"In special cases (as with Assumption 1 later on), this distribution might be conveniently parameterized by
the mean values of the shocks; but in general the aggregate fundamentals are identified by the entire distribution.
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in Morris and Shin (2002). Alternatively, we could allow some islands to be perfectly informed
and others to be imperfectly informed, mimicking the idea in Mankiw and Reis (2002) that
only a fraction of the agents update their information sets in any given point of time. To some
extent, we could even interpret the noise in these signals as the product of rational inattention,
as in Sims (2003) and Woodford (2003a). More generally, we do not expect the details of the
origins of noise to be crucial for our positive results.

We thus start by allowing a rather arbitrary information structure, as in the more abstract
work of Angeletos and Pavan (2009). First, we let w; denote the “type” of an island during
period t. This variable encodes all the information available to an island about the local shocks
as well as about the cross-sectional distribution of shocks and information in the economy. Next,
we let Q, denote the distribution of w; in the cross-section of islands. This variable identifies the
aggregate state of the economy during period ¢; note that the aggregate state now includes not
only the cross-sectional distribution ¥; of the shocks but also the cross-sectional distributions
of the information (signals). Finally, we let S,, denote the set of possible types for each islénd,
Sq the set of probability distributions over S,,, and P(-|-) a probability measure over S3.8

We then formalize the information structure as follows. In the beginning of period ¢, and
conditional on €;_1, Nature draws a distribution €; € Sq using the measure P(€:|Q:—1).
Nature then uses §; to make independent draws of w; € S, one for each island. In the beginning
of period t, before they make their current-period employment and production choices, agents
in any given island get to see only their own wy; in general, this informs them perfectly about
their local shocks, but only imperfectly about the underlying aggregate state ;. In the end of
the period, however, Q; becomes commonly known (ensuring that ¥; also becomes commonly
known).

To recap, the key informational friction in our model is that agents face uncertainty about
the underlying aggregate state ;. Whether they face uncertainty about their own local shocks
is immaterial for the type of effects we analyze in this chapter. Merely for convenience, then,

we assume that the agents of an island learn their own local shocks in stage 1. We can thus

8To avoid getting distracted by purely technical issues, our proofs treat S. and Sq as if they were finite sets.
However, none of our results hinges on this restriction.

9Note that we have imposed that the aggregate state ; follows a Markov process; apart from complicating
the notation, nothing changes if we let the aforementioned probability measure depend on all past aggregate
states.
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express the shocks as functions of w;: we denote with A(w;) the local productivity shock, with

S(w;) the local taste shock, and with n(w;) the local mark-up shock.

2.3 Equilibrium

In this section we characterize the equilibrium by providing a game-theoretic representation

that turns out to be instrumental for our subsequent analysis.

2.3.1 Definition

Because each family sends workers to every island and receives profits from every firm in the
economy, each family’s income is fully diversified during stage 2. This guarantees that our model
admits a representative consumer and that no trading takes place in the financial market. To
simplify the exposition, we thus set B; = 0 and abstract from the financial market. Furthermore,
because of the symmetry of preferences, technologies and information within each island, it is
without any loss of generality to impose symmetry in the choices of workers and firms within
each island. Finally, because of the absence of capital and the Markov restriction on the
aggregate state, (2;_; summarizes all the payoff-relevant public information as of the beginning
of period t. Recall then that the additional information that becomes available to an island in
stage 1 is only w;. As a result, the local levels of labor supply, labor demand, wage, and output
can all depend on ;7 and wy, but not the current aggregate state 2;. On the other hand, the
commodity prices in stage 2, and all aggregate outcomes, do depend on €2;. We thus define an

equilibrium as follows.

Definition 27 An equilibrium consists of an employment strategy n : S, X Sq — Ry a pro-
duction strateqy q : S, X Sq — R4, a wage function w : S, X Sq — R4, an aggregate output
function @Q : S&% — Ry, an aggregate employment function N : ng — Ry, a price function
p:S, X 8522 — Ry, and a consumption strategy c : Ri — R, such that the following are true:

(i) The price function is normalized so that

1
1-p

P(Qt, Qt—l) = [/p(w, Qt, Qt_l)l_pdgt(w) =1
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for all (2, 2¢—1).

(11) The quantity c(p,p’, Q) is the representative consumer’s optimal demand for any com-
modity whose price is p when the price of all other commodities from the same island is p’ and
the aggregate output (income) is Q.

(111) When the current aggregate state is §; and the past aggregate state is €1, the price
that clears the market for the product of the typical firm from island w; is p(wy, O, Qi—1);
the employment and output levels of that firm are, respectively, n(ws, —1) and g{wt, Q—1),
with q(wg, Qi—1) = Alws)n(ws, Qu_1)? ; and the aggregate output and employment indices are,

respectively,

Q0 0 = { [ ate Q)T a0} and N n) = [l Qi)

(iv) The quantities n(wy, 1) and q(wy, —1) are optimal from the perspective of the typical
firm in island wy, taking into account that firms in other islands are behaving according to the
same strategies, that the local wage is given by w(wit,Qi—1), that prices will be determined in
stage 2 so as to clear all product markets, that the representative consumer will behave according
to consumption strategy c, and that aggregate income will be given by Q(, Ni—1).

(v) The local wage w(wy, Qi—1) is such that the quantity n(wy,—1) is also the optimal labor

supply of the typical worker in an island of type wy.

Note that condition (i) simply means that the numeraire for our economy is the CES com-
posite defined when we introduced preferences. The rest of the conditions then represent a
hybrid of a Walrasian equilibrium for the complete-information exchange economy that ob-
tains in stage 2, once production choices are fixed, and a subgame-perfect equilibrium for the
incomplete-information game played among different islands in stage 1.

Let us expand on what we mean by this. When firms in an island decide how much labor
to employ and how much to produce during stage 1, they face uncertainty about the prices
at which they will sell their product during stage 2 and hence they face uncertainty about the
marginal return to labor. Similarly, when workers in an island decide how much labor to supply,
they face uncertainty about the real income their household will have in stage 2 and hence face

uncertainty about the marginal value of the wealth that they can generate by working more.

88



But then note that firms and workers in each island can anticipate that the prices that clear the
commodity markets and the realized level of real income are, in equilibrium, determined by the
level of employment and production in other islands. This suggests that we can solve for the
general equilibrium of the economy by reducing it to a certain game, where the incentives of
firms and workers in an island depend on their expectations of the choices of firms and workers
in other islands. We implement this solution strategy in the following.

Remark. To simplify notation, we often use g;; as a short-cut for g(w¢, Q:—1), Q¢ as a short-
cut for Q(%, %-1), BEi: as a short-cut for E[-|w, Q—1], and so on; also, we drop the indices h
and j, because we know that allocations are identical across households, or across firms within

an island.

2.3.2 Characterization

Towards solving for the equilibrium, consider first how the economy behaves in stage 2. The
optimal demand of the representative consumer for a commodity from island ¢ whose price is

pix when the price of other commodities in the same island is pf, is given by the following:

L\ T !\ TP
() (@)
Dt B

where P, = 1 by our choice of numeraire.1® In equilibrium, C; = Q;. It follows that the equi-
librium consumption strategy is given by ¢(p,p’, Q) = p~" ()" Q. Equivalently, the inverse

demand function faced by a firm during period ¢ is
1

7 \1-£E _n%'t nt
pit = (D) Mgyt Qy (2.1)

Consider now stage 1. Given that the marginal value of nominal income for the repre-

sentative household is U'(C;) and that C; = @ in equilibrium, the objective of the firm is

simply
Eit [U' (Q1) (piegit — wirna)] -
1075 understand this condition, note that ¢}, = %f - C; is the demand for the busket of commodities

produced by a particular island; the demand for the commodity of a particular firm in that islands is then

X ="
Cit = (&L/ ) C::t‘
Pit
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Using (2.1), we conclude the typical firm on island w; maximizes the following objective:
12 = 1-L
E [U' (Qt) ((Pét) e Qg Tt — witﬂit)] ,

where g;; = Aynf,. Aslongas1> (1— n—lt)é? > 0 (which we assume to be always the case), the
above objective is a strictly concave function of n;, which guarantees that the solution to the
firm’s problem is unique and that the corresponding first-order condition is both necessary and
sufficient. This condition is simply given by equating the expected marginal cost and revenue

of labor, evaluated under local expectation of the equilibrium pricing kernel:

13

Eit [U'(Qit)] wir = (nitn_ 1) Ea |U'(Qu) (Ply)' 7 (%) "_“} (9Aim?t_1) . (22)

Next, note that, since all firms within an island set the same price in equilibrium, it must be

that pl, = piz. Along with (2.1), this gives

=

Piy = pit = (%) : (2.3)

This simply states that the equilibrium price of the typical commodity of an island relative to
the numeraire is equal to the MRS between that commodity and the numeraire. Finally, note
that the optimal labor supply of the typical worker on island ¢ is given by equating the local
wage with the MRS between the numeraire and leisure:

Sitng,

T Ex[U(Q)]

Wit

(2.4)

Conditions (2.3) and (2.4) give the equilibrium prices and wages as functions of the equilib-
rium allocation. Using these conditions into condition (2.2), we conclude that the equilibrium

allocation is pinned down by the following condition:

. ek i
Syns, = (’“n >]Eit U (Qs) <%) ] (GAitnft 1). (2.5)

2t

This condition has a simple interpretation: it equates the private cost and benefit of effort in
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each island. To see this, note that the left-hand side is simply the marginal disutility of an

extra unit of labor in island i; as for the right-hand side, % is the reciprocal of the local

monopolistic mark-up, U’ (Qt) (%)‘% is the marginal utility of an extra unit of the typical
local commodity, and 9Aitnft_1 is the corresponding marginal product of labor.

Note that condition (2.5) expresses the equilibrium levels of local employment n;; and local
output ¢;; in relation to the local shocks and the local expectations of aggregate output Q).
Using the production function, g;; = Aitnft, to eliminate n; in this condition, and reverting to
the more precise notation of Definition 1 (i.e., replacing g;; with g(w:, Q:—1), Q¢ with Q (¢, 2:—1),

A with A(wt), and so on), we reach the following result.

Proposition 28 Let

f(w) =log {epﬁ; (71(;1()_051

e 1ie
S(w) 1—0+€e+~0 A(w) 1—6+e+~0

be a composite of all the local shocks hitting an island of type w and define the coefficient

-7
1-0+¢
[

<1

Q
1l
+ o=

oI

The equilibrium levels of local and aggregate output are the solution to the following fixed-point

problem:

1
T

log ¢ (e, Q1) = (1—@) f(ws)+a log {]E [Q(Qt,ﬂt_l)%"" wt,Qt_l] ,-,-7} V(we, Q1) (2.6)

Q(Qu, 1) = [/ Q(W,Qt—l)f);_ldﬂt(w)} - V(€2%, 2—1). (2.7)

This result establishes that the general equilibrium of our economy reduces to a simple
fixed-point relation between local and aggregate output. In so doing, it offers a game-theoretic
representation of our economy, similar to the one established in Angeletos and La’O (2009b) for
a variant economy with capital. To see this, consider a game with a large number of players,
each choosing an action in Ry . Identify a “player” in this game with an island in our economy

and interpret the level of output of that island as the “action” of the corresponding player.
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Next, identify the “types” of these players with w;, which encodes the local shocks and local
information sets in our economy. Finally, let their “best responses” be given by condition (2.6).
It is then evident that the Perfect Bayesian equilibrium of this game identifies the general
equilibrium of our economy.

Note then that the variable f(w;) conveniently summarizes all the local economic fundamen-
tals, while the coefficient « identifies the degree of strategic complementarity in our economy.

To see this more clearly, consider a log-linear approximation to conditions (2.6) and (2.7):
log git = const + (1 — ) fi + a By [log Q4] (2.8)

log Q; = const + /log qirdi, (2.9)

where const capture second- and higher-order terms.!! It is then evident that the coefficient
o identifies the slope of an island’s best response to the activity of other islands—which is the
standard definition of the degree of strategic complementarity.

Finally, note that Proposition 28 holds no matter the information structure. This is im-
portant. While much of the recent literature has focused on specific formalizations of the
information structure (e.g. Mankiw and Reis, 2002; Sims, 2003; Woodford, 2003a), our result
indicates that the information structure typically matters only by pinning down the agents’
forecasts of economic activity. We would thus invite future researchers to pay more attention
on the theoretical and empirical properties of these forecasts as opposed to the details of the

information structure.

2.3.3 Specialization, trade and strategic complementarity

As evident from Proposition 28, the degree of complementarity, ¢, is a monotone function of
the elasticity of substitution across the commodities of different islands, p. In what follows, we
adopt the convention that variation in o represents variation in p for given other parameters.

We also interpret a as a measure of the strength of trade linkages in our economy. These

111n general, these second- and higher-order terms may depend on the underlying state and the above is only
an approximation. However, when the underlying shocks and signals are jointly log-normal with fixed second
moments (as imposed by Assumption 1 in the next section), these terms are invariant, the approximation error
vanishes, and conditions (2.8) and (2.9) are exact.
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choices are motivated by the following observations. First, if we consider a variant of our model
where each household lives and works only in one island and consumes only the products of
that island, then Proposition 1 holds with o = 0; in this sense, it is precisely the trade linkages
across different islands that introduces strategic interdependence (o # 0). In this sense, there
is indeed a close relation between our model and models of international trade where different
countries specialize in the production of certain goods but consume goods from all over the
world. Second, while a depends, not only on p, but also on €,+, and 8, these other parameters
affect the composite shock f and matter for equilibrium allocations whether islands (agents)
are linked or not; in contrast, p affects only a. For these reasons, we henceforth use the notions
of strategic complementarity, elasticity of substitution across islands, and strength of trade
linkages, as synonymous to one another. However, we also note that strong complementarity in
our model does not strictly require low p: if the wealth effect of labor supply is small (v — 0),
the Frisch elasticity is high (¢ — 0), and production is nearly linear (6 — 1), then the degree
of complementarity is high (e — 1) no matter what p is.

The insight that trade introduces a form of strategic complementarity even in neoclassical,
perfectly-competively settings is likely to extend well beyond the boundaries of the model we
have considered here or the variant in Angeletos and La’O (2009b). We believe that this insight
has been under-appreciated in prior work on business cycles for two reasons. First, the two
welfare theorems have thought us that it rarely helps, and it can often be misleading, to think
of Walrasian settings as games. And second, the type of strategic complementarity we highlight
here is simply irrelevant for the business cycle when information is commonly shared.

To understand what we mean by the last point, consider the response of the economy to a
symmetric aggregate shock (i.e., a shock that keeps the level of heterogeneity invariant). For-
mally, let f; denote the cross-sectional average of the composite fundamental f;; and consider
any shock that varies the average fundamental, f;, without varying the cross-sectional distrib-
ution of the idiosyncratic components of the fundamentals, &, = fi; — f;- When all information
is commonly shared, aggregate output is also commonly known in equilibrium. Condition (2.6)
then reduces to

log git = (1 — a)(fi + &) + alog Q:. (2.10)
It is then immediate that the entire cross-sectional distribution of log g;; moves one-to-one with
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fi, which establishes the following.

Proposition 29 Suppose that information is commonly shared and that the level of hetero-

geneity is invariant. Then the equilibrium levels of aggregate output is given by

log Q; = const + f;.

Recall that, by its definition, the composite shock depends on € and v but not on p. It is
then evident that the response of the economy to the underlying aggregate productivity, taste,
or mark-up shocks is independent of p. In this sense, the business cycle is indeed independent
of the degree of strategic complementarity that is induced by trade.

The intuition behind this result is further explained in Angeletos and La’O (2009b). The key
is that the strength of trade linkages matters only for how much agents care about forecasting
the level of economic activity relatively to forecasting the underlying economic fundamentals.
But when information is symmetric (commonly shared), any uncertainty the agents face about
the level of economic activity reduces to the one that they face about the underlying economic
fundamentals, which renders the degree of strategic complementarity irrelevant. In contrast,
when information is asymmetric (dispersed), agents can face additional uncertainty about the
level of economic activity, beyond the one they face about the fundamentals. The strength
of trade linkages then dictates precisely the impact on equilibrium outcome of this residual
uncertainty about economic activity.

This is important. It is precisely the aforementioned property that makes dispersed in-
formation distinct from uncertainty about the fundamentals—for it is only the heterogeneity
of information that breaks the coincidence of forecasts of economic activity with the forecasts
of the underlying fundamentals when the equilibrium is unique. We further elaborate on this
point in Angeletos and La’O (2009b), showing how dispersed information can open the door
to a certain type of sunspot-like fluctuations. We refer the reader to that paper for a more
thorough discussion of this important, broader insight. In what follows, we concentrate on how
this broader insight helps understand why the combination of dispersed information with the
aforementioned type of complementarity can have a significant impact on the positive properties

of the RBC paradigm.
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2.3.4 Relation to complementarity in New-Keynesian models

The familiar condition that characterizes optimal target prices in the New-Keynesian paradigm

(e.g., Woodford, 2003b) looks like the following:
pit = (1 =&Vt +&pr + zip, (2.11)

where p;; is the target price of a firm (in logs), ); is nominal GDP, p; is the aggregate price
level, z;; captures idiosyncratic productivity or demand shocks, and £ is a coefficient that is
interpreted as the degree of strategic complementarity in pricing decisions. If we compare
the above condition with condition (2.8) in our model, the resemblance is striking. The only
noticeable difference seems to be that the relevant choice variable is a price in the New-Keynesian
model, while it is a quantity in our model. However, there are some crucial differences behind
this resemblance.

First, condition (2.11) does not alone pin down the equilibrium. Rather, it must be combined
with other conditions regarding the determination of )}, the nominal GDP level. In contrast,
condition (2.8) offers a complete, self-contained, répresentation of the equilibrium in our model.

Second, the endogeneity of ); undermines the meaning of condition (2.11). For example,
letting y; denote real GDP and using ); = p: + yt, condition (2.11) can also be restated as
pit = pt + (1 — &)yt + 2i4; but then the degree of complementarity appears to be 1, not £. In
fact, this alternative representation is more informative when money is neutral, because y; is
then exogenous to nominal factors and this condition determines only relative prices. But even
when money is non-neutral, £ fails to identify the degree of complementarity in pricing decisions
simply because nominal GDP is far from exogenous—at the very least because monetary policy
responds to variation in p; and y;. Once this endogeneity is incorporated, the complementarity
in pricing decisions is different from £ and becomes sensitive to policy parameters. In contrast,
in our model the degree of strategic complementarity is pinned down only by preferences and
technologies, and is completely invariant to monetary policy.

Third, the comparative statics of the complementarity in our model (a) with respect to
deeper preference and technology parameters are different from those of its New-Keynesian

counterpart (§). In particular, note that a decreases with p (the elasticity of substitution
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across different goods), decreases with e (the inverse of the Firsch elasticity of labor supply),
and increases with 6 (the degree of diminishing returns to labor). Hence, what contributes to
strong complementarity in our model is low substitutability in the commodity side, so that trade
is crucial, along with high substitutability in the labor and production side, as in Hansen (1985)
and King and Rebelo (2000). As one of our discussants highlighted, the opposite comparative
statics hold for £ in the New-Keynesian paradigm. That’s interesting. Nevertheless, it is
important to bear in mind that our notion of complementarity may have little to do with either
the degree of monopoly power or the price elasticities of individual demands. In our model,
that latter are pinned down by 7 (the within-island elasticity of substitution), while the degree
of strategic complementarity is pined down by p (the across-island elasticity).

Last, but not least, the complementarity highlighted in the New-Keyenesian framework
would vanish if firms were setting real (indexed) prices. In this sense, the New-Keyenesian

complementarity in is a nominal phenomenon, whereas ours is a real phenomenon.

2.4 Dispersed information and the business cycle

In this section we seek to illustrate how the introduction of dispersed information can impact
the positive properties of the RBC paradigm. To facilitate this task, we impose a Gaussian
specification on the shocks and the information structure, similar to the one in Morris and Shin
(2002), Woodford (2003a), Angeletos and Pavan (2007), and many others.

The shocks and the available information satisfy the following properties:

(i) The aggregate shock f; follows a Gaussian AR(1) or random walk process:

ft =¢ﬁ—1+’jt7

where 1 parameterizes the persistence of the composite shock and v; is a Normal innovation,
with mean 0 and variance 02 = 1/ky, i.i.d. over time.

(ii) The local shock f; is given by

fr=fie + &
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where £, is a purely idiosyncratic shock, Normally distributed with mean zero and variance ag,
orthogonal to f;, and i.i.d. across islands.
(iii) The private information of an island about the aggregate shock fi is summarized in a

Gaussian sufficient statistic x;; such that
zit = fo +sit,

where ¢;; is noise, Normally distributed with mean zero and variance o2 = 1/, orthogonal to
both f; and §,,, and i.i.d. across islands.1?

(iv) The public information about the aggregate shock f; is summarized in a Gaussian
sufficient statistic y; such that

yt=ﬁ+6t7

where ¢; is noise, Normally distributed with mean zero and variance 02 = 1/ Ky, and orthogonal
to all other variables.

This specification imposes a certain correlation in the underlying productivity, taste and
mark-up shocks: for the composite shock fi; to follow a univariate process as above, it must
be that all the three type of shocks are moved by a single underlying factor. However, this
is only for expositional simplicity. We can easily extend our results to a situation where each
of the shocks follows an independent Gaussian process, or consider a more general correlation

structure among the shocks.

2.4.1 Closed-form solution

Under Assumption 1, we can identify w; with the vector (f, xt,y:). Because §2; is then a joint
normal distribution with mean (f;, fi,%:) and an invariant variance-autocovariance matrix, we
can also reduce the aggregate state variable from €; to the more convenient vector (fi,y:).
Next, we can guess and verify that there is always an equilibrium in which logg;; is linear

in (fi—1, fit, Tit, y¢) and log Q; is linear in (fi—1, fi,y:). We then find the coefficients of these

2Note that the local fundamental fi; is itself a private signal of f;. However, by the fact that we define x;;
as a sufficient statistic of all the local private information, the informational content of fi; is already included in
Tit.
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linear functions by the familiar method of undetermined coefficients. Finally, we can use an

independent argument to rule out any other equilibrium. We thereby reach the following result.

Proposition 30 Under Assumption 1, the equilibrium level of local output is given by
log giz = const + ¢_1 fi_1 + rfit + Tt + Pyt (2.12)

where the coefficients (¢_1,P¢, ¢4, Py) are given by

— Kf _ 3
w—l_{(l—a)nx+ny+nf}a¢ pr=(1-0

_ (l_a)’ia: _ K.,y
(pz_{(l_a)’{x+ny+ﬁf}a (py—{(l“a)/‘ivg;'i‘f‘iy—*—ﬁf}a (213)

This result gives a closed-form solution of the equilibrium level of output in each island as
a log-linear function of the past aggregate fundamental fi—1, the current local fundamental f;;,
the local (private) signal z;;, and the public signal y;. Note then that the equilibrium level of
output is necessarily an increasing function of the local fundamental fi:: ¢; > 0 necessarily. To
interpret this sign, note that higher f means a higher productivity, a lower disutility of labor,
or a lower monopolistic distortion. But whether and how local output depends on fi—1, zi; and
y; is determined by the degree of strategic complementarity .

To understand this, note that local output depends on these variables only because these
variables contain information about the current aggregate shocks and, in so doing, help agents
forecast the aggregate level of output. But when a = 0, the demand- and supply side effects that
we discussed earlier perfectly offset each other, so that at the end economic decisions are not
interdependent: local incentives depend only the local fundamentals and not on expectations
of aggregate activity. It follows that the dependence of local output to fi—1, zit and y; vanishes
when o = 0. On the other hand, if @ # 0, local output depends on f;_;, z;; and y; because,
and only because, these variables help predict aggregate output. In particular, when economic
decisions are strategic complements (o > 0), the equilibrium level of output in each island
responds positively to expectations of aggregate output; in this case, the coefficients ¢_;, ¢,
and ¢, are all positive. When instead economic decisions are strategic substitutes (o > 0),

the equilibrium level of output in each island responds negatively to expectations of aggregate
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output; in this case, the coefficients ¢_;, ¢,, and ¢, are all negative. As mentioned earlier, we
view the case in which a > 0, and hence in which economic activity responds positively to good
news about aggregate fundamentals, as the empirically most relevant scenario. For this reason,

our subsequent discussion will focus on this case; however, our results apply more generally.

2.4.2 Remark on interpretation of noise and comparative statics

Before we proceed, we would like to emphasize that one should not give a narrow interpreta-
tion to the signal y;, or its noise ;. This signal is not meant to capture only purely public
information; rather, it is a convenient modeling device for introducing correlated errors in be-
liefs of aggregate fundamentals. Indeed, the results we document below can easily be re-casted
with a more general information structure, one that allows agents to observe multiple private
signals and introduce imperfect cross-sectional correlation in the errors of these private signals;
the origin of noise, then, is not only the public signal, but also the correlated errors in the
private signals of the agents. We invite the reader to keep this more general interpretation of
what “noise” stands for in our model: it is a acronym for all sources of correlated errors in
expectations of the fundamentals.!?

Similarly, we would like to warn the reader not to focus on the comparative statics of
the equilibrium with respect to the precisions of private and public information, K, and k.
These comparative statics fail to isolate the distinct impact of the heterogeneity of information,
simply because they confound a change in the heterogeneity of information with a change in the
overall precision of information.!4 Furthermore, if we had allowed for multiple private signals
with correlated errors, it would be unclear whether an increase in the precision of a certain
signal raises or reduces the heterogeneity of information. With this in mind, in what follows we
focus on the comparative statics with respect to . These comparative statics best isolate the

distinct role of dispersed information, simply because the degree of complementarity matters

131n fact, one could go further and interpret “noise” as a certain type of sentiment shocks, namely shocks that
do not move at all the agents’ beliefs about the fundamentals and nevertheless move equilibrium outcomes. With
a unique-equilibrium model as ours, such shocks cannot exist when information is commonly shared; but emerge
robustly once information is dispersed. See Angeletos and La’O {2009b).

YMFor example, an increase in Kz would increase the heterogeneity of information, but would also increase the
overall precision of information; and while the former effect would tend to amplify the volatility effects we have
documented here, the latter effect would work in the opposite direction.
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for aggregate fluctuations in our model only by regulating the impact of the heterogeneity of

information.®

2.4.3 Macroeconomic responses to fundamentals and noise

We now study how the dispersion of information and the strength of trade linkages affect
aggregate fluctuations. Towards this goal, we aggregate condition (2.12) and use the fact that

fi=v fi—1 + v¢ to obtain the following characterization of aggregate output.

Corollary 31 Under Assumption 1, the equilibrium level of aggregate output is given by

log Q: = const + ¢ fi—1 + ¢ vt + pees, (2.14)

where

aKf
1 —a)ky + Ky + Ky

aky
1—a)kz + Ky + Ky

, (2.15)

%Ew+%+¢y=1—( and e =0y =1

and where vy = f, — ¥ fi_1 is the innovation in the fundamentals, v is the persistence in the

fundamentals, e =y — fi is the aggregate noise.

Condition (2.14) gives the equilibrium level of aggregate output as a log-linear function of
the past aggregate fundamentals, f;_1, the current innovation in the fundamentals, v4, and the
current noise, €;. Consider the impact effect of an innovation in fundamentals. This effect is
measured by the coefficient ¢,. Because the latter is a decreasing function of the precisions &,
and Ky, we have that the impact effect of an innovation in fundamentals decreases with the level
of noise. This is essentially the same insight as the one that drives the real effects of monetary
shocks in both the older macro models with informational frictions (e.g., Lucas, 1972; Barro,
1976) and their recent descendants (e.g., Mankiw and Reis, 2002): the less informed economic

agents are about the underlying shocks, the less they respond to these shocks. Clearly, this

15 Angeletos and Pavan (2007a) propose that a good measure of the “commonality ”of information (an inverse
measure of the heterogeneity of information) is the cross-sectional correlation of the errors in the agents’ forecasts
of the fundamentals: holding constant the variance of these forecast errors, an increase in the correlation implies
that agents can better forecast one another’s actions, even though they cannot better forecast the fundamentals.
Following this alternative route would deliver similar insights as the ones we document here.
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is true no matter whether agents interact with one another—it is true even in a single-agent
decision problem.

More interestingly, we find that ¢, is a decreasing function of o. That is, the more economic
agents care about aggregate economic activity, the weaker the response of the economy to
innovations in the underlying fundamentals. At the same time, we find that ¢, is an increasing
function of a. That is, the more economic agents care about aggregate economic activity, the
stronger the equilibrium impact of noise. These properties originate from the interaction of
strategic complementarity with dispersed information. Indeed, if the underlying shock was
common knowledge (which here can be nested by taking the limit as the public signal becomes
infinitely precise, k, — ©0), then both ¢, and ¢, would cease to depend on a. But as long as
information is dispersed, a higher o reduces ¢, and raises .. This highlights how strategic

complementarity becomes crucial for the business cycle once information is dispersed.

Corollary 32 When information is dispersed, and only then, stronger complementarity damp-
ens the impact of fundamentals on output and employment, while amplifying the impact of

noise.

The key intuition behind this result is the same as the one in the more abstract work
of Morris and Shin (2002) and Angeletos and Pavan (2007a). Public information and past
fundamentals (which here determine the prior about the current fundamentals) help forecast
the aggregate level of output relatively better than private information. The higher « is, the
more the equilibrium level of output in any given island depends on the local forecasts of
aggregate output and the less it depends on the local current fundamentals. It follows that a
higher a induces the equilibrium output of each island to be more anchored to the past aggregate
fundamentals, more sensitive to public information, and less sensitive to private information.
The anchoring effect of past aggregate fundamentals explains why aggregate output responds
less to any innovation in the fundamentals, while the heightened sensitivity to noisy public
information explains why aggregate output responds more to noise. A similar anchoring effect
of the common prior underlies the inertia effects in Woodford (2003a), Morris and Shin (2006),
and Angeletos and Pavan (2007a), while the heightened sensitivity to public information is the

same as the one in Morris and Shin (2002). However, as mentioned before, we favor a more

101



general interpretation of the signal y;, not as a public signal, but rather as a source of correlated
noise in forecasts of economic fundamentals.

As another way to appreciate the aforementioned result, consider following variance-decomposition
exercise. Let log Q; be the projection of log Q; on past fundamentals. The residual, which is
given by log Q: = log Q: — log Q: = Y, Vi + p 1, can be interpreted as the “high-frequency
component” of aggregate output. Its total variance is Var(log Qi) = @202 + 202, where
0% (= 1/kj) is the variance of the innovation in the fundamentals and o2 (= 1/k,) is the

variance of the noise. The fraction of the high-frequency variation in output that originates in

noise is thus given by the following ratio:!6

Var(log Qilve) _  glo?
Var(logQy)  ¥iol + pio?

Rnoise

Since a higher a raises ¢, and reduces ¢,, it necessarily raises this fraction: the more agents
care about the aggregate level of economic activity, the more the high-frequency volatility in
output that is driven by noise.

We can then further highlight the distinct nature of dispersed information by showing that,
as long as « is high enough, the contribution of noise to short-run fluctuations can be large
even if the level of noise is small. Note that the overall precision of an agent’s posterior about

the underlying fundamentals is given by k = kg + k; + Ky. We can then show the following.

Proposition 33 When information is dispersed and o is sufficiently high, agents can be arbi-
trarily well informed about the fundamentals (k =~ 00) and, yet, the high-frequency variation in

aggregate output can be driven almost exclusively by noise (Rpoise = 1).

Clearly, this is not possible when information is commonly shared. In that case, the con-
tribution of noise on the business cycle is tightly connected to the precision of information
and vanishes as this precision becomes infinite. In contrast, when information is dispersed, the
contribution of noise in the business cycle can be high even when the precision of information
is arbitrarily high. What makes this possible is the combination of heterogeneous information
with a sufficiently strong degree of strategic complementarity induced by trade linkages. In par-

ticular, a sufficiently strong complementarity induces agents to disregard any valuable private

16This fraction equals 1 minus the R-square of the regression of log Q. on the innovation v;.
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information they may have about the underlying shocks and instead focus almost exclusively on
noisy public information. As a result, even if this private information happens to be arbitrarily
precise, it is not utilized in equilibrium. Note then how this result also contrasts with our earlier
observation that this particular type of strategic complementarily would have been irrelevant
for the business cycle had information been commonly shared.

Finally, it is worth noting how the dispersion of information and trade linkages affect the

cyclical behavior of aggregate employment. The latter is given by
log Ny = const + 3 (log Q¢ — @),

where a; is the aggregate productivity shock (i.e., the cross-sectional average of log A;;). It
is then immediate that the response of employment to an aggregate shock in either tastes
or monopoly power is proportional to that of output. The same is true for the response to
noise. More interestingly, the response of employment to an aggregate productivity shock may
now turn from a positive sign under common information to a negative sign under dispersed
information. To see this, let 8 = % = 1_91++6+97 > 0. When information is commonly shared,
the sensitivity of output to an innovation to aggregate productivity is simply 8, and that of
employment is %(ﬂ —1). When, instead, information is dispersed, the corresponding sensitivities
are ¢, (3 for output and %((pyﬁ —1) for employment, with ¢, as in (2.15). Suppose 8 > 1, which
means that employment responds positively to a productivity shock under common information,
as in any plausible calibration of the RBC framework. As noted earlier, ¢, is necessarily lower
than 1 and is decreasing in «. It follows that, when information is dispersed, stronger trade

linkages dampen the response of employment and may actually turn it negative.

2.5 Slow learning and numerical illustration

The preceding has focused on a setting where the underlying shocks become common knowledge
within a period. Although this permitted a sharp theoretical analysis of the distinct implications
of dispersed information, and of its interaction with trade linkages, it makes it hard to map our
results to either empirical business cycles or calibrated RBC models. We now seek to illustrate

how incorporating slower learning can facilitate a better mapping between our analysis and the
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data.

Towards this goal, we need to relax the assumption that the aggregate state, 2, becomes
publicly revealed at the end of each period. Accommodating this possibility in a fully micro-
founded way would require that there is no centralized commodity trading: with centralized
trading, equilibrium prices are likely to reveal the state. However, allowing for decentralized
trading would complicate the analysis by introducing informational externalities and/or by
letting the relevant state space explode as in Townsend (1983). We are currently exploring
some possibilities along these lines. However, for the current purposes, we opt for tractability
and expositional simplicity.

In particular, we assume that firms and workers do not ever learn (), either directly or
indirectly from prices and past outcomes. Rather, they only keep receiving exogenous signals
about the current fundamentals, of the same type as in Assumption 1, and they use these
signals to update each period their beliefs about the underlying state. Think of this as follows.
Each firm has two managers: one who decides the level of employment and production; and
another who sells the product, receives the revenue, and sends the realized profits to the firm’s
shareholders. The two managers share the same objective—maximize firm valuation—but do
not communicate with one another. Moreover, the first manager never receives any signals on
economic activity. He only observes the exogenous local private and public signals. Similarly,
the consumers, who observe all the prices in the economy, fail to communicate this information
to the workers in their respective families. The workers also base their decisions solely on the
exogenous signals.

Needless to say, this specification of the learning process is not particularly elegant. However,
it would also be naive to take it too literally: the exogenous signals that we allow firms and
workers to receive each period are meant to capture more generally the multiple sources of
information that these agents may have. To the extent that the underlying shocks do not
become common knowledge too fast, more plausible formalizations of the learning process,

albeit highly desirable, need not impact the qualitative properties we wish highlight here.!”

1" The learning process we assume here is similar to the one in Woodford (2003a). We refer the reader to Amador
and Weill (2008), Angeletos and La’O (2008), Angeletos and Pavan (2009), Hellwig (2002), and Lorenzoni (2008)
for some alternative formalizations of the learning process. None of these alternative formalizations would
crucially affect the positive results we document in this section; the key here is only that learning is slow, not
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Under the aforementioned specification, equilibrium behavior continues to be characterized

by the same best-response-like condition as in the baseline model:

loggi: = (1 — @) fis + o [log Q4] (2.16)

where we have normalized the constant to zero. The only difference is in the information that
underlies the expectation operator in this condition. Finally, for concreteness, we henceforth

focus on productivity shocks as the only shock to fundamentals: f;; = Blog A;;, with 8 =
1+e€
1—0+e+0v"

The procedure we follow to solve for the equilibrium dynamics is based on Kalman filtering
and is similar to the one in Woodford (2003a). We guess and verify that the aggregate state can
be summarized in a vector X; comprised of the aggregate fundamental and aggregate output:

f
X, = L, (2.17)
log Q¢

Firms and workers in any given island never observe the state, but instead receive the following

vector of signals each period:

vy = Tt | _ ft+ Gt (2.18)

Yt fite
As emphasized before, y; should not be taken too literally—it is a convenient modeling device
for introducing common noise in the agents’ forecasts of the state of the economy. Finally, we

guess and verify that the state vector X; follows a simple law of motion:
Xi=MX;i_1+muv + meey (2.19)

where M is a 2 x 2 matrix, while m, and m. are 2 x 1 vectors. We then seek to characterize
the equilibrium values of M, m,, and m,.

In each period t, firms and workers start with some prior about X; and use the new signals

the details of how this learning takes place. However, the endogeneity of learning may have distinct normative
implications; see Angeletos and La’O (2008) and Angeletos and Pavan (2009) on this issue.
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that they receive in the beginning of period ¢ to update their beliefs about X;. Local output is
then determined Condition (2.16) then givens local output as a function of the local belief about
X;. Aggregating across islands, we obtain the aggregate level of output. In equilibrium, the law
of motion that aggregate output follows must match the one believed by the firms. Therefore
the equilibrium is a fixed point between the law of motion believed by agents and used to form
their forecasts of the aggregate state, and the law of motion induced by the optimal output
and employment decisions that firms and workers are making following their signal extraction
problem. We characterize the fixed point of this problem in the Appendix and use its solution to
numerically simulate the impulse responses of output and employment to positive innovations
in v; and &;.

For our numerical simulations, we interpret a period as a quarter. Accordingly, we let
o, = 0.02 for the standard deviation of the productivity innovation and ¥ = 0.99 for its
persistence. Next, we set 8 = .60 and ¢ = .5, which correspond to an income share of labor
equal to 60% and a Frisch elasticity of labor supply equal to 2. These parameter values are
broadly consistent with the literature. Less standard is our choice of y. Recall that in our setting
there is no capital, implying that labor income is the only source of wealth, the elasticity of
intertemporal substitution is irrelevant, and -y only controls the income elasticity of labor supply.
We accordingly set v = .2 to ensure an empirically plausible income effect on labor supply. Next,
we set the standard deviations of the noises as 0, = 0y = 50,,. These values are arbitrary, but
they are not implausible: when the period is interpreted as a quarter, the information about the
current innovations to fundamentals and/or the current level of economic activity is likely to be
very limited. Finally, we do not pick any specific value for a (equivalently, p). Rather, we study
how the variance decomposition of the high-frequency components of output and employment
varies as we vary « from 0 to 1 (keeping in mind that a higher a means stronger trade linkagess

or, equivalently, a lower p).

2.5.1 Impulse responses to productivity and noise shocks

Figure 1 plots the impulse responses of aggregate output and employment to a positive inno-
vation of productivity, for various degrees of a. (The size of the innovation here, and in all

other impulse responses we report, is equal to one standard deviation.) Clearly, if aggregate
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productivity were common knowledge, then output would follow the same AR(1) process as
aggregate productivity itself. This is simply because there is no capital in our model. The
same thing happens when information is dispersed but there is no strategic complementarity
in output decisions (o = 0). This is simply because when o = 0 islands are effectively isolated
from one another; but as each island knows perfectly its own productivity, the entire economy

responds to the aggregate shock as if the aggregate shock had been common knowledge.
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Figure 1

In contrast, when information is dispersed but islands are interconnected (e # 0), employ-
ment and output in one island depends crucially on expectations of employment and output in
other islands. As a result, even though each island remains perfectly informed about their local
fundamentals, each island responds less to the shock than what it would have done had the
shock been common knowledge, precisely because each island expects output in other islands
to respond less. Note then that the key for the response of each island is not per se whether the
island can disentangle an aggregate shock from an idiosyncratic shock. Even if a particular is-

land was perfectly informed about the aggregate shock, as long as o > 0 the island will respond
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less to this shock than under common knowledge if it expects the other island to respond less,
presumably because the other island has imperfect information about the shock. Thus, the key
for the inertia in the response of aggregate outcomes is the uncertainty islands face about one
another’s response, not necessarily the uncertainty they themselves face about the aggregate
shock.

As evident in Figure 1, the equilibrium inertia is higher the higher the degree of strategic
complementarity. This is because of two reasons. First, there is a direct effect: the higher « is,
the less the incentive of each island to respond to the underlying shock for any given expectation
of the response of other islands. But then there is also an indirect, multiplier-like, effect: as all
other islands are expected to respond less to the underlying shock, each individual island finds
it optimal to respond even less.

At the same time, the inertia vanishes in the long-run: the long-run response of the economy
to the shock is the same as with common knowledge. This seems intuitive: as time passes, agents
become better informed about the underlying aggregate shock. However, that’s only part of
the story. First, note that agents are always perfectly informed about their own fundamentals,
so there is no learning in this dimension. Second, recall that agents do not care per se about
the aggregate fundamentals, so the fact that they are learning more about them is per se
inconsequential. Rather, the key is that agents in each island are revising their forecasts of
the output of other islands. What then drives the result that inertia vanishes in the long-
run is merely that forecasts of aggregate output eventually converge their common-knowledge

counterpart.18

18Tt may be hard to fully appreciate this point, because how fast output forecasts converge to their common-
knowledge counterpart is itself pinned down by the speed of learning about the underlying aggregate productivity
shock. However, with richer information structures, one can disentangle the speed of adjustment in output
forecasts from the speed of learning about the fundamentals. It is then only the former that matters for the
result. See Angeletos and La’O (2009a) for a related example within the context of a Calvo-like monetary model.
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Impulse Response of Output to Noise Shock
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Finally, a salient property of the response of employment is that, for high o, the short-run
impact of a productivity shock on employment turns from positive to negative; this happens
for parameters values for which the model would have generate a strong positive response had
information been symmetric. We find this striking. The baseline RBC paradigm has long been
criticized for generating a near perfect correlation between employment and labor productivity,
whereas in the data this correlation is near zero. In our setting, this correlation could be close
to zero or even turn negative if « is sufficiently high. Of course, correlations may confound the
effects of multiple shocks. Some authors in the structural VAR literature have thus sought to
show that identified technology shocks lead to a reduction in employment and have then argue
that this as a clear rejection of the RBC paradigm (e.g., Gali, 1999; Gali and Rabanal, 2004).
Here, we have shown that the dispersion or information may accommodate this fact without
invoking sticky prices.

It is worth noting that there are few variants of the baseline RBC model that can also

accommodate a negative response of employment to technology shocks, through very different
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mechanisms than ours. See Collard and Dellas (2005a), Francis and Ramey (2003a), Rotem-
berg (2003), Wen (2001), and the discussion is Section 4.2 of Gali and Rabanal (2004). Most
interestingly for our purposes, as Collard and Dellas (2005a) emphasize, the RBC paradigm
faces a tension between, on the one hand, accounting for the negative response of employment
to technology shocks and, on the other hand, maintaining the proposition that business cycles
are driven by technology shocks. In our framework, this tension is still present, but it is only
complementary to our own view about the business cycle: the central position of our approach
is that it is the uncertainty agents face about one another’s beliefs and responses, not the
underlying technology shocks, that explain the bulk of short-run fluctuations.

At the same time, note that it is the dispersion of information, not the uncertainty about
the technology shock, that causes employment to fall. If agents had been imperfectly informed
about the productivity shock but information had been common, then they could fail to increase
their employment as much as they would have done with perfect information,~ but they would
not have reduced their employment—for how could they respond to the shock by reducing
employment if they were not aware of the shock in the first place? Thus, employment falls in
our model precisely because each agent is well informed about the shock but the shock is not
common knowledge.

Turning to the effects of noise, in Figure 2 we consider the impulse responses of output
and employment in response to a positive innovation in ;. As emphasized before, this should
be interpreted as a positive error in expectations of aggregate output, rather than as an error
in expectations of aggregate fundamentals. When o = 0, such forecast errors are irrelevant,
simply because individual incentives do not depend on forecasts of aggregate activity. But when
a = 0, they generate a positive response in output and employment, thus becoming partly self-
fulfilling. Furthermore, the stronger the complementarity, the more pronounced the impact of
these errors on aggregate employment and output.

The figure considers a positive noise shock, which means a positive shift in expectations
about economic activity. The impact of a negative shift in expectations is symmetric. Note
that when these shocks occur, output, employment and consumption move in the same di-
rection, without any movement in TFP. The resulting booms and recessions could thus be

(mis)interpreted as a certain type of demand shocks. We will return to this point in a moment.
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Finally, note that the impact of these noise shocks on output and employment can be quite
persistent, even though the noise itself is not. This is simply because the associated forecast

errors are themselves persistent.

2.5.2 Variance decomposition and forecast errors

Comparing the responses of employment with those of output to the two shocks, we see that the
former is smaller than the latter in the case of productivity shocks but quite larger in the case of
noise. This is simply because productivity shocks have a double effect on output, both directly
and indirectly through employment, while the noise impacts output only through employment.
But then the response of employment to noise is bound to be stronger than that of output as
long as there are diminishing returns to labor (8 < 1), and the more show the lower 6. It follows
that noise contributes to a higher relative volatility for employment, while productivity shocks
contribute in the opposite direction. In the standard RBC framework, employment may exhibit
a higher volatility than output to the extent that there are powerful intertemporal substitution
effects (which here we have ruled out since we have also ruled out capital). However, the RBC
framework is known to lack in this dimension. Our results here indicate how noise could help

improve the performance of the RBC framework in this dimension.
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Fraction of Output Variance due to Noise
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Comparing Figures 1 and 2, it is evident that low-frequency movements in employment
and output are dominated by the productivity shocks, while noise contributes relatively more
to high-frequency movements. To further illustrate this property, in Figure 3 we plot the
variance decomposition of output and employment at different time horizons. For sufficiently
strong strategic complementarity, productivity shocks explain only a small fraction of the high-
frequency variation in output—short-run fluctuations are driven mostly by noise. As for em-

ployment, the contribution of noise is quite dramatic.
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Finally, Figure 4 plots the dynamics of the average forecast of aggregate output and the
true level of aggregate output in response to a productivity or noise shock. The average forecast
error is the distance between the two aforementioned variables. A salient feature of this figure
is that forecast errors are smallest when the degree of strategic complementarity is highest.

This is crucial. We earlier showed that a higher degree of strategic complementarity, a,
leads to both more inertia in the response of output and employment to productivity shock,
and to a bigger impact of noise. In this sense, the deviation from the common-knowledge
benchmark is highest when « is highest. However, one should not expect that these large
deviations will show up in large forecast errors. To the contrary, a higher o implies that actual
economic activity is more driven by forecasts of economic activity, so that at the end a higher
« guarantees that the forecast errors are smaller. It follows that, as we vary o, the magnitude
of the deviations of actual outcomes from their common-knowledge counterparts is inversely
related to the magnitude of the associated forecast errors. Indeed, both the inertia and the
impact of noise become nearly self-fulfilling as o gets closer to 1.

Combined, these results illustrate the distinct mark that dispersed information can have

on macroeconomic outcomes once combined with strategic complementarity. Not only can the
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effects we have documented be significant, but they are also consistent with small errors in
the agents’ forecasts of either the underlying economic fundamentals or the level of economic

activity.

2.5.3 Demand shocks, new-Keynesian models, and structural VARs

Many economists have found the idea that short-run fluctuations are driven primarily by tech-
nology shocks implausible either on a priori grounds or on the basis of certain structural VARs.
Blanchard and Quah (1989) were the first to attempt to provide some evidence that short-run
fluctuations are driven by “demand” rather than “supply” shocks, albeit with the caveat that
one cannot know what the shocks they identify really capture. Subsequent contributions by
Galif (1999), Basu, Fernald and Kimball (2006), Gali and Rabanal (2004), and others have tried
to improve in that dimension. One way or another, though, this basic view that business cycles
are not driven by technology shocks appears to underly the entire New-Keynesian literature.
Our findings here are consistent with this view. In our environment, technology shocks
may explain only a small fraction of the high-frequency volatility in macroeconomic outcomes.
However, the residual fluctuations have nothing to do with monetary shocks. Rather, they are
the product of the noise in the agents’ information. Importantly, to the extent that information
is dispersed and trade linkages are important, this noise might be quite small and nevertheless
explain a big fraction of the high-frequency volatility in macroeconomic outcomes.
Furthermore, the noise-driven fluctuations we have documented here, albeit being purely
neoclassical in their nature, they could well be interpreted as some kind of “demand” or “mon-
etary” shocks in the following sense. This is because they share many of the features often
associated with such shocks: they contribute to positive co-movement in employment, output
and consumption; they are orthogonal to the underlying productivity shocks; they are closely
related to shifts in expectations of aggregate demand; and they explain a large portion of the
high-frequency variation in employment and output while vanishing at low frequencies.!?

To better appreciate this, suppose that we generate data from our model using a random-

walk specification for the productivity shock and let an applied macroeconomist—preferably

190f course, further exploring under what conditions our noise-driven fluctuations can be associated also with
procyclical nominal prices requires a monetary extension of the model.
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of the new-keynesian type—to run a structural VAR as in Blanchard and Quah (1989) or
Galf (1999). One would then correctly identify the underlying innovations to productivity
by the shock that is allowed to have a long-run effect on output or labor productivity, and
the underlying noise shocks by the residual.?® In the language of Blanchard and Quah, the
productivity shocks would be interpreted as “supply shocks” and the noise shocks as “demand
shocks 7. However, the latter would have no relation to sticky prices and the like. To the
contrary, both type of shocks emerge from a purely supply-side mechanism. In the language
of Galf (1999) and others, on the other hand, the productivity shocks would be interpreted as
“technology shocks ”. Furthermore, as already noted, the short-run response of employment
to these identified shocks would be negative for high enough «; but this would no favor a
sticky-price interpretation.

As mentioned in the introduction, a growing literature explores, within the context of either
RBC or New-Keynesian models, the complementary idea that noisy news about future pro-
ductivity contribute to short-run fluctuations (Barsky and Sims, 2009; Beaudry and Portier,
2004; 2006; Christiano et al., 2008; Gilchrist and Leahy, 2002; Jaimovich and Rebelo, 2009; and
Lorenzoni, 2008). Furthermore, Lorenzoni (2008) interprets the resulting fluctuations as “de-
mand shocks” and discusses how they help match related facts. However, there are some crucial
differences between this line of research and our work. First and foremost, all these papers focus
on fluctuations that originate from uncertainty about a certain type of fundamentals (namely
future productivity), not on the distinct type of uncertainty that emerges when information is
heterogeneous and that we highlight in our work.?! Second, the “demand shocks” in Lorenzoni
(2008) confound real shocks with monetary shocks. By this we mean the following. Since there
is no capital in his model (as in ours), expectations of future productivity would have been ir-
relevant for current macroeconomic outcomes had nominal prices been flexible; the only reason
then that news about future productivity cause demand-like fluctuations is that they cause an
expansion in monetary policy away from the one that would replicate flexible-price allocations.

A similar comment applies to all the New-Keynesian representatives of this line of research: by

20Tncidentally, note that it is unclear whether the econometric issues studied in Blanchard, L’Huillier, and
Lorenzoni (2009) apply to our model.

2!In his baseline model, Lorenzoni considers a representative-agent model with symmetric information. In an
extension, he allows for dispersed information, but only to facilitate a more plausible calibration of the model.
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focusing on monetary policies that fail to replicate the flexible-price allocations, they confuse
noise shocks with monetary surprises. In contrast, our “demand shocks” obtain in an RBC
setting and are completely unrelated to monetary policy.

Finally, note that a positive productivity shock in our model induces a small impact on
output at high frequencies, followed by a large persistence response at lower frequencies.??
Again these properties are consistent with the estimated dynamics of “technology” shocks.

More generally, note that in many New-Keynesian models sticky prices dampen the response
of output to productivity shocks relative to the RBC framework and help get a negative response
for employment. As noted earlier, some researchers argue that these properties seem to be more
consistent with the data than their RBC counterparts. However, what is a success for these
models appears to be only a failure for monetary policy: the only reason that the response of the
economy to productivity shocks in the baseline New-Keynesian model differs from that in the
baseline RBC model is that monetary policy fails to replicate flexible-price allocations, which
is typically the optimal thing to do. Here, instead, we obtain the same empirical properties
without introducing sticky properties and without presuming any suboptimality for policy.

Gali, Lépez-Salido and Vallés (2003) argue that the negative empirical response of employ-
ment to technology shocks has vanished in the VolckerDGreenspan era, while it was prevalent
earlier on. Within the context of New-Keynesian models, this finding is consistent with the
idea that, by shifting focus to price stability, monetary policy has come closer to being optimal
during this later period of the data. However, this finding is also consistent within the context
of our model with the possibility that advances in information and communication technologies,
as well as improved policy transparency, may have contributed to a reduction in the hetero-
geneity of information. Thus, neither the empirical findings of Gali, Lépez-Salido and Vallés
(2003) help discriminate New-Keynesian models from our theory.

Finally, our approach may also have intriguing implications for the identification of mone-
tary shocks. One of the standard identification strategies is based on the idea that monetary
policy often reacts to measurement error in the level of aggregate economic activity (Bernanke

and Mihov, 1995; Christiano, Eichenbaum and Evans, 1999). In particular, consider the idea

22In our numerical exercises, the impact of the productivity shock vanishes asymptotically, only because we
have assumed that @; is (slowly) mean-reverting. If instead we assume that @ is a random walk, then the long-run
impact of a productivity shocks becomes positive, while the rest of the results remain unaffected.
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that measurement error justifies the existence of random shocks to monetary policy, which are
orthogonal to the true underlying state of the economy. If one then traces the impact of these
particular shocks on subsequent aggregate outcomes, one can escape the endogeneity problem
and identify the impact of monetary shocks. However, these measurement errors, or more gener-
ally any forecast errors that the central bank makes about current and future economic activity,
are likely to be correlated with the corresponding forecast errors of the private sector. But then
the so-identified monetary shocks may actually be proxying for the real effects of the forecast

errors of the private sector, which unfortunately are not observed by the econometrician.

2.5.4 Labor wedges and Solow residuals

Many authors have argued that a good theory of the business cycle must explain the observed
variation in the labor wedge and the Solow residual (e.g., Hall, 1997; Rotemberg and Woodford,
1999; Chari, Kehoe, and McGrattan, 2007; Shimer, 2009). We now consider the implications
of our model for these two key characteristics of the business cycle.

Following the literature, we define the labor wedge 7, ; implicitly by

N Q
=(1—7Tnp:)0—.
A 7

The left panel of Figure 5 plots the impulse response of the labor wedge to a positive productivity
and a positive noise shock. The labor wedge follows very different dynamics in response to the
two types of shocks. In particular, a positive productivity shock induces a positive response
in the labor wedge, implying positive comovement of the labor wedge with output. On the
other hand, a positive noise shock produces a negative response in the observed labor wedge,

implying a negative comovement with output.
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Multiple authors have documented that variation in the labor wedge plays a large role in
accounting for business-cycle fluctuations during the post-war period. Importantly, the labor
wedge is highly countercyclical, exhibiting sharp increases during recessions. Shimer (2009)
surveys the facts and the multiple explanations that have been proposed for the observed
countercyclicality of the labor. These include taxes, shocks to the disutility of labor, mark-up
shocks, fluctuations in wage-setting power, and Shimer’s preferred explanation, search frictions
in the labor market. Here, we have found that noise offers another possible explanation for the
same fact.

We finally consider the potential implications of our results for observed Solow residuals.
Towards this goal, we now introduce a variable input in the production function; the optimal
use of this input responds to shocks, but is unobserved by the econometrician and is thus
absorbed in the Solow residual. As in King and Rebelo (2000), our preferred interpretation
of this input is capital utilization. The only caveat is that in our model capital exogenously
fixed. However, we could introduce capital following the same approach as Angeletos and La’O
(2009b), without affecting the qualitative points we seek to make here.

We denote the unobserved input by ¥;;; we let the gross product of a firm be ¢;; = Ay Xz-lt_énft;
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and we specify the cost of this input in terms of final product as 5)(3{*'5, where £,6 > 0. The
net product of a firm is then g;; = ¢ — 5)(11;5. Solving out for the optimal level of this input,
The optimal level of this input is given by equating its marginal product with its marginal
cost: (1 — é)i% =0(1+¢) X?t' We thus obtain obtain the following reduced-form production

function:

gt = Aun, | (2.20)

where 8 = (éﬁ)é and A; = (%{%) fi}t%. Our analysis then remains intact, provided we
reinterpret the production function in the above way. Accordingly, we set § = .6 and £ = .1
(a preferred value in King and Rebelo, 2000), which implies § = .88. We also re-calibrate the
underlying aggregate productivity shocks so that the observed Solow residual (SR; = log Q; —
flog N;) implied by the common-knowledge version of the model continues to have a standard
deviation of 0.02 and a persistence of 0.99.

The right panel of Figure 5 plots the dynamic response of the Solow residual to a productivity
or a noise shock. Both shocks raise the measured Solow residual, but only the innovation in
productivity has a persistent effect. Moreover, these responses of the Solow residual mirror those
of output. It follows that the Solow residual and output move tightly together, much alike in
a standard RBC model, although employment has the more distinct behavior we mentioned
earlier.

Finally, it is worth noting that additional variation in measured Solow residuals could obtain
from variation in the dispersion of information, simply because the dispersion of information
affects the cross-sectional allocations to resources. Note in particular that the observed hetero-
geneity in forecast surveys is highly countercyclical, suggesting that the dispersion of informa-

tion may also be countercyclical. Exploring how such variation in the dispersion of information

affects the business cycle is left for future work.

2.5.5 Discussion

While the characterization of equilibrium in Section 3 allowed for arbitrary information struc-
tures, the more concrete positive results that we documented thereafter presumed a specific,
Gaussian information structure (Assumption 1). However, we do not expect any of the predic-

tions we have emphasized to be unduly sensitive to the details of the information structure.
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We build this expectation on the following observations. Proposition 1 permits us to map
our economy to a class of games with linear best responses, like those studied in Morris and
Shin (2002) and Angeletos and Pavan (2007, 2009). In this class of games, one can show under
arbitrary information structures that a stronger strategic complementarity makes equilibrium
outcomes less sensitive to first-order beliefs (the forecasts of the fundamentals) and more sen-
sitive to higher-order beliefs (the forecasts of the forecasts of others). One can then proceed to
show quite generally that higher-order beliefs are more sensitive to the initial common prior, to
public signals, and to signals with strongly correlated errors, than lower-order beliefs, simply
because these pieces of information are relatively better predictors of the forecasts of others. It
follows that higher-order beliefs are less sensitive to innovations in the fundamentals and more
sensitive to common sources of noise than lower-order beliefs. Combined, these observations
explain why stronger complementarity dampens the response of the economy to innovations in
fundamentals while amplifying the impact of noise—which are the key properties that drive
the results we documented in Sections 4 and 5. We conclude that these results are not unduly
sensitive to the details of the underlying information structure; rather, they obtain from robust
properties of higher-order beliefs and the very nature of the general-equilibrium interactions in
our economy.

Our analysis has implications, not only for aggregate fluctuations, but also for the cross-
sectional dispersion of prices and quantities. As evident from condition (2.23), a higher «
necessarily reduces the sensitivity of local output to local fundamentals, while increasing the
sensitivity to expectations of aggregate output. When information is commonly shared, all
agents share the same expectation of aggregate output, and hence heterogeneity in output
(and thereby in prices) can originate only from heterogeneity in fundamentals (productivities,
tastes, etc). It then follows that a higher a necessarily reduces cross-sectional dispersion in
output and prices, simply because it dampens the only source of heterogeneity. However,
once information is dispersed, there is an additional source of heterogeneity: different firms
have different expectations of aggregate economic activity. It then follows that a higher «
dampens the former source of heterogeneity while amplifying the latter. We conclude that,
once information is dispersed, the impact of complementarity on cross-sectional dispersion is

ambiguous—which also implies that evidence on the cross-sectional dispersion of prices and

120



quantities may provide little guidance for a quantitative assessment of our results.?3

Similarly, evidence on the size of monopolistic mark-ups, or the elasticity of demands faced
by individual firms, do not necessarily discipline the magnitude of our results. This is for two
reasons. First, in our model, the mark-up and the elasticity of individual demands identify only
n, whereas it is p that matters for complementarity. And second, as evident from the definition
of a, a high complementarity in our model is consistent with any value of p, provided that there
is a sufficiently small wealth effect on labor supply in the short run, a sufficiently high Frisch
elasticity (as in Hansen, 1985), and nearly linear returns to labor in the short run (as in King
and Rebelo, 2000).

Finally, it is worth noting that our results need not be subject to the critique that Hell-
wig and Venkateswaran (2009) raise against Woodford (2003a). That paper considers a New-
Keynesian model in which firms cannot tell apart aggregate monetary shocks from idiosyncratic
productivity or demand shocks; this is essentially the same as in Lucas (1972), except that firms
are monopolistic, and can be viewed as a micro-foundation of Woodford (2003a). For a par-
ticular calibration of that model, the aforementioned confusion induces firms to adjust their
prices a lot in response to monetary shocks even when these shocks are unobserved. In effect,
nominal prices adjust a lot to monetary shocks, albeit for the “wrong reasons ”. These findings
are interesting on their own right—and may also complement our motivation for focusing on
real rather than monetary shocks. However, one cannot possibly extrapolate from that paper
to the likely quantitative importance of our results. First, the core mechanism of that paper
does not apply to our context: if firms were to confuse aggregate shocks for local ones in our
model, this confusion would only reinforce our results.?* And second, the quantitative findings
of that paper are based on a number of heroic assumptions, which might serve certain purposes

but are out of place in our own context.2’

230ne of our discussants made the opposite argument. But his argument was based on the premise that a
higher & necessarily reduces cross-sectional dispersion. This happens to be true under the specific signal structure
we introduced in Assumption 1 but, as just explained, is not true in general.

24To see this, recall from Proposition 3 and Corollary 3 that the response of equilibrium output to an idio-
syncratic shock in fundamentals is given by ¢; = 1 — «, while its response to an aggregate shock is given by

p, =1— am:—f;W. As long as a > 0, ¢; is smaller than ¢,, which means that mistaking an aggregate
shock for an idiosyncratic shock only helps dampen the response of the economy to the aggregate shock.

25In particular, Hellwig and Venkateswaran (2009) assume that workers are perfectly informed about the mon-
etary shocks, so that nominal wages adjust one-to-one with them. When firms face constant real marginal costs

and iso-elastic demands, this assumption can alone guarantee that prices will move one-to-one with monetary
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With these observations we are not trying to escape the need for a serious quantitative
exercise, nor are we ready to speculate on the outcome of such an exercise. We are only trying
to provide some guidance for any future quantitative exploration of our results. The key effects
we have documented in this chapter hinge only on (i) the sensitivity of individual output to
forecasts of aggregate output and (ii) the sensitivity of these forecasts to the underlying shocks.
We are thus skeptical that micro evidence on prices or quantities can alone provide enough
guidance on the quantitative importance of our results. We instead propose that a quantitative
assessment of our results should rely more heavily on survey evidence about the agents’ forecasts
of economic activity. Indeed, these forecasts concisely summarize all the informational effects
in our model, and their joint stochastic behavior with actual outcomes speaks to the heart of
our results.

In this regard, we find the approach taken in Coibion and Gorodnichenko (2008) particularly
promising. this chapter uses survey evidence to study how the agents’ forecasts of certain
macroeconomic outcomes respond to certain structural shocks (with the latter being identified
by specific structural VARs). In effect, the exercises conducted in that paper are empirical
analogues of the theoretical exercise we conducted in Figure 4 for the case of productivity
shocks. Combined, the empirical investigation of that paper and the theoretical one of our
paper indicate how the focus in recent research could be shifted away from the details of the
underlying informational frictions to the joint stochastic properties of the agents’ forecasts and

the actual macroeconomic outcomes.

2.6 Efficiency

The positive properties we have documented are intriguing. However, their normative content

is unclear. Is the potentially high contribution of noise to business-cycle fluctuations, or the

shocks even if firms cannot tell whether their nominal wages have moved because of nominal or idiosyncratic
reasons. Clearly, the empirical relevance of this assumption may be questionable even within the context of that
paper. As for our own context, we see no good reason for assuming a priori that workers are perfectly informed
about the aggregate real shocks hitting the economy. Furthermore, Hellwig and Venkateswaran (2009) assume
that firms are free to adjust their action at no cost and at a daily or weekly frequency. When that action is
interpreted as a nominal price (as in that paper), this assumption serves a useful pedagogical purpose: it helps
isolate information frictions from sticky prices. But once that action is interpreted as a real employment or
investment choice (as in our model), this assumption makes no sense: the “stickiness” of real employment and
investment decisions is a matter of technology, not a matter of contracts.
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potentially high inertia in the response of the economy to innovations in productivity, a symptom
of inefficiency?

It is obvious that a planner could improve welfare if he could centralize all the information
that is dispersed in society and then dictate allocations on the basis of all this information.
But this would endow the planner with a power that seems far remote from the powers that
policy makers have in reality. Furthermore, the resulting superiority of centralized allocations
over their decentralized equilibrium counterparts would not be particularly insightful, since it
would be driven mostly by the assumption that the planner has the superior power to overcome
the information frictions imposed on the market. Thus, following Angeletos and Pavan (2007a,
2009) and Angeletos and La’O (2008), we contend that a more interesting question—on both
practical and conceptual grounds—is to understand whether a planner could improve upon the
equilibrium while being subject to the same informational frictions as the equilibrium.

This motivates us to consider a constrained efficiency concept that permits the planner to
choose any resource-feasible allocation that respects the geographical segmentation of informa-
tion in the economy—by which we simply mean that the planner cannot make the production
and employment choices of firms and workers in one island contingent on the private informa-
tion of another island. A formal definition of this efficiency concept and a detailed analysis of
efficient allocations can be found, for a variant model, in Angeletos and La’O (2008). Here we
focus on the essence.

Because of the concavity of preferences and technologies, efficiency dictates symmetry in
consumption across households, as well as symmetry across firms and workers within any given

island. Using these facts, we can represent the planning problem we are interested in as follows.

Planner’s problem. Choose a pair of local production and employment strategies, q : S, X
Sao — Ry and n: S, x Sq — Ry, and an aggregate output function, Q : ng — Ry, so0 as to

/8 Q [U(Q(Qt, Q1)) — /S S Qt_l)“‘th(w)} PO (2.21)

subject to

q(w, Q_1) = Alw)n(w, %_1)? Y(w, 1) (2.22)
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P _

Q(Qt,Qt_l) = l:/ q(w, Qt_l)pT?lth(w)jl o~ V(Qt, Qt_]_) (223)

where P(Q4|Q—1) denotes the probability distribution of €0y conditional on §2;_1.

This problem has a simple interpretation. U(Q (2, :—1) is the utility of consumption for the
representative household; %S(w)n(:,u,ﬂt_l)€ is the marginal disutility of labor for the typical
worker in a given island; and the corresponding integral is the overall disutility of labor for
the representative household. Furthermore, note that, once the planner picks the production
strategy ¢, the employment strategy n is pinned down by (2.22) and the aggregate output
function @ is pinned down by (2.22). The reduced-form objective in (2.21) is thus a functional
that gives the level of welfare implied by any arbitrary production strategy that the planner
dictates to the economy.

Because this problem is strictly concave, it has a unique solution and this solution is pinned

down by the following first-order condition:2

Sunt, = Ei [U’ Q1) (%) _1 (HAitnft_1> . (2.24)

This condition simply states that the planner dictates the agents to equate the social cost of
employment in their island with the local expectation of the social value of the marginal product
of that employment. Essentially the same condition characterizes (first-best) efficiency in the
standard, symmetric-information paradigm. The only difference is that there expectations are
conditional on the commonly-available information set, while here they are conditional on the
locally-available information sets.

As with equilibrium, we can use g;; = Aitnft to eliminate n;; in the above condition, thereby

reaching the following result.

Proposition 34 Let

*(w) = log 4 HFFT (%)# (,;_((%>;£,—_—1

26Because of the continuum, the efficient allocation is determined only for almost every w. For expositional
simplicity, we bypass the almost qualification throughout the paper.
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be a composite of the local productivity and taste shocks. The efficient strategy q : S, X Sq — Ry

is the fized point to the following:

1

1og ¢ (wi, Y1) = (1—a) f*(wr)+a log {]E [Q(Qt,ﬂt_l)%"""wt,ﬂt_l] %—_} V(ws, Y1), (2.25)

Q% Q1) = [/Q(w,ﬂt—l)%dgt(w)];f_l V(2, Q-1). (2.26)

A number of remarks are worth making. First, note that the composite shock f;* plays a
similar role for the efficient allocation as the composite shock f; played for the equilibrium: it
identifies the fundamentals that are relevant from the planner’s point of view. This is evident,
not only from the above result, but also directly from the planner’s problem: using g; = Agnf
to eliminate m; in the expression for welfare given in the planner’s problem, we can express
welfare as a simple function of the production strategy and the composite shock f;* alone.

Second, note that Proposition 34 permits a game-theoretic interpretation of the efficient
allocation, much alike what Proposition 28 did for equilibrium: the efficient allocation of the
economy coincides with the Bayes-Nash equilibrium of a game in which the different players
are the different islands of the economy and their best responses are given by (2.25).

Third, note fhat, apart from the different composite shock, the structure of the fixed point
that characterizes the efficient and the equilibrium allocation is the same: once we replace
f*(w;) with f(w;), condition (2.25) coincides with its equilibrium counterpart, condition (2.6).
And because f*(w;) = f(w;) for every wy if and only if there is no monopoly power, the following

is immediate.

Corollary 35 In the absence of monopoly distortions, the equilibrium is efficient, no matter

the information structure.

This result establishes that neither the presence of noise nor the dispersion of information are
per se sources of inefficiency. This result might sound bizarre in light of our earlier results that
the economy can feature extreme amplification effects, with a tiny amount of noise contributing
to large aggregate fluctuations. However, it should be ex post obvious. What causes these
large positive effects is the combination of dispersed information and strong complementarity.

But neither one introduces a wedge between the equilibrium and the planner. Indeed, the
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geographical segmentation of information is similar to a technological constraint that impacts
equilibrium and efficient allocations in a completely symmetric way. As for the complementarity,
it’s origin is preferences and technologies, not any type of market inefficiency, guaranteeing that
private motives in coordinating economic activity are perfectly aligned with social motives. It
follows that, when stronger complementarity amplifies the impact of noise, it does so without
causing any inefficiency.?’

We can generalize this result for situations where firms have monopoly power, to the extent

that there are no aggregate shocks to monopoly power, as follows.

Corollary 36 Suppose that information is Gaussian (Assumption 1 holds) and there are no
aggregate mark-up shocks (ff — fi is fized). Then, the the business cycle is efficient in the sense

the gap log Qy — log QF between the equilibrium and the efficient level of output is invariant.

If we allow for mark-up shocks, then clearly the equilibrium business cycle ceases to be
efficient. But this is true irrespectively of whether information is dispersed or commonly shared.
We conclude that the dispersion of information per se is not a source of inefficiency, whether
one considers a competitive RBC or a monopolistic New-Keynesian model. We further discuss
the implications of this result for optimal policy and the social value of information in Angeletos
and La’0O (2008).

We conclude this section with an important qualification. While our efficiency results al-
lowed for an arbitrary information structure, they restricted the information structure to be
exogenous to the underlying allocations. This ignores the possibility that information gets en-
dogenously aggregated through prices, macro indicators, and other channels of social learning—
which is clearly an important omission. We address this issue, too, in Angeletos and La’O
(2008), by allowing information to get partly aggregated through certain price and quantity
indicators. We first show that a planner who internalizes the endogeneity of the informa-
tion contained in these indicators will choose a different allocation than the equilibrium. This
typically means that the planner likes to increase the sensitivity of allocations to private infor-
mation, so as to increase the precision of the information that gets revealed by the available

macroeconomic indicators. We then explore policies that could help in this direction.

27 As mentioned earlier, this is the opposite of what happens in Morris and Shin (2002).
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2.7 Concluding remarks

The pertinent macroeconomics literature has used informational frictions to motivate why eco-
nomic agents may happen, or choose, to be partly unaware about the shocks hitting the econ-
omy. Sometimes the informational friction is exogenous, sometimes it is endogenized. Invari-
ably, though, the main modeling role of informational frictions seems to remain a simple and
basic one: to limit the knowledge that agents have about the underlying shocks to economic
fundamentals.

Our approach, instead, seeks to highlight that the heterogeneity of information may have a
very distinct mark on macroeconomic outcomes than the uncertainty about fundamentals. We
highlighted this in this chapter by showing how the heterogeneity of information can induce
significant inertia in the response of the economy to productivity shocks, and can also gen-
erate significant noise-driven fluctuations, even when the agents are well informed about the
underlying fundamentals. In Angeletos and La’O (2009b), we further show that the hetero-
geneity of information can open the door to a novel type of sentiment shocks—namely shocks
that are independent of either the underlying fundamentals or the agents’ expectations of the
fundamentals and nevertheless cause variation in the agents’ forecasts of economic activity and
thereby in actual economic activity, despite the uniqueness of equilibrium. This in turn permits
a broader interpretation of what noise stood for in the present paper: noise could be inter-
preted more generally as any variation in the forecasts of economic activity that is orthogonal
by fundamentals.

In this chapter, we focused on the dispersion of information about the real shocks hitting
the economy, ruling out sticky prices and dismissing any lack of common knowledge about
innovations to monetary policy. This, however, does not mean that we see no interesting
interaction between dispersed information and nominal frictions. It only means that we find
it a good modeling benchmark to assume common knowledge of the current monetary policy.
Where we instead see an intriguing interaction between our approach and monetary policy is
the following dimension: when there is dispersed information about the underlying real shocks
hitting the economy and nominal prices are rigid, the response of monetary policy to any
information that becomes available about these shocks may be crucial for how the economy

responds to these shocks in the first place. This point was first emphasized at a more abstract
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level by Angeletos and Pavan (2007b, 2009) and is further explored by Angeletos and La’O
(2008) and Lorenzoni (2009) within new-Keynesian variants of the economy we have studied in
this chapter.

We conclude with a comment on the alternative formalizations of informational frictions. For
certain questions, one formalization might be preferable to another; for example, if one wishes
to understand which particular pieces of information agents are likely to pay more attention
to, Sims (2003) offers an elegant, intriguing, and micro-founded methodology. However, for
certain other questions, the specifics of any particular formalization may prove unnecessary,
or even distracting. The results we have emphasized in this chapter appear to hinge only on
the heterogeneity of information, not on the specific details of the information structure. To
highlight this, we showed that the information structure matters for economic outcomes only
through its impact on the agents’ forecasts of aggregate economic activity. We would thus invite
other researchers not to commit to any particular formalization of the information structure
(including ours), but rather to take a more flexible approach to the modeling of informational
frictions. After all, the data cannot possibly inform us about the details of the information
structure. What, instead, the data can do is to inform us about the stochastic properties of the
agents’ forecasts of economic activity—which, as mentioned, is the only channel through which
the dispersion of information matters of economic behavior. Thus, in our view, it is only this

evidence that should help discipline the theory.
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Appendix

Proof of Proposition 28. The characterization of the equilibrium follows directly from the
discussion in the main text. Its existence and uniqueness can be obtained by showing that
the equilibrium coincides with the solution to a concave planning problem. For the case that
there is no monopoly power (17 = 00), this follows directly from our analysis in Section 6 and

in Proposition 34. A similar result can be obtained for the case with monopoly power.
Proof of Proposition 29. This follows from the discussion in the main text.

Proof of Proposition 30. Suppose that, conditional on w; and €;_1, Q(£2,Q—1) is log-
normal, with variance independent of wy; that this is true under the log-normal structure for
the underlying shocks and signals we will prove shortly. Using log-normality of @) in condition

(2.6), we infer that the equilibrium production strategy must satisfy condition (2.8) with
a1
const = 5 (; - fy) Var [log Q(€24, Qt—1)|we, Q1]

and Var [log Q(, Qi—1)|we, —1] = Var [log Q(2, Qs—1)|Q2—1].

We now guess and verify a log-linear equilibrium under the log-normal specification for the
shock and information structure. Suppose the equilibrium production strategy takes a log-
linear form: logq; = @o +¢_1 fi-1 + @1 ft + @, ot + oy, for some coefficients (p_1, ¢ ¢, ¢, @,)-
Aggregate output is then given by

log Q(Q, Qu—1) = 0y + @_1 fim1 + (07 + @) fe + 0yt (2.27)

2
where ¢ = ¢o+ % (&g_l) {i—é + % + 2%—:”] . It follows that Q(€2,2:—1) is indeed log-normal,

with
E [log Q(Qt, Qt_l)lwt, Qt—l] = 306 + (,0_1_)?)5._1 + ((Pf + gox)]E [ﬁlwt, Qt—l] + <pyyt(2.28)
2 1
0, Qs 4] = _ _
Var [log Q(Q, 1) |wt, Q1] (o5 + ©2) (,{f + Ky + ny> (2.29)

where E [ﬁ|wt, Qt_1] = kazﬁ%y@ﬁft-l + Kf+',:z+ﬁy xy + »cf+:2+ny y¢. Substituting these expres-
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sions into (2.8) gives us

logq(we, u-1) = const+(1—a)fw)+a(p +e_1fi-1+eyu)

Ky Ky Ky
talps + o) | ——L P fror + ————y + —— L
(o5 + ¥2) (va_*_’%_l_,iyiﬂft R ——— Hf+ﬂz+f€yyt)

For this to coincide with logq (w) = g + ¢_1fi1 + rf + 0,7 + @y for every (f,z,y), it is

necessary and sufficient that the coefficients (¢g, v_1,®f, ¢5, @) solve the following system:

pg = const+ acpf)
pr = l1-a
Pe = a(SOf+<Px) (:“Lf'f'lix‘i"iy)

K
p_1 = ap_ytoles+e,) (K;f—i-—lif-l—_n_) (U
T Y

Ky
Spy = ag0y+a(<pf+<,0x) K,f—*—ﬁj Tk
z Yy

The unique solution to this system for (¢_;, ¢y, ¢, ¥, ) is the one given in the proposition; ¢y
is then uniquely determined from the first equation of this system along with the definition of

const and y.

Proof of Proposition 33. The result follows by a triple limit. First, take o — 1; next, take
ky — 0; and finally, take Kz — oo. It is easy to check that this triple limit implies K — oo
and R — 1. That is, the precision of the agents posterior about the fundamentals (the mean
squared forecast error) converges to zero, while the fraction of the high-frequency variation in

output that is due to noise converges to 100%.

Kalman filtering for dynamic extension. The method we use in solving this equilibrium
is similar to that found in Woodford (2003b).

State Vector and Law of Motion. We guess and verify that the relevant aggregate state
variables of the economy at time ¢ are f; and log Q; and thus define state vector X; in (2.17)

accordingly.
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Claim. The dynamics of the economy are given by the following law of motion

Xt = M X1+ myvp + meey (2.30)

(4 0 1 0
My = ,Me = . (2.31)
! My Moo } { My2 ] |: Me2 ]

The coefficients (May, Mag, my2, me2) are given by

with
M

My = 9 (Ko + Ka) (2.32)
My = % (1— Ko — Ks2) (2.33)
mus = 1—a(l— K — Ka) (2.34)
myy = oK (2.35)
and
_ | Bu Kz
| K Ko

is the matriz of kalman gains, defined by

K =B((X; — Biro1 X)) (200 — B [20a]) | B (00 — Bigoa [224]) (200 — B [224])]
(2.36)
We verify this claim in the following and describe the procedure for finding the fixed point.
Observation Equation. In each period ¢, firms and workers on island ¢ observe vector z; 4, as
in (2.18), of private and public signals. In terms of the aggregate state and error terms, island

i’s observation equation takes the form
1
Zit = Xt + Sit + £t (2.37)

where e; is defined as a column vector of length two where the j-th entry is 1 and all other

entries are 0.
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Forecasting and Inference. Island i’s t — 1 forecast of 2} is given by

Ei—1lzi4] = Ei 1 [ Xt

where E; ;1 [X;] is island’s i’s t — 1 forecast of X;. Combining this with the law of motion
(2.30), it follows that E;;—1 [Xi] = ME; ;1 [Xi—1]-

To form minimum mean-squared-error estimates of the current state, firms and workers on

each island use the kalman filter to update their forecasts. Updating is done via

Ei: [Xi]) = Big—1 [ Xe] + K (zip — BEig—1 [2i4]) (2.38)

where K is the 2 x 2 matrix of Kalman gains, defined in (2.36). Substitution of island s ¢t — 1
forecast of 2! into (2.38) gives us

/

I-K ,1 ME; ;1 [Xi—1] + Kz
€

E;: [X:) = (2.39)

Let B; [X4]) = [ 1 Bi ¢ [Xi] di be the time ¢ average expectation of the current state. Aggregation
over (2.39) implies

/

_ e _
Et [Xt] =|{I-K ! MEt_l [Xt._]_] -+ K/Z,;’tdi
€
. : : : : _|ea 0
Finally, using the fact that aggregration over signals yields [ z;:di = Xt + €t, it
€l
follows that the average expectation evolves according to
/ /
Et [Xt] = K MXt—l + I - K M]Et_l [Xt~_1] (240)
€ €l
el el 0
+K myvy + K me + £t
el e} 1
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where M ,m,, m. are given by (2.31).
Characterizing Aggregate Output. Local output in each island is determined by the best-
response-like condition in (2.16), which may be rewritten as logg;: = (1 — a) f; + aejE; ; [Xy].

Aggregating over this condition, we find that aggregate output must satisfy
log Q: = (1 — @) fi + aehBEy [Xy] (2.41)
Substituting our expression for E; [X;] from (2.40) into (2.41), gives us

log Q: = [(1 — a) U+ ay (K21 + K22)] .ft—1 + [C!le — o (K21 + Kzz)] I—Et_l [ﬁ_l]

+aMpE 1 [log Qi-1] + [(1 — o) + a (Ka1 + Ka2)] vt + aKaoe

Moreover, rearranging condition (2.41), we find that E; [log Qi) = % (logQ: — (1 —a) ft). Fi-

nally, using this condition in the above equation gives us

log@Q: = [(1—a)y+ ayp (Ko + Kaz) — Mo (1 — )] fio1+ Moy log Qi1

+ [aMa1 — oty (Ko1 + K22)] Eeoq [fi—1] + [1 — a + a (Kot + Ka)] v + aKae:

For this to coincide with the law of motion conjectured in (2.30) and (2.31) for every (fi—1,log Qs—1, v1, €1),
it is necessary and sufficient that the coefficients (Ma1, Moz, my2, me2) solve the following sys-

tem:

My = (1-0o)y+ayp (Ko + Kp)— Mpa(l—-a)
myy = 1—a+ a(Ko + Ko2)
meo = aKoo

0 = aMy — oy (Ko + Ka)

The unique solution to this system for (Ma1, M2z, my2, me2) is the one given in the proposition.
Therefore, given the kalman gains matrix K, we can uniquely identify the coefficients of the
law of motion of X;.

Kalman Filtering. Let us define the variance-covariance matrices of forecast errors as
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> = E [(Xt — B [X3]) (Xt — Esp— [Xt])l]

Vo= E[(X—Eit[Xi]) (Xi — Eir [X])']

These matrices will be the same for all islands ¢, since their observation errors are assumed to

have the same stochastic properties. Using these matrices, we may write K as the product of

two components:

E; [(Xt —E;1—1[X3]) (210 — Byp— [zi,t])l] =X [ e1 el ] + o2m, [ 01 }

and

e 10
Ei [(zit — Eip—1 [2ig]) (2ip — Bi—1 [2i4))'] = s [ e1 e1 } + o2
el 00
(2.42)
e 0 0 0
+U§ ! me[o 1]+ m;[el 61]+
el 1 01
Therefore, K is given by
K p= (Z [ e e j‘ +0'§m5 [ 0 ]_ ]) (Ug)—l (243)

where 02 = E; [(zi,t —Eis—1[2i4]) (zip — Big [zi,t])'] is given by (2.42).
Finally, what remains to determine is the matrix ¥. The law of motion implies that matrices

3 and V satisfy

’ 2 ' 2 /
E=MVM +oymym, + o.memy,

In addition, the forecasting equation (2.39) imply these matrices must further satisfy

V:ZJ—(Z[el e1]+a§m5{o ID(UZ)_I 402 m.
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Combining the above two equations, we obtain the stationary Ricatti Equation for X:

€
£

T = MZM’—M(E{QI el]+a§m5[o 1])(03)‘1 S + o2 (1) m. | M’

~

51

+o2myml + oimeml, (2.44)

where M, m,, m, are functions of the kalman gains matrix K, and K is itself a function of ¥
and m,.. The variance-covariance matrix X, the kalman gains matrix K, and the law of motion
matrices M, m,, m. are thus obtained by solving the large non-linear system of equations
described by (2.32)-(2.35), (2.43), and (2.44). This system is too complicated to allow further

analytical results; we thus solve for the fixed point numerically.

Proof of Proposition 34. The planner’s problem is strictly convex, guaranteeing that its
solution is unique and is pinned down by its first-order conditions. The Lagrangian of this

problem can be written as

A = /5 [U(th,nt_n)— A %ﬂswe—%ﬁaq(w,nt_ﬁdnt(m] AF(|0u-1)

w

-1 —1
+ [ 30 [0 900 [ a0 i) aF @i
Q w

The first-order conditions with respect to Q(£2) and ¢ (w) are given by the following:

-1 1
U Q0% 2e-r)) + 2@ (22 ) Q0w ) F = (2)

1 € € - 1 —_——
[ [Fastre oo st a0 (25 g0 F @l i) = (40)
Q

where F (4|w, ;1) denotes the posterior about €2; (or, equivalently, about fi and y;) given ws.
Restating condition (2.45) as A(€) (”;—1) = -U"(Q(%, -1)) Q(Y, Qt_l)% and substituting

this into condition (2.46), gives condition (2.25), which concludes the proof.
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Chapter 3

Incomplete Information,
Higher-Order Beliefs and Price

Inertia

3.1 Introduction

How much, and how quickly, do prices respond to nominal shocks? This is one of the most
fundamental questions in macroeconomics: it is key to understanding the sources and the
propagation of the business cycle, as well as the power of monetary policy to control real
economic activity.

To address this question, one strand of the literature has focused on menu costs and other
frictions in adjusting prices; this includes both convenient time-dependent models and state-
dependent adjustment models. Price rigidities are then identified as the key force behind price
inertia. Another strand of the literature has focused on informational frictions; this strand
highlights that firms may fail to adjust their price to nominal shocks, not because it is costly
or impossible to do so, but rather because they have imperfect information about these shocks.
The older literature formalized this imperfection as a geographical dispersion of the available
information (Lucas, 1972, Barro, 1976); more recent contributions have proposed infrequent

updating of information (Mankiw and Reis, 2002; Reis, 2006) or rational inattention (Sims,
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2003; Woodford, 2003, 2008; Machowiak and Wiederholt, 2008). One way or another, though,
the key driving force behind price inertia is that firms happen, or choose, to have imperfect
knowledge of the underlying nominal shocks.

The starting point of this chapter is a bridge between these two approaches. In particular,
our baseline model is a hybrid of Calvo (1983), Morris and Shin (2002), and Woodford (2003):
on the one hand, firms can adjust prices only infrequently, as in Calvo; on the other hand, firms
observe the underlying nominal shocks only with noise, similarly to Morris-Shin and Woodford.

Within this baseline model, the response of prices to nominal shocks—and hence also the
real impact of these shocks—is characterized by the interaction of three key parameters: the
precision of available information about the underlying nominal shocks (equivalently, the level
of noise in the firms’ signals of these shocks); the frequency of price adjustment; and the degree
of strategic complementarity in pricing decisions. That all three parameters should matter is
obvious; but their interaction is also interesting. The combination of sticky prices and strategic
complementarity implies that the incompleteness of information can have lasting effects on
inflation and real output even if the shocks become commonly known very quickly. This is
because firms that have full information about the shock at the time they set prices will find it
optimal to adjust only partly to the extent that other firms had only incomplete information at
the time they had set their prices. Moreover, incomplete information can help make inflation
peak after real output, which seems consistent with available evidence based on structural
VARs.

These findings synthesize, and marginally extend, various lessons from the pertinent litera-
ture with regard to how frictions in either price adjustment or information about the underlying
nominal shocks impact the response of prices to these shocks. This synthesis has its own value,
as it provides a simple and tractable incomplete-information version of the Calvo model that
could readily be taken to the data. Nevertheless, this synthesis is not the main contribution
of the paper. Rather, the main contribution of the paper is, first, to highlight that the afore-
mentioned lessons miss the distinct role that higher-order beliefs play in the dynamics of price
adjustment and, second, to show how this distinct role can be parsimoniously accommodated
within our Calvo-like framework.

The basic idea behind our contribution is simple. The precision of the firms’ information
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about the underlying nominal shock identifies how fast the firms’ forecasts of the shock respond
to the true shock: the more precise their information, the faster their forecasts converge to the
truth. However, this need not also identify how fast the forecasts of the forecasts of others
may adjust. In other words, the precision of available information pins down the response of
first-order beliefs, but not necessarily the response of higher-order beliefs. But when prices
are strategic complements, the response of the price level to the underlying shock depends
heavily on the response of higher-order beliefs. It follows that neither the precision of available
information nor the degree of price rigidity suffice for calibrating the degree of price inertia at
the macro level.

To better understand this point, it is useful to abstract for a moment from sticky prices.
Assume, in particular, that all firms can adjust their prices in any given period and that the

prices they set are given by the following simple pricing rule:
pi = (1 — a)E;0 + oE;ip

where p; is the price set by firm %, § is nominal demand, p is the aggregate price level, o € (0, 1)
is the degree of strategic complementarity in pricing decisions, and E; denotes the expectation
conditional on the information of firm i. Aggregating _this condition and iterating over the
expectations of the price level imply that the aggregate price level must satisfy the following

condition:

p=(1-a)(E'+aE®*+PE* +...),

where EF denotes the k*'-order average forecast of . It then follows that the response of price
level p to an innovation in @ depends on the response of the entire sequence of different orders
of beliefs, {E¥}%° |, to that shock.

When information is perfect or at least commonly shared, then E* = E! for all k. It then
follows that the response of prices to an innovation in 6 depends merely on the response of
first-order beliefs, which in turn is pinned down by the precision of the available information

about #. When, instead, information is dispersed, higher-order beliefs need not coincide with

IThe k*"-order average forecasts are defined recursively as follows: E? is the cross-sectional mean of the firms’
forecasts of the underlying nominal shock; FE? is the cross-sectional mean of the firms’ forecasts of E*; and so on.
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first-order beliefs.

The potential role of higher-order beliefs has been noted before by Morris and Shin (2002),
Woodford (2003), and others. However, in the standard Gaussian example used in the pertinent
literature, the sensitivity of higher-order beliefs to the shock is tightly connected to that of
first-order beliefs: higher-order beliefs can be less sensitive to the underlying shock only if
the precision of information about the shock is lower, in which case first-order beliefs are also
less sensitive. It follows that in the standard Gaussian example the precision of information
about the underlying nominal shock remains the key determinant of the response of the price
level to the shock. However, once one goes away from the standard Gaussian example, this
tight connection between first- and higher-order beliefs can break—and the break can be quite
significant.

We highlight the crucial and distinct role of higher-order beliefs with three variants of our
baseline model. All three variants retain the combination of infrequent price adjustment (as in
Calvo) and noisy information about the underlying shocks (as in Morris-Shin and Woodford),
but differentiate in the specification of higher-order beliefs.

In the first variant, firms face uncertainty, not only about the size of the aggregate nominal
shock, but also about the precision of the signals that other firms receive about this shock.
This extension helps isolate the role of higher-order beliefs or, equivalently, the role of strategic
uncertainty: it shows how this additional source of uncertainty about the distribution of preci-
sions can impact the response of higher-order beliefs to the underlying shocks, and thereby the
response of prices, without necessarily affecting the response of first-order beliefs.

In the second variant, firms hold heterogeneous priors about the stochastic properties of the
signals that other firms receive. In this economy, firms expect the beliefs of others to adjust
more slowly to the underlying shocks than their own beliefs. They thus behave in equilibrium
as if they lived in a economy where all other firms had less precise information than what
they themselves have. This in turn helps rationalize why equilibrium prices may adjust very
slowly to the underlying nominal shocks even if the frequency of price adjustment is arbitrarily
high and each firm has arbitrarily precise information about the underlying nominal shock.
Once again, the key is the inertia of higher-order beliefs; heterogeneous priors is a convenient

modeling device.
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The aforementioned two variants focus on how higher-order beliefs impact the propagation of
nominal shocks in the economy. The third and final variant shows how higher-order beliefs can
be the source of fluctuations in the economy—how they can themselves be one of the “structural”
shocks. In particular, variation in higher-order beliefs that is orthogonal to either the underlying
nominal shocks or the firms information about these shocks can generate fluctuations in inflation
and real output that resemble those generated by “cost-push” shocks.

Combined, these findings point out that a macroeconomist who wishes to quantify the
response of the economy to its underlying structural shocks, or even to identify what are these
structural shocks in the first place, may need appropriate information, not only about the
degree of price rigidity and the firms’ information (beliefs) about these shocks, but also about
the stochastic properties of their forecasts of the forecasts of others (higher-order beliefs).

Because the hierarchy of beliefs is an infinitely dimensional object, incorporating the distinct
role of higher-order beliefs in macroeconomic models may appear to be a challenging task. Part
of the contribution of the paper is to show that this is not the case. All the models we present
here are highly parsimonious and nevertheless allow for rich dynamics in higher-order beliefs.

The rest of the paper is organized as follows. Section 3.2 discusses the relation of our paper to
the literature. Section 3.3 studies our baseline model, which introduces incomplete information
in the Calvo model. Section 3.4 studies the variant with uncertainty about the precisions of
one another. Section 3.5 studies the variant that with heterogeneous priors. Section 3.6 turns
to cost-push shocks. Section 3.7 concludes with suggestions for future research. The details of

the proofs of all the formal results can be found in the appendix.

3.2 Related literature

The macroeconomics literature on informational frictions has a long history, going back to
Phelps (1970), Lucas (1972, 1975), Barro (1976), King (1983) and Townsend (1983). Recently,
this literature has been revived by Mankiw and Reis (2002), Morris and Shin (2002), Sims
(2003), Woodford (2003), and subsequent work.? this chapter contributes to this literature

2Gee, e.g., Amato and Shin (2006), Angeletos and La’O (2008, 2009a, 2009b), Angeletos and Pavan (2007),
Bacchetta and Wincoop (2005), Collard and Dellas (2005), Hellwig (2005), Lorenzoni (2008, 2009), Mackowiak
and Wiederholt (2008, 2009), Nimark (2007, 2008), and Reis (2006).
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in two ways: first, by studying the interaction of incomplete information with price rigidities
within the Calvo model; second, and most importantly, by furthering our understanding of
the distinct role of higher-order beliefs. Closely related in this respect are Angeletos and La’O
(2009a, 2009b), which emphasize other dimensions in which dispersed information has very
distinct implications for the business cycle than uncertainty about the fundamentals.

Our paper is highly complementary to the papers by Woodford (2003) and Morris and
Shin (2002, 2006). These papers document how higher-order beliefs may respond less to in-
formation about the underlying shocks than first-order beliefs, simply because they are more
anchored to the common prior.?> However, by adopting the convenience of a popular but very
specific Gaussian information structure, they have also restricted attention to settings where
the response of higher-order beliefs is tightly tied to the response of first-order beliefs: in their
settings, the response of higher-order beliefs is a monotone transformation of the response of
first-order beliefs, thus precluding any independent role for higher-order beliefs.

Our paper, instead, highlights that, whereas the response of first-order beliefs to the under-
lying nominals shocks is pinned down solely by the level of uncertainty about these shocks, the
response of higher-order beliefs depends also on other sources of uncertainty, such as uncertainty
about the precision of others’ information. Furthermore, it shows how with heterogeneous priors
it is possible that higher-order beliefs respond very little, or even not at all, to the underly-
ing shocks even if all firms are nearly perfectly informed about these shocks (in which case
first-order beliefs respond nearly one-to-one with the shock).

Closely related are also the papers by Nimark (2008) and Klenow and Willis (2007). The
former paper studies a similar framework as ours, namely a Calvo model with incomplete
information, along with a more complex learning dynamics: unlike our paper and rather as in
Woodford (2003), the underlying shocks do not become common knowledge after one-period
delay. The latter paper studies a menu-cost model with sticky information. Much alike our
baseline model, both papers study the interaction of price rigidities and informational frictions.
However, these papers do disentangle the role of higher-order beliefs as this chapter does. In

particular, the quantitative importance of incomplete information in these papers is tied to the

3A similar role of higher-order beliefs has been highlighted by Allen, Morris and Shin (2005), Angeletos,
Lorenzoni and Pavan (2007) and Bacchetta and Wincoop (2005) within the context of financial markets.
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precision of information about the underlying shocks at the time of price changes. In contrast,
our paper shows how one can disentangle the dynamics of higher-oder beliefs from the speed of
learning, and uses this to argue that significant price inertia at the macro level can be consistent
with both significant price flexibility at the micro level and fast learning about the underlying
nominal shocks.

Finally, the heterogeneous-priors variant of this chapter builds on Angeletos and La’O
(2009b). That paper considers a real-business-cycle model in which firms have dispersed infor-
mation about the underlying productivity shocks. It is then shown that dispersed information
opens the door to a certain type of sunspot-like fluctuations—i.e., fluctuations that cannot be
explained by variation in either the underlying economic fundamentals or the firms’ beliefs
about these fundamentals. These fluctuations obtain also under a common prior, but are easier
to model with heterogeneous priors. The present paper complements this other work by illus-
trating how these type of fluctuations can take the form of cost-push shocks in a new-keynesian
model, and how heterogeneous priors can also help rationalize significant inertia in the response

of prices to nominal shocks.

3.3 The Calvo Model with Incomplete Information

This section considers a variant of the Calvo model that allows firms to have dispersed private

information about aggregate nominal demand.

Households and firms. The economy is populated by a representative household and a
continuum of firms that produce differentiated commodities. Firms are indexed by i € [0, 1].
Time is discrete, indexed by ¢t € {0,1,2,...}. There is no capital, so that there is no saving in
equilibrium. Along with the fact that there is a representative household, this implies that it
is without serious loss of generality to abstract from asset trading, provided that one abstracts
4

from the role of such markets in aggregating information.

The preferences of the household are given by >, BU(C;, Ny), with

U(Cf,, Nt) = lOg Ct - Nt,

4For endogenous aggregation of information within a business-cycle context, see Angeletos and La’O (2008).
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where 8 € (0, 1) is the discount rate, N; is the labor supplied by the household,

1=1 15
Ct == [/ Ci’tp d7,:|

is the familiar CES aggregator, C;; is the consumption of the commodity produced by firm
i, and > 0 is the elasticity of substitution across commodities. As usual, this specification

implies that the demand for the commodity of firm ¢ is given by

_1_
=

where P, = [ [P 1di} " is the aggregate price index.

The output of firm ¢, on the other hand, is given by
)/i,t = Ai,tLZm

where A;; is the idiosyncratic productivity shock and e¢ € (0,1) parameterizes the degree of
diminishing returns.

By the resource constraint for each commodity, Y;; = C;; for all i and therefore aggregate
output is given by Y; = C;. Finally, aggregate nominal demand is given by the following

quantity-theory or cash-in-advance constraint:
PtCt = @t-

Here, ©; denotes the level of aggregate nominal demand (aggregate nominal GDP), is assumed
to be exogenous, and defines the “monetary shock” of our model.

In what follows, we use lower-case variables for the logarithms of the corresponding upper-
case variables: 0; = log©y, y; = logV;, pr = log P;, and so on. We also assume that all
exogenous shocks are log-normally distributed, which guarantees that the equilibrium admits

an exact log-linear solution.
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Shocks and information. Aggregate nominal demand is assumed to follow a random walk:
0y = 0t—1 + vt

where v; ~ N(0,02%) is white noise. Each period has two stages, a morning and an evening.
Let I}’t and Izt denote the information set of firm ¢ during, respectively, the morning and the
evening of period ¢t. Information about the current level of nominal demand is imperfect during
the morning but perfect during the evening. The information that a firm has about 8; during

the morning is summarized in a Gaussian private signal of the following form:
Tit =0t + g,

where ¢;; ~ N(0,02) is purely idiosyncratic noise (i.i.d. across firms). Pricing choices (for the
firms that have the option to set prices) are made in the morning, while information about 6,
is imperfect; employment and consumption choices are made in the evening, once #; has been
publicly revealed. Finally, the idiosyncratic productivity shock a;; follows a random walk and
it is known to the firm from the beginning of the period.

The information of firm ¢ in the morning of period ¢ is therefore given by I%t = I?,t_l U
{zit,ai.}, while her information in the evening of the same period is given by ’Ifyt = I,.{t_lu{et}.
We will see in a moment that, in equilibrium, p;—; and y;—1 are functions of {0;_1,6;_2,...}; it
would thus make no difference if past values of the price level and real GDP had been included
in the information set of the firm. Similarly, y;; is a function of Z;;; it would thus make no
difference if the realized level of a firm’s demand had been included into its evening information
set.

The assumption that 6; becomes common knowledge at the end of each period is neither
random nor inconsequential. If one wishes information about 6; to remain dispersed after the
end of period ¢, one needs somehow to limit the aggregation of information that takes place
through commodity markets. That requires a more decentralized trading structure and compli-
cates the necessary micro-foundations, which seems an undue cost given that the contribution
of the paper is not quantitative. Furthermore, the dynamics become much less tractable: as in

Townsend (1983), Nimark (2008), and others, firms must now keep tract of the entire history
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of their information in order to forecast the forecasts of others, and the equilibrium dynamics
would cease to have any simple recursive structure. Here, we avoid all these complications, and
keep the analysis highly tractable, only by assuming, as in Lucas (1972), that 6; becomes com-
mon knowledge after a short delay. However, it is important to recognize that, in so doing, we
impose a fast convergence of beliefs about the past shocks and also rule out any heterogeneity
in the agents’ expectations of future shocks beyond the one in their beliefs about the current
shock. One may expect that relaxing these properties would add to even more inertia, both
because firms would learn more slowly (Woodford, 2003) and because expectations of future

shocks could be more anchored to public information (Morris and Shin, 2006).

Price-setting behavior. Consider for a moment the case where prices are flexible and the
current nominal shock is common knowledge at the moment firms set prices. The optimal price

set by firm ¢ in period t is then given by
Py = p+meiy

where p = H_Ll is the monopolistic mark-up and mc;; is the nominal marginal cost the firm

faces in the evening of period ¢t. The latter is given by

1—c¢ 1

me;r = wy + Yit — ‘E‘Gi,t

where w; is the nominal wage rate in period £. From the representative household’s optimality
condition for work,

Wy — Pt = Ct.

From the consumer’s demand,

Cit — Ct = —U(Pi,t - Dt)-

From market clearing, ¢;; = ;¢ and ¢; = y;. Finally, from the cash-in-advance constraint,
aggregate real output is given by

Yt = 0y — pt.

Combining the aforementioned conditions, we conclude that the “target” price (i.e., the
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flexible-price full-information optimal price) of firm 7 in period ¢ is given by

pip=(1—a)f +ap + &, (3.1)
where
1
=1-——— € (0,1
“ e+(1—e)’q€(’)

defines the degree of strategic complementarity in pricing decisions, and where

¢, = € _ 1 o
”t_e+(1—e)77“ e+(1—en

is simply a linear transformation of the idiosyncratic productivity shock. We henceforth nor-
malize the mean of the idiosyncratic productivity shock so that the cross-sectional mean of §;,
is zero.

If prices had been flexible and 6; had been common knowledge in the begging of period ¢,
the firm would set p;; = p}, in all periods and states. However, we have assumed that firms
have only imperfect information. Moreover, following Calvo (1983), we assume that a firm may
change its price only with probability 1 — A during any given period, where A € (0,1). It then
follows that, in the event that a firm changes its price, the price it chooses is equal (up to a
constant) to its current expectation of a weighted average of the current and all future target
prices:

oo
pie=Eir [(1— BN (BN piy; (3.2)
j=0
where 3 € (0,1) is the discount factor, A is the probability that the firm won’t have the option
to adjust its price (a measure of how sticky prices are), and E;; is the expectation conditional
on the information set of firm 4 in period ¢. '

Combining conditions (3.1) and (3.2) implies that the price set by any firm that gets the

5To be precise, condition (3.2) should have been written as p;: = const + Ei [(1 - BN X7, (BN P:+j] ,
where const is an endogenous quantity that involves second-order moments and that emerges due to risk aversion.
However, under the log-normal structure of shocks and signals that has been imposed, these second-order moments
are invariant with either the shock or the information of the firms, and it is thus without any loss of generality
to ignore the aforementioned constant.
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chance to adjust its price in period t is given by

o0
pit = (1—BA) Z (BN [(1 — ) Ei 10145 + i tpr4s + Ei,téi,t+j] (3.3)
g=0
In the remainder of the paper, we treat condition (3.3) as if it were an exogenous behavioral rule,

with the understanding though that this rule is actually fully micro-founded in equilibrium.

Equilibrium dynamics. The economy effectively reduces to a dynamic game of incomplete
information, with condition (3.3) representing the best response of the typical firm. The equi-
librium notion we adopt is standard Perfect-Bayesian Equilibrium.’ Because of the linearity of
the best-response condition (3.3) and the Gaussian specification of the information structure, it
is a safe guess that the equilibrium strategy will have a linear form. It is thus safe to conjecture

the existence of equilibria in which the price set by a firm in period ¢ is a linear function of

(pt—l) 6t—17 Tit, gi,t):
Pit = P(pt—1,0t-1,Tizt, & 1) = bipe—1 + bagip + b3bi—1 + &y (3-4)

for some coefficients by, be, b3. This particular guess is justified by the following reasoning: p;_1
is bound to matter because of a fraction of firms cannot adjust prices; z;; because it conveys
information about the current nominal shock 8;; #;—1 because it is the prior about 8;; and §i,t
for obvious reasons.

Given this guess, and given the fact that only a randomly selected fraction 1 — A of firms

can adjust prices in any given period, we infer that the aggregate price level must satisfy

pe=pa+ (1) [ [ P(pia,bisiz, )dR(@)dGe)

where F; denotes the cross-sectional distribution of the private signals (conditional on the cur-
rent shock 6;) and G; denotes the cross-sectional distribution of the idiosyncratic shocks. Given

that P is linear, that the cross-sectional average of z; is 0, and that cross-sectional average

6We can safely ignore out-of-equilibrium paths by assuming that firms observe (at most) the cross-section
distribution of prices, which guarantees that no individual deviation is detectable.
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of &, is 0, the above condition can be re-written as py = Apt—1 + (1 — A) P(ps—1,6¢—1;6,0), or
equivalently as

pt = c1pe—1 + c20; + c3bi1 (3.5)

where

aa=A+1=XNb, c2=(1-Nb c3=(1—-MN)bs. (3.6)

Next, note that condition (3.3) can be stated in recursive form as
pie = (1= BA) [(1 = @) Bi1bs + aBiype + &3] + (BN Eiipi et

Using (3.4) and (3.5) into the right-hand side of the above condition, we infer that the price

must satisfy

pit = (1-BX) [(1 — @) Bis0; + B ipe + &; 1] +(BN) [01Bi1ps + b2Bi 16; + b3Bi 10141 + B 441] -
(3.7)

Next, note that

Kg Ky
E; 10141 = B; 460, = Tt + Bi—1 and E; +&; =¢&;
2,tYi+ 2, Ky + Kg 2 Ky + kg 1, gz,t+1 éz,t’

where kg = 0,2 is the precision of the firms’ signals and Ky = 052 is the precision of the
common prior about the innovation in 6. Using these facts, and substituting p; from (3.5) into
(3.7), the left-hand side of (3.7) can be rewritten as a linear function of p;_1, 54, 6;—1, and
€4 For this to coincide with our conjecture in (3.4), it is necessary and sufficient that the

coefficients (b1, by, b3) solve the following system:

b, = (1 — ,3/\)acl -+ (,BA)blcl

K

by = [(1-BN(1—a+ac)+ (BN)(bica + ba + b3)] e (3.8)
by = [(1-BN(1—a+acz)+ (BA)(bicz + by + b3)] K If:ne

+(1 = BA)acs + (BA)bics

We conclude that an equilibrium is pinned down by the joint solution of (3.6) and (3.8).
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Combining the conditions for ¢; and b; implies that ¢; must solve the following equation:

a=A+(1-2X) (11—__—5%> acy.

This equation admits two solutions: one with ¢; > 1 and another with ¢; € (A, 1). We ignore
the former solution because it leads to explosive price paths and henceforth limit attention to
the latter solution. Note that this solution is independent of the information structure; indeed,
the coefficient ¢;, which identifies the endogenous persistence in the price level, coincides with
the one in the standard (complete-information) Calvo model.

Given this solution for ¢;, the remaining conditions define a linear system that admits a
unique solution for the remainder of the coefficients. It is straightforward to check that the
solution satisfies

c1+cy+c3=1,

which simply means that the price process is homogenous of degree one in the level of nominal

demand. Furthermore,

/\(1—01)
Co =TT rg
)\+C],'-€—i-

which identifies the sensitivity of the price level to the current innovation in nominal demand as
an increasing function of the precision of available information. We therefore reach the following

characterization of the equilibrium.

Proposition 37 (i) There ezists an equilibrium in which the pricing strategy of a firm is given

by
Pit = bipt—1 + bawi s + b3y

and the aggregate price level is given by

Pt = C1pt—1 + C20; + 361

for some positive coefficients (b1, bs,b3) and (c1, ¢, c3).
1) The equilibrium values of the coefficients (c1, co, c3) satisfy the following properties: ¢y
Y g prop

is increasing in A, increasing in «, and invariant to Ky /Ke; ca is non-monotone in A, decreasing
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in a, and increasing in Ki/kKg; c3 is non-monotone in «, and decreasing in Kq/Kg.

The comparative statics described in part (ii) are illustrated in Figures 1, 2 and 3. The
baseline parameterization used for these figures, as well as for the impulse responses reported
later on, is as follows. We identify the length of a period with oﬁe year; this seems a good
benchmark for how long it takes for macro data to become widely available.” We accordingly
set 3 = .95 (which means a discount rate of about 1% per quarter), A = .20 (which means a
probability of price change equal to 1/3 per quarter), and o = .85 (which means a quite strong
complementarity in pricing decisions); these values are consistent with standard calibrations
of the Calvo model. Lacking any obvious estimate of the precision of information about the
underlying shocks, we set k;/kg = 1; this means that the variance of the forecast error of the
typical firm about the current innovation in nominal demand is one half the variance of the
innovation itself.

Figure 1 plots the coefficients c1,c2, and c3 as functions of the Calvo parameter A, the
probability the firm does not revise its price in a given period. Note that c; is increasing in A,
c3 is decreasing in ), and c; is non-monotonic in A (it increases for low values but decreases
for high values). Figure 2 plots these coefficients as functions of «, the degree of strategic
complementarity in pricing decisions. Note that c; is an increasing function in «, cp is a
decreasing function in «, and c3 is non-monotonic in «. Finally, Figure 3 plots these coefficients
as functions of k. /kg, the ratio of the precision of private signals to the precision of the prior.

Clearly, ¢y is increasing in this ratio, while c3 is decreasing and c; is invariant.

TA qualification is due here. The fact that these data are widely available suggests that most agents are likely
to be well informed about them. This in turn implies that their first-order beliefs are likely to converge to the
truth very fast. However, to the extent that this fact is not common knowledge, it is possible that higher-order
beliefs do not converge as fast, which could contribute to further inertia in the response of prices.

8Note that only the ratio kz/ks, and not the absolute values of k. and kg, matter for the equilibrium
coefficients c1, c2, and c3. In other words, once we fix Kz /K¢, ko is only a scaling parameter. By implication, the
impulse responses of the economy to a one-standard-deviation change in v are invariant to xg.
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The comparative statics described above are a hybrid of the results found in sticky-price

Calvo models and in the incomplete-information literature. As in the standard Calvo model,

the aggregate price level is persistent due to the fact that some firms cannot adjust prices. In
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our model, the coefficient which characterizes the persistence of the aggregate price process
is ¢c1. We find that this coefficient is unaffected by the incompleteness of information. In this
sense, the persistence of prices in our baseline model is the same as in the standard Calvo model.
This property, however, hinges on our assumption that the nominal shock becomes common
knowledge only with a delay of one period. If we increase the length of this delay, then we can
obtain more persistence, similarly to Woodford (2003) or Nimark (2008), but only till the shock
becomes common knowledge; after that point, any subsequence persistence is driven solely by
the Calvo rigidity. The property, then, that c; is increasing in the Calvo parameter A should
be familiar: it is almost the mechanical implication of the fact that a fraction A of firms do not
adjust prices. The impact of a on ¢; is also familiar: even under complete information, firms
who 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 that are thus stuck to the past price level).

Where the incompleteness of information has a bite in our baseline model is on the coeffi-
cients ¢y and ¢3, which characterize, respectively, the price impact of the current and the past
shock for any given past price level. To understand how the precision of information affects
these coefficients, consider the choice of the price-setting firm. The price chosen by a firm is
a linear combination of past prices and past nominal 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 com-
bination of past price levels and past nominal shocks and of the average expectation of ;. As in
any static incomplete information model with Gaussian signals, the firm’s own expectation of
the fundamental is merely a weighted combination of his private signal and the common prior,
which here coincides with 6;_1. If firms have less precise private information relative to the
prior, i.e., lower k. /kg, they place less weight on their private signals than on their prior when
forming their expectations of ;. As a result, the average expectation is less sensitive to the
current shock 6;—1 and more anchored to the past shock 6;_;. This explains why less precise

information (a lower k,/kg) implies a lower ¢z and a higher c3.
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Impulse responses. The above analysis highlights how introducing incompleteness of in-
formation into the Calvo model dampens the response of prices to the underlying nominal
shocks—the precision of information becomes a key parameter for the dynamics of inflation
along with the Calvo parameter and the degree of strategic complementarity. To further ap-
preciate this, 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.

Figures 4 and 5 plot these impulse responses. (Inflation in period ¢ is given by p; — ps—1,
while real output is y; = 6; — p;.) As before, we identify the period with a year and set
B = .95 A= .20 and o = .85. We then consider three alternative values for the precision of
information: k;/kg = 1, which is our baseline; k;/kg = 0o, which corresponds to the extreme
of perfect information (as in the standard Calvo model); and k. /K¢ = 0, which corresponds to
the alternative extreme, that of no information about the current shock other than the prior

(i-e., the past shock).

Figure 4 Figure 5
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Figure 4 illustrates how the incompleteness of information affects the dynamics of inflation,
relative to the complete-information Calvo model. First, the instantaneous impact effect of
a monetary shock on inflation is increasing in k;/kg. As the noise in private information
increases, prices react less initially tova nominal 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 last period greatly increase in the second period to reflect this new information. Except

for sufficiently high values of k;/kg, this is where inflation reaches its peak. Last, although the

153



decay rate of inflation is constant after this date, because of the high inflation experienced in
the second period, lower k;/kg leads to a higher level of inflation for all subsequent periods.

From Figure 5 one then sees that the impact effect of a monetary shock on output is
decreasing in the precision of private information. Of course, this is simply the mirror image
of what happens to prices. Furthermore, like the impulse responses for inflation, real output is
higher for lower levels of k;/kg for all subsequent periods.

It is interesting here to note that incomplete information has lasting effects on the levels of
inflation and real GDP even though the shocks become common knowledge after just one period.
This is precisely because of the interaction of incomplete information with price staggering and
with strategic complementarity: by the time the shock becomes common knowledge, some firms
have already set their price on the basis of incomplete information about the shock; strategic
complementarity then guarantees that the firms that now have access to full information will
still find it optimal to respond to the shock as if themselves had incomplete information.

Note that, except for high values of k;/kg, the peak of output occurs before the peak in
inflation. This is in contrast to the standard Calvo model which predicts strong price increases
during the period in which the shock is realized and therefore typically has inflation peaking
before output. A similar observation has been made in Woodford (2003), but with two impor-
tant differences: Woodford (2003) abstracts from price staggering; it also assumes that past
shocks and past outcomes never become known, thus appearing to require an implausibly slow
degree of learning about the underlying shocks. Here, we show how the empirically appealing
property that inflation peaks after real output can be obtained even with quite fast learning,
provided one interacts incomplete information with price staggering.

In the present model, the peak of inflation happens at most one period after the innovation
in 8. This particular property is an artifact of the assumption that the shock becomes common
knowledge exactly one period after the innovation takes place. If we extend the model so that
the shock becomes common knowledge after, say, 4 periods, then the peak in inflation can occur
as late as 4 periods after the shock. The more general insight is that 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. In other words, the dynamics of learning are essential for the dynamics of
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inflation only as long as the firms remain sufficiently uncertain about the shock; but once the
firms have learned enough about the shock, the subsequent dynamics of inflation are determined

primarily by the Calvo mechanics.

3.4 Uncertainty about precisions

The analysis so far has focused on a Gaussian specification for the information structure that
is quite standard in the pertinent literature. Under this specification, the response of prices to
nominal shocks was determined by three parameters: (i) the degree of price rigidity; (ii) the
degree of strategic complementarity; and (iii) the precision of information about the underlying
nominal shock. In this section we show that, under a plausible variation of the information
structure, knowledge of these parameters need not suffice for calibrating the degree of price
inertia. The key insight is that the precision of information about the underlying shock pins
down the response of the firms’ forecasts of this shock, but not necessarily the response of their
forecasts of the forecasts of other firms (i.e., their higher-order beliefs); and what matters for
the response of equilibrium prices to the shock is not only the former but also the latter.

Apart from serving as an example for this more general insight, the variant considered here
has its own appeal in that it introduces a plausible source of uncertainty: it allows firms to face
uncertainty regarding the precision of information that other firms may have regarding nominal
demand. In particular, we introduce a second aggregate state variable, which permits us to
capture uncertainty about the average precision of available information in the cross-section of
the economy.

This new state variable is modeled as a binary random variable, s; € {h,[}, which is i.i.d.
over time and independent of the nominal shock 8;, and which takes each of the two possible
values h and ! with probability 1/2. Let +, kp, k; be scalars, commonly known to all firms,
with 1/2 < v < 1 and 0 < k; < kp. The “type” of a firm is now given by the pair (z;;, ki),
where ;; = 6; + €;; is the particular signal the firm receives about the current nominal shock,
it ~ N(0,1/k;4) is the noise in this signal, and k;; is its precision. The latter is specific to
the firm and is contingent on the new state variable s; as follows: when this state is s; = h,

the precision of firm 4 is k;; = k; with probability v and k;; = k; with probability 1 —~; and,
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symmetrically, when the state is s; = [, the precision of firm i is k;; = k; with probability -
and k;¢ = Kkp, with probability 1 — . Finally, because these realizations are independent across
the firms, + is also the fraction of the population whose signals have precision k, when the state
is s, for s € {h,l}.

Note that a firm knows his own &; ¢, but not the underlying state s;. A firm’s s;; thus serves
a double role: it is both the precision of the firm’s own information about the nominal shock 6,
and a noisy signal of the average precision in the cross-section of the economy. Therefore, the
key difference from the baseline model is the property that firms face an additional source of
informational heterogeneity: they face uncertainty regarding how informed other firms might
be about the nominal demand shock. Note then that the coefficient v parameterizes the level
of this heterogeneity: when v = 1, all firms have the same precisions, and this fact is common
knowledge; when instead v € (1/2,1), different firms have different precisions, and each firm is
uncertain about the distribution of precisions in the rest of the population.

Furthermore, note that knowing the state variable s; would not help any firm improve his
forecast of the nominal shock #;. This is simply because belief of a firm about the nominal shock
depends only on its own precision (which the firm knows), not on the precisions of other firms
(which the firm does not know). Nevertheless, the firm would love to know s; because this could
help him improve his forecast of the forecasts and actions of other firms in equilibrium. Indeed,
since an firm’s own expectation of #; depends on both his x;; and his k;;, it is a safe guess
that the equilibrium choice of the firm also depends on both z;; and k;; and therefore that the
aggregate price level depends both on §; and on k;. It then follows that firms face uncertainty
about the aggregate price level, not only because they do not know the underlying innovation in
9, but also because they don’t know how precisely other firms are informed about this shock.
Finally, note that, while the uncertainty about 6; matters for individual pricing behavior, and
hence for aggregate prices, even when firms’ pricing decisions are strategically independent
(a = 0), the uncertainty about s; matters only when their pricing decisions are interdependent
(o # 0). This highlights the distinctive nature of the additional source of uncertainty that we
have introduced in this section.

To better appreciate this point, it is useful to study the stochastic properties of the hierarchy

of beliefs about 6. Let Et1 denote the cross-sectional average of E;;[0;] conditional on the current
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state for the precisions being s;. Next, for any k£ > 2, let Ef denote the cross-sectional average
of By [EF~1); that’s the k!*-order average beliefs. Clearly, all these average beliefs are functions
of the current and past nominal shocks and the current precision state s;. Finally, let E’tk denote
the expectation of the k*'-order average belief conditional on the nominal shocks alone (that

is, averaging across the two possible s; states). It is easy to check that
Ef = nib: + (1—ny)0s1,

for some constant 7. The constant 7, = OEF /08, thus identifies the sensitivity of the k*’-order
average belief to the underlying nominal shock. As anticipated in the Introduction, the response
of the price level to the underlying nominal shock is determined by the sensitivities {n;}.?
The behavior of the hierarchy of beliefs is illustrated in Figures 6 and 7. In Figure 6, we
focus on the impact of the precision of information when this precision is common knowledge.
We thus restrict k, = k; = & (in which case v becomes irrelevant) and consider how the
sensitivities of the beliefs to the shock vary with x (which now identifies the common precision
of information). The following qualitative properties are then worth emphasizing. First, the
hierarchy of beliefs about 8; converges to the common prior expectation, 6;_1, as the signals
become uninformative: for all k, 7, — 0 as kK — 0. Second, the beliefs converge to the true
underlying state, 6;, as the signals become perfect: for all k, 9, — 1 as K — oco. Finally,
whenever the signals are informative but not perfect, higher-order beliefs are more anchored

towards the prior than lower-order beliefs: for any & € (0,00), 1 >n; >ny > ... > 0.

9The discussion in the Introduction had abstracted from price rigidities (i.e., it had imposed A = 0), but the
insight is clearly more general.
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In Figure 7, we turn our focus to the impact of the uncertainty regarding the precision of
others’ information. In particular, we let k; > k; and consider how the beliefs vary with the
coefficient v (which parameterizes the heterogeneity of information regarding the underlying
precision state). One can then observe that 7; is invariant to ~, while 75 and 73 increase with
~. That is, the sensitivity of first-order beliefs to the nominal shock is independent of -y, while
the sensitivities of higher-order beliefs increase with ~y.

Along with the fact that the price level depends not only on first-order but also on higher-
order beliefs, this suggests that v should affect the response of the price level to the nominal
shock even though it does not affect the response of first-order beliefs. Indeed, following similar

steps as in the baseline model, the equilibrium can be solved as follows. 10

10 As mentioned earlier, in both our baseline model and in all three variants of it, we identify the equilibrium
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Proposition 38 (i) There exists an equilibrium in which the pricing strategy of a firm is given

by

bipi—1 +bopTiy +b3pbi1  if Ky = Kp
Dit =
bipi—1 +bopTis +b3pbi1  if kit = Ky

while the aggregate price level is given by

cipi-1+capbi +c3pdio1 ifsi=nh

bt
c1pt-1+ canbt +c3pnbi1 if sp =1

for some coefficients (b1, ba n,b21,b3.h,b31) and (c1,cap,C2,1,C3,h,C3,1)-
(i) Let ¢y = %(cz,h +c2y) and c3 = %(03,;L +c3,1) be the mean sensitivity of the price level to
the current and past nominal shock, averaging across the precision states. The equilibrium value

of ¢1 does not depend on y and is identical to that in the baseline model, while the equilibrium

values of co and c3 depend on «y if and only if a # 0.

This result is also illustrated in Figure 7, which plots the coefficient co = E[0p;/00:] as a
function of 4. As ~ decreases, the sensitivity of the first-order beliefs to the current nominal
shock stays constant, while the sensitivity of the price level decreases. As anticipated, this is
because a lower «y decreases the sensitivity of second- and higher-order beliefs.

To recap, the example of this section has highlighted how, even if one were to fix the
sensitivity of the firms forecasts to the underlying nominal shock, one could still have significant
freedom in how higher-order beliefs, and thereby equilibrium prices, respond to the shock. This
is important for understanding the quantitative implications of incomplete information: to
estimate the degree of price inertia caused by incomplete information, one may need direct
or indirect information, not only about the firm’s expectations about the underlying nominal
shocks, but also about their higher-order expectations.

Finally, it is interesting to note how a variant of the model introduced here could generate

as the fixed point of the best-response condition (3.3). For the current variant, this is with some abuse, since the
non-Gaussian nature of the information structure implies that this condition is not exact: it is only a log-linear
approximation. However, the properties that first-order beliefs do not depend on 7, while higher-order beliefs
and hence equilibrium outcomes do depend on +, do not hinge on this approximation. Finally, keep in mind that
condition (3.3) is exact in either the baseline model or the two other variants that we consider subsequently.
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the possibility that all firms are perfectly informed about the nominal shock, are free to adjust
their prices fully, and yet find it optimal to adjust only partly. To see this, suppose that when
the precision state is s = h all firms get k; = co (which means that their signals are perfectly
informative); but when s = [, some firms get k; = oo and others get x; = 0 (which means
that the signal is completely uninformative). Under this scenario, when the precision state is
s = h, all firms are perfectly informed. However, this fact is not common knowledge. This is
because each firm cannot tell whether she is perfectly informed because the state is s = h or
because the state is s = | but she was among the lucky ones to receive the perfectly precise
signals. As a result, each firm must assign positive probability to the event that some other firms
might not be informed and hence might not adjust their prices. But then because of strategic
complementarity every firm will find it optimal not to adjust fully to the shock. It follows that
there exist events where all firms are perfectly informed about the shock and nevertheless do
not fully adjust their prices.

Of course, in this last example the possibility that firms are perfectly informed and yet do
not respond perfectly to the shock can occur only with probability strictly less than one: the
will also be events where some firms are relative uninformed and nevertheless find it optimal to
respond quite a bit to the shock because they expect that other firms will be more informed.
That is, this example cannot generate situations where in all events firms are perfectly informed
and nevertheless expect other firms to be less informed. Indeed, based on the results of Kajii and
Morris (1997) regarding the robustness of complete-information equilibria to the introduction
of incomplete information, one can safely guess that if the common prior assigns probability
near 1 to the set of events where the firms are nearly perfectly informed about the underlying
nominal shock, then with probability near 1 the response of prices to the underlying nominal
shock will be nearly the same as in the common-knowledge benchmark. Nevertheless, the results
of this section do highlight how quantifying the response of higher-order beliefs is essential for

quantifying the response of prices to nominal shocks.
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3.5 Heterogeneous priors

In this section we study how heterogeneous priors regarding the signals firms receive can affect
the behavior of higher-order beliefs and thereby the response of prices to the underlying nominal
shocks. In particular, we consider a system of heterogeneous priors that induces firms to
behave in equilibrium as if they lived in a world where other firms were less informed about the
underlying nominal shocks. This sustains a partially self-fulfilling equilibrium in which firms
react little to the underlying shock, even if they have nearly perfect information about it.
Apart from the introduction of heterogeneous priors, the setup is identical to our baseline
Calvo model of Section 3. As there, 6; follows an exogenous random-walk process. In any given
period, a firm may change its price with probability 1 — X, in which case the price it chooses is

a weighted average of all future target prices:

pie= (1= BN (BN [(1— @) Eier; + oBiypes] (3-9)
=0

As in the baseline model, each period firms learn perfectly the nominal demand of the previous

period, #;_1, and receive a private signal of the current period’s nominal demand:
zit =0 +€ig

However, firms disagree on the stochastic properties of the noise in their signals.
In particular, each firm believes that its own signal is an unbiased signal of 6;. Specifically,

firm i believes the error in its own private signal is drawn from the following distribution:
E,;,t ~ N(O, l/nz).

At the same time, each firm believes that the private signals of all other firms are biased.
Specifically, firm 4 believes that the errors in the private signals of all other firms are drawn

independently from the following distribution:

5t N (51",5, l/l‘éx) Vj 75 )
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where §;; is the bias that firm i believes to be present in the private signals of other firms.
Finally, we assume that the perceived biases are negatively correlated with the innovation in

the fundamental (the nominal shock). Specifically, for all ¢ and all £,

0it =0y = —xvy = —x(0: — 0-1),

where x € [0,1] is a parameter that controls the correlation of the perceived bias with the
innovation in the nominal shock. Finally, these perceptions are commonly understood and
mutually accepted: the firms have agreed to disagree.!!

To understand the difference between the baseline model (which had assumed a common
prior) and the current model (with allows for heterogeneous priors), it is useful to consider

the beliefs of each firm about the average expectation of 6;. In either model, each firm’s own

(first-order) expectation of the fundamental is

KRy Kg
E; 10t = ——x + ——0;1
Ke + Ko Ky + Ko

In the baseline model, this implied that each firm believed that the average first-order expec-

tation in the rest of the population satisfied

Bl=—"2 g4+ 50 g, .
kg + Kg Ke + Ko

That is, the firm’s second-order expectation was given b
) g y

_ K K
Ei,tEtl = —I"'Ei,tet + d

Kz 1+ Kg Kg + Kg

Oi—1.

In contrast, now that firms have heterogeneous priors, each firm believes the average first-order

expectation satisfies

_ 1-—
Etl — ( X) Kg 9,‘, + Ko + XKz 9,‘,._],
Ky + Kg Kg + Ko

1'We have used a related heterogeneous-priors specification in Angeletos and La’O (2009b), albeit within a
different context and for different purposes. We refer the reader to that paper for a more thorough discussion
on the modeling role of heterogeneous priors: they are convenient, but are not strictly necessary for the type of
effects we document. For example, in that paper we document how a certain type of sunspot-like fluctuations can
obtain with either heterogeneous priors or a common prior, but the former maintain a higher level of tractability.
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That is, the firm’s second-order expectation is now given by

Therefore, the heterogeneous priors introduced in this section do not affect first-order beliefs,
but they do affect second- and higher-order beliefs: the higher x is, the more each firm believes
that the beliefs Qf others will be less sensitive to innovations 6, even though its own belief is
not affected.

We now examine how this affects equilibrium behavior. We conjecture once again an equi-

librium in which the price set by a firm in period ¢ is a linear function of (ps—1,6¢—1, x4, ):
Pig = P(pt—1,0t—1,%it) = bips—1 + bazi s + b3bi—_; (3.10)
for some coeflicients b1, b, b3. Accordingly, firm i expects that the price level will satisfy

Pt =Api—1+ (1= A) /P(Pt—l, 0i-1,z)dFi () (3.11)

where Fj is the cross-sectional distribution of signals as perceived by the typical firm. Our
assumption regarding the heterogeneous priors implies that each firm thinks that the cross-
sectional mean of the signals in the rest of the population is (1 — x)6; + x8¢—1. It follows that

each firm expects the price level to satisfy

pt = Apt—1 + (1 — X) P(pi—1, 6:—1, (1 — x)0: + x0i-1)

or equivalently

Pt = c1pe—1 + 26y + c3bi1 (3.12)

where

ct=A+ (1=, c2=1-Nb(1-x) cg=(1—A)(bs+b2x)- (3.13)

But now recall from the baseline model that, no matter what are the coefficients (c1, ¢z, ¢3), the
best response of a firm to (3.12) is to set a price as in (3.10), with the coefficients (b1, b2, b3) de-
fined by the solution to (3.8). It follows that the equilibrium values of the coefficients (b1, by, b3)
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and (cp, cg, c3) are now given by the joint solution of (3.8) and (3.13).

Note that x enters only the conditions for ¢z and c3 in (3.13), not the condition for ¢;. It
follows that the equilibrium value of ¢; (and hence also that of by) remains the same as in our
baseline model (or, equivalently, as in the standard Calvo model). Moreover, the price process
continues to be homogeneous of degree one, so that c¢; + ¢2 + ¢3 = 1. Finally, the equilibrium

value of ¢y now satisfies
A(l - Cl)

= Ko+XKa *
)\ + 2! Kfz(l"'x)

C2

Comparing this last condition with the corresponding condition for the baseline model, one
observes that the equilibrium values of (1, c2, ¢3) for the present model coincide with those of
the baseline model if the precision of information in that model is adjusted to the value &,

defined by
Ko  Ke+ XKe' ’

which is clearly decreasing in x. This observation in turn establishes a certain isomorphism
between the present model and the baseline one: in the heterogeneous-prior economy, firms
expect the price level to respond to the underlying nominal shock in the same way as in a
common-prior economy that is identical to the one in our baseline model except for the fact
that the precision of available information is decreased from k. to K.

Along with the fact that, because of strategic complementarity (« > 0), the incentive of a
firm to respond to its own information is lower the lower the expected response of the price
level, we conclude that our heterogeneous-priors specification reduces the response of each firm

to its own information about the underlying nominal shock.

Proposition 39 In the equilibrium of the heterogeneous-priors economy, firms respond to their
information in the same way as in an a common-prior economy in which the precision of
information that other firms have is a decreasing function of x. By implication, the sensitivity
by of a firm’s price to its own signal about the underlying nominal shock is also decreasing in x

for given precision.

To further appreciate this result, for the moment allow us to abstract from price rigidities

(A = 0) and consider the limit as k; — oo, meaning that each firm is (nearly) perfectly informed
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about the shock. In the common-prior world, this would have guaranteed that prices move one-
to-one with the nominal shock and hence that the nominal shock has no real effect. But now let
x — 1 along with k; — oo in such a way that the quantity &, defined in (3.14) stays bounded
away from co. In this limit, each firm is perfectly informed about the shock but expects other
firms to respond as if they were imperfectly informed; firms therefore find it optimal to adjust
their prices less than one-to-one in response to the nominal shock, thereby causing the shock
to have a real effect, even though they are perfectly informed about the shock and there is no
price rigidity.

The preceding analysis has focused on how heterogeneous priors affect the instantaneous
response of prices to the underlying shock: in the model considered above, the dynamics of
prices after the initial shock is driven solely by the Calvo mechanics, much alike the baseline
model. However, heterogeneous priors can also affect these dynamics, to the extent that the
perceived bias is persistent over time. To see this, suppose that bias §; follows an autoregressive
process of the following form:

0t = —xvr + pdy,
for some p € [0,1). One can the easily extend the preceding analysis to show the following.

Proposition 40 There ezist coefficients (b1, ba, bs,bs), which depend on (x, p), such that the

equilibrium strategy of firm i is given by
Pit = P(pt—1,Tit, 01, 04—1) = bips—1 + bawis + 36,1 + badi—1

At this point, it is important to recognize that so far we have used the model to make
predictions only about what the firms expect the price level to do and how they respond to
their information about this shock—we have not used the model to make predictions about
what an outside observer, or an “econometrician”, should expect the price level to do. This is
where heterogeneous priors make things delicate. To analyze the equilibrium strategy of the
firm as a function of their signals (their “types”), we do not need to take a stand on whether the
firms signals are “truly” biased or not; we only need to postulate the system of their beliefs and
then we can use the model to make predictions about how these beliefs will map into behavior.

In contrast, to analyze the impulse response of the aggregate price level to the underlying shock,
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1t no more suffices to characterize the mapping from beliefs to behavior; we also need to specify
a mapping from the underlying nominal shock to the cross-sectional distribution of beliefs. In
particular, we must now take a stand on how the cross-sectional average of signals relates to
the underlying nominal shock in the eyes of the outside observer.

One possibility, then, is to assume that the “econometrician” believes that the signals are
biased, so that the cross-sectional average of x;; is 6; + d;. But another equally plausible pos-
sibility is to assume that the “econometrician” believes that the signals are unbiased, so that
the cross-sectional average of x;; is ;. Under the former scenario, the econometrician’s law of
motion of the price level coincides with the one in the minds of the firms. In particular, it is
given by

pt = (1= N)pt—1 + AP(ps_1,0; + 8¢, 0:-1,0:-1),

with the function P given by Proposition 40. Under latter scenario, instead, the econome-
trician’s law of motion for the price level differs from the one in the mind of the firms. In

particular, it is now given by
pt = (1= Npt—1 + AP(pt-1, 64, 0¢-1,6:-1),

with the function P given once again by Proposition 40. Evidently, the only difference in these
two law of motions in that the cross-sectional average of x;; is assumed to be 8; + §; in the first
case and 6; in the latter case.

For the remainder of the analysis, we assume the latter scenario, keeping though in mind
three properties. First, under this scenario the econometrician predicts that firms react to 4,
not because their signals are biased, but only because they believe that other firms will do so.
Second, the two scenarios deliver similar qualitative properties as long as « > 0. And third, the
quantitative difference between the two scenarios vanishes as @ — 1. Both of these properties

are direct implications of strategic complementarity.
Assuming the second scenario and combining the stochastic process of 8; and §; with the

law of motion for the price level, we conclude that the dynamics of the economy, as seen from
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the perspective of the econometrician, are given by the following:

6, 1 0
6t = 0 pP
Dt Abg + Abs  Aby

0
0
1—-A4+ b

0:_1 1
61 |t | —x | v
Pt—1 C2

with the coefficients (by, ba, b3, by) being determined as in Proposition 40. One can then use this

system, along with the fact that real output is y; = 6; — p;, to simulate the impulse responses

of inflation and output to a positive innovation in v; (of a size equal to the standard deviation

Figure 9: output
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of v;).
Figure 8: inflation
0.4f \
N
N m———y=0,p=0 0.8
% \
0.3 \\ \ ——y>0,p=0 0.6; \
/ \ :\ \
02f \\\ x>0.0>0 I \\
: \ 044-— \ \
\\\ 1 \\
0.11 \\\ 0.2: \\\
A [
-~
L N ‘n..i.h - — i ¢ L
4 6 8 10 2

Figures 8 and 9 illustrate these impulse responses for different values of x and p. The baseline

(common-prior) model corresponds to x = p = 0. As anticipated, letting x > 0 but keeping

p = 0 affects the impact effect of the innovation but not its persistence. In particular, in the

period that the the innovation in nominal demand materializes, the response of inflation is

dampened by letting x > 0, and by implication the positive effect on real output is amplified.

But as long as p = 0 the dynamics following this initial period are determined solely by the

Calvo propagation mechanism and hence the persistence is the same as in the baseline model.

This is because any discrepancy between either first-order or higher-order beliefs and the true

value of the shock vanishes after the initial period. In contrast, letting p > 0 permits the

discrepancy to persist in higher order beliefs even after it has vanished in first-order beliefs,

thereby contributing to additional persistence in the real effects of the nominal shock.

To sum up, heterogeneous priors can help rationalize significant inertia the response of
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prices to changes in nominal demand simply by inducing inertia in the response of higher-order
expectations. This is true no matter how high is the firms’ precision of information, that is, the
sensitivity of first-order beliefs to the nominal shock. Moreover, this insight is not specific to the
contemporaneous response of beliefs to the shock, but also to the entire dynamic adjustment
of the beliefs. Indeed, in work that not reported here because of space limitations, we have
obtained similar results in a heterogeneous-priors variant of Woodford (2003), in which the shock
never becomes common knowledge, thus allowing both first- and high-order beliefs converge to
the truth only slowly over time. But whereas in Woodford (2003) the rate of convergence
of higher-order beliefs is tightly connected to that of first-order beliefs, heterogeneous priors
permits us to break this connection, so that higher-order beliefs and prices may converge very
slowly to their complete-information values even if first-order beliefs converge very fast.
Finally, note that the present model shares a bit of the flavor of the model with uncertain
precisions considered in the previous section: there we focused on the possibility that firms
may face uncertainty about the precision of other firms’ information about the shock; here we
showed how heterogeneous priors can induce firms to behave as if they expected other firms
to have less precise information than themselves. In either case, the key is the behavior of

higher-order beliefs as opposed to first-order beliefs.1?

3.6 Heterogenous priors and cost-push shocks

In the preceding two sections we highlighted how higher-order beliefs can induce inertia in the
response of prices to nominal shocks in the economy. In so doing, we focused on the role of
higher-order beliefs for the propagation of certain structural shocks, namely nominal shocks. In
this section, building on Angeletos and La’O (2009b), we highlight how higher-order beliefs can

themselves be the source of a certain type of fluctuations in the price level and real output—

'2The similarity of the results of our two models is reminiscent of a point made in Lipman (2003). That paper
shows that, if one fixes a specific hierarchy of beliefs, one cannot tell apart a common prior from heterogeneous
priors from properties of any finite order of beliefs. This in turn suggests that in certain cases it may be possible to
replicate, or approximate, the equilibrium behavior that obtains for any particular hierarchy of beliefs with either
a common prior or heterogeneous priors. At the same time, because the reduced-form game that characterizes the
general equilibrium of our economy admits a unique rationalizable outcome, and hence also a unique correlated
equilibrium, the results of Kajii and Morris (1997) suggest that the complete-information equilibrium is robust
to the introduction of incomplete information. It then follows that, with a common prior, one needs sufficient
"noise" to make the predictions of the model under incomplete information sufficiently different.
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fluctuations that resemble the ones generated by cost-push, or mark-up, shocks.

For this purpose, the model of the previous section is modified as follows. Firms continue
to have heterogeneous priors about their signals, but the perceived bias is no more correlated
with the underlying nominal shock. Rather, the bias follows an independent stochastic process,

given by

(St = p(st_l + wi (315)

where w; is a Normally distributed shock that is i.i.d. across time and independent of 6., for all

7. Following similar steps as in the previous section, one can then show the following.

Proposition 41 There exist coefficients (by,ba, bs, by, bs) such that the equilibrium strategy of

firm i is given by

Pit = bipi—1 + baxis + b36;_1 + bgdi—1 + bswy

Figure 10: inflation Figure 11: output
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Taking once again the perspective of an econometrician who believes that the signals are
unbiased, the impulse responses of the price level can be obtained from the following dynamic

system:

0, 1 0 0 0i—1 1 0
61‘, = 0 p 0 5t—1 + 0 vt + 1 Wi
Pt Abz + )\bg /\b4 1—A + )\b] Pt—-1 /\b2 )\b5

Figures 10 and 11 illustrate the impulse responses of inflation and real output to a positive

innovation in w;. Such a shock causes firms to raise their prices even though aggregate nominal
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demand hasn’t change. As a result, inflation increases and output contracts. The resulting
fluctuations thus resembled to those often identified as the impact of “cost-push” shocks. When
p = 0, this cost-push-like shock is transitory; the moderately persistent effects on real output
are then due merely to the Calvo mechanics. When instead p > 0, the bias is itself persistent,

which contributes to additional persistence in the real effects of the shock.

3.7 Concluding Remarks

this chapter studied how the combination of incomplete information and infrequent price ad-
justment may dampen the response of prices to nominal shocks. A series of variant models
was considered that progressively shifted focus from the stickiness of prices and the precision of
available information about the shocks to the dynamics of higher-order expectations. We thus
sought to highlight that quantifying the degree of price stickiness and the speed of learning
(i-e., the rate at which first-order beliefs adjust to the shock) does not suffice for quantifying
the rate at which higher-order beliefs adjust, and therefore also does not suffice for quantifying
the rate at which prices adjust. We also illustrated how the distinct role of higher-order beliefs
could be readily accommodated within the Calvo framework without any sacrifice in analytical
tractability—which in turn may pave the way to bringing the ideas of this chapter closer to the
data.

We thus hope that more effort will be devoted to quantifying the behavior of expectations
and their implications for the degree of price inertia at the macro level. How can this be done?
One possibility, at least in principle, would be to start conducting surveys of the higher-order
beliefs of economic agents. We find this both impractical and unnecessary. As further argued
in Angeletos and La’O (2009a, 2009b), in our eyes dispersed information—and higher-order
beliefs—are primarily modeling devices for capturing the uncertainty that economic agents
may face about aggregate economic activity beyond the one that they face about the underlying
fundamentals. Indeed, in macro models and games alike, higher-order beliefs matter only to
the extent that they impact forecasts of the equilibrium actions of other agents. Furthermore,
in most macro models this is typically summarized in forecasts of few macroeconomic variables,

such as the price level and the level of aggregate output or employment. Therefore, we do not
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think that it is essential to collect data on the details of higher-order beliefs. Rather, we believe
that data on forecasts of economic activity can provide more direct guidance for quantifying
the type of effects we document here.

Turning to potential implications for monetary policy, we wish to make the following points.
If one interprets the exogenous shock in our analysis as an innovation in monetary policy, one
may conclude that our results justify strong real effects for exogenous changes to monetary
policy. We would not necessarily favor such an interpretation. The theory we have presented
here does not imply the same price inertia with respect to all shocks in the economy, not even
all the monetary ones. Rather, it is absolutely crucial whether there is non-trivial lack of com-
mon knowledge about the shock under consideration. But then note that information about
changes in monetary policy is readily available and closely followed, not only from participants
in financial markets, but also from the general public when it seems to matter most. More-
over, it is commonly understood that this is the case; there is a lot of communication in the
market regarding monetary policy; and financial prices adjust within seconds to changes in
monetary policy. In our eyes, these are indications that assuming common knowledge about
the innovations to monetary policy might not be a terrible benchmark after all.

At the same time, we suspect a significant lack of common knowledge for a variety of other
"structural" shocks hitting the economy, such aggregate productivity shocks, financial shocks,
labor-market shocks, and so on. We then expect incomplete information to have more bite on
monetary policy in a different dimension: the interest-rate rule followed by the central bank
can affect how much the incompleteness of information about these shocks impacts equilibrium
outcome. In particular, the central bank can control the degree of strategic complementarity
in pricing decision by designing it response to realized inflation and output; in so doing, it can
also mitigate the inertia effects we have documented here. Further exploring this possibility is

left for future work.13

13The insight that the response of policy to macroeconomic outcomes can impact the decentralized use of
information, and thereby the response of the economy to both the fundamentals and noise draws from Angeletos
and Pavan (2009). See also Angeletos and La’0O (2008) and Lorenzoni (2009) for some recent work on the design
of optimal monetary policy when information is dispersed.
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Appendix

Proof of Proposition 37. The condition that determines ¢; can be restated as
f(cla /\7 /8) = Q, (316)

where
(1 —_ 5/\61) (C] - /\)
ca(1=A)(1-82)"

As mentioned in the main text, there are two solutions to this equation—one with ¢; > 1 and

f(Cl, A,B) =

c1 € (A, 1)—and we focus on the non-explosive one.
Clearly, the aforementioned equation is independent of x; and kg, implying that ¢; is inde-
pendent of the information structure. Moreover, '

dcr  0f/0X _ ai(l—c))(1 = Ber)(1 — BN
O\  8f/0cr A1 -XN)(1-BA)(1- )

> 0,

G _ 1 ___AM1=p)
da — 0f/0cr  A(1-N1-8) "~

It follows that c; is increasing in both A and a. Next, recall from the main text that co satisfies

_ )\(1 — Cl)

Cy = .
)\+61:—9
T

Since ¢; is independent of (kz, kg), it is immediate that ¢y is increasing in k;/kg; and since
c3 = 1 —¢; — ¢, it is immediate that c3 is decreasing in k,/kg. Moreover, since the above
expression for ¢o is independent of « for given c¢; and is decreasing in c¢1, and since c¢; is itself
increasing in a, it follows that cg is decreasing in «. Finally, the fact that ¢z is non-monotonic

in A and that c3 is non-monotone in « can be establish by numerical example.

Proof of Proposition 38. The equilibrium can be characterized in a similar fashion as in

the baseline model. First, by aggregating the strategy of the firms, we infer that the coefficients
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(c1,¢2,h, €2, €3 1, c3,) must solve the following system:

cp = /\+(1—)\)b1
cas = (L=X)[vbo,s + (L —7)bs,—s]

35 = (1= A)[vbg,s + (1 —)b3 s

where we use the convention that —s = [ when s = h and —s = h when s = [. Next, by taking
the firms’ best response, we infer that the coefficients (b1, by p, b2, b3, b3 ;) solve the following

system:

b = ((1-BNa+(BNb)a
bas = [(1=PBA)(1—-a)+((1=BNa+ (BA)b1) (vez,s + (1 —7)ca,—s)

+(BA) (3(b2 +bop) + (b3 +b3p)) | — ?no
b = [(1=BN)(1—a)+ (1= BN+ (BNb1) (vezs + (1= 7ea,—)
+(BA) (3(bay +bop) + (b3y+ b)) | ,iml:i),ie

+((1 = BA)a+ (BA)b) (vess + (1 —v)es —s) -

Clearly, ¢; and b; continue to be determined by the same equations as in the baseline model.
Once again, we focus on the solution with ¢; € (0,1). Given this solution, the remainder

of the conditions consist a linear system, which admits a unique solution for the coefficients

(bZ,Sa b3,3a C2,s5 c3,s)s€{h,l}-

Proof of Proposition 39. In the main text of the article we showed that the equilibrium
values of (c1,¢9,c3) and (b1, by, b3) are determined by the solution to two systems of equations,
referenced as conditions (8) and (13) in the article; that ¢; and by continue to be determined

as in the baseline model and are thus independent of y; and that ¢y satisfies

A(l - Cl)

= Ke+xKz ’
A + 2! K:c(]-_x)

C2
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which is decreasing in x. Along with the fact that ¢y = (1 — A)ba(1 — x), we get that

)\(1 - Cl)
(=X A +e2 + (-2

by =

which is also decreasing in x, since ¢; € (A, 1).

Proof of Propositions 40 and 41. To nest both the model of Section 5 and that of Section
6, we let the bias be given by
0t = —xvt + wi + pdi—1.

We then conjecture an equilibrium in which the price set by a firm in period ¢ is a linear function

of (pt—1, Tt, O¢—101—1, wt):
Pit = P(pe—1,Tit, 011, 0t—1,wt) = bips—1 + baxs s + 361 + bads—_1 + bswy (3.17)

for some coefficients by, ba, b3, by, bs.
Our specification of the heterogeneous priors implies that each firm thinks that the cross-
sectional mean of the signals in the rest of the population is Z; = 6; + §; = (1 — x)0: + x0:—1 +

poi—1 + wy. It follows that each firm expects the price level to satisfy

Pt = Apt—1 + (1 — X) P(pe—1, Tt, Ot—1, 64—1,wt)

or equivalently

Pt = C1Pt-1 + c20s + 36031 + c464_1 + cswy (3.18)

where

a = A+1=XNb, c2=(1=-Nb(1-x), cz3=(1-2A)(bax+bs3) (3.19)

cy = (1—)\) (b2p+b4), C5=(1——)\) (b2+b5)

Next, note that we may write the firm ’s best response, which is given by condition (9) in
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the article, as follows:

pit = (1= BN [(1 — @) Bi 10t + i tpt] + (BA) Bigpit1.

Given that the firm expects the price level to evolve according to (3.18), for the firm’s best re-
sponse to be consistent with our conjecture (3.17), it must be that the coefficients (b1, bo, b3, bs, bs)

solve the following system:

by = [(1-BNa+ (BN bi]a (3.20)
by = [(1—8X)(1—a+ac)+ (BA)+ (BN) (bicy + ba + bg — xbs)) - /f:.ne
bs = [(1=BN) (1~ a+ac)+(BN)+(BA) (brez+ bz + by — xba)] - /f:ne

+ (1 — BA) acs + (BA) bicz + (BA) bax
b4 = (1 - ﬁ)\) acy + (ﬁ)\) b104 + (B/\) b4p
b5 = (]. — ﬁ/\) acs + (,3/\) b105 + (ﬂ/\) b4

Combining conditions (3.19) and (3.20) gives us a system of equations which characterizes the
equilibrium values for (b1, ba, bs, ba, b5, c1, c2, 3, 4, C5).

It is immediate that the conditions that determine ¢; and b; are identical to those in the
baseline model. As in the baseline model, we ignore the solution that has ¢; > 1 and focus on
the solution that has ¢; € (0,1). Given this solution, the remaining conditions define a linear

system, which has a unique solution for the remaining coefficients.
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Chapter 4

Predatory Trading and Credit

Freeze

4.1 Introduction

The inter-bank lending market and the discount window of the Fed are two facilities which
allow banks to borrow short-term in order to meet temporary liquidity needs. However, these
opportunities are not always availed by traders. Financial institutions often appear reluctant
to borrow, even at times when liquidity is most needed. In this chapter I study how strate-
gic interactions among banks may deter financial institutions from raising money in times of
temporary financial distress.

Financial markets are often modeled as interactions between small traders in perfectly com-
petitive markets taking prices as given. However, in reality these markets are not devoid of
large players with market impact. For this reason, a recent literature has begun to emphasize
strategic behavior among large financial institutions. “Predatory trading” is one such strategic
interaction. Brunnermeier and Pedersen (2005) define predatory trading as “trading that in-
duces and/or exploits the need of other investors to reduce their positions.” That is, predatory
trading is a strategy in which a trader can profit by trading against another trader’s position,
driving an otherwise solvent but distressed trader into insolvency. The forced liquidation of
the distressed trader leads to price swings from which the predator can then profit. Brunner-

meier and Pedersen (2005) provide a framework to study this type of interaction, and show how
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predatory trading can in fact induce a distressed trader’s need to liquidate.

In this chapter I explore how predatory trading may affect the incentives of banks to seek
loans in times of financial distress. In general, a distressed bank or trader may wish to raise
money in order to temporarily bridge financial short-falls. However, in an environment in which
banks have private information about their own finances, searching for extra capital from outside
lenders may become a signal of financial weakness. Traders can then exploit this information,
and predatorily trade against funds that they infer to be sufficiently week. Therefore, the
mere act of searching for loans may expose a distressed firm to predatory trading and possible
insolvency.

The key assumption behind this result is that there exists asymmetric information among
traders-that is, ex ante, traders have private information about their own balance sheet that
is not available to other traders. Within an asymmetric information environment, actions
undertaken by banks to relie\}e financial distress may convey information about its underlying
financial state. Hence, in deciding whether to search for a loan, a distressed bank faces a trade-
off between the financial cushion provided by a loan and the information this act reveals. In
equilibrium, I find that some distressed funds who would otherwise seek to recapitalize may be
reluctant to search for extra capital in the presence of potential predators. Predatory trading
may therefore deter banks and financial institutions from raising funds in times when they need

it the most.

Anecdotal Evidence. The findings of this chapter support certain anecdotal evidence
about strategic trading and the reluctance of financial institutions to find loans in times of
distress. One of the most often-cited examples of predatory trading is the alleged front-running
against the infamous hedge fund Long-Term Capital Management (LTCM) in the fall of 1998.
After realizing losses in a number of markets, it is reported that LTCM began searching for
capital from a number of Wall Street banks, most notably Goldman Sachs & Co. LTCM
alleges that with this information Goldman then traded heavily against LTCM’s positions in

credit-default swaps, front-running LTCM’s eventual unwinding. Business Week writes,!

..if lenders know that a hedge fund needs to sell something quickly, they will sell

1 “The Wrong Way to Regulate Hedge Funds,” Business Week, February 26, 2001, p. 90.
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the same asset—driving the price down even faster. Goldman Sachs & co. and other
counterparties to LTCM did exactly that in 1998. Goldman admits it was a seller

but says it acted honorably and had no confidential information.

Similarly, in When Genius Failed: The rise and fall of Long-Term Capital Management,

Lowenstein writes,?

As it scavenged for capital, Long-Term had been forced to reveal bits and pieces
and even the general outline of its portfolio... Meriwether bitterly complained to
the Fed’s Peter Fisher that Goldman, among others, was “front-running”, mean-
ing trading against it on the basis of inside knowledge. Goldman, indeed, was an
extremely active trader in mid-September, and rumors that Goldman was selling

Long-Term’s positions in swaps and junk bonds were all over Wall Street.

Furthermore, an interesting study by Cai (2007), uses a unique data set of audit transactions
to examine the trading behavior of market makers in the Treasury bond futures market during
LTCM’s collapse. Cai finds strong evidence of predatory front running behavior by market
makers, based on their informational advantages.?

The findings of this chapter also provide a possible explanation as to why financial firms may
not obtain loans in times of financial shortfall. During the 2008-2009 financial crisis, sources
report that Lehman Brothers was reluctant to publicly raise liquidity, a month or so before its

collapse. The Wall Street Journal writes,*

As the credit crunch deepened, the Fed had set up a new lending facility for
investment banks. Although the central bank doesn’t reveal who borrows from it,

the market generally figures it out, and there’s a stigma associated with it. Lehman

2 According to the author, When Genius Failed: The Rise and Fall of Long-Term Capital Management was
based on interviews with former employees and partners of the firm, as well as interviews conducted at the major
Wall street invesment banks.

3 Although identities are concealed in the transactions dataset, Cai finds one large clearing firm (coded “PI7”)
with large customer orders during the crisis period which closely match various features of LTCM’s trades
executed through Bear Stearns, including trade size, pattern and timing. More importantly, Cai finds that
market makers traded on their own accounts in the same direction just one or two minutes before before PI7
customer orders were executed.

14The Two Faces of Lehman’s Fall.” The Wall Street Journal, October 6, 2008.
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didn’t do so over the summer, because it didn’t want to be seen as needing Fed

money, says one person familiar with the matter.

The WSJ further reports that Lehman eventually tried to secretly raise funds from the

European Central Bank:

In the weeks before it collapsed, Lehman Brothers Holdings Inc. went to great
lengths to conceal how fast it was careening toward the financial precipice. The ailing

securities firm quietly tapped the European Central Bank as a financial lifeline.

Eventually, any funds Lehman could acquire were apparently not enough, and the investment

bank declared bankruptcy on September 15, 2008. The Associated Press writes,’

If the mortgage meltdown is like a financial hurricane, then think of Lehman

Brothers as a casualty that waited too long to cry for help.

Related Literature. Brunnermeier and Pedersen (2005) provides the basic framework
for predatory trading used in this chapter. Brunnermeier and Pedersen (2005) show that if a
distressed firm is forced to liquidate a large position, other traders have the incentive to trade
in the same direction, in order to profit from large price swings. Furthermore, they show that
predatory trading can even induce the distressed trader’s need to liquidate. In their analysis, the
predator is perfectly informed of the distressed trader’s balance sheet, whereas in this chapter
I relax this assumption and allow traders to have private information about their own finances.
This is motivated by the observation that banks often know more about their own balance sheet
(and portfolio) than other institutions.

this chapter more generally emphasizes the importance of considering non-competitive mar-
kets in which large strategic traders do not take prices as given. Strategic trading based on
private information about security fundamentals is studied by Glosten and Milgrom (1985) and
Kyle (1985), while speculative trading by investors with no knowledge of fundamental values,
but who do possess superior knowledge of the tradiﬁg environment is studied by Madrigal (1996)
and Vayanos (2001). Allen and Gale (1992), on the other hand, study stock price manipula-

tion in which an investor buys and sells shares, incurring profits by convincing others that he

5 “Financial hurricane victim Lehman waited too long.” The Associated Press, September 14, 2008.
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is informed. Finally, Carlin, Lobo, and Viswanathan (2007) offer a complementary theory of
predatory trading: they show how predation is a manifestation of a breakdown in cooperation
between market participants.

this chapter furthermore examines how lending problems may arise from the strategic inter-
actions among banks. In this way, this chapter is related to Acharya, Gromb, and Yorulmazer
(2009), who study market power in the interbank lending market. They show that during crises
episodes, the profits a surplus bank may gain from buying fire-sale assets and increasing market
share may lead to a lower willingness to supply interbank loans. Similarly, this chapter is related
to the literature on the role of the central bank during episodes of aggregate liquidity shortages
or interbank-lending market breakdown, see for example Allen and Gale (1998), Holmstrom
and Tirole (1998), Diamond and Rajan (2005), and Gorton and Huang (2006). Finally, Bolton
and Scharfstein (1990) show that an optimal lending contract may leave a firm unable to fully
counter predation risk. They consider product market predation, not financial market preda-
tion. Finally, while all of these papers emphasize the provision of liquidity by banks and central
banks, i.e. the suppliers of funds, they do not consider the signal value of searching for liquidity

by distressed financial firms and how that endogenously affects the demand for funds.

this chapter is organized as follows. Section 4.2 describes the model. In Section 4.3, 1 define
the equilibrium of the economy and analyze the optimal decision for each type of trader. Section
4.4 examines the benchmark case in which there is no predator. Section 4.5 characterizes the

equilibria in the full model with predatory trading. Section 4.6 concludes.

4.2 The Model

There are 3 periods: t € {1,2,3} and two tradeable assets: a riskless bond and a risky asset.
The risk-free rate is normalized to 0. The risky asset has an aggregate supply @ and a final
payoff z at time ¢ = 3, where z is a random variable with an expected value of Bz =z > 0.
The price of the risky asset at any time ¢ is denoted s;.

There are two strategic traders, the distressed trader and the (potential) predator, which
are denoted by i € {d,p}. Both traders are risk neutral and seek to maximize their expected

profit at time ¢ = 3, which I denote as ;. Each strategic trader is large, and hence, his trading
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impacts the equilibrium price. Traders can be thought of as hedge funds or the proprietary
trading desks of large investment banks. Let z;; denote trader ¢’s holding of the stock at time
t. Each strategic trader has a given initial endowment, z; 1, of the risky asset and is restricted
to hold z;; € [—7, :‘c].6 For simplicity I assume that each trader’s initial endowment is equal to
its maximum long position, that is, zp1 = 241 = Z.

In addition to the two large strategic traders, the market is populated by long-term investors.
The long-term traders are price-takers and have at each point in time an aggregate demand

curve given by
1

Y (s) = X (Z—st). (4.1)
This demand schedule has two important attributes. First, it is downward sloping: in order for
long-term traders to hold more of the risky asset, they must be compensated in terms of lower
prices.” Second, the long-term traders’ demand depends only on the current price s;, that is,
they do not attempt to profit from future price swings.®
The market clearing price solves Q = Y (s;) + zps + zqs. Market clearing implies that
the equilibrium stock price is given by s; = Z — A [Q — (zpt + z4:)]. Due to the constraint on
asset holdings, strategic traders cannot take unlimited positions. Assuming the case of limited
capital, i.e. 2Z < @Q, the equilibrium price is always lower than the fundamental value: s; < %,

Vt. Therefore, strategic traders can expect positive profits from holding the asset until time

t=3.

In addition to the risky asset, each strategic trader is endowed with a non-tradeable in-
vestment. At time t = 3, this investment, if not liquidated, yields a payoff of u, where u is a
random variable with an expected value of E;u = u > 0. This investment is non-tradeable in
the following sense: it cannot be sold by the trader at any point in time before the investment
has materialized in the last stage. I let v;; represent the paper value at time t of this invest-

ment. For example, if the trader is an investment bank, v; ; may be thought of as the value of

8This position limit can be interpreted more broadly as a risk limit or a capital constraint.

"This could be due to risk aversion or due to institutional frictions that make the risky asset less attractive
for long-term traders. For instance, long-term traders may be reluctant to buy complicated derivatives such as
asset-backed securities.

8 Long-term investors may be interpreted as pension funds and individual investors. Under this interpretation,
long-term investors may not have sufficient information, skills, or time to predict future price changes.
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investments made by the lending side of the bank which, perhaps due to agency reasons, cannot
be securitized.

The paper value of the distressed’s investment is subject to liquidity shocks, such that vg,
is not necessarily equal to @ at every point in time. In particular, vq; at any point in time takes
one of three values: vq; € Vg = {v, Um, vn}, where without loss of generality v; < vy, < vj,. The
realizations of vq; are however independent of u, so that the trader’s expected final payoft from
his non-tradeable investment is always given by %. On the other hand, the predator’s valuation
of non-tradeable assets is constant over time, and equal to its expected payoft: v, = @, V¢.

At any time ¢, a trader’s “mark-to-market” wealth is given by w; ; = x; 151 +v;¢. If the trader
survives to period 3, its expected payoff from holding its portfolio is E; [w;] = E; [w; 3] = z; 3Z+4.
Let w denote the maximum expected wealth of a trader’s portfolio, that is, w = zz+4. However,
if at any time before the last period a trader’s wealth drops below some threshold level w, then
the trader must liquidate all assets at fire sale prices. This assumption of forced liquidation
could be due to margin constraints, risk management, or other considerations in connection
with low wealth. Let L < @ be the fire-sale value of the entire portfolio if the trader is forced to
liquidate before the last stage, and let A = w — L denote the difference between the expected
payoff from the portfolio and its fire sale value. One may think of A as the penalty the trader

incurs for liquidating prematurely.

Timing and Information. Before stage 1, Nature draws initial value vq1 € Vg = {v;, vm, vp}

of the distressed’s non-tradeable holdings according to the following distribution

vy with probability ¢
Vd1 = § Um  Wwith probability g,

vp  with probability ¢

where ¢; + ¢ + g = 1. For simplicity, I let ¢; = ¢m = gn = 1/3. One may think of this as the
initial “type” of the distressed trader. That is, the distressed is initially a low type if vg; = vy,
a medium type if v41 = v, and a high type if v41 = vj.

Stage 1. In stage 1, the distressed trader learns his initial type vg; (or valuation of his
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non-tradeable investment), but the distressed’s type is not observed by the predator.® This can
be interpreted as investors conducting a valuation of the financial firm, but this value is not
released publicly. Once it observes vq 1, the distressed trader then has the option to search for
additional resources from an outside lender. I let ag € Ay = {S, NS} denote the action taken
by the distressed, where S denotes the decision to “search” for a loan, and N.S denotes the
decision to “not search”. For this reason, I refer to stage 1 as the “loan-seeking stage”.

If the distressed decides to search, he receives a loan which may increase his wealth. Before
deciding to search, however, the distressed does not know the value of this loan. In particular,
I assume that the loan is stochastic, and with some probability may bring the distressed trader
into a higher valuation state for stage 2. For example, if the distressed initially is a medium
type (v41 = vm) and decides to search for a loan, with probability 7., he receives a loan which
makes him a high-type firm for stage 2 (vq2 = va). On the other hand, with probability
the distressed does not receive a loan and stays a medium type for stage 2. More formally, if

the distressed searches, his stage 2 type vq 2 is determined by the following transition matrix

T Tim  Tih
T(va2lvd1) = | 0 Tmm Tmh (4.2)

0 0 1

where my + T + ™ = 1 and Tm + Tmp = 1. Like the bond, the loan has zero interest but
does have a fixed cost of ¢ > 0 which is incurred in the last period. Finally, if the distressed
decides to not search for a loan, his type remainds constant; that is, v42 = vgq,1.

After the distressed decides whether or not to search for a loan, the value vg 2 is realized.

This value is again observed by the distressed but not by the predator.

Stage 2. Although t‘he predator does not observe the distressed’s type vq directly, the
predator does however observe whether the distressed decided to search or not. Specifically,
the predator observes a4. After observing a4, the predator then decides whether or not to
predatorily trade against the distressed. I let a, € A, = {P, NP} denote the action taken by

the potential predator, where P denotes the decision to “predate”, and NP denotes the action

9The predator’s type Up is constant and common knowledge throught out the game.
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to “not predate”. For this reason, I refer to this stage as the “predatory phase”.

If the predator decides to predatorily trade, then the strategic traders engage in a “pre-
dation war”. The results of this predation war are derived from Brunnermeier and Pedersen
(2005). The mechanics of this predation war are not the main focus of this chapter. For this
reason, in this section I only present the important (reduced-form) results that are pertinent
to understanding the model. A more detail description of the predation war is given in the
Appendix.

If the predator decides to predate, then the strategic traders engage in a “predation war”
in which both traders sell the risky asset as fast as possible. This predation war continues until
one of the traders is forced to leave the market. The trader who is forced to leave the market
is the trader whose wealth falls below the minimum wealth threshold w first—that is, the trader
with the lower amount of wealth will be forced to leave the market. The predator therefore wins
the predation war and the distressed loses if and only if v, > vg2. In this case, the predator
buys back up to its optimal position Z, receives strictly positive profits m > 0 and moves on to
stage 3, while the distressed trader is forced into liquidation and receives final payoff wq = L.
On the other hand, if the predator loses and the distressed wins the predation war, the predator
must liquidate its assets at fire sale prices and receives final payoff w, = L, while the distressed
buys back up to its optimal position Z and continues on to stage 3.1

If the predator decides not to predate, then there is no predation war. Both traders move

on to the next period with no change to their current or expected wealth.

Stage 3. In stage 3, conditional on making it to this stage (either not engaging or winning
the predation war in stage 2), the predator receives the final realized wealth from his portfolio,
Wp = Tp3z + u.

In addition, the distressed trader, conditional on making to this stage (either not engaging
or winning the predation war in stage 2), is subject to an exogenous income shock. This income
shock has two outcomes, either it results in stage 3 wealth below the threshold w, forcing the
distressed trader to liquidate, or it results in stage 3 wealth above the threshold.

The distressed in period 3, has valuation vg3 equal to its valuation in the previous period,

10Note that the distressed does not make profits from winning the pedation war. This may be interpreted as
the distressed isn’t trying, or does not have the skills, to profit from the exit of the predator. Thus, in the event
that the distressed wins a predation war, it receives zero gains: mq = 0.
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vg,2. The probability of hitting the lower bound on wealth after the income shock depends
on the distressed’s current type. In particular, the probability that the trader’s wealth after
the income shock is above the threshold is increasing in vg3. If the distressed trader is low
type, then his wealth after the income shock is above the threshold w with probability p;. If
the trader is medium type, then his wealth after the income shock is above the threshold with
probability p,,. Finally, if the trader is high type, then his wealth after the income shock is
above the threshold with probability pn. I assume p; < pm < pp, so that the high type has
the lowest probability of hitting the lower bound on wealth, and the low type has the highest
probability of hitting the lower bound.

If the distressed hits the lower bound on wealth after the income shock, he is forced to
liquidate all assets at fire-sale prices and receives final payoff wy = L. If instead the distressed’s
wealth is above the threshold after the income shock, then he receives the final payoffs from
holding the portfolio, wy = wd;3z + u. If the distressed took out a loan in stage 1, he now pays

the fixed cost ¢ to the outside lender.

Remarks and Assumptions. The extensive form of this game is presented in Figure 4.1
for stages 1 and 2. I omit the last stage for simplicity and because no player moves in the last
stage. Therefore, what is omitted in this figure is the stochastic income shock in stage 3 and the
realization of payoffs for each player. From this figure, one can see that Nature (denoted by “N”)
moves first, choosing the distressed’s non-tradable investment value vy, vr,, v, with probabilities
1, @m., g, respectively. After observing its own type, the distressed decides whether to search (S)
or not search (NS) for a loan. If the distressed searches, Nature then draws another type based
on the transition matrix given in (4.2). Finally, the predator, although he does not observe the
distressed’s type, does get to observe the distressed’s action. Given this information set, the

predator then decides whether to predate (P) or not (NP).
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Predator rN\ Distressed

A

’ v
Search h Not Search
4,
4,
v
m
Search Not Search
q,
Y
Search Not Search
Figure 4.1

This figure therefore illustrates the two main decisions nodes in the game: first, the decision
of the distressed to search for a loan, and second, the decision of the predator to predate.

The key decision for the distressed trader occurs in stage 1, the loan seeking stage. In this
stage, after observing his initial value (or type), the distressed trader decides whether or not to
search for a loan. In making this decision, there are two future risks that the distressed trader
faces: predatory trading risk in stage 2 and exogenous income risk in stage 3. Searching for a
loan is the distressed trader’s only way of potentially protecting itself against these risks. In
stage 3, the lower the trader’s valuation, vg 3, the greater the probability of hitting the lower
bound on wealth. For this reason a loan would be desirable. However, the main caveat of
searching for a loan is its possible signal value-that is, the potential predator sees whether the
distressed searched for va loan, and hence infers some information from this action. Therefore, in

deciding whether to search for a loan, a distressed bank faces a trade-off between the financial
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cushion provided by a loan and the information it conveys.

The key decision for the predator occurs in stage 2. While the predator does not observe
the distressed’s type, he does observe whether or not the distressed searched for a loan. This
is motivated by the following. Financial firms must contact outside lenders, counterparties, or
central banks when seeking loans. Although any loan amount received may not be observed by
the market, the act of seeking liquidity is likely to become public. Thus, potential predators
may be able to infer information from this action. In the next section, I show how the predator
forms beliefs about the distressed’s type optimally via Bayes rule.

Finally, note that is optimal for each trader to always hold Z of the risky asset, unless
engaged in a predation war. This corner solution is due to the long-term investor’s demand
curve and to the fact that traders have limited capital, so that the equilibrium price is always

lower than the fundamental value.

Assumptions. 1 make the following assumptions on parameter values. First,

Um < VUp < Up.

That is, if the predator predates in stage 2, he succeeds if vq2 = v; or vy, but fails if vgs = vp,.
Note that even after receiving a loan, the distressed firm may not be a high type. Thus, this
assumption implies that a loan will not always bring the firm into the range where it is not
subject to predation risk. Bolton and Scharfstein (1990) show that an optimal financial contract
may leave an agent cash constrained even if the agent is subject to predation risk.!!

Second, I assume that

pp=1 and p;=0.

This simply states that in stage 3, the high type never hits the lower bound on wealth while
the low type always hits the lower bound on wealth. This will imply that the distressed’s type
space has dominance regions. That is, for the two extreme types—the low type and the high

type-searching and not searching, respectively, are strictly dominant. The dominant strategies

1 They consider product market predation, not financial market predation. Furthermore, they do not consider
the signal value of searching for liquidity when information is asymmetric.
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will be proven and shown in the following section.

Third, I assume that

0<ec< A and 0<m<A.

This assumption states that the gain incurred from successfully predating is less than the loss
due to a forced liquidation, and that the fixed cost from obtaining a loan is less than the loss
due to a forced liquidation.

Finally, I assume the following condition for the transition probabilities.

0 < mp < Tmh

This assumption states that, conditional on searching for a loan, the probability of the medium

type becoming a high type is greater than the probability of the low type becoming a high type.

4.3 Equilibrium Definition

Both strategic traders are risk-neutral and expected payoff maximizers. There are two stages
in this game where the traders make choices, and the choices each trader makes may affect
their final payoff ;. In this section I define the equilibrium in this game and characterize the
decision rules for each agent.

Note that in this game, each agent—the distressed and the predator-may face the risk of
liquidating prematurely and receiving final payoff w; = L. For the predator, this could be
the outcome of the predation war. For the distressed, this could either be the outcome of
the predation war, or the outcome of the exogenous income shock in 'stage 3. In terms of final
outcomes of the game, I say that a particular trader “survives” if he is never forced to liquidate.
That is, “survival” refers to the event that the trader makes it through the entire game without
liquidating and receives the final value of holding its portfolio, w; = x; 32 + u.

In stage 1, the distressed trader, after observing its initial type, vq;, decides whether or
not to search for a loan. To make this decision the distressed trader forms beliefs about his

survival probability that depend not only on his chosen action and its initial type, but also on

188



the strategy of the predator. Given an initial type vq1, let a (aq,vq1|rp) denote the distressed’s
belief it survives if it chooses action ag, conditional on the predator following strategy r,. Thus,

given initial type vq 1, the distressed’s expected payoff conditional on not searching is given by
Ed,l [Qf)leS, Ud 1, 'I’p] = wa (NS, 'Ud’1|7'p) + (’LT) — A) (1 — (NS, vd,llrp)) , (43)

since he gets expected payoff @ if he survives, and liquidation value L = w — A otherwise. On
the other hand, given initial type vq, the distressed’s expected payoff conditional on searching

is given by
B,y [@a]S, var,mp] = (@ = ¢) a (S, vanlrp) + (@ = A) (1 = @ (S5, valrp)) (4.4)

since he gets expected payoff w if he survives, minus the fixed cost of the loan, and liquidation
value L = w — A otherwise.

Likewise, in stage 2, the predator, after observing the action of the distressed, aq4, decides
whether or not to predate. To make this decision the predator forms beliefs about his survival
probability that depend not only on his chosen action, but also on the observed action of the
distressed and the distressed’s strategy. Given an observed action agq, let 3 (ap, aq|rg) denote
the predator’s belief he survives if he chooses action a,, conditional on the distressed following
strategy rq. If the distressed chooses to predate, then the survival probability is merely the
posterior probability that vy < vp, i.e. B (P, aq4|ra) = Prlvgs < vplag,rp). On the other hand, if
the predator does not predate, then 8 (NP, ag4|rq) = 1, for any a4, 4. Therefore, given observed

action ag4, the predator’s expected payoff conditional on predatorily trading is given by
Ep,2 [@p| P, ag,ra] = (@ + m) B(P, aglra) + (@ — A) (1 — B (P, ad|ra)) (4.5)

since he gets expected payoff w if it survives, plus profits m, and liquidation value L = w —
A otherwise. On the other hand, given observed action a4, the predator’s expected payoff

conditional on not predatorily trading is given by

EP,Q [lDPINP) ad, 'rd] =w (46)
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A strategy of the distressed trader is merely a mapping from the distressed’s type space
to an action, that is rq : V4 — Ag. A strategy for the predator is merely a mapping from its
information set to an action, that is, 7, : Aq — A,. The equilibrium of this game is then defined

as follows.

Definition 42 An equilibrium is a strategy for the distressed rq : Vg — Ay, a strategy for the
predator tp : Ag — Ay, and a belief system a: Ag x Vg — [0,1] and §: Ap x Ag — [0,1]
(i)For each vg1 € Vy, the distressed of initial type vy searches for a loan if and only if his

ezpected payoff from doing so is greater than his expected payoff from not searching
Td (vd’l) =9 Zf and only if Ed,l [’l:[)d|S, Vd,1, Tp] > Ed,l [11)4|NS, 'vd,l,rp] 3 (4.7)

conditional on the predator following strategy rp.
(ii)For each aq € Ag, the predator who observes aq predates if and only if his expected payoff

from doing so is greater than his expected payoff from not predating
Tp (ad) =P Zf and only Zf Ep,g [’lf)p|P, aq, Td] > ]EP,Q [’lf)plNP, ad, Td] . (48)

conditional on the distressed following strategy rq
(i5i) The survival belief of the distressed, o, is based on the predator following strategy rp,
and the survival belief of the predator B is formed using Bayes rule and based on the distressed

following strategy r4.

Conditions (i) and (ii) of Definition 42 require that the strategies of the distressed and the
predator are sequentially rational given their beliefs. Condition (iii) states that the belief system
must be consistent given the strategy profile of the players. Thus, the equilibrium definition is
that of a standard perfect-Bayesian equilibrium, in which the distressed is the sender and the
predator is the receiver. Finally, I prove shortly that in this game there are no out-of-equilibrium

beliefs.
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Decision rule for the distressed trader. I first consider the decision for the distressed
trader in stage 1. The expected payoffs for the distressed from searching and from not searching
are given in (4.4) and (4.3), respectively. Combining these with the distressed’s decision rule
stated in (4.7), it follows that optimal action for the distressed trader may be expressed as

follows.

Lemma 43 Given initial valuation vy and conditional on the predator following strategy rp,

the distressed trader searches for a loan if and only if

a(NS,vg1lrp)  A—c
a(S,vq1|rp) A

(4.9)

where £5¢ € (0,1).

The above Lemma gives a simple cut-off rule, in terms of the distressed’s beliefs, for when
it is optimal for the distressed to search for a loan. To see this, note that the left-hand side
of equation (4.9) is merely the ratio of the probability of survival from not searching to the
probability of survival from searching. Lemma 43 states that the distressed trader will search
if and only if this ratio is sufficiently low. The cut-off for this ratio, i.e. the right-hand side of
equation (4.9), is a constant which is decreasing in the fixed cost of obtaining a loan, ¢, but
increasing in the liquidation penalty A. Therefore, the distressed finds it optimal to search if
the probability of surviving from not searching is low relative to that of searching. That is,
searching is optimal if it greatly increases the distressed’s chances of survival. However, a higher
fixed cost of the loan or a lower liquidation penalty makes it less likely that the distressed will
find it optimal to search.

Lemma 43 gives a simple decision rule for the distressed trader, given his initial type. Using
this decision rule, it is now clear that for the two extreme types—the low type v4 and the high
type vp—searching and not searching, respectively, are strictly dominant. This is stated in the

following lemma.

Lemma 44 For any strategy of the predator, the low type always finds it optimal to search.
Likewise, for any strategy of the predator, the high type always finds it optimal to not search.
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The proof of Lemma 44 is simple. Consider first the low-type’s decision. For any strategy
of the predator, if the low type decides not to search, his probability of survival is zero, since no
matter what happens in stage 2, the exogenous income shock in stage 3 will force the firm to
liquidate (p; = 0). On the other hand, for any strategy of the predator if the low type decides
to search for a loan, his probability of survival is strictly positive. Condition (4.9) is hence
satisfied for all r,. Therefore, no matter the strategy of the predator, the low type always finds
it optimal to search. ‘

Second, consider the decision of the high type in stage 1. For any strategy of the predator,
the high type’s probability of survival, whether it searches or not, is always equal to 1. This is
due to the fact that neither the predator in stage 2 nor the income shock in stage 3 can force
the high type to liquidate. Therefore, according to condition (4.9), the high type always finds

it optimal to not search.

Lemma 44 clarifies the type of equilibria that may exist in this game. The property that
the low type always searches and the high type never searches, i.e. that there are dominance
regions in the type space, implies that any possible equilibrium in this game must be a separating
(or semi-separating) equilibrium. Any action observed by the predator is consistent with an
equilibrium path, and hence no off-the-equilibrium path beliefs need be specified.

Finally, note that Lemma 44 also contributes to understanding the signalling nature in
this game. Because the predator does not observe the type of the distressed, it can only
infer information from the distressed’s action. From Lemma 44, we see that regardless of the
predator’s strategy, it is strictly dominant for the low type to search, and it is strictly dominant
for the high type to not search. Therefore, when the medium type makes its decision whether
or not to search, part of its trade-off is whether to be pooled with the low types or to be pooled

with the high types, and in this way convey information to the predator.

Decision rule of the predator. I now consider the decision for the predator in stage 2.
The expected payoffs for the predator from trading and from not trading are given in (4.5) and
(4.6), respectively. Combining these with the predator’s decision rule stated in (4.8), it follows

that optimal action for the predator may be expressed as follows.

Lemma 45 Given observed action ag and conditional on the distressed following strateqy T4,

192



the predator predatorily trades if and only if

1_/B(P7ad|rd) <

o (4.10
B(Padrd A 10)

where T € (0,1).

Much like Lemma 43, Lemma 45 gives a simple cut-off rule, in terms of the predator’s
beliefs, for when it is optimal for the predator to predatorily trade. To see this, note that the
left-hand side of equation (4.9) is merely the ratio of the probability of failing to the probability
of succeeding, if the trader decides to predatorily trade. Lemma 45 states that the predator will
predate if and only if this ratio is sufficiently low. The cut-off for this ratio, i.e. the right-hand
side of equation (4.9), is a constant which is increasing in the gain from winning a predation
war, m, but decreasing in the liquidation penalty A. Therefore, the predator finds it optimal
to predate if the probability of surviving conditional on predatorily trading is high enough.
However, a lower gain from predatorily trading or a higher liquidation penalty makes it less

likely that the predator will find it optimal to predate.

The decision rules stated in Lemmas 43 and 45 greatly simplify the equilibrium analysis. In
what follows, in Section 4.4 I first look at the equilibrium when there is no predator, and then

in Section 4.5 I turn to the equilibrium of the full game with predation.

4.4 Equilibrium without Predator

In this section I analyze the equilibrium in a benchmark case in which there is no predator.
That is, I consider a setting identical to that described in Section 4.2, but without stage 2, the
predatory stage. Within this predator-less setting, I need only to consider the optimal strategy
of the distressed.

In this environment, Lemma 44 continues to hold; that is, it is optimal for the low types
to search and for the high types to not search. Thus, in terms of the distressed’s strategy,
one needs only to find what is optimal for the medium type. Although there is no predation
risk, the medium type still faces income shock risk. Hence if the medium type decides not

to search, his probability of survival is given by a (NS, vp,) = pm. On the other hand, if the
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medium decides to search for a loan, there is some probability he becomes a high type; for this
reason the probability of surviving is given by a(S,vm) = TmmPm + Tmhr. Combining these

probabilities with the decision rule in (4.9), I find that the medium-type searches if and only if

Pm A-c
<
TmmPm + Tmn A

Therefore, depending on parameter values, the medium type could find either choice optimal
in the benchmark with no predator.

For the remainder of this chapter, I focus on the case where the medium type searches for

a loan in the absence of predators. In other words, I impose the following condition.

Condition 46 Pm < AA‘ <

TmmPm+Tmh

The above condition is imposed for the following reason. The focus of this chapter is to
study the effect of predatory trading on the incentives of financial firms to seek liquidity in times
of distress. For this reason, it seems reasonable to consider an environment in which there is a
clear incentive for a bank to seek out a loan in the absence of predators. Condition 46 imposes
that in the absence of predation risk, searching for a loan greatly increases the distressed’s
chances of avoiding the lower wealth bound, making it preferable for him search. Another way
to read this condition is that the liquidation penalty A is sufficiently high relative to the cost
of a loan that the medium type prefers to search. In any case there is a clear incentive for the
medium type to seek out a loan when there are no predators.!?

Using this condition, the following proposition characterizes the optimal strategy for the

distressed in the benchmark with no predatory trading.

Proposition 47 When there are no predators, under condition 46, the distressed follows a

strategy in which the low and medium types search for a loan and the high type does not search.

12 Another way to justify this condition is to imagine there were a continuum of types. Then there would exist
a type, strictly greater than the low type that would search.
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4.5 Equilibrium with Predator

I now study the equilibrium (or equilibria) of the full game with predatory trading, as laid
out in Section 4.2. As this is a signalling game, there can in principle be multiple equilibria.
In order to characterize the set of all possible equilibria, I consider the entire set of possible
strategies of one of the traders. Here I choose to focus on the set of strategies of the predator.
For each of the predator’s strategies, I determine under what conditions the strategy may be
compatible with an equilibrium. By systematically considering each of the predator’s strategies,
this procedure allows me to characterize the set of all possible equilibria.
A strategy of the predator is merely a mapping from its information set to an action,
rp : Ag — Ap. Since Ag and Ap each contain only two elements, there are only four possible
2

strategies for the predator. Ilabel these strategies as {r}, 72,73, rd

p} and describe each as follows:

o Let r; be strategy in which the predator never predates

NP if a3=S8

rp(ad).=_
NP if a3=NS

Let 'rg be strategy in which the predator always predates

9 P if aqg = S
Tp (ag) =

P if ag = NS
o Let r;' be strategy in which the predator predates if and only if he observes that the

distressed did not search.

NP if ag=385

T, (ag) =
P if aq = NS

Finally, let r¢ be strategy in which the predator predates if and only if he observes that
P

195



the distressed did search.

P if ad=S

rg (ag) =
NP if a3=NS
In this section, I consider each strategy r, € R, = {r},,rg,rf;,rf, separately. For a given

proposed strategy rp, of the predator, I find the best response of the distressed trader. That is, I
find the survival probabilities of the distressed based on the belief that the predator is following
strategy rp, and given these survival beliefs I find the optimal strategy of the distressed. Allow
me to denote this strategy as r), = BRg(rp), where BRy signifies that is is the best response
of the distressed. Next, given the distressed’s best response strategy r/, I then find the best
response of the predator. That is, I find the survival probabilities of the predator based on
the belief that the distressed is following strategy r/;, and then find the optimal strategy of the
predator based on these survival beliefs. Allow me to denote this strategy as r, = BR, (),
where BR,, signifies that is is the best response of the predator.

I then characterize under what conditions the predator’s best response strategy coincides
with the proposed strategy. If r;, = rp, then there exists a fixed point in the traders’ best
responses: 7, = BR (r;,) and 7, = BR(ry). In this case, the strategy profile {rz’,,rfi} and
corresponding survival beliefs therefore constitute an equilibrium. On the other hand, if under
no conditions the fixed point exists, I then conclude that an equilibrium in which the predator
follows the proposed strategy does not exist.

I now consider each strategy.

The predator follows strategy rzl,. Suppose the predator follows a strategy in which he
never predates.

Distressed trader’s best response. If the predator follows a strategy in which he never pre-
dates, in terms of the distressed trader’s decision making process it is as if the predator did not
exist. In other words, the distressed never faces any predation risk. The distressed trader will
thus follow the same strategy outline above in Section 4.4 for the benchmark case in which there
is no predator. Proposition 47 implies that the distressed’s best response to rzl, is a strategy in

which the low and medium types search, while the high type does not search.
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Predatory trader’s best response. The predator forms its survival beliefs based on the pre-
sumption that the distressed is following a strategy in which the low and medium types search,
while the high type does not search. If the predator observes that the distressed did not search,
the predator infers that he must be facing a high type. Hence, the predator knows that if he
predates, his probability of surviving is zero. On the other hand, if he does not predatorily
trade he receives a final payoff of w. Therefore, if the predator observes that the distressed did
not search, it is optimal for the predator to not predate.

On the other hand, if the predator observes that the distressed searched for a loan, then

the probability of the predator surviving a predation war is given by

(7711 + 7rlm) q1 + Tmm3m
q + gm

B (P, SIry) =

This is simply the probability that the distressed’s wealth after seeking a loan is less than the
wealth of the predator. Combining this with the predator’s decision rule in (4.10), the predator

finds it optimal to predate if and only if
K1 < —

where
1 - - 1-—
Ky = ( T~ Tim) + ( Tmm) (4.11)
T+ Tim + Tmm

where I have used the fact that q; = q,,. Therefore the proposed equilibrium in which the
predator never predates exists if and only if the above condition is not satisfied, that is, when

%(I{l.

The predator follows strategy rf,. Suppose the predator follows a strategy in which he
always predates.

Distressed trader’s best response. From Lemma 44, we know that the low type chooses
to search and the high type chooses to not search. Now consider the optimal choice of the
medium type. Given that the predator is following a strategy in which he always predates, if
the medium type chooses to not search, then he will be engaged in a predation war which he

will surely lose, since v42 = vm < vp. Hence, the medium type’s probability of survival from
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not searching, a (N S, vm|r}2,), is equal to zero. On the other hand, if the medium type chooses
to search, then he still faces a predation war. In this case, however, there is some positive
probability that the distressed receives a loan that makes it a high type and hence wins the
predation war. Therefore, the medium type’s probability of survival from searching for a loan is
given by a (S, vm|r2) = mmp, which is strictly greater than zero. According to the distressed’s
decision rule (4.9), it is optimal for the medium type to search. The distressed’s best response
to rf, is therefore a strategy in which the low and medium types search, while the high type
does not search.

Predatory trader’s best response. The predator forms its survival beliefs based on the pre-
sumption that the distressed is following a strategy in which the low and medium types search,
while the high type does not search. If the predator observes that the distressed did not search,
the predator infers that he must be facing a high type. Hence, the predator knows that if he
predates, his probability of surviving is zero. On the other hand, if he does not predatorily trade
he receives a final payoff of @w. Therefore, if the predator observes that the distressed did not
search, it is optimal for the predator to not predate. Thus, given the strategy of the distressed,
under no conditions does the best response of the predator coincide with rg. Therefore, no

equilibrium exists in which the predator follows a strategy in which he always predates.

The predator follows strategy 7‘2. Suppose the predator follows a strategy in which he
predates if and only if the distressed does not search.

Distressed trader’s best response. The low type searches and the high type does not. The
medium type forms his beliefs based on the strategy of the predator. Given that the predator
is following a strategy in which it predates if and only if the distressed does not search, if the
medium type chooses to not search, then he will be engaged in a predation war which he will
surely lose, since vg2 = v < vp. Hence, the medium type’s probability of survival from not
searching, o (N S, vmlrg), is equal to zero. On the other hand, given the predator’s strategy, if
the medium type chooses to search, then he will not face any predation risk and the only risk
he faces is the exogenous income shock in stage 3. In this case, his probability of survival is
given by «a (S, vmlrg) = TmmPm + Tmh, Which is strictly greater than zero. According to the

distressed’s decision rule (4.9), it is optimal for the medium type to search. The distressed’s
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best response to 'rg is therefore a strategy in which the low and medium types search, while the
high type does not search.

Predatory trader’s best response. The predator forms its survival beliefs based on the pre-
sumption that the distressed is following a strategy in which the low and medium types search,
while the high type does not search. If the predator observes that the distressed did not search,
the predator infers that he must be facing a high type. Hence, the predator knows that if he
predates, his probability of surviving is zero. On the other hand, if he does not predatorily trade
he receives a final payoff of w. Therefore, if the predator observes that the distressed did not
search, it is optimal for the predator to not predate. Thus, given the strategy of the distressed,
under no conditions does the best response of the predator coincide with rg. Therefore, no

equilibrium exists in which the predator follows a strategy in which he predates if and only if

the distressed does not search.

The predator follows strategy rf,. Finally suppose the predator follows a strategy in which
he predates if and only if the distressed searches.

Distressed trader’s best response. The low type searches and the high type does not. The
medium type forms his beliefs based on the strategy of the predator. Given that the predator
is following a strategy in which he predates if and only if the distressed searches, if the medium
type chooses to not search, then he will not face any predation risk and the only risk he faces
is the exogenous income shock in stage 3. Hence, the medium type’s probability of survival
from not searching is given by a (NS, vm|rp4) = pPm. On the other hand, given the predator’s
strategy, if the medium type chooses to search, then he will be engaged in a predation war with
the predator in stage 2, which the distressed will lose if he is still a medium type, but will win
if he receives a loan that makes him a high type. Therefore, the medium type’s probability of
survival from searching for a loan is given by & (S, vm|rp4) = Tmh. According to the distressed’s
decision rule (4.9), the medium type searches if and only if

Pm <A_C
Tmh A

Therefore, depending on parameter values, the medium type could find either choice optimal.

If % < AA' €, then conditional on the predator’s strategy it is optimal for the medium type
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to search. In this case, the distressed’s best response to rf, is a strategy in which the low and

medium types search, while the high type does not search. On the other hand, if —flh > AA" <,

then conditional on the predator’s strategy, it is optimal for the medium type to not search. In
this case, the distressed’s best response to rf, is a strategy in which the low type searches for a
loan, and the medium and high types do not.

Predatory trader’s best response. To characterize the best response of the predator, I consider

separately the two cases: first, the case in which ;rmh < —A—A'—Q and second the case in which

Im > ace

First, suppose that %": < A—A_—c. In this case, the predator forms his survival beliefs based
on the presumption that the distressed is following a strategy in which the low and medium
types search, while the high type does not search. Note that this strategy of the distressed
is identical to the distressed’s best response to r},. Using the findings of that discussion, one
may infer that if the predator observes that the distressed does not search, it is optimal for the
predator to not predate. On the other hand, if the predator observes that the distressed does
search for a loan, then the predator finds it optimal to predate if and only if k) < ¥, where
k1 is given in (4.11). In this case, the predator’s best response coincides with rﬁ,. Therefore
the proposed equilibrium in which the predator predatorily trades if and only if the distressed
searches exists whenever k1 < % and % < AT_C-.

Second, suppose that % > A—A_-c-. In this case, the predator forms his survival beliefs based
on the presumption that the distressed is following a strategy in which the low type searches
for a loan, but the medium and high types do not. If the predator observes that the distressed
does not search, he infers that it must be facing either a medium or high type. In this case,
the probability of the predator surviving a predation war is given by 8 (P, NS|r)) = q—mgj*"_—q;.
Combining this with the predator’s decision rule in (4.10), I find that it is optimal for the
predator to not predate. On the other hand, if the predator observes that the distressed does
search for a loan, then the probability of the predator surviving a predation war is given by

B (P, S|rl}) = my + 7. Combining this with the predator’s decision rule in (4.10), the predator

finds it optimal to predate if and only if

Ky < —
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wherel3

Tih
kg = ——— 4.12
T+ Tim ( )

Therefore the proposed equilibrium in which the predator predatorily trades if and only if the

distressed searches exists whenever ky < 2 and 2= > 8¢,
A Tmh A

4.5.1 Equilibrium Characterization

Given the above analysis, I first state the following non-existence result.

Lemma 48 No equilibrium exists in which the predator follows a strategy in which he always
predates. Moreover, no equilibrium exists in which the predator follows a strategy in which he

predates if and only if he observes that the distressed did not search.

This lemma is useful in that it implies that in any equilibrium, the predator is either playing
a strategy in which he never predates, or one in which he predates if and only if he observes
that the distressed searched for a loan. In the former case, the equilibrium of the game will
be similar to that in the benchmark with no predator. In the latter case, the fact that the
predator predates if and only if he observes that the distressed searched for a loan, implies that
the presence of predators creates an incentive for the distressed to refrain from searching.

I now characterize the set of all possible equilibria in this game in Propositions 49 and 50.
In Proposition 49, I first consider the case in which the ratio pm,/mmp is low, that is, when
the medium type’s probability of surviving the exogenous income shock is low relative to the

transition probability of becoming a high type after searching for a loan.

Proposition 49 Suppose - < AA_C.

(i) if k1 < &, then there exists a unique equilibrium such that the distressed trader follows a
strategy in which the low and medium types search for a loan while the high type does not search,
and the predator follows a strategy in which he predates if and only if the distressed searches.

(ii) if & < k1, then there ezists a unique equilibrium such that the distressed trader follows
a strategy in which the low and medium types search for a loan while the high type does not

search, and the predator follows a strategy in which he never predatorily trades.

3Note that, given the assumptions on the parameter values, kg < K.
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Thus, when the ratio p, /7, is sufficiently low, the distressed trader always behaves as he
does in the benchmark with no predator. That is, in any equilibrium the distressed follows a
strategy in which the low and medium types search, and the high type does not search. Note
that when R < ki, the equilibrium is almost identical to the benchmark without predation,
except that in this case it is optimal for the predator to never predatorily trade.

On the other hand, when x; < 7, the predator predatorily trades if and only if he observes
that the distressed searched. When the predator observes that the distressed searched, he knows
that the distressed must be initially a low or medium type. Using Bayes rule, the predator can
then form posterior beliefs over the probability of winning in a predation war. Under these
beliefs, it is optimal for the predator to predate. The key insight here is that by searching for
a loan, the distressed is signalling that he is either a low or medium type. Hence by taking
measures to increase its financial viability, the distressed is in effect signalling its financial
weakness.

Furthermore, note that the predator’s strategy provides an incentive for the distressed to
refrain from searching. However, the increase in survival probability the medium type gaihs
from searching is high enough to compensate for the increased predation risk. Thus, the medium
type still finds it optimal to search.

I now consider the case in which the ratio p,,/mm,p is high, that is, when the medium type’s
probability of surviving the exogenous income shock is high relative to the transition probability

of becoming a high type after searching for a loan.

Proposition 50 Suppose % > %.

(1) if ko < K1 < R, then there exists a unique equilibrium such that the distressed trader
follows a strategy in which the low type searches for a loan while the medium and high types do
not search, and the predator follows a strategy in which he predates if and only if the distressed

searches.

(i) if kg < B < K1, there exist two (pure-strategy) equilibria:*

M OFf course, there also exists o third equilibria in mized strategies. In this equilibrium, the distressed strategy
will be one in which the low type searches, the high type does not search, and the medium type randomizes between
searching and not searching, while the predator’s strategy is one in which it randomizes between predatorily trading
and not predatorily trading.
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(a) the distressed trader follows a strategy in which the low type searches for a loan
while the medium and high types do not search, and the predator follows a strategy in which he
predates if and only if the distressed searches.

(b) the distressed trader follows a strategy in which the low and medium types search
for a loan while the high type does not search, and the predator follows a strategy in which he
never predatorily trades.

(1) if & < kg < K1, then there exists a unique equilibrium such that the distressed trader
follows a strategy in which the low and medium types search for a loan while the high type does

not search, and the predator follows a strategy in which he never predatorily trades.

Therefore, when the ratio py, /s is sufficiently high, under certain parameter values there
exists an equilibrium in which the distressed trader follows a strategy such that the low type
searches while the medium and high types do not search, and the predator follows a strategy in
which it predates if and only if the distressed searches. This equilibrium is interesting because
the medium type finds it optimal to not search, and hence plays a different action than he
would in the benchmark without predation.

In this equilibrium, the predator finds it optimal to predate if he observes that the distressed
searched. Of course, this is because the predator knows that only the low types search, and
hence the predator has a high chance of winning in a predation war. Thus, even though the
predator cannot directly observe types, searching for a loan is a strong signal that the distressed
has a very weak financial status. For this reason the predator finds it optimal to predate.

The predator’s equilibrium strategy provides a strong incentive for the distressed to refrain
from searching. Consider the decision of the medium type distressed trader. If the medium type
chooses to not search, then he will not face any predation risk; the only risk he faces is in the
exogenous income shock in stage 3. On the other hand, if the medium type chooses to search
for a loan, he then engages in a predation war in stage 2, which he can win only if he receives
a large enough loan to become a high type. Therefore, when the probability of surviving the
income shock as a medium type is high relative to the transition probability of becoming a
high type after searching for a loan, that is, when the ratio pp,/mmp is sufficiently high, then
the medium type finds it optimal to not search. In other words, the medium type prefers to

pool himself with high types by not searching and consequently facing greater income risk, over
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pooling himself with low types but consequently facing predation risk. One can think of this as
a financially weak firm that tries to ride out a temporary financial shortfall on its own, without
signalling any weakness to predators by seeking outside liquidity.

This equilibrium clearly illustrates how predator trading may adversely affect the incentives
of banks to seek loans in times of financial distress. In the benchmark without predation, the
medium-type distressed trader searches for a loan in order to protect itself against exogenous
income risk. However, when there are predators who cannot directly observe the wealth of
traders, actions undertaken by these traders to relieve financial distress may convey information
about their underlying financial state. For this reason, predators have the incentive to predate
when they see a large trader searching for a loan. Thus, in deciding whether or not to search for
a loan, the distressed firms face a trade-off between the financial cushion provided by a loan and
the information this act reveals. There are equilibria in which medium-type distressed funds
who would otherwise seek to recapitalize may be reluctant to search for loans in the presence
of predators.

Finally, this analysis may have further implications for regulation and policy. Policies that
may break the separating equilibria found in this analysis, i.e. lead to pooling equilibria, may
weaken the adverse signal value of searching for funds. For example, an interesting policy to
consider would be one in which the government forces all firms to obtain a loan. If all traders—
low types, medium types, and high types—are forced to take a loan, then the predator cannot
use this information to infer underlying financial states. However, under this policy one would
need to then consider the cost of saving funds or banks that may in fact be insolvent.

Another policy to consider is one which increases the probability of successful search—that
is, a policy that increases m,,n,. This policy would then shift the equilibrium from the one
in Proposition 50 in which the medium type does not search forAa loan, to an equilibrium
in Proposition 49 in which the medium type does find it optimal to search. In this case, the
distressed trader would act exactly as it would in the benchmark without predation. This would
then be an interesting new perspective on central bank policy during crises episodes—as opposed
to the lender of last resort rationale, the central bank may be important as an institution that

improves and facilitates inter-bank lending.
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4.6 Concluding remarks

this chapter analyzes how predatory trading may affect the incentives of banks to seek loans
in times of financial distress. I find that when a distressed trader is more informed than other
traders about its own balances, searching for extra capital from lenders can become a signal of
financial need, thereby opening the door for predatory trading and possible insolvency. I find
equilibria in which some distressed traders who would like borrow short-term in order to meet
temporary liquidity needs, may be reluctant to do so in the presence of potential predators.
Predatory trading may therefore deter banks and financial institutions from raising funds in

times when they need it the most.
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4.7 Appendix: The Predation War

In this appendix I provide a more detailed analysis of the predation war discussed in Section
4.2. In stage 2, if the predator decides to predatorily trade, then the strategic traders engage
in a “predation war”. The results of this predation war are derived from Brunnermeier and
Pedersen (2005).

Suppose that time is continuous within this stage and denoted by 7 € [0, 7]. That is, traders
may now trade continuously in the asset. Let x; (7) denote the position of trader 7 in the asset
at time 7, and let s (7) denote the price of that asset. At the beginning of stage 2, each trader
has an initial position , z; (0) = &, of the risky asset. Within stage 2 the trader can now
continuously trade the asset by choosing his trading intensity, a; (7). Hence, at time 7 the

trader’s position in the risky asset is given by

zi (1) =2; (0) + /OT a;(u)du

As mentioned previously, each strategic trader is restricted to hold z; (7) € [-Z, Z]. Finally, I
consider the case of limited capital, such that 2Z < (). In addition to the two large strategic
traders, the market is populated by long-term investors, whose aggregate demand curve is given
in (4.1). |

Furthermore, it is assumed that traders cannot sell infinitely fast. Strategic traders can as
a whole can trade at most A € R shares per time unit at the current price. That is, at any
moment 7, the aggregate amount of trading must satisfy a4 (7) +ap (7) < A. This implies that
if both strategic traders are trading, the greatest intensity at which each trader may trade is
Aj2.35

Trader i’s within-stage objective is to maximize his expected wealth at the end of the stage.
His earnings from investing in the risky asset is given by the final value of his stock holdings,

z; (T) Z, minus the cost of buying shares. That is, a strategic trader’s objective is to choose a

15 Brunnermeier and Pedersen (2005) assume that strategic traders can as a whole trade at most A € R shares
per time unit at the current price. Rather than simply assuming that orders beyond A cannot be executed, they
assume that traders suffer temporary impact costs if orders exceed this bound. They then show that it is optimal
for traders to trade as fast as possible without incurring this cost.
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trading process so as to maximize
-
max E {z, (T)z + / ai(7)s (1) del
0

Due to limited capital of the strategic traders, s(7) < Z at any time, and hence, any optimal
trading strategy satisfies z; (7) = Z for the surviving trader. That is, any surviving trader ends
up with the maximum capital in the arbitrage position. The qualitative results presented in
this appendix will then depend on the following: (i) strategic traders have limited capital, that
is 2% < @, otherwise s (7) = Z and (ii) markets are illiquid in the sense that large trades move
prices (A > 0) and traders cannot trade arbitrarily fast (A < co).

Let 74 and 7, denote the amount of time it takes for the distressed trader and the predator
to hit their lower bounds on wealth, respectively, if both were trading simultaneously at their
highest intensity. That is,

w2 (0) —w

- W wp2 (0) ~w
YY)

A/2

and Tp

where wg2 = Zs(0) + vq2 and wp2 = Zs(0) + vp. In equilibrium, both traders sell as fast as
possible until one of the traders is forced to leave the market. Specifically, both traders trade
at constant speed —A/2 from from time 0 to time 7*, where 7* = min {74, 7,}. Therefore, the
pivotal time 7* is determined by the wealth of the trader who is closest to the threshold; in
other words, the trader who begins the period with lower wealth (i.e. the lower v) is the trader
who is forced to leave the market. I assume that w is high enough such that at least one trader
hits the lower bound.

More precisely, the trader which is forced to leave the market trades according to the

following process

~A/2  for T1€][0,7

0 for T>T7*

ai(‘l’)=

While the surviving trader trades according to the following process
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—A/2  for T€[0,7%

a; (1) = A for Te€ [T*, T 4 —H_z(‘r* ]
0 for 774l

Thus, both traders trade as fast as they can at constant speed —A/2 for 7* periods, at which
point one trader is forced to leave the market. This liquidation strategy is known by both
strategic traders. At time 7*, the surviving trader then buys at a constant rate back up to the
original arbitrage position z; this takes z"—“}f—) periods. From then on, the surviving trader
remains in this position.

Finally, the equilibrium price follows the following trajectory

s(0) — AAT for T €[0,7%]
s()=4 s =Xz+M(r—77) for 7e[rr+EH]
z—-A(zZ-Q) for T>T"+ ————i_af*)

The simultaneous selling by both strategic traders leads to price “overshooting.” This implies
that the surviving trader may yield a gain from winning the predation war. This gain is given
by

-
m= / a;(1)s (1) dr.
0

This is because the surviving trader sells his assets for an average price that is higher than the
price at which he buys them back after the other trader has left the market. Therefore, the
predator has an incentive to predate in order to profit from the price swings that occur in the
wake of the liquidation. Furthermore, the overshooting price due to simultaneous selling makes

liquidation excessively costly for the trader who is ultimately forced to leave the market.
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