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flows perform well in accounting for monthly exchange rate changes, whereas macro variables
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and (5) are new. Excess volatility arises in our model for a new reason: rational exchange rate errors
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Introduction

Two micro-founded approaches to exchange rates emerged in the 1990s, but there remains a
distressing disconnect between them. This paper addresses whether connecting them can resolve
the most researched puzzle in international macroeconomics: the fact that macro fundamentals do
not explain monthly exchange rate changes (the determination puzzle; see Meese and Rogoff 1983).
The two approaches that emerged are the dynamic general equilibrium (DGE) approach and the mi-
crostructure approach.? DGE modeling is increasingly rich in its preference structures (tastes) and
production structures (technology), but has not yet ventured beyond common-knowledge informa-
tion structures (e.g., toward information that originates in a dispersed form). The microstructure
approach, in contrast, is focused on richer information structures, at the cost of relying on rather
stylized, partial equilibrium analysis (e.g., informative signals are introduced without ever specify-
ing what the deep economic fundamentals are, and without ever considering that the fundamentals
themselves are determined in part by the signals received). The "new micro" approach we propose
here connects the two.? The model embeds a micro process of information aggregation into a macro
DGE setting.

In this paper we adopt stochastic productivity as the driving force behind the exchange rate.
By going this route, we have chosen to anchor exchange rate determination with a real factor,
though this is not necessary. (The information approach is flexible enough to accommodate, for
example, shocks to money demands, or shocks to risk preferences.) Anchoring exchange rates
with a real factor shows that our information dynamics are not special to financial transactions
and the associated nominal variables. The essential ingredient is that individuals’ currency trades
are more correlated with (unobserved) shocks to home-country productivity than with shocks to
foreign productivity. We have in mind an economy in which bits of information about realized
productivity are present initially at the micro level, i.e., at the level of individual firms. No one
of these firms considers itself to have superior information. But if the currency trades of these
individual firms are correlated with their own micro-level productivities, then aggregated trades
initiated by home agents convey incremental information about the home shock. This information
structure differentiates the macro side of our model from the DGE macro literature. Beyond this,

the macro features of our model are quite standard, in fact rather streamlined. There is a continuum

’DGE examples include Backus, Kehoe, and Kydland (1994), Obstfeld and Rogoff (1995,1998), and Chari, Kehoe,
and McGrattan (2002), among many others. Use of signed transaction quantities, the hallmark of microstructure
analysis, includes Lyons (1995), Rime (2001), Evans (2002), Evans and Lyons (2002a), Bjonnes and Rime (2003),
and Payne (2003), among many others.

3Though "new micro" analysis relies heavily on the theory of microstructure finance, it draws only from the
information branch of microstructure modeling and addresses different questions, hence the need for a label other
than microstructure. (New micro is oriented toward macro questions, whereas microstructure finance is oriented
toward micro questions such as institution design, regulation, individual behavior, and partial-equilibrium price
determination.)



of agents in each of the two countries, with utility defined over consumption of a home and a foreign
good. Agents have access to two financial assets, home- and foreign-currency deposits, which pay
interest monthly.

The micro features of the model are closely related to microeconomic models of asset trade.
In these models, financial intermediaries act as marketmakers who provide two-way prices. We
introduce liquidity provision of this type by assuming that all agents engage in both consumption
and marketmaking.* This consolidates the activities of households with that of financial institutions
in a way similar to the “yeoman farmer” consolidation of consumption and production decisions
in the new-macro branch of DGE models. The consolidation greatly facilitates integration of
elements from the microstructure approach into a DGE setting.® In particular, it ensures that the
objectives of financial-market participants are exactly aligned with those of consumers. All trading
is therefore consistent with expected utility maximization; noise traders, behavioral traders, and
other non-rational agent types are absent.

The model shows that richer—and more realistic—information structures produce exchange
rate behavior that aligns closely with empirical facts. With respect to the determination puzzle in
particular, relevant results include: (1) persistent gaps between exchange rates and macro funda-
mentals, (2) excess volatility relative to macro fundamentals, (3) exchange rate movements without
macro news, and (4) little or no exchange rate movement when macro news occurs. Intuition for
these results is as follows. Persistent gaps between exchange rates and fundamentals arise because
the underlying state of fundamentals—which corresponds to the union of all information sets—is
revealed only gradually. Though exchange rates fully reflect all public information, they never
reflect all information. Volatility in excess of fundamentals occurs because real allocations are
distorted by rational exchange rate errors—an "embedding effect"; these distorted real allocations
induce additional volatility in exchange rates.5 (Note that past micro models of exchange rates
cannot produce excess volatility from this source since they do not permit feedback from informa-
tion and exchange rates back to fundamentals.) Exchange rates move without macro news because
microeconomic actions—in particular, trades—convey information, even when public macro news
is not present. On the flipside, there may be no impact on exchange rates from macro news if prior

microeconomic aggregation of information renders that news redundant (this being another result

4Note the emphasis here on liquidity provision that is private, in contrast to the public provision of liquidity (in
the form of central banks) at the center of the monetary approach to exchange rates.

>To non-macro readers this type of consolidation is surely unfamiliar. The assumption facilitates general equi-
librium analysis because the agent population remains defined over a single continuum, and differences along that
continuum arise as parsimoniously as possible to capture the model’s essential features.

SFor further intuition on embedding, recognize that the exchange rate, as an asset price, is free to jump, whereas
real variables (like total output) are not. Suppose home agents over-estimate real ouput and consume too much today
(resulting in part from an overvalued real exchange rate). The following period the exchange rate must depreciate
from its over-valued level, not only enough to reduce consumption to reflect lower-than-expected output, but also to
compensate for the distorted consumption decision.



that is new to micro modeling).

This paper belongs to a recent theoretical literature that emerged to address why exchange
rates are so well explained by signed transaction flows (e.g., 40 to 80 percent of daily changes
explained, for a host of major currencies; see Evans and Lyons 2002a,b). Our model shows why
signed transaction flows should have better explanatory power than macro variables. The basic
idea is that, in a setting of dispersed information, aggregate transaction flows provide a stronger
signal of changing macro fundamentals. The model of Hau and Rey (2002) goes a different route in
addressing the empirical significance of transaction flows by introducing two elements: a central role
for cross-border equity flows and a private-sector supply of foreign exchange that is price elastic. The
latter means that cross-border equity flows affect exchange rates via induced currency transactions.
In a nutshell, their focus for understanding currency movements is on shocks in equity markets, a
substantial departure from the traditional asset approach which emphasizes instead the importance
of bond markets. Their focus is not on information aggregation as ours is here (no information
aggregation takes place in their model). A second paper along this theoretical line is Bacchetta
and van Wincoop (2003), which does explicitly address how transaction flows relate to information
aggregation. Their model is a rational-expectations model of trade (in the spirit of Grossman
and Stiglitz 1980). An important finding in that paper is that greater dispersion of information
across agents can lead to greater price impact from non-fundamental trades (resulting from rational
confusion of non-fundamental trades for fundamental trades). Our modeling departs from theirs
in two main ways. First, our DGE setting extends "upstream" in the information process in that
it specifies the structural source of the information that currency markets need to aggregate (i.e.,
the underlying economic activities that produce it.) Second, marketmaking in our model aligns
closely with actual institutions, so empirical implications are readily implementable with existing
data. A third recent paper, Devereux and Engel (2002), shares both our DGE approach and
a role for marketmakers, but nevertheless maintains a common-knowledge information structure.
Marketmakers in their model are explicitly non-rational.”

The dispersed information we address here is qualitatively different than concentrated informa-
tion, where one or a few "insiders" have large information advantages (and know it).® It is dispersed
information that characterizes most variables at the center of exchange rate modeling, such as out-
put, money demand, inflation, consumption preferences, and risk preferences. These variables are

not realized at the macro level, but rather as aggregations of underlying micro realizations. For

"In a risk-neutral setting, the trades of marketmakers in the Devereux and Engel (2002) model would not affect
price: they convey no cash-flow information and, with risk neutrality, they cannot affect risk premia (also true of the
non-rational traders in Jeanne and Rose 2002). In contrast, trades of marketmakers in our model would still affect
price under risk neutrality because they do so by affecting expected cash flows.

81n this way, the model abstracts from strategic behavior at the individual level. Strategic interaction is important
for understanding collapsing fixed exchange rates (see, e.g., Corsetti et al. 2001), but less important for the everyday
functioning of major floating-rate currencies.



some of these measures, such as risk preferences and money demands, official aggregations of the
underlying micro-level shocks do not exist, leaving the full task of aggregation to markets. For other
variables, official aggregations exist, but publication trails underlying realizations by 1-4 months,
leaving much room for market-based aggregation in advance of publication. (Even after publication
there is room for market-based aggregation: initial publication is often noisy, as evidenced by large
subsequent revisions.) Existing macro models of exchange rates do not admit information that
requires aggregation by markets. Instead, relevant information is either symmetric economy-wide,
or, in some models, asymmetrically assigned to a single agent—the central bank. This is at odds
with empirical evidence, which shows that dispersed information is indeed being impounded by
markets.” The challenge is modeling the mechanics of this information process and how markets
implement it.

Methodologically, the DGE environment we study has a number of novel features. First, finan-
cial markets in our model are incomplete, which, among other things, makes room for the exchange
rate to be determined from more than just the marginal rate of substitution between home and
foreign consumption goods (see Duarte and Stockman 2001). In particular, the exchange rate is
pinned down by expectations via a present-value relation in a manner familiar to the asset ap-
proach. Second, the model embeds social learning: agents learn from the equilibrium actions of
others. Third, the presence of social learning means that we need to solve each agent’s decision
problem and inference problem jointly. More concretely, the solution begins with a conjecture about
each agent’s information set, and concludes with verification that these conjectured information sets
line up with information provided by market outcomes. Fourth, our solution accounts for agent
risk aversion. Risks associated with incomplete knowledge about the economy’s state influence
consumption and trading decisions (which, in turn, affect the inferences agents draw from market
outcomes). To our knowledge, this is the first paper to solve a DGE model with this combination
of risk-averse decision-making, heterogeneous information, and social learning.

Our DGE methodology highlights several implications of dispersed information that are not
evident from partial equilibrium microstructure analysis. First, though the timing of information
receipt is exogenous, the timing of impounding in price is endogenous. This is because the market
signals that lead to that impounding are themselves endogenous. Second, DGE modeling of price
discovery shows that real decisions are affected, with the degree depending on the pace of (endoge-
nous) revelation. Accordingly, in a DGE setting such as this, one can address questions such as,

What is the welfare-optimal pace of revelation? (It is well known that fast revelation may not be

This evidence is from both micro studies of individual price setters and macro studies of price setting marketwide.
See, e.g., the papers noted in footnote 2, as well as Covrig and Melvin (2002), Froot and Ramadorai (2002), and Evans
and Lyons (2002b). The basic idea here is that demand is playing two distinct roles: the traditional market-clearing
role and a non-traditional information-communication role.



optimal because, for example, it can impede risk sharing.) Third, the information structure of the
DGE model provides needed clarity on why transaction effects on exchange rates should persist
and, importantly, whether that persistence applies to real exchange rates or only to nominal rates.'®
Persistence will apply to real exchange rates if, for example, signed transaction flow is conveying
information about underlying real shocks that are themselves permanent.

The remainder of the paper is organized as follows. Section 1 presents some over-arching
characteristics of the model. Details of the model are laid out formally in Section 2. Section 3
describes the steps involved in solving for equilibrium. Section 4 studies the equilibrium, with
particular focus on pricing dynamics at both high frequencies and low. Propositions there address
the pace of revelation, the embedding of mistakes in fundamentals, and excess volatility. In Section
5, we address various other implications of interest (e.g., announcement effects, trading volume,
and the information content of different flow measures). Section 6 concludes. An appendix presents

the paper’s analytical detail.

1 Theoretical Overview

Our intention is to lay out a new genre of information model, one that identifies primitive shocks and
their propagation in ways that partial-equilibrium models cannot. This new genre of model will have
three essential ingredients: (i) it needs to specify an endowment process (or production technology)
for dispersed information, (ii) it needs to specify the information available for financial pricing, and
(iii) it needs a solution methodology that maps individual information sets into equilibrium actions
that, once observed, support those individual information sets. The model below is but one set of
choices in these three dimensions. In its presentation, we touch on other options so that those with
modeling preferences different from ours will have a sense of the wider possibilities.

The first of these essential ingredients—specification of dispersed information—is a qualitative
departure from existing DGE work in macro. Rather than enriching the preference structure (tastes)
or production structure (technology), this genre of model enriches the information structure. In
departing from common knowledge, the focus is on price effects from information that persist, not
on “microstructure effects” (where by the latter we mean transitory price effects from marketmaker
risk management, or from bouncing between bid and ask prices); from a macro perspective, these

microstructure effects are second order. The fundamental driver of the model we present is real

10With respect to the information conveyed by flows, it is important to distinguish order flows from portfolio flows.
Order flows—Dby tracking the initiating side of transactions—are a theoretically sound way to distinguish shifts
in demand curves from movements along demand curves. Informationally, the two are different: there is news in
curve shifts, but no news in price-induced movements along known curves (the latter representing a type of feedback
trading). For portfolio flows, theory provides little guidance on which flows in the aggregate mix reflect the news,
i.e., the demand-curve shifts. We return to this when discussing implications of the model in section 5.



productivity. But as noted, we could just as easily set up the model with another real shock
as the fundamental driver, or with a nominal shock as the fundamental driver (e.g., assuming
that individuals’ trades are correlated with unobserved shocks to home money demand). Finally,
for those interested in integrating sticky goods prices and imperfectly competitive firms, these
key features of open-macro modeling could be introduced in the usual way. We chose the most
streamlined structure possible to highlight the new information dimension.

The second essential ingredient—specification of the information available for financial pricing—
really embeds two elements. The first is that financial pricing needs to be grounded in well-
specified decision problems. Our model makes this explicit. Second, and more important, any
explicit model of liquidity provision needs to take a stand on information sets: what information
do agents have at their disposal for setting transactable prices? To get traction on this front,
the genre of models we work with here relaxes (realistically) the common but extreme assumption
that information aggregation takes place instantaneously (i.e., before any transactions take place;
see, e.g., Grossman and Stiglitz 1980). When information aggregation takes place instantaneously,
the resulting transaction information conveys no information that is not already embedded in
the transaction price. There is no learning from order flow ex post, and indeed, no information
value to transaction flows whatsoever (both radically counterfactual implications).!! In the model
below, we choose instead a “simultaneous trade” design (see, e.g., Lyons 1997). The simultaneous
trade design specifies simultaneous actions, in the sense that trading at any point in time occurs
simultaneously throughout the economy (in the spirit of simultaneous-move games in game theory).
In essence, this imposes a constraint on the information available for making trading decisions
because simultaneous moves cannot be conditioned on one another. More concretely, one cannot
condition on the actual trading intentions of all other agents in the economy at the time one chooses
to trade (save doing one’s best to forecast them). We find this an inherently realistic assumption.
Though a convenient way to relax the extreme assumption of instantaneous aggregation, it is
certainly not the only possibility for the genre. For example, one could also take an intermediate
road and assume that financial transactions at any “point” in time are executed sequentially (a la
Glosten and Milgrom 1985). In this case, the earlier the trade in the sequence, the more limited
the conditioning information (because early trades cannot condition on information conveyed by
later trades). This alternative produces the same qualitative constraint on information sets used
for pricing that we employ here.

The third essential ingredient of this modeling genre is its solution methodology, which needs to

" Another unfortunate feature of Walrasian mechanisms is that agents generally do not take positions that they
intend in the future to liquidate (because all trades are conditioned on all concurrent trading information). Among
other things, this produces counterfactual predictions about how liquidity is provided in financial markets: transitory
position-taking is a deep property of liquidity provision, and is important for understanding how trade quantities
(i.e., realized order flow) map into price changes.



map individual information sets into equilibrium actions, and then back to information sets. Here
we adopt a guess-and-verify method with the following 5 steps, the first and last of which sharply
distinguish our information-theoretic approach from past DGE modeling. In step 1, we make a
conjecture about the information available to agents at each point in time. This involves specifying
agents’ information endowments as well as what they learn by observing trading outcomes. Based
on this information structure, in step 2 we guess the form of the equilibrium pricing rules for spot
rates and interest rates. In step 3, we solve for optimal consumption and portfolio allocations
(based on analytic approximation methods in Campbell and Viceira 2002). Step 4 verifies that
agent, choices for consumption, investment, and currency holdings clear markets. In step 5, we
verify that the conjectured information structure (from step 1) can be supported by an inference
problem based on endowment information and information from trading (the latter includes both
prices and order flows).

A fourth ingredient of our model below, though not an essential ingredient, is consolidation
of consumers and financial liquidity providers. Whereas new-macro DGE models focus on richer
micro-foundations on the economy’s supply side, hence their consolidation of consumers with pro-
ducers, our focus is instead on richer micro-foundations in the area of financial price determination.
This consolidation serves three main purposes. First, it consolidates budget constraints across the
two sets of activities, which simplifies the analytics. Second, it ensures that messy incentive mis-
alignments do not arise (e.g., there are no agency problems). Third, it ensures that the preferences
of liquidity providers are in no sense special, as is often the case in partial-equilibrium microstruc-
ture modeling. We recognize that for some questions it will be necessary to drop this non-essential

ingredient.

2 The Model

2.1 Environment
2.1.1 Preferences

The world is populated by a continuum of infinitely-lived agents indexed by z € [0,1] who are
evenly split between the home country (i.e., for z € [0,1/2)) and foreign country (z € [1/2,1]).
For concreteness, we shall refer to the home country as the US and the foreign country as the UK.

Preferences for the z’th agent are given by:

U =E; . ZBiU(Ct+i,Z7 Civiz) (1)
=0



where 0 < 5 < 1 is the subjective discount factor, and U(.) is a concave sub-utility function, which

we specialize to log (which exhibits constant relative risk aversion, CRRA):

U(Ci2Ci) =3InCis+ LG .

All agents have identical preferences over the consumption of US goods C}; . and UK goods CA't,Z.
E: . denotes expectations conditioned on agent z’s information set at time ¢, € ,. Expectations

conditioned on a common time ¢ information set (i.e., € = M,¢p 1)%,.) will be denoted by E;.

2.1.2 Timing

Decision-making in the model takes place at two frequencies. Consumption-savings decisions take
place at a lower frequency than financial decision-making (where the latter includes determination
of asset prices and reallocation of portfolios via trading). To implement this idea we split each
“month” ¢ into four periods (see Figure 1). Consumption-savings decisions are made “monthly,”
while financial decisions are made periodically within the month. As will become clear, the use of
the term “month” is nothing more than a convenient label: the economic intuition developed by
the model is exactly the same if we replaced “month” ¢ by some other consumption-relevant period.
That said, let us now describe the structure of the model by considering the “monthly” sequence

of four events.

Periods: 1 2 3 4 1 2 3 4 1

< I I/I\I/I\BI | | | | |

v

quote trade quote trade quote trade quote trade
1 2 3 4 1 2 3 4
S(fl,z T(fl,z S(fl,z T(fl,z S(,Z TI,Z Sl,z Tt,z
consume consume
invest invest

Figure 1: Model Timing

Period 1 (Quoting): Agents begin the month with holdings in three assets: dollar deposits, Btl,z,
pound sterling deposits Btl ., and domestic capital (K. for US agents and Kt,z for UK agents).!?
Each agent then quotes a spot price Stl,z ($/£) at which he is willing to buy or sell foreign currency

12Though agents do not hold foreign real capital, even if they did, financial markets here would still be incomplete:
the deeper source of incompleteness in our model is that dispersed information precludes a full set of state-contingent
claims. We address this more fully below in section 5.



(£s). These quotes are observable to all agents.!'3

Period 2 (Trading): Each agent z chooses the amount of foreign currency, Zfz, he wishes to
purchase (negative values for sales) by initiating a trade with other agents. The sum of these
signed trade quantities is what we shall refer to as the period’s order flow. Trading is simultaneous,
trading with multiple partners is feasible, and trades are divided equally among agents offering the
same quote. (That trades are divided equally is important: in equilibrium it will imply that all
agents receive the same incoming order-flow realization.) Once these transactions have taken place,

agent z’s deposits at the start of period 3 are given by:

Bi. = Bi+ ST, — ST,
B}, = Bi.+T7 T
where th,z* denotes the incoming foreign currency orders from other agents trading at z’s quoted
price. Stl is the period-1 spot rate quote at which z purchases pounds. In equilibrium, this will
be the spot rate quoted by all agents (i.e., Sf = S&Z ) for reasons we explain below. Notice that
period-3 currency holdings depend not only on the transactions initiated by z, (i.e., thz) but also
on the transactions initiated by other agents thz* An important assumption of our model is that
the choice of th,z by agent z cannot be conditioned on the incoming orders sz* because period-
2 trading takes place simultaneously. Consequently, though agents target their desired allocation
across dollar and pound assets, resulting allocations include a stochastic component from the arrival

of unexpected orders from others.

Period 3 (Quoting): All agents again quote a spot price and also a pair of one-month interest
rates for dollar and pound deposits.'* The spot quote, Sg ., is good for a purchase or sale of pounds,
while the interest rates, R; . and Ruz indicate the rates at which the agent is willing to borrow
or lend one-month in dollars and pounds, respectively. As in period 1, all quotes are publicly

observable.

131t will be clear below that consumers in this model have both speculative and non-speculative motives for trading
(the non-speculative motive arising from the need to facilitate periodic consumption and investment). That these
motives are not purely speculative obviates concern about so-called "no trade" results (i.e., the theorem proposed
by Milgrom and Stokey 1982, that if I know that your only motive for trade with me is superior information, then I
would never want to trade with you at any price at which you want to trade).

M Deposit rates are not set in every period because interest is assumed to accrue at the monthly frequency only. As
a qualitative matter, abstracting from intra-month interest misses little in the context of the world’s major currencies,
all of which are generally characterized by relatively low inflation and low nominal interest rates.



Period 4 (Trading and Real Decisions): In period 4, agents choose a second round of foreign
currency purchases (if there remain motives for further intra-month trade).!> They also choose their
real allocations: consumption of US and UK goods and real investment expenditures. After US
agents z have chosen their consumption of US and UK goods, C; ., and CA’W, their foreign currency
purchases Tt‘fz, and their real investment I; ., the resulting deposit holdings in period 1 of month
t+ 1 are:

B1é|-+1,z = Rt(Bgz - szjt‘}z - It,Z + Sfj}‘}z* + Ct,Z*)? (2)
B1é|-+1,z = Rt(Bgz + j}?z - CIZZ - jﬂtL}z*) (3)

where R; and R; are the dollar and pound interest rates (gross) that are quoted by all agents in
period 3 of month ¢ (in equilibrium, R, = R; and ]A%t,z = Rt for all z, as shown below). As in
period 2 trading, actual deposit holdings following period-4 trading also depend on the actions of

other agents. In particular, incoming orders for foreign currency Tt4 and incoming orders for US

2%

goods C ., affect the deposit levels in the first period of the following month. Notice, for example,
that Btl+1,z is augmented by C; ..: these are deposits received in exchange for exports of US goods.

For UK agents, the dynamics of deposit holdings are similarly determined by:

Bg‘+l,z = Rt(Bgz - Stazf:z - Ct,Z + StaTt‘}z*)a (4)
Bg‘+l,z = Rt(Bgz + ,Ttd:z - ft,z - TtA,'z* + C't,z*) (5)

Finally, we turn to the dynamics of the capital stocks. The production of US and UK goods at
the start of month ¢ + 1, Y;+1 . and Y/t+1,z, is given by:

1/t+l,z = At+l (Kt,z - Ct,z - Ct,z* + It,z) s
Y/t+l,z = At+l(f(t,z - CA't,z - CA't,z* + ft,z)a

where A;+1 and At+1 are shocks to US and UK productivity. The capital stock at the end of period
4 trading is denoted by the term in parenthesis in each equation. These production functions lead

to the following capital accumulation equations:

Kt+l,z = Rf+1 (Kt,z - Ct,z - Ct,z* + It,Z) ) (6)
f(t+l,z = Eﬂf+1 (Kt,z - C't,z - CA'z‘,,z* + ft,z) ) (7)

5That motives for further currency trade within the month will indeed remain is one of the model’s important
properties. It addresses the question of why agents would want to trade at such high frequencies.

10



where RF, | = 1+ A1, and ﬁfH — 14 Ag+q denote the one month returns on US and UK capital.
(Depreciation is zero in both countries.) Equation (6) shows how US consumers’ holdings of capital

evolve, while the dynamics of UK consumers’ holdings follow (7).

2.1.3 Productivity and the Information Structure

Our model becomes explicitly "international" with the specification of relative productivity, the
driving force behind the exchange rate. The key feature that differentiates US from UK agents is
that each agent type is better informed about the productivity of home firms than foreign firms.
(This could result, for example, through direct observation of the productivity realization for one’s
own firm.) As a result, agents in different countries do not share the same expectation about
current and future returns to real capital. Below we examine how this dispersed information is
impounded in exchange rates and interest rates via trading. Our focus is thus on the process of
information transmission, not so much on the specific type of underlying information. The analysis
can be extended to include dispersed information about multiple underlying information types.
The exogenous productivity processes are expressed here in terms of log returns on real capital.
Though we specify these separately for the US and UK, as we shall see, only relative productivity

will matter for exchange rate determination:

In Rf rf =r+u+e+0(e—1 — é—1), (8a)
In Rf = ff =7r+ ﬂt + ét + H(ét_]_ — et_l). (Sb)

We assume that the wu;, @, e;, and é; are normally distributed mean zero shocks. The u; and
shocks have a common variance cr% and the e; and é; shocks have a common variance ag. We allow
for the possibility of non-zero covariance between the u; and 4; shocks, which we denote pai, but
for tractability we assume that the e; and é; shocks are independently distributed.

Our specification for log capital returns includes two random components beyond the constant
r: a transitory component u; (u;) and a persistent component e; (é;). The transitory component
u¢ (Gt) is a one-month effect on US (UK) returns with cross-country correlation p. Unlike u; (),
the random variable e; (é;) is contemporaneously independent across countries, but gives rise to an
intertemporal impact that depends on this component’s cross-country differential from the previous
period. It should be clear from these two productivity processes that the differential, i.e., rf - ff ,
follows a simple MA(1) process. This greatly facilitates analysis of the differential as a driving
force (richer processes for this differential get technically difficult quickly). Though not intended as
precise empirical representations, we consider it uncontroversial that capital returns should include
both transitory and persistent components.

For the analysis below, we examine information structures in which each month ¢ all US agents
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observe in period 1 their home shocks {u,e;}, whereas all UK agents observe their home shocks
{fg,é;}.10 Dispersed information thus exists inter-nationally but not intra-nationally. (One can
think of intra-national information as having been aggregated "in the background"; treating these
respective information sets as signals by adding idiosyncratic noise is a straightforward extension.)
For our purposes here, the specifications in (8) highlight the theoretical consequences of dispersed

information in the simplest possible way.

2.2 Decision-Making

Agents make two types of decisions: consumption-savings decisions and financial pricing (quoting)
decisions. The former are familiar from standard macro models, but the latter are new. By quoting
spot prices and interest rates at which they stand ready to trade, agents are taking on the liquidity-
providing role of financial intermediaries. Specifically, the quote problem facing agents in periods 1
and 3 is identical to that facing a marketmaker in a simultaneous trading model (see, for example,
Lyons 1997, Rime 2001, Evans and Lyons 2002a). We therefore draw on this literature to determine
how quotes are set.

Equilibrium quotes are derived as a Nash equilibrium with the following two properties: (i) they
are consistent with market clearing, and (ii) they are a function of public information only. Though
the latter property is not necessary for the information transmission role of transaction flows, it
is important for this role, so let us address it more fully. With this property, the information in
unanticipated flow can only be impounded into price after it is realized and publicly observed.
This lies at the opposite pole of the information assumptions underlying Walrasian mechanisms
(Grossman and Stiglitz 1980 being an example) in which the market price at a given time im-
pounds information in every trade occurring at that time. The Walrasian mechanism is akin to
assuming that all trades are conditioned on one another. This is obviously counter-factual in most
markets, and certainly so in FX.!” As noted in the previous section, what is really necessary for
the transmission role of transaction flow is that market prices do not yet impound all information
in executed transactions. That equilibrium quotes are conditioned only on public information in
our model insures this, and goes a bit further to simplify the analytics. This aspect of the model
can be viewed as taking seriously the information constraints that price-setters actually face.

We should stress, though, that quotes being conditioned only on public information is not an

1This is not the same as assuming two representative consumers: two consumers would interact strategically (a
rather implausible notion here), whereas in our continuum consumers are perfectly competitive.

"Even if the FX market were organized as a centralized auction with full transparency, this would not be not
suffcient for Walrasian-type aggregation: it would also have to be true that in equilibrium all agents would actually
choose to trade simultaneously (so that each could condition on the price effects of others’ trades). In any case, actual
FX markets are not centralized auctions, but rather decentralized dealer markets with trade transparency that is is
relatively low.
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assumption, but a result. Put differently, we make other assumptions that are sufficient for this
outcome (drawing from the simultaneous-trade references above). Those assumptions are (1) that
actions within any given quoting or trading period are simultaneous, (2) that quotes are a single
price good for any size, and (3) that trading with multiple marketmakers is feasible.!® The resulting
solution to the quote problem facing agent z in periods j = {1, 3} will be a quote S{Z = Sg , where
Sg is a function of public information Qg (determined below). Similarly, the period-3 interest rate
quotes are given by R; ., = R; and Rm = Rt, where R, and R, are functions of Q? To understand
why these quotes represent a Nash equilibrium, consider a marketmaker who is pondering whether
to depart from this public-information price by quoting a weighted average of public information
and his own individual information. Any price that deviates from other prices would attract pure
arbitrage trade flows, and therefore could not possibly represent an equilibrium. Instead, it is
optimal for marketmakers to quote the same price as others (which means the price is necessarily
conditioned on public information), and then exploit their individual information by initiating
trades at other marketmakers’ prices. (In some models, marketmakers can only establish desired
positions by setting price to attract incoming trades, which is not the case here since they always
have the option of initiating outgoing trades.)

Next we turn to the consumption and portfolio choices made in periods 2 and 4. Let Wgz
denote the wealth of individual z at the beginning of period j in month ¢. This comprises the value

of home and foreign deposit holdings and domestic capital:

Wtz,z = Bzél,z + Sg‘Bz},z + Kt# + SI}K@Z
Wt‘:’z = Bg’,z + S?B?,z + Kt# + S?Kt,z

Notice that wealth is valued in dollars using the equilibrium spot rate quoted in the period before
trading takes place.”

In period 2 agents initiate transactions (i.e., choose thz) to allocate wealth optimally between
dollar and pound assets. Because trading takes place simultaneously, however, the choice of th,z
cannot be conditioned on the orders they simultaneously receive from others, thz* Of course, in

choosing thz agents do their best to forecast Tt% but they cannot condition on its realization. We

Z%)

denote this forecast of the incoming order as Eithz,Z*. (Hereafter we use Ei . to denote expectations

conditioned on information available to individual z at the beginning of period j in month ¢.)

18The assumption of no spreads is not necessary, though it greatly facilitates the analytics. Specifically, each
trader-consumer’s quote could be a schedule of prices, one for each incoming order quantity from minus infinity to
plus infinity, as long as that schedule is conditioned only on the incoming order, as opposed to the realization of all
other orders in the market (i.e., the quoting trader would in this way be able to protect against adverse selection in
the single incoming trade).

YNo single agent can hold both K; . and I?t,z since agents hold domestic real capital only; thus, depending on
whether z < 1/2; one of these two terms in each equation will equal zero.
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Let J2(WZ,) and J#(W{,) denote the value functions for agent z at the beginning of periods 2

and 4. thz is determined as the solution to the following dynamic programming problem:
JHWE) = maxEZ. [JA(WE)] . (9)
t,z

s.t. Wi, = H2 W2, (10)

3
H3, = <1+<§—§ )(At,zfg),

Stl (B},z + Kt,z + ,th,z - Etz,zj}?z*)

where

)\t Lz =
) 2 9
We,
12 2 2
£ _ St (,I;f,z* - Et,z,I;f,z*)
t,Z = .

2
Wt,z

The choice variable ); , is key. It identifies the target fraction of wealth agents wish to hold in
pounds, given their expectations about incoming orders they will receive during trading, Eiszz*.
(Outgoing orders T; t%z are determined from the optimal choice of ); . given E% Zthz*, Btl Z+i};‘/,z+[/{—t, 2
and Wtz,z.) ng identifies the within-month return on wealth (i.e., between periods 1 and 3). This
depends on the rate of appreciation in the pound and the actual faction of wealth held in foreign
deposits at the end of period-2 trading. The latter term is A, — &, ., where &, , represents the
position-effect of unexpected incoming pound orders from other agents (a shock). This means that

the return on wealth, Hf’ is subject to two sources of uncertainty: uncertainty about the future

z?
spot rate S, and uncertainty about order flow in the form of trades initiated by other agents TEZ*.

In period 4, agents choose consumption of US and UK goods, foreign currency orders, and
investment expenditures. Let oy . and Viz denote the desired fractions of wealth held in pounds

and domestic capital respectively:

S?Kt,z + SEB?,Z + St3 (T;‘,A,'z - E?,ZT;‘,A:Z*) - StaétJ

at, =
th}z
( Kt,z + It,z - Cj,z - Eizct,z* » < 1/2’
Wt,z
Vt,z =

Kt,z + It,z - Ct,z - Eﬁ,zct,z*
Y]
Wi

z>1/2.
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The period-4 problem can now be written as:

Sy = max {U(Cra,Coo) + BELL [2(WR4 )] | (11)
{Ct,mct,zvat,zv'yt,z}
s.t. 2 _ 1 4 3 A
Wi, = ReHypq W, — Ry (Ct,z + 55 Ct,z) ; (12)
where:
1R Rf,
L (B 1) (ans s+ (2 = 1) (e - ) s< 1)
Htl"‘l,z

11 Re Sl+ Rk_'_ Sl+ Rt ~
1+ <7tt}gt - 1) (at,z —Ct,z) + ( tS%Ri 1 g?%t ) <7t,z _ Ct,z) z > 1/2

with RF,y =1+ A1 and RE,; =1+ Apay.

Ht1+17z is the excess return on wealth (measured relative to the dollar one-month interest rate
R;). As above, realized returns depend on the actual faction of wealth held in pounds a;, —
St.2, where ¢, = S} (T{:’Z* — E;",ZT t‘:'z*) / Wtf'z represents the effects of unexpected currency orders
that arise from period-4 trading. Monthly returns also depend on the fraction of wealth held in
real capital. For the US case this is given by 7, — (., where ¢;, = (Ci v — EﬁZC'uz*) /Wt‘}z
identifies the effects of unexpected demand for US goods (i.e. US exports).2’ In the UK case, the
fraction is 7, , — gt,z’ where 6t,z = (C’t,z* — Ef,zé't,z*) / Wt‘fz. Monthly returns are therefore subject
to four sources of uncertainty: uncertainty about future spot rates (i.e., St1+1, which affects deposit
returns); uncertainty about future productivity (which affects real capital returns); uncertainty
about incoming currency orders; and uncertainty about export demand.

The first-order conditions governing consumption and portfolio choice (i.e., Cy ., Ct,z, Atz Ot )
take the same form for both US and UK agents:

Ci. + Uz(Ciz, Crz) = BRISPEY, [Viwr-Hivq L] (13)
Ct,z U (ét zy Ct z) = BRtE?Z [‘/t+l,th3+1,z] ) (14)
Ao o_EtZ[VtZ( —1)] (15)
s 0= Vi H (S5 - 1)) (16)

where V; , = dJ? (Wt‘}z) / th‘fz is the marginal utility of wealth. The first-order conditions governing

20When superior information about home-country income is not symmetrized by month’s end, one manifestation
of the residual uncertainty is a shock to export demand.
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real investment (i.e. 7, ,) differ between US and UK agents and are given by:

Rk

’Yt,z<l/2 0= E?,z V;f+1,th3+l,z < é:l - 1)] ) (17)
St RE

’Yt,zZl/Z : 0= E?,z V;f+1,th3+17Z <% -1 . (18)

To further characterize the form of optimal consumption, portfolio and investment decisions,
we need to identify the marginal utility of wealth (which we denote V; ). This is implicitly defined
by the recursion:

V;‘/,z = ﬁRtE?,z [Vt+1,zHE+1,th1+1,z : (19)

In a standard macro model where agents provide no liquidity provision, equations (15) - (19)
together imply that V; , = UC(CAW, C},z). The first-order conditions can then be rewritten in familiar
form using the marginal rate of substitution. This is not generally the case in our model. As we
shall show, the marginal utility of wealth V; , can diverge from the marginal utility of consumption

because unexpected currency and export orders affect portfolio returns.

2.3 Market Clearing

Market clearing in the currency market requires that the dollar value of pound orders initiated

equals the dollar value of pound orders received:
/ngdz = /ng*dz*,
for j = {2,4}.

We assume that dollar and pound deposits are in zero net supply so that aggregate deposit

holdings at the start of periods 1 and 3 are given by:

/ Bt.dz = 0, / Bt.dz =0, (20)
B3 d _ 3 _
v.dz = 0, By .dz = 0. (21)

Combining these conditions with the budget constraints for dollar and pound deposits implies that
both US and UK real investment expenditures I; . and I}qz must equal zero if the deposit and
goods markets are to clear.?! The reason is that both currency and goods market transactions only

affect the distribution of deposits, not their aggregate level. This means that I; , and ft,z must be

2! Though this feature of the model appears rather special, it is not driving our results.
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financed by an increase aggregate deposit holdings, an implication that is inconsistent with market
clearing. As a consequence, the capital available for production after period-4 trading is complete
is K;. — [ Ct.dz in the US and IA(LZ -/ CAt,zdz in the UK. Each capital stock is augmented by
production that takes place between month ¢ and ¢+ 1, so that the stock of US and UK capital in
period-1 of month ¢ + 1 are given by

Kt+l,z — Rf+1 <Kt,z /Ct,zdz>a (22)
Ko = Rl (K— / ét,zdz). (23)

There equations summarize the implications of market clearing for the dynamics of capital.

3 Solving for Equilibrium

An equilibrium in this model is described by: (i) a set of quote functions that clear markets given the
consumption, investment, and portfolio choices of agents; and (ii) a set of consumption, investment,
and portfolio rules that maximize expected utility given spot rates, interest rates, and exogenous

productivity. In this section we describe how the equilibrium is constructed.

3.1 Solution Method

We solve for equilibrium using a guess-and-verify method. This includes the following five steps,
the first and last of which distinguish our information approach quite sharply from other DGE

macro modeling:

1. Information Conjecture: We make a conjecture about information available to agents at each

point in time. This involves specifying what information agents receive directly and what

they learn by observing trading.

2. Quote Decisions: Based on this information structure, we then guess the form of equilibrium

quote functions for spot rates and interest rates (periods 1 and 3).

3. Allocation Decisions: We use log linearized first-order conditions and budget constraint to

approximate agents’ optimal consumption, investment, and currency choices given the spot

and interest rates from step 2.

4. Market Clearing: We check that agent choices for consumption, investment, and currency

holdings clear markets.
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5. Information Conjecture Verified: We verify that the conjectured information structure (from

step 1) can be supported by an inference problem based on exogenous information available

to each agent, and their observations of quotes and trading activity.

3.2 Log Approximations

Step 3 of our solution method requires the use of log approximations. In particular, we need log
approximations for the following: (1) within-month returns, (2) across-month returns, (3) budget
constraints, (4) first-order conditions, and (5) capital-stock dynamics.?? For within-month returns,
we use the definition of the period-3 return Hfz from the previous section, which yields the log

approximation:
h:tg,z = )‘t,Z (S? - 8%) =+ %)‘t,Z (1 - )‘tyz) Vg,z [8?] - Cviz [S:tga ft,z] ) (24)

where lowercase letters denote natural logs. (Thus, hf, denotes the log excess return on the wealth
of agent z realized in period = of month ¢.) Viz[] and CV%Z[] denote the variance and covariance
conditioned on agent z’s information at the start of period j in month ¢. This approximation is
similar to those adopted by Campbell and Viceira (2002) and is based on a second-order approxi-
mation that holds exactly in continuous time when the change in spot rates and unexpected order
flow follow Wiener processes.

Monthly returns are approximated in a similar fashion. Specifically, for US agents (i.e. z < 1/2)

we use:
hz:‘,L+1,z = oy (Sz:‘,L+1 - 5? + 7 — rt) + V4,2 (rf+1 - rt) + %O‘t,z (1- at#) V?,z [Sz:‘,[+1]
4 k 4 1 k

+%’Yt,z (1 - ’Yt,z) Vt,z [Tt+1] - at,Z’Yt,zCVt,z [St+la T't+1]

_CV?,Z [3%+17§t72] - CV?,Z [Tf+17 Ct,z] ’ (25)
and for UK agents (z > 1/2):
hz:‘/l-+l,z = i,z (8%_,_1 - S? + 7215 - Tt) + Ytz (ff+1 - ft) + % (at,z - f)/t,z) (1 - (at,z - f)/t,z)) V?,z [8%_,_1]

4 ~k 1 4 1 ~k 1
+%’Yt,z (1 - ’Yt,z) Vt,z [Tt+1 + St+1] - (at,z - ’Yt,z) ’Yt,zCVt,z [St+l> Ti4+1 T St+1}

_CV?,Z [Sg-+l7gt,2] - CV?,Z [Tf+17 &t,z} : (26)

Notice that unexpected period-4 order flows ¢; , and export demand ¢, , affect returns through the

last covariance terms shown in each equation. These terms represent the effects of non-diversifiable

22Complete derivations are contained in the appendix, section 4.
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risk that arise from liquidity provision. Unexpected currency orders and export orders during
period 2 and 4 trading represent a source of risk that agents cannot fully hedge.

The monthly budget constraint is approximated by combining the two periodic budget con-
straints in (10) and (12):

1
Aw?ﬂ,z =71+ h?+1,z +In (1 —p) + <ﬁ> h%+1,z - <1 — ) Otz (27)

where:

Ot =cCtx — wf,z —In(u/2)

is the log consumption wealth ratio. p is a positive constant equal to the steady-state value of
2C ./ ijz.

A fascinating feature of the model is that transmission of price-relevant information via trading
can push a wedge between the marginal utilities of wealth and consumption. To see this, we combine
the log linearized versions of equations (13) - (19) and our assumption of log utility to obtain the

log marginal utility of wealth v; . as:

Utz = —Ctz — d)t,za (28)

where the wedge, @, ., is defined as follows: ¢, , = CV{, [sk 1,612 + CVE, [rfiq, ¢ ] for 2 < 1/2
(US agents) and ¢, , = CVt,z (8341, 58z +CVt7Z [Tt_,_l, ¢ Z} for = > 1/2 (UK agents). In the absence
of unexpected period-4 currency orders and export demand, the shocks ¢; ., (; , and ét,z are zero
and the (log) marginal utility of wealth equals the marginal utility of consumption. When these
shocks are present and correlated with the future spot rate, and/or returns on capital, the return
on wealth is exposed to these sources of systematic risk that may push up or down the log return
on wealth according to the sign of the covariance terms. As we shall see, the covariance between
currency orders and the future spot rate, CViZ [s%+1,§t7z], will differ from zero when period-4
currency trading provides information relevant to the setting of future spot rates.

Approximations to the model’s first-order conditions are derived by substituting for v , (=In'V; ;)

in the log linearized versions of (13) - (18):

Atz Etzst — s+ 1V [ ] CVtZ [Ctz+¢tza5t]
Ot - E [8t+1 St + Tt ] + V [St+1] CVt,z [Ct+17z + ¢t+l,z - h§+l,z’ Sg‘+l] )
R 5 trp = EL, [Actts + Gprrs — h1s] — SV, [errns + Gprrs — M),

A

. _ 3. a
Cty * Ctz = S; t+ Ciz,
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for both US and UK agents. The linearized versions of (17) and (18) are:

. 4 k 1\ /4 k _ 4 3 k

Ytz<1/2 ¢ Et,z {7}+1 - Tt] + th,z {Tt+1] = CVmZ {Ct+l,z + ¢t+1,z - ht+1,z7 Tt+1} ) (33)
.4 [ak 1 3 1A [ak 1]

Vt,z>1/2 ¢ Et,z {7}+1 + Siv1 — Sp — Tt] + ivt,z [Tt+1 + 5t+1] =

CV?,Z [CHl,z + ¢t+1,z - h§+1,z> ff+1 + 3%+1] . (34)

Notice that the presence of liquidity provision in the model only affects the first-order conditions
for agent behavior through the ¢, , terms. When combined with the linearized budget constraint,
these equations provide analytic approximations for the solution to the optimizations problems
facing agents at the beginning of periods 2 and 4 (i.e., expressions for the two portfolio shares A ,
and oy, real investment Ytz and consumptions ¢, and ¢ ) given the rf and ff processes, and
the equilibrium dynamics of spot exchange rates and interest rates (determined below).

Capital stock dynamics are approximated from the market-clearing conditions in (22) and (23):

kt+1 — kt = ’Iﬂf_,_l +In (1 — ,u) — <ﬁ) <S? + ]Aft - kt + /5t,zd2f) 5 (35)

]%t+1 — ]A{t = ’Ff_._l + In (1 — ,u) — <ﬁ) <I€t — S? - ]A{t + /5157de> . (36)

In deriving these equations for capital dynamics, we have assumed that deposit holdings always
represent a small fraction of agent wealth. This condition is met trivially in the steady state because
both US and UK agents hold all their wealth in the form of domestic capital. The accuracy of
these approximations deteriorates when away from the steady state if agents accumulate substantial

financial assets/liabilities relative to their capital holdings.

4 Exchange Rate Dynamics

This section examines equilibrium exchange rate dynamics. In particular, we focus on how dispersed
information concerning productivity becomes embedded in spot rates. Recall that the processes for

(log) capital returns the US and UK, respectively, follow:

rfo= rdute+0(e—1 — é-1),
PYo= rd il e+ 061 — er—1),

where we allow the transitory components u; and 4; have correlation p, but the persistent com-
ponents e; and é; are independent across countries (for tractability). We assume that information

about the return on capital arrives as follows:
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1. US agents all observe the realization of their home shocks {u, e;} in period 1 of month ¢,

2. UK agents all observe the realizations of their home shocks (¢, é;) in period 1 of month ¢,

and

3. All agents in both countries observe the realized values of log capital returns in month ¢, rf

and 7F, when they are publicly announced in period 1 of the following month #-+1.23

The equilibrium exchange rate process implied by this information structure is presented in the
form of a series of propositions. These propositions clarify the model’s essential features and provide
insights into the specific role of information revelation. Formal derivations of the propositions are
in the appendix. We begin by characterizing the determination of spot prices in periods 1 and 3 of

each month:

Proposition 1 The log nominal exchange rate implied by spot quotes in periods 1 and 3 are
given by

st = EiVk, (38)
s3 = E3Vk, (39)

where the operator ¥V denotes the difference between US and UK wvalues (e.g., Vky = ki — l%t)

Proposition 1 ties the period-1 and period-3 spot rates to the expected difference between
the log US and UK capital stocks, where expectations are conditioned on common information,
Qi = {1, 3}. To develop intuition for this result, we first note that markets are incomplete in our
model, so that the spot rate is not determined by the ratio of marginal utilities of consumption
of US versus UK goods.?* Rather, the spot rate is tied down by the international distribution of
wealth. This can be seen by combining the definitions of the realized capital shares v, , — (; , (see
the definition of Htl+1,z in equation 12) with the dynamics of US and UK capital:

1
4 o
Wius _ (’Yt,UK —Ct,UK> K\
Wik Ye,us — CtuUs S3K;

23This third assumption does not imply that the exchange rate is re-established at its full-information value in
period 1 of every month, for two reasons: (1) there are new, unobserved shocks to productivity that arrive at the
same time and (2) real decisions in period 4 of the previous month are based on expectations at that time, and errors
in these expectations have effects on real allocations that persist (with persistent effects on exchange rates, as clarified
below).

24The nature of market incompleteness is somewhat novel in this model, so we discuss it in some detail in section

5.
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The ratio of US to UK wealth is proportional to the ratio of US to UK capital, with the propor-
tionality factor that depends on the ratio of realized capital shares. In equilibrium, changes in the
wealth ratio are highly correlated with changes in the capital ratio because allocation choices (i.e.,
7:.) are determined by expected excess returns that are comparatively stable. This means that
any equilibrium restrictions on the distribution of wealth will have their counterpart on the distri-
bution of capital. One such restriction is that the wealth of each consumer remains positive (i.e.,
Wi, > 0 for i = {2,4}), or equivalently that log wealth remains bounded. In equilibrium, order
flows aggregate dispersed information about productivity because consumers have an incentive to
trade based on their individual information. This process of social learning is a crucial element in
the equilibrium (see Propositions 3 and 4 below), but it breaks down if the wealth of either US or
UK consumers falls to zero. (For example, if WtZ’US = 0, then there is no period-2 order flow that
can convey dispersed information about US productivity shocks, u; and e;.) It is this bound on log

wealth that ties down the spot rate. In, particular, the period-3 spot rate must satisfy:

= E3Vh+ B Y (1 - ) {rbi — (ki + As3) (40)
=1

Equation (40) identifies the unique value for the spot rate that places K;/ Sff(t on an expected
future path consistent with the equilibrium bound on log wealth. To see why this is so, consider what
would happen if the expected ¢ + 1 return on US capital rose relative to the return on UK capital,
with no change in current or future spot rates. This change in returns would raise the expected
ratio of US to UK capital in ¢ + 1. It would also lower Wi+ uk/K¢+1 and raise Wt+17U5/Sf+1IAQ+1,
thereby reducing US exports and raising UK exports (relative to domestic capital). These wealth
effects induce a self-perpetuating cycle of higher growth in US capital and lower growth in UK
capital from ¢+ 1 onwards. And, as a result, K;/ SEK} would rise without bound and Wt‘:'UK would
be driven to zero. This outcome can be avoided if the current spot rate is raised to offset the effects
of higher returns on the distribution of capital in ¢ + 1. The present value term in equation (40)
shows the extent to which the current spot rate must be raised to offset the effects of future return
differentials, such that the international distribution of log capital and wealth remain bounded.

The quote equations of Proposition 1 follow in a straightforward manner from (40). The equi-
librium dynamics of spot rates insure that expected future returns on US and UK capital are equal
(when expressed in terms of a common currency). Under these circumstances, the present value
term disappears from (40), leaving s? = E}Vk; as shown in equation (39). Period-1 spot rate quotes

are set so that expected intra-month returns are equal.?® Since no intra-month interest is paid on

?5This property of the equilibrium arises from the absence of hedging terms in the period-2 portfolio choices (see
appendix for further details).
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US or UK deposits, this requirement implies that si = E}s; = E}Vk; as in equation (38).

Proposition 1 enables us to identify the different factors that contribute to the dynamics of spot
rates. In particular, combining (38) and (39) with the dynamics of US and UK capital in (35) and
(36) we find:

1
dosty = B (1) BT - B o) (a1

fost = @-E) Vil (1) B -ED (Thoa—ELiVhew. (2
These equations show how changing expectations about the distribution of capital and the return
on capital contribute to spot rate dynamics. Specifically, equation (41) shows that the revision
in spot rate quotes between periods t-1:3 and ¢:1 has two components. (Hereafter, we use the
shorthand ¢:z to denote period x in month ¢.) The first is the common knowledge expectation of
the difference in capital returns, EfVrF = Ef[rF — #F]. The second component is proportional to
the current estimate (conditional on Q}) of the last month’s error in estimating the distribution
of capital, Vk;_1 — E§_1th,1. The spot rate change between t:1 and t:3 shown in (42) is also
comprised of two components. The first term (E? — E%) VrF conveys what agents learn about
capital returns during the current month. The second term identifies what they learned during the
current month about last month’s error in estimating the distribution of capital.
Equations (41) and (42) make it clear that exchange rate dynamics are driven by information
flows. In particular, the evolution of common-knowledge information through time is key to under-
standing the contribution of the various components of spot-rate changes. We shall now study this

evolution in detail.

Proposition 2 Immediate revelation of new information about the month-t state of the econ-

omy occurs only when p = —1.

Recall that US (UK) agents learn the values of e; and w; (é; and ) at the start of period 1
in month ¢. Although all four shocks contribute to the current difference in capital returns, Vrf ,
they cannot affect the spot rate until they become common knowledge. In the special case where
p = —1, both u; and 7; are common knowledge, and thereby affect period-1 quotes via E}Vrf in
(41). Thus, some dispersed information about the current state of the economy is immediately
reflected in the spot rate. When p > —1, none of the dispersed information regarding current
returns is immediately common knowledge, so the period-1 spot rate does not reflect any new
information about the current state of the economy (despite the information existing in dispersed

form).
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Proposition 3 shows the extent to which dispersed information is learned via period-2 trading.

Proposition 3 Let T? = thz,Zdz denote aggregate order flow for pounds in period-2 trading.
In equilibrium, aggregate order flow augments the common-knowledge information set between the
start of periods 2 and 3: Q3 = {th U Q%} In the special case where p = —1,Ve; € Q3. For the
general case where p > —1 (#0), {Vey, Vuy} & Q2, and

E [Ver + V| Q5] = ¢, (43)

where &, = S} (th — E%th) /BRW? | is the scaled innovation to period-2 order flow (relative to

0?) that depends on all four returns shocks:
& =& Ver + &, Vu. (44)
At the start of period 3, residual uncertainty about the true distribution of capital is:

Vki — E [VE|Q]] = Ver+ Vu — E[Ver + Vg [QF]
= 7 Ver + m,Vuy, (45)

where me = (1 —&,) #0 and 7, = (1 —YE,) # 0.

This proposition shows the pace at which period-2 trading aggregates dispersed information.
(Coefficient values are in the appendix.) Period-2 order flow is informative because s} — s is
forecastable based on agents’ individual information, Q%Z. Hence, each agent has an incentive to
trade, and in so doing some of their individual information is revealed to others via order flow.
When p = —1, the innovation in order flow is a function of e; and é. This means that each
agent can infer the value of Ve; from incoming order flow and their individual information. Under
these circumstances, dispersed information concerning e; and é; becomes common knowledge after
a single trading period. The key to this result is that the value of e; or é; represents the sole source
of individual information that motivates trade. In particular, u; and 4; play no role because they
are common knowledge and their implications are fully reflected in the period-1 spot rate, s;}. When
p > —1, by contrast, the values of e; and u; (é; and ;) are both sources of superior information to
US (UK) agents because the values of u; and 1 are not reflected in si. This means that order flow
innovations contain information on all four shocks, as approximated by (44). As a consequence, it
is not generally possible for any agent to precisely infer the values of Ve, + Vu; by combining their

individual information with their observation of period-2 order flow.25 Consequently, aggregation

26The exception occurs when p = 0. In this case, the trades of US (UK) consumers are a function of e; +u; (€ +us),
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of dispersed information at the end of period-2 trading is incomplete.
We can gain further perspective on the inference problem by considering the composition of

period-2 order flow:
T? = / Ats (Wi /SE) dz — Ky + / EZ.T7..dz.

This equation shows that order flow aggregates information from: (i) the portfolio allocation deci-
sions of US and UK consumers A, ., (i) the distribution of wealth W; ., (iii) the outstanding UK
capital stock Ky, and (iv) expectations of incoming order flow E%,thz,z*- This means that order flow
reflects both individual information about the current state and many other variables that affect
the distribution of wealth, capital stock and so on. In general, these additional variables are not
common-knowledge. Rather, they represent a source of noise that makes precise inferences about
the current state from observations of order flow impossible. This source of informational ineffi-
ciency is likely to occur in any model that combines dispersed information with constant relative
risk aversion (CRRA): because CRRA asset demands depend on wealth, less-than-full information
about the distribution of wealth creates noise, more difficult signal extraction, and informational
inefficiency.

Next we turn to period-4 trading.

Proposition 4  After period-4 trading, information aggregation is complete. In particular,

the components of returns ug, Uy, ey, and é; are all common knowledge:
{Ut, /&h €t, ét} € {1}4 U Q?} N
where T} = 1l Tt‘fzdz denotes aggregate order flow for pounds in period-4 trading.

When p > —1, period-3 spot rates cannot fully reflect all information relevant to the state of the
economy. This means that agents still have individual information that is relevant for forecasting
returns between ¢:4 and ¢+1:1, and hence have an incentive to trade in period 4. Order flow
in period 4 will therefore constitute a second signal on the underlying distribution of individual
information. This signal contains incremental information sufficient to reveal fully the values of 4,
and & to US consumers, and the values of u; and e; to UK consumers. As a result, the values of
Uy, U, €¢, and é; become common knowledge by the end of period-4 trading.

Two features of our model lie behind the speed of information aggregation. First, each consumer
has only to learn about a limited amount of information, namely, the values of two foreign shocks.
Second, our model makes trading very transparent because in equilibrium, incoming orders are

equally divided among all consumers. This means that the order flow received by each consumer

so observation of £, combined with private information could fully reveal the value of Ve; + Vu; to all consumers.
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is completely representative of the market as a whole. This high level of transparency insures that
incoming orders are only a function of u, 4y, e, and é; in each period. Consequently, consumers
can precisely infer the values of the two foreign shocks from incoming orders in periods 2 and 4.
Information would not aggregate so quickly with less transparency. For example, suppose incoming
orders were randomly assigned to consumers quoting the same price, so that the incoming order
received by each consumer contains an idiosyncratic component. This idiosyncratic component
would add noise to the signals provided by incoming orders in periods 2 and 4. As a consequence,
incoming orders would no longer be jointly sufficient to reveal the values of the foreign shocks to all
consumers. Thus, if trading were less transparent, information aggregation at the end of period-4
would still be incomplete.

We may summarize the implications of Propositions 2 through 4 as follows. For the special case

where p = —1, common information evolves according to:

OF = {u,a, U 1}, QF =9,
Q? = {et,et U Q%} 5 Q4 = Q?

This information structure implies that Vk;_1 = Ef_1th,1, E%Vrf =20Ve;_1 + Vu; and
(E} — E}) Vrf = Vey, so equations (41) and (42) become:

st—s2, = 20Ver_ 14 Vuy, (46a)
s2—st = Ve (46b)

The exchange rate dynamics described by these equations reflect the rapid pace of information
aggregation. With perfectly correlated productivity shocks u; and 4, seeing one means seeing the
other, so at the time of their realization both are in the common-knowledge information set (i.e., at
t:1). Consequently, u; and u; have an immediate, one-to-one effect on the period-1 spot rate. Given
this, all consumers can make precise inferences about the remaining uncertainty (the values of e;
and é;) from their observation of period-2 order flow. The period-3 price is perfectly revealing.

In the general case where p > —1 (# 0), common information evolves according to:

Ql:fl- = {Ut_l,'at_l, €t—1, ét—l U Qﬁ_l} 5 Qtz = Q%,
0P = {¢, V07 }, 04 = 03,

This information structure implies that Vk,_ 1 = E?,1th,1 4+ w.Ver_1 + myVug_1, E%VTf =
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20Ve;—1 and (E} — E}) Vrf = 9§, so equations (41) and (42) become:

1
Sg' — 8?71 = 29Vet_1 + <ﬁ) (Wevet—l + 71—uvut—l)y (47)

s;— st = g, (48)

The exchange rate dynamics described here reflect the slower speed of information aggregation.
Equation (47) shows that u; and 4; have no immediate impact on the spot rate because they are
not common knowledge at the time of their realization. Instead, dispersed information on Vu; and
Ve; becomes gradually embedded in spot rates via the order flows generated in periods 2 and 4.
Embedding via period-2 order flow is shown in (48). The second term in (47) shows the embedding
effect of period-4 order flow.

The speed of information aggregation also has implications for real allocation decisions. When
p > —1, consumers make real consumption and investment decisions at the start of period 4 before
the complete state of the economy is known. This means that real allocations will be distorted by
(rational) expectation errors. In Propositions 5 and 6 below we examine the implications of these

distortions for the dynamics of fundamentals and the volatility of exchange rates.

Proposition 5 Expectational errors are embedded in fundamentals via the relation:

Vkirs = Vke = Vrfyy + <ﬁ> (Vke — E [VR|QF]) .

Proposition 5 shows that the monthly change in the realized distribution of capital includes
two components: the difference in capital returns Vrf+l, and residual uncertainty after period-2
trading concerning the distribution of capital, Vk; — E [thmﬂ . When p = —1, there is common
knowledge about the full state of the economy by period 3 and s? = Vk;. Accordingly, we refer to
Vk; as identifying common-knowledge fundamentals. In this special case, Vk; € Q3, so changes in
fundamentals are driven solely by the difference in capital returns. In the general case with p > —1,
both components contribute to the dynamics of fundamentals. In particular, Proposition 3 shows
that Vk; — E [thmﬂ = m.Ver + m, Vg, so

Vki+1 = Vk + v’rf+]_ + <ﬁ> (weVet + WuVut) .

Thus, residual uncertainty about the distribution of capital becomes embedded in the dynamics of
fundamentals via the 7, and 7, terms. The economic intuition behind this result is straightforward.

Recall that s3 = E [Vk:tm?], so residual uncertainty creates a gap between the month ¢ spot rate,
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53 and its fundamental level, Vk;, that affects the international distribution of wealth. This, in
turn, affects exports in both the US and UK, thereby influencing the rate of capital accumulation
in both countries between month ¢ and ¢ + 1. Thus, past exchange rates affect the current level
of fundamentals. Notice, too, that the effects of residual uncertainty are not transitory. Even
though the value of past fundamentals become common knowledge with just a one-month lag,
effects on the level of fundamentals persist indefinitely: Although consumers learn about their
“consumption mistakes” once information aggregation is complete, their optimal response does not

involve immediate reversal of those mistakes.2”

Proposition 6 When p = —1, the volatility of the monthly depreciation rate is determined by

the volatility of common-knowledge fundamentals:

V[As31] =V [Vh — Ak] =V [wfﬂ} .
2
When p > —1 and my, > Ty =2 (%—:5) , the monthly depreciation rate displays volatility in excess

of that implied by fundamentals:
V[Asd,] >V [wl’;ﬂ} .

This proposition links the speed of information aggregation to excess volatility. Recall that
when p > —1, consumers make real consumption and investment decisions at the start of period
4 before the complete state of the economy is known. Proposition 5 shows how this affects the
dynamics of fundamentals via the presence of expectations errors. These errors can also be the
source of excess volatility. Consider the monthly rate of depreciation implied by equations (41) and
(42):

Asd =B Vrk  + <ﬁ> E31 [V — E3VE]

Here we see that monthly changes in the exchange rate depend on current shocks, via E?HVrfﬂ,
and on corrections for past-month expectational errors, via E3,; [Vk; — E}Vk;]. Squaring both

sides of this equation and taking expectations gives:
3 k 3 k k 1 3 3
VI[Asi,] -V [vrm} - (v [Emwtﬂ} Y [VTHD n <W) Vv [EHl[th o Vk:t]}
2

+ (1—> cv [Ef+1Vrf+1, E3,, [V — Ekat]] .

2TThis embedding effect on consumption and real capital provides a natural link to the current account dynamics
at the center of new macro modeling.
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Now, V [E},1VrE ] — V[Vrf, ] <0 (from the definition of a variance), so the first term on the
right suggests that the lack of common knowledge should reduce volatility. (This corresponds to
the mistaken intuition that less information here can only translate into less price adjustment, and
therefore less volatility.) But, as the equation shows, this argument overlooks the effects of agents’
learning about past states of the economy. In our model, E§+1Vl<:t = Vk;, so the second and third

terms become:

<%> V [V, — E3VE] + <i> Y [Efﬂver, Vi — Efwct] .

(I—p) L—p

Clearly the first term is positive because it is proportional to the variance of forecast errors for
fundamentals. The second term will also be positive when agents use information learned about
past fundamentals to estimate capital’s current return. The size of these terms depends on how
much is learnt from period-2 trading. When order flow is relatively uninformative, the 7. and
coefficients will be larger and the effects of learning will contribute more to the volatility of spot
rates. Proposition 6 identifies a sufficient condition for excess volatility (i.e., m, > 7,), where the

learning effects dominate.

5 Additional Implications

In this section, we study four additional aspects of our model: (1) exchange rate responses to public
announcements, (2) the information content of order flows versus "portfolio" flows, (3) trading
volume, and (4) the role of incomplete markets. We include the first of these because it remains a
puzzle why the large empirical literature on public macro announcements finds so little exchange
rate impact. Our model provides a plausible direction for resolution. We include the second of these
because our model clarifies why these two flow concepts—order flows versus portfolio flows—differ
significantly in terms of information content. (Both are used in empirical work, with little attention
to their theoretical differences.) For the third, trading volume, it remains a puzzle why the volume
of foreign exchange transactions relative to international real trade is so large, so it is natural to
ask whether the presence of dispersed information casts new light. Lastly, we consider the role
in the model of incomplete markets and how the aggregation of information could be affected by

introducing additional financial assets.

5.1 Announcements

Our model brings new perspective to the link between exchange rates and public macro announce-
ments. Recall that we specified the model with a public announcement at the start of each month

that conveys the realized value of the previous months’ fundamental (the previous month’s realized
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capital returns). In equilibrium, this announcement comes late enough that it has no impact on
spot rates: it is simply an official aggregation of information that has already been fully aggregated
via trading by the market.

This feature of our model highlights the deep link between the speed of information aggregation
and the impact of public announcements. For announcements to have exchange rate impact, they
must either arrive more promptly (i.e., before aggregation by the market is complete), or one must
add sources of inference complexity to the model such that information revealed in period-4 actions
is no longer sufficient to reveal past fundamentals fully. We formalize the first of these possibilities

with the following proposition:

Proposition 7 When p > —1, public announcements concerning the values of rf and #F will

only affect exchange rates if the announcements are made before period 4 in month t.

When the transitory capital-return shocks u; and i, have correlation greater than -1, the state of
fundamentals is not fully revealed until agents observe actions from period 4. Any announcement
of realized capital returns prior to that time would itself convey new information to the market,
and the amount of information it would convey would depend on how early in the month it occurs.

The second possibility for announcements to have exchange rate impact is to break the market’s
ability to achieve full aggregation from period-4 actions. This can be achieved, for example, by
introducing additional sources of noise. For example, one could introduce noise in the marketwide
order-flow statistic that agents observe (a quite realistic source of noise, given the relatively low
transparency of actual foreign exchange trading). It could also be achieved by introducing country-
level noise in the period-1 observation of the capital-return shocks us, i, e, and é; (also quite

realistic). We leave these extensions to future work.

5.2 Portfolio Shifts

In our model, signed transaction flows between marketmakers are the central flow concept in terms
of facilitating information aggregation. At the same time, portfolios are shifting over time, so it is
worthwhile asking whether these agent-level portfolio flows are also useful for understanding how
dispersed information is aggregated.?® Since the answer to this question is quite subtle, we begin
with a simple example. The example will make it clear that changes in portfolio holdings need not
be associated with information aggregation, even though signed transaction flows are.

Suppose a researcher has data on the asset positions of all agents. As such, she can track aggre-
gate holdings of dollar and pound deposits period-by-period, Bg = B{Zdz, and B{ = B{Zdz for

*8Froot and Ramadorai (2002), Fan and Lyons (2002), and Rime (2002) use end-user portfolio flow data of this
kind.
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periods j = {1, ..., 4}. Would changes in Bg and/or Bi be correlated with exchange rate innovations
arising from the aggregation of dispersed information? The answer is no. Changes in aggregate
holdings are determined solely by asset supply via the requirement of market clearing, so they are
unrelated to the information transmission driving the exchange rate. This is readily apparent in
our model because market clearing requires that B/ = B} = 0 every period.

In practice, a researcher will not have access to data on all asset holdings in the economy, so the
issue becomes whether data on a subset of asset holdings can be usefully employed. To examine
this we need to study how asset positions change at the micro level. Consider the change in a US

agent’s holdings of pound deposits between periods 1 and 3:

R R wi n
Bta,us - Btl,us = <)\t,US gr]L_JS - Btl,us) - <Tt2,z* - Ef:US,I;‘,Z,z*) (49)
t

The first term on the right identifies the individual’s desired increase in the foreign asset position.
This term depends, in part, on the individual forecast of returns, E%:US [sf’ — sﬂ, via the optimal
choice of A\; ys, and so may convey some of this agent’s individual information Q?,US' Nevertheless,
it is the second term that plays the central role in our model as the medium for transmitting new
marketwide information. The second term is the unexpected currency orders from all other agents.
Thus, the total change in the individual’s position is a noisy signal of the unexpected order flow that
carries marketwide information, where the "noise" here is the first term—the individual’s desired
position change. The noise arises because, for example, an agent could want to change his foreign
asset position even when there is no dispersed information in the economy. With no dispersed
information, incoming orders in this model can be perfectly predicted, so the second term in (49)
vanishes. And, as a result, there need not be any relation between the change in asset holdings and
the exchange rate.

In the presence of dispersed information, the relation between changes in asset holdings and
exchange rates is more complex. In this case, the change in asset holdings signal the arrival of
new information to the agent, but this need not imply that changes in the exchange rate and
asset holdings are contemporaneously correlated. The reason is that information transmitted to
each agent via unexpected order flow only becomes embedded in the new exchange rate when it
augments the common information set. This always happens in our model because news to US
agents in the term (thz - Ef:usth,z*) is already known to UK agents and vice versa. In general,
however, there is no guarantee that information received by each agent during trade augments the
common information set, so there is no guarantee that this information is immediately embedded
in the exchange rate.

To summarize, the revelation of information that drives exchange rates here changes the distrib-

ution of asset holdings (across US and UK agents). But going in reverse—i.e., inferring information
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from changes in that distribution—is difficult. At the subset-of-agents level, changes in holdings
may be informative, but only to the extent that the subset captures those distribution changes that
are relevant. Put differently, changes in holdings at the individual-agent level are a noisy estimate
of the information in trades, so even when information aggregation is taking place, these individual

changes in holdings will not be strongly correlated with exchange rate changes.

5.3 Trade Composition

Our model provides interesting perspectives on the determinants of currency trading. In particular,
the model allows us to decompose order flows into three components: a goods-market component
(related to the need to purchase foreign goods with foreign currency), a speculative component
(related to information about the return on foreign currency), and a hedging component (related
to the expected arrival of currency orders from other agents). These three components are readily
identified by rearranging the definition of oy ., the end-of-month-t¢ desired fraction of wealth held

in pounds (see the period-4 problem in equation 11):

. wh,o R
T;‘,A,'z = Ct,z + (at,z St?;z - Kt,z - B?,z) + E?,szjz (50)
t

The first term on the right shows the period-4 foreign currency purchases for the goods market.
As one would expect, the effect is one-to-one. The second term identifies the desired increase
in holdings of pound assets. The speculative demand for foreign assets contributes to this term
via the choice of oy ., which depends, in turn, on the expected excess return on deposits and
domestic capital.?? The third term identifies hedging against expected currency orders from other
marketmakers.

Equation (50) has two noteworthy implications in terms of currency trading volume. First,
transactions in international goods and services (CA'LZ in our model) may account for an empirically
insignificant amount of FX trading, even if there are no sizable shifts in desired portfolio holdings.
Rather, trades may be driven almost exclusively by hedging against incoming orders, Ef{ﬂf;z.
Such a situation is analogous to “hot potato” trading, a phenomenon where risky inventories are
passed between marketmakers in the process of wider risk sharing. In this model, agents rationally
anticipate incoming orders generated by unwanted inventories, rather than simply waiting for their
arrival.

The second implication of (50) is that dispersed information contributes to the variability of the
speculative component, thereby contributing to trading volume. In general, dispersed information

still exists in period 3. As a result, spot and interest rates do not impound the union of all

29Recall that for US agents, holdings of UK capital I?t,z:O.
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information sets. Under these circumstances, oy, varies through time and across agents as they
speculate on the basis of their unimpounded information. Hence, dispersed information contributes

to the variability of the speculative component, thereby contributing to trading volume.

5.4 Incomplete Markets

Let us consider the sense in which asset markets in our model are incomplete, and under what
conditions. Though there are many definitions of asset market completeness, many are not met
by our model. For example, in models with symmetric information in which agents consume each
period, markets are complete in the sense of Debreu (1959) if all possible date-states are insurable
through once-and-for-all trade at t=0. In our model, there are clearly incentives for subsequent
trade, so this definition of completeness does not hold (as one might expect, given the information
asymmetries). But once-and-for-all trading is not the only basis for defining completeness. Rather,
markets are called dynamically complete if all time-states are insurable through trading strate-
gies implemented over time. In symmetric information settings, necessary conditions for dynamic
completeness are well understood (see, e.g., Arrow 1970). In settings of asymmetric information,
completeness is generally much harder to achieve, and necessary conditions for doing so are much
less well understood.

In our particular setting, we focus on dynamic completeness and the conditions under which
idiosyncratic risk in our model is fully insurable. In fact, this occurs only in a very special case,

per the following proposition:

Proposition 8 There is complete risk sharing in equilibrium if and only if p= —1.

In this special case where the transitory capital-return shocks u; and u; perfectly reveal one another,
we know that period-3 prices are fully revealing. In this case, the equilibrium exchange rate process
is such that it insures that the returns to home and foreign capital are equalized. This occurs despite
agents not having access to foreign capital: the dollar return a US consumer would receive if he
were able to hold UK capital is exactly the same as the dollar return on US capital. The investment
opportunity sets are, in effect, not restricted.

In contrast, in the general case with p > —1, the exchange rate process is such that the returns
on US and UK capital are not equalized. Here, the slow pace of information aggregation makes it
impossible for marketmakers to set period-3 spot rates that reflect true capital returns fully. The
lack of access to foreign capital now constitutes a restriction on agents’ investment opportunity
sets.

Interestingly, if one were to allow cross-country holdings of real capital in the general case—i.e.,

a world equity market—risk sharing would still not be complete. Although agents would have
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access to the same investments, cross-country correlation in wealth would not be one, a necessary
condition for complete risk sharing. This is because consumers use their individual information to
choose different portfolios. (Recall that agents still have different information about the month ¢
state of the world at the start of period 4.) In equilibrium, this individual information is useful
for forecasting returns because some information about the month ¢ state of the economy becomes
embedded in the exchange rate only after the end of period-4 trading.

Less than complete risk sharing in the general case is also manifest in agents’ choice of consump-
tion/wealth ratio, ;.. Since consumers have log preferences in our model, the optimal choice of
dt,, doesn’t vary with the interest rate, only with expected excess returns on wealth. Gradual infor-
mation aggregation means that consumers have individual information that is useful for forecasting
excess returns. As a result, the consumption/wealth ratio, d; ., is also a function of individual
information. (As one would expect from optimal consumption choice, ¢, remains uncorrelated
with public information, i.e., with contents of the information set Q3.)

If allowing cross-country holdings of real capital is not enough in the general case to complete
the market, what would be necessary to do so? In effect, what needs to be spanned by the capital
markets in this model to achieve completeness is the differences in individual information sets. In
effect, one would need "information contingent" securities, i.e., assets whose payoffs are perfectly
correlated with the individual information used in making consumption decisions. This would be

a state-contingent security of a new kind.

6 Conclusion

The new micro model we develop here connects the DGE and microstructure approaches to exchange
rates. Though both approaches are built on solid micro-foundations, there has been a distressing
disconnect between them. DGE models need to find more traction in the data; our results suggest
that enriching their information structures (as opposed to their preference or production structures)
may provide that traction. The shortcomings of microstructure modeling are more on the theoretical
side: these models need a richer placement within the underlying real economy if they are to realize
their potential for addressing macro phenomena. It is precisely this joint need that motivates our
paper.

Methodologically, the DGE environment we study has a number of novel features. First, finan-
cial markets in our model are incomplete, which, among other things, makes room for the exchange
rate to be determined from more than just the marginal rate of substitution between home and
foreign consumption goods (see Duarte and Stockman 2001). In particular, the exchange rate is
pinned down by a present-value relation in a manner familiar to the asset approach. Second, the

model embeds social learning: agents learn from the equilibrium actions of others. Third, the
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presence of social learning means that we need to solve each agent’s decision problem and inference
problem jointly. More concretely, the solution begins with a conjecture about each agent’s infor-
mation set, and concludes with verification that these conjectured information sets line up with
information provided by market outcomes. Fourth, our solution accounts for agent risk aversion.
Risks associated with incomplete knowledge about the state of the economy influence consumption
and trading decisions (which, in turn, affect the inferences agents draw from market outcomes). To
our knowledge, this is the first paper to solve a DGE model with this combination of risk-averse
decision-making, heterogeneous information, and social learning.

We use the new framework to address the exchange rate determination puzzle. Though a nat-
ural puzzle to start with, the model is certainly rich enough to address a host of other important
puzzles, including forward discount bias and real exchange-rate persistence. With respect to de-
termination, we offer four main results: (1) persistent gaps between exchange rates and macro
fundamentals, (2) excess volatility relative to macro fundamentals, (3) exchange rate movements
without macro news, and (4) little or no exchange rate movement when macro news occurs. Per-
sistent gaps between exchange rates and fundamentals arise in the model because the underlying
state of fundamentals—which corresponds to the union of all information sets—is revealed only
gradually. So, though exchange rates fully reflect all public information, they never reflect all
information. Volatility in excess of fundamentals occurs because real allocations are distorted by
(rational) expectation errors, which we call an "embedding effect". These distorted real allocations
induce additional exchange rate volatility because the exchange rate, as an asset price, needs to
compensate for the persistence of these distorted real variables (a source of excess volatility missed
by partial-equilibrium microstructure analysis). Exchange rates move without macro news because
microeconomic actions—in particular, trades—convey information, even when public macro news
is not present. On the flipside, macro news has no impact on exchange rates if the microeconomic
aggregation of information renders subsequent public announcements redundant.

Finally, our model provides a structural-economic rationale for why transaction flows account
for monthly exchange rate changes quite well empirically, whereas macro variables perform poorly.
The basic idea is that when dispersed information is present, aggregate transaction flows provide
a tighter signal of changing macro fundamentals. But is dispersed information present? Dispersed
information characterizes most variables at the center of exchange rate modeling, including output,
money demand, inflation, consumption preferences, and risk preferences. These variables are not
realized at the macro level, but rather as aggregations of underlying micro realizations. Some of
this information is being aggregated by markets, and might well prove to be an important missing

piece in exchange rate economics.
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A Appendix

This appendix includes five sections. The first describes the model’s solution and presents proofs
of Propositions 1-8. The second provides detail on the agents’ optimization problems. The third
addresses market clearing conditions. The fourth provides detail on the log approximations used
to solve the model. The fifth derives the relationship between the marginal utility of wealth and

the marginal utility of consumption.

A.1 Solving the Model
A.1.1 Conjectured Equilibrium

For the case where p > —1(# 0), equilibrium interest rates and the exchange rate are conjectured

to follow:

Sty —s = 20Ve; + ﬁ (meVer + muVuyg) (A1)
s —st = g, (A2)
re = 1+, (A3)

reo= =&, (Ad)

where &, = S} (th — EthZ) /BRW? ; is the scaled innovation to period-2 order flow (relative to

Q?) that depends on all four returns shocks:
§ =& Ve + &, V. (AD)

The 7; and &; coefficients are related by m; = (1 — ¥¢;) # 0. Country-level information sets evolve

according to:

1 ~ 5 4 1 NI 4
Qt7US = {'U«ta e, Ut—1,€¢—1 U Qt—l,US} ) Qt,UK = {'U«ta €, Ut—1,€¢—1 U Qt—l,US} )

2 _ ol 2 _ ol

Qf us = Qiuss QF uk = L uko (AG)
3 _ 2 3 _ 2

QFus = {ft,us U Qt,US}’ Quk = {faUKv UQt7UK}7
4 _ 03 4 _ 03

Qi us = Lus Qi uk = Lk

Al



where §;, . = St (thz - Ef,ZTtZZ*) / WEZ is the order flow innovation received by consumer z in

period-2 trading (z = {US, UK}). The evolution of public information is given by:

1_ N 5 4
Qf = {ur—1,0-1,€-1,61UQ 1},

04 — 03,

Based on this information structure, individual and public expectations regarding productivity

shocks can be represented by:
Ei.lee] = ble, (AS)
Ei[et] = bié‘t, (Ag)
where b. and b’ are 1x4 vectors and &, = [ e¢; é w; @ ). (A8) and (A9) imply that Vi [e] =

(I—bL) % (I—b:) and Vi[e)] = (I —b") X (I —b") where . is the (exogenous) unconditional

covariance of &;. Consumer z’s choice of portfolio shares and log consumption-wealth ratio can be

written as:
Az = A+ Ae (A10)
Wi = Wy +wiEr (A11)
5t,z = 5,2 +é/25t (A12)
where wj ys = [ arus Yus b whuk = [ aruk = Yok Yok |- Az w, and 4, are 4 X 1 vectors of

coefficients, while \,, w, and J, are constants.

A.1.2 \erification

Decision Rules: Consider the period-4 portfolio problem. Combining the first-order conditions
in (30), (33) and (34) with (27) gives:

4 1.1 3, 4 4 141 1 14 [l
Et,z [3t+l — S Tt — rt] = Cvt,z {5t+1vz + ¢z,t+1 + _1_Mht+1,z7 5t+1] - EVt,z [3t+l] )
4 k 4 141 k 1\ /4 k
Efus [T’t+1 - T’t} =CVius {5t+17US + G+1,0s + =5 Pe,us) Tt+1] —3Vius [Tt+1] )

4 K 1 3 4 151 K 1 1\ /4 Ak 1
Eiux [7}+1 + Siv1 — Sp — Tt} =CV{ uk [5t+17UK + 1= Mok Tran + 5t+1} —5Viuk [Tt+1 + 5t+1} .
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We verify below that ¢, , = ¢. Substituting for h%+l,z with (A74) and imposing this restriction, the

equations above become:

4 1 1
Et7ziﬁ't+1,z + gAz =V, + <m> Ezwt,za (A13)
where
Tirrus = | 3%+1 - 5? + 77—y Tf+1 -7 s
— 1 3 A ~k 1 3
Ti+1,UK = [ Sge1 — S T T — Tt Typq +Spe1 — 87— Tt ]’

3, = ng [T+12], A, = diag[X.] and U, = CViZ [Z4+1,z, 0¢+1,2] - Equation (A13) implicitly defines
the optimal choice of portfolio at the start of period 4. The conjectured equilibrium interest and

exchange rate processes imply that xi+1, = A.e+1 + Boey, with:

Ao — [0 ] B | ¥l I-b)+ () (. (1 =) +mi(ia=1a)) |
| 1 t+13 | 0(t1—2) (I —=10")
o0 ] [ 26 (11— t2) (I — b)) + ﬁ (e (11 — t2) + 7y (3 — ta)) ]
Auk = , Buk = 4 X ;
2t | 20 (1 —2) (I =) + (1757 ) (e (11 — 12) + 7 (13 — 14))

where ¢; selects the i’th element in ;. Combining these equations with (A8) implies that E?7Z$t+l,z =
v+ Bbler, U, =B, (I - b2) 3. (I -6%) 0L, and B, = A.S. AL+ B, (I —b2) X, (I —b?) B.. Hence
(A13) becomes

wre = (L=t (3As — U+ Ef zre) (Al4)
= (1—w3t (3A, —0) + (1 - ) Boble = w. +Wley,

as shown in (A11).
To verify the form of the log consumption-wealth ratio, we first combine (31) (with ¢, , = ¢,)
and (27) to give

5t,2 - (1 - M)¢z + E?,zh%+l,z - <2(1—1_M)> V?,z [h%+1,z - (1 - M) 515"‘172] .

Substituting for h%ﬂ’Z with (A74) and (A13), we can rewrite this equation as

Gus = 6.+l Vet (i) (D) = (42) 0.0+l A, (A15)
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Combining this expression with (A1l) and taking a second-order approximation around & = 0

gives

12

5t,z *Mﬁbz + le\pz + 2_(1% (wlzzzwz) - a;”ézzaé; + wlezEaéz
+2—(1‘Li—u)tr(zzélzzgéz) + <\IJIZ + (T_Lmzsz + Q’ZEEA’Z> glzﬁt, (Alﬁ)

- 5,2 + (_5/251‘,7

as shown in (A12).

To verify the form of the period-2 portfolio choice, we write the linearized first-order condition
for A, (with ¢, , = ¢,) as

Ef.si — s +3Vi. [si] = CVi. [wi.,si] + CVE. [b:z,57] - (A17)
Using the results in (A14) and (A16) above we can evaluate the last covariance term as

CV2, [61:,6%] = (\If’z + s T + Q;EEA;) CV2, [w.er, 53]

(q/; + s T + Q;zaA;) CV2, (w8

= (\Ij/z + (T_%Ezwz + é/zzé-Alz> (1 - :UJ)Z;:LCVE,Z [Eizl't"'l,% 3?] :

Under our proposed solution for the interest and exchange rate processes in (Al)- (A4), x4+ . is
uncorrelated with all elements of 3, including s}. Since CV7, [E} @441z, 53| = CV7, [e+1.2, 53
by rational expectations, our solution implies that CVEZ (5t,z, s?) = (. Substituting this restriction

into (A17) and combining the result with (27) gives
1 1 2 1.3 .1
)\tz = 2 + <m) Et,z [St — St] . (Alg)
(A2) and (A5) imply that Ef,z [s? — SH = w§GE§ZVet + @Z)qu%ZVut. Now, given the information

structure in (A6), EﬁUSVet = ¢, EiUKVet = —¢&, EﬁUSVut = (1 —p)us and EﬁUKVut =(p—1) .

Combining these results with the expression above gives

Atus = % + (%) et + <%4%) Ug, (A19)
AtUK = % — (%) ér — (L"%_p)) Uy, (A20)

where 02 = (€,)? 02 + (¥€,)? (1 — p?)o2. This is the form of (A10).
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Finally, we verify that ¢, , is a constant where

drus = CVius [ste1sstus] +CViys {Tfﬂth,us} ; (A21)
druk = CViuk [ste1,stux] + CVEuk [ffﬂyét,UK] : (A22)

We establish in (A39) that ¢, = 1@ (I —b%) &¢. Combining this approximation with (A1), rewrit-

ten as s}, — 53 = Bey, gives

CVY, [shysse:] = 3BVE. [e] (I-0%)
= BI-)s. (1-88) (1} o (A23)

In (A42) and (A43) we show that (;ys = 4 (0ruk + 5§ — Vk;) and &t,UK = & (6rus — 57 + V).
Now (A47) and (A51) imply that s? — Vk; = m.Ve; 4+ 7, Vuy = 7';. Combining these results with

the processes for capital returns gives

CVi. [Tfﬂa Ct,US} = B (1—-uw)V, s [&t] (Guk + )
= 4(1—u) (I — bls) Ze (I — bﬁs)/ (Guk + ), (A24)
CV?,UK [ffﬂa &t,UK} = —#79 (11 )Vt uk [€t] (Gus — )
=~ (11— 13) (I = bss) B (I = bs)' (dys — ) - (A25)

Substituting the results in (A23), (A24) and (A25) into the definitions shown in (A21) and (A22)

establishes that ¢, . is a constant.

Information Structure: At the start of period 1, consumers observe home productivity shocks
so that {e;,u} € Qius and {é;, U} € QiUK. Expectations of the productivity shocks can be

calculated from the (Kalman Filter) updating equation
E (2105 = E 20 s, ] + ke

where g, us = (11 + ta)er, eruk = (t2 + ) e, and K2 = Ve, .] ' CV [ey,€).] . 1. denotes the
vector of shocks directly observed by consumer z at the start of period 1. Since productivity shocks

are serially uncorrelated, E [Et\Qt 1 Z] 0. The updating equation can therefore be rewritten as
-1
E [5t|Q%,Z] = (03edy) " Beliier = ble

where tys = (¢1 4 ¢3) and wyk = (11 +¢3) as shown in (A8) for i« = 1. Since no new information

arrives during period 1, 02, = Q}_ and hence bt = b2. (A8) implies that Ef,usét = EiUKet =0,
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Eiusat = puy and Ef,UKut = ply. Since the elements of ¢; are not common knowledge by the start
of period 2, E [e/|Q2] = E [e/|}] = E [&;|Q}_;] = 0. This is the form of (A9) for i = {1,2} with
b = 0.

Next, we consider the information that accrues between the start of periods 2 and 3. Under
the rules of trading, all consumers receive the same incoming orders in equilibrium, so aggregate
order flow, T? = i thzdz* is observed by all consumers by the end of period-2 trading. Hence
Q3 = {th, Q%} . Combining the market clearing condition, [ th,z*dz* = Tt%Zdz, with the definitions

of T? and the target fraction of wealth in pounds, At,z, we obtain:
STt = [ sttt
:/{&M@—$@m+KQ+ggg@}@
_ /MM@W$K+$/QJ@W.

The scaled innovation in order flow is defined as &, = S} (th - E,?th) /BRW?Z |, where W2 | =
i Wtz,l,zdz is world-wide wealth. Bond-market clearing implies that W2 ; = St Ky 1 + K; 1,
which according to the conjectured information structure in (A7) is common-knowledge at ¢:1 (i.e.,
W2, € Qf). We may therefore represent common-knowledge information at t:3 as QF = {&,,Qf }.
Substituting for 77 in the definition of &, we get:

Wi us Wi uk SIK,
& t“5<6RW€4)'%t“K<6RW%4> <BRWﬁ4

<E§,us - Ef) StthZ 1 <E§,UK - Ef) Stthde

5 A26
BRWZ 4 3 BRWZ | (A26)
This expression can be written as:
¢ )‘t,US exp (th,US — kt) exp (Aky — Ak)
b (exp (Sffl — Vk‘t,l) + 1)
Aruk exp(wf gk — 8¢ — k) exp (séL — 53+ Ak — Ak)
+
(o0 (V1= ) + 1)

- exp (s% -8+ Ak; — Ak) . lEZ - lEZ . o)

(exp (Vke—1 — s3_4) + 1) 9 hUSSE T 9 ELUKSE:
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Recall that bond-market clearing implies that Wtius + WZ;UK = K; + S,f_lli't, or
wi,us —k=In((1+exp (sifl — Vki) —exp (w;UK — k)

for : = {1,3} . Approximating the right hand side around the steady state gives,

~

wi ys — ke = stk — Wi uk, (A28)

for i = {1,3}. Linearizing (A27) around the steady state and combining the result with (A28) for
1 =2, we find:

&2 3I(us—3) + 3Nk — 3) — % (st — V) + 3E20s&, + 2EZ Uk (A29)
Substituting for A\ ys and A;yk with (A19) and (A20) gives
& = 3AVer + 5MVue — 3 (st — Vi) + 3B usés + 3Efukées (A30)

where \e = 1€, /0% and A, = ¥€,(1 — p)/o2. Substituting for st — Vk; with (A52) (derived below)
gives
& 21 (N +3) Ve + 3E2 06 + 3E2 0k + (3 + 3) Ve (A31)

To determine the expectations terms, E%,usft and EiUKﬁt, we guess and verify that &, = w.Ve; +
weVuy for some coefficients w;. Under our information structure, this guess implies that E?,usft =
weer + @y, (1 — p) uy and Ef,UKft = —weéy — wy (1 — p) Uy. Substituting these expressions into our

guess for £, and equating coefficients gives:

& = (Aet3) Ve + i (A +3) Var (A32)
&evet + éuvut = életa

I

as shown in (A5).
Inferences about the vector of productivity shocks based on Q3 are derived from the Kalman

filter updating equation:
E [ei]] = B [ed|%] + K (& — B [&1%]) (A33)
where K3=VL[€,]7 CVY [e1,€,] . Now (A5) and (A7) imply that E [e:1Q7] =0, s0

E [e:]0F] = (¢'S.) T Seblter = Bey,

AT



which is the form of (A9) with ¢ = 3.

Inferences about the productivity shocks based on Qf{z are calculated as follows. Let Et,z =
(Wtz,z / ﬁRWtal) §:,» denote the re-scaled unexpected order flow consumer z received during period-
2 trading. Since Wgz J/BRW?Z | € Q;{Z, we can use Et,z to represent individual information accruing
to consumer z between the start of periods 2 and 4. (Since period-3 spot rates are a function of
2, no new individual information accrues between the start of periods 3 and 4.) Combining the
definitions of ét,z and &, with (A5) gives

Et,z = (ft - E?,zgt) = §e (vet - Eg,zve) =+ fu (vut - Eizvut) :
Using (A7) to evaluate the expectations terms on the right, we find that

Eous = —El+E, (pur — ) = Euser, (A34)
Guk = e+ &, (u — plly) = 5/U_K5t- (A35)

Inferences about the productive shocks can now be calculated using these expressions and the
updating equation
E [gt‘ng] =E [5t|Qg-,z] + IC? (ét,z —E [ét,z‘Q%,z}) )

~ -1 ~ ~
where K4=V1, (ﬁt,z) CVL, (st,étvz) . Now equations (A34) and (A35) imply that Vi, (ﬁt,z) -

g_/ZViz (e¢) €, and CV%,Z [st,éuz} = Vi, [ef] i Further, recall that E e ,] = ble; and Vi [e] =
(I — bi) e (I — bi) . Substituting these results into the updating equation above gives

~ ~\—1 ~ o~
Ef[e|0f.] = (bi +(E (- B (T-b) &) (1 —bl) = (1 -0} 525’2> &
= bié‘t,
which is the form of (A8) for ¢ = 4.
Next, we examine the information revealed by period-4 order flow. As in period 2, all consumers
receive the same incoming orders in equilibrium, so aggregate order flow, T} = 1l Tt‘f* dz* is observed
by all consumers by the end of period-4 trading. Hence Q1,; = {Tf’, Qf’} . Combining the market

clearing condition, [T} ,.dz* = [T}, dz, with the definitions of T}, the target fraction of wealth in

pounds « ,, and the log consumption/wealth ratio d; ., we obtain:
ﬁﬁ:/@m+%m@gm@w$&+$/QJ$w

The scaled innovation in period-4 order flow is defined as ¢; = S7 (Tt4 - E?Tf) /BRW? . Substi-

A8



tuting for 7} in this definition gives

exp (wt US kt) exp (Ak; — Ak)
(exp (st_l — thfl) + 1)

st = (anus+5exp(drus))

exp(wiUK - Sg — l%t) exp (8? — 3?—1 + Al;:t — Ak‘)
or (VR 7 1)

+ (ar,uk + 4 exp (6,uk))

exp (s? — 83 4+ Ak — Ak)
(oxp (Vo —522) 1)

+ = E 3§t+ EtUth

Linearizing this expression around the steady state (where a; , = o, = (1 — p) /2, 8¢, = 0, VVtZ’US =
Ky, Wiy = Ky, and SF = K, /K}), gives

st = 3(oqus —ous) + G6us + 3 [(whus — ke) + (Aky — AK)]
—i—% (e,uk — auk) + §0ruk + % {( — 52— kt) < S8 4+ Ak — Ak)}
-1 (sg — 83+ Al — ) — 3 (Vhio1 — s3.1) + 1Ef ussr + 1Ef uese- (A36)

Combining this approximation with (A28) (for ¢ = 4),we find that

St = % (atus — aus) + 3 1 (ow,uk — QUK)
+4 (Srus + 0ruk) + 2(Vhe — s3) + 2EF ussr + SEF ukst. (A37)

Substituting for Vk; — s3 with (A51) and the decision rules for §; , and oy, in (A1l) and (A12)
gives

1 ! 1 ! / / 1 7 12 12
St = 30uswWuset + 30ukWuker + 4 (Sus + Uk &t + 7'er + 3Ef usst + 3Ef ukst-

where a; ., = p,wy .. As above, we solve this equation with the guess and verify method using (A8)
to give
St = (I)eet + (I)’e‘ét + @uut + (I)q]’llt (A38)

where the ®; coefficients are implicitly defined by
1 1 1 1 1
(I)i =l <2QU5wUS + 2QUK(")UK + = (5/ us + 5 ) + Zﬂ' + §(I>b65 + 5‘1”)6}() s
with®=[ &, ®; &, &7 |

To establish that ¢, , is constant, we need to identify the unexpected order flows received by

each consumer in period-4 trading, and unexpected export orders. Innovations in period-4 order

A9



flow can be written as ¢, = (BRWtal/ Wtf'z) (gt - Ef',zgt). Taking a log-linear approximation
around the steady state values of W7 ;, Wt‘fz and ¢; produces ¢; , = % (st — Eﬁzgt) . Combining this
approximation with (A38) and (A9) gives

St 2 30 (I —b3) <. (A39)

We approximate unexpected export orders ¢, ys and ¢, yk in a similar manner. To approximate

Ctuss we start with the following identities:

Ct,UK/WtL}US = Sexp <5t,UK + QU?,UK — 83—k + 53—V + ke — wt,US) ;

Ct,US/Wt‘:'UK = LzL exXp <5t,US + w?,us — ki + Vk — 8? + 8? + iﬂt - wt,UK) .

Combining the right hand side of each equation with (A28) and log linearizing the around the

steady state gives

Ct,UK/WtA:US = % exXp (5t,UK + S? - th + 2 (kt - wtus))

=~ 4 (Sruk + 87 — Ve + 2 (kt — wius)) (A40)
Ct,US/Wt‘:'UK = Gexp <5t,us + Ve — 57 +2 (sf + ky — wt7UK))
= 4 (6rus+ Vi — 8 +2(F + by —wiuK)) (A41)

Using (A40) to substitute for Cyyk/ Wt‘}US in the definition

Crus = (Crux/Wius) — Efus (Cruk/Wius)

produces
Crus = 5 (5t,UK + 8? - th) . (A42)

Since SfCA'nUS = Cyus in equilibrium,
CLuk = 57 (ét,us - Ef,,UKét,us> /Wiuk = (Crus/Wiuk) — Efuk (Crus/Wiuk) -
So substituting for Cyys/ W;}UK, with (A41) in the latter expression gives
&t,UK >~ £ (6pus — s34 Vk). (A43)

The final step is to show how (A32) and (A38) can be combined with elements of Qf , so that
{er, e, up, i} € {qUQE, } for z = {US,UK} . For the case of US consumers, we rewrite (A32) and

A10



(A38) as:

> _ R X
Xtus = & —&eet — §uut = —Er — &y e,

4 _ . .
Xt,US = Gt — (peet — @uUt = @get + @a’U/t

X%,US and X?,US provide two signals of the values of é; and 7; that can be constructed from informa-

tion available to US consumers at the end of period-4 trading (i.e., {Xf,uy X?,US} € {gt U Qius}).

Combining these equations, we find that:

1
- (b,\ 2 + 4 ,
<‘D€§u — ‘Dafe> (®axius + Euxius)

1
= - P» 2 + 4 ]
<q>€£u _ %56) ( eXt,us feXt,Us)

Similarly, UK consumers can combine their observations of order flow from periods 2 and 4 with
their knowledge of u; and é; to infer the values of e; and w; precisely. Thus, {e,é:, us, Ut} are

indeed common knowledge after period-4 trading. This completes the verification of the information
structure shown in (A6) - (A9).

Exchange and Interest Rates: We now verify that processes for exchange rates and interest
rates implied the equilibrium quotes made in periods 1 and 3 follow (A1l)-(A4). To derive the

exchange rate process we first combine the capital accumulation equations, (35) and (36), to give:

Vk’t+1 = th + VT?.,.]_ — TL

Lo (57— V). (A44)

Combining this equation with the identity 5?+1 —Vki+1 = A (sfﬂ - VkHl) + s? — Vk; gives
§301 — Vi1 = (ﬁ) (8? — Vk) + Asd  — Vrk. (A45)
Next, we take conditional expectations of both sides of this equation:
E3 [s3, — Vhia1] = (rlu) (s3 — E3VE;) + E? [As§+1 . vrfﬂ] .

By iterated expectations, the left-hand side is equal to EJ [sfﬂ — E?+1th+1] . Substituting this

expression on the left and iterating forward gives

= E3Vh + B3> (1 ) ok = (ki + AsE) | (A46)
=1

which is equation (40) in the text.
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Next we note from (A1), (A2) and (A5) that

ElAsS,, —VrF,] = E] {175# Ve + fi‘#Vut — TeVer+1 — WuVqu]

Il
M

? |5 Ve + £V

= (&) B [Vk — E}Vk] = 0.

Since E} [As3,, — Vri,] = E} [E, 1 [As},, — Vry,]] for i > 1 by iterated expectations, the
expression above implies that E3 [As?,; — Vry,;] =0 for i > 0, so (A46) simplifies to

s = E3Vk;. (A47)

In equilibrium, the expected return on holding pounds conditioned on public information Q%
(i.e., E} [s7 — s7]) must equal zero. To establish why this must be the case, recall from (A26) that

under market clearing

Wi us Wi uk Stht
= )\ — A —_— o ) | ==
“ t“5<6RW€4)'%t“K<6RW%4> <BRWﬁ4

(Eg,us - Ef) StthZ N 1 (EE,UK - Ef) Stthde
BRWtz_l 2 BRWtz_l

Applying the conditional expectations operator E} to both sides of this equation gives

Wi.us Wi uk SR, 1
0=E )\,US<7’>+>\,UK<7’> —— || %],
[t srnz,) " prwz) T\ Brw )|
which implies that
0=E [)\t,USWt,US + A uk Weuk — S%fftlﬂi] , (A48)

because W2 ; € Q. Notice that this restriction follows as an implication of market clearing and
rational expectations (it does not rely on any approximations). As such, it must hold true for any
equilibrium distribution of wealth, including the case where W; ys = Wyuk = S}K’t € Q% Under

these circumstances, (A48) simplifies further to

E [Arus — 3192F] = € [duux — 3104

Al12



Substituting for A\;ys and A\, yk with (A18) gives

= [(Vf,u::[Sf]) Elus [5¢ — 1] Qj}} =-E [<m) Efuk [ — si]

When period-3 spot rates are set according to (A47) and the distribution of capital follows (A44),

Q%} .

Vius [s?] = V%,UK [s?] = Jg, a constant. This means that the equation above further simplifies to
3 1 1 3 1 1
E s —s7| ] = —E[s —s7| %],

a condition that can only be met when E [s? — SH Q%] = 0. Notice that we would not be able to
derive this simple implication of rational expectations and market clearing if hedging terms were
present in the period-2 portfolio decisions. Combining E [s3 — SH Q}] = 0 with (A47) gives us the

equilibrium exchange rate quoted by all consumers in period 1:
1 _ El
sy = E;VE,. (A49)

Equilibrium exchange rate dynamics are derived by combining (A47) and (A49) with (A44).

For this purpose, we take expectations conditioned on Q%+1 on both sides of (A44) to give
8%_._1 = E%_._J_th + E%_FlVTf_,_l + T—LME%"']- [th - S:tg] .
Subtracting s3 from both sides yields

1 3 1 k 1 1 3
Siv1 = 8p = BV + HEHl [th - St]

= EfnaVriey + 15,E6 [Vhe — E}VE] (A50)
as shown in (41) in the text. Now (A44) implies that
Vki — EjVk, = Vry — E}Vry — ¢4 ((se-1 — Vki-1) — B} [si-1 — V1)) .
Under our information structure, {s;—1, Vki_1,Ve;_1} € Q? , S0 this expression simplifies to

Vi —E}Vk = Ve + Vu —E [Ver + Vauy|Q]
= 7w.Ve; +m,Vuy = ey, (A51)

where m = (1 —1K3¢,) and m, = (1 —:K3¢,) with2=[1 —1 1 —1]. The form of the 7;
coefficients follow from (A33) and (A5). Combining (A51), (A50) and the fact that El,,VrF,, =
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20V e, under our information structure, gives
1 3 _ 1
Sipq — 8; = 20Ve + G- (meVer + muVuy) ,

as shown in (Al).
We can also use (A50) and (A44) to calculate the value of s; — Vk; used in the derivation of
period-2 order flow above. Specifically, by combining (A50) and (A44) we can write

st = Vhki = (Ey = 1) Vrf + 25, (Ef = 1) (Vhio1 — E}_1 V1)

According to the conjectured information structure in (A7), Vk;—1 and Ve;_1 are common knowl-
edge by t:1, i.e., {Vki_1,Ves 1} € Qf. This means that the second term in the expression above
equals zero. (A7) also implies that (E% - 1) Vrf = —Ve; — Vuy. Substituting these results into the
equation above gives

st — Vk; = —Ve; — Vuy. (A52)

To derive (A2), we take expectations conditioned on Q3 on both sides of (A44) (lagged one month),
to give

st = E}Vki 1+ E}Vry + {4EF [Vhi1 — 57 4]

Subtracting s from both sides and combing the result with (A50) gives
st —si = (B} —E}) Vry + 0= (B} — E}) [Vhi-1 — s7_4] - (A53)

Under the information structure, {Vk;_1,Ve; 1} € QF, so (E? — E%) [th_l — 5?71] =0 and
(E} — E}) Vrf = (E} — E}) [Ver + Vauy]. Since Efe; = 0, the latter term simplifies to E [Ve; + V] .
Now (A33) and (A5) imply that ES [Ve; + V] = 1K3¢,. Combining these results with the equation

above gives

5? - Sz:tl = Z’Caft = P&y,

as shown in (A2).

Finally, we turn to the interest rate quotes made in period 3. From (A39), (A42) and (A43) we
see that innovations to period-4 order flow, ¢ ., and exports, (; ys and é +,uk, depend on the choices
for w; , and ¢ . made at the start of the period. This means that w; , and ¢; . cannot be functions of
Q3, otherwise ¢ ., Crus and QUK would not be orthogonal to €3 as rational expectations requires.

For this to be the case, expected excess returns on capital cannot be correlated with elements of
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Q? Thus, market clearing requires that the interest rates quoted in period 3 satisfy:

ro= Eirfa, (A54)
Po= ESRFL. (A55)

Given the process for capital returns, and the conjecture information structure, these equations

become

r = r+0ENVe

= r+0(u-1)K%, (A56)
7 o= r—0ENVe
= r—0(u— ) K3, (A57)

where K2 is defined in (A33). Equations (A56) and (A57) take the same form as (A3) and (A4)
with n = 0 (11 — 12) K.

A.1.3 Equilibrium when p = -1

When p = —1, equilibrium interest rates and the exchange rate follow
St — 82 = Vug1 +20Vey, (A58)
52— st = Ve, (A59)
re = 1r+4+6Vey, (A60)
7t = 1 —0Vey, (A61)
Individual information sets evolve according to
Qg,us = Qtl,us = q U, Ug, e U Q:‘ELUS} ) Q?,UK = Q%,UK = qut, U, € U Qﬁfl,US} ) (A62)
Qs = Qys =& U Qg,us} ; ok = Bk = Jer U Q%,UK} )
and the evolution of public information is given by
O = {ug, 0, 0 Y, Q2 =03,
t { ty Wt tfl} t t (A63)

Q?:{et,étUQtz}, Q?:Q?
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Unexpected order flow in period-2 is perfectly correlated with Ve, while order flows in period 4

are perfectly predictable. Period-2 portfolio choices are given by

1 1
Atus == + i and ALUK =

3+ 02 (A64)

N =
NS
>
o~

The consumption-wealth ratio and period-4 portfolio shares are constant.

We can verify that these equations describe the equilibrium following the procedure described
above. In this special case things are much simpler, so we will just outline the argument. We start
with the observation that {u;, @;} € f because the “u” shocks are perfectly (negatively) correlated.
Thus, the “e” shocks are the only source of individual information at the start of period-2 trading.
In equilibrium, consumers use this information in choosing their desired portfolio, as (A64) shows,
with the result that the innovation in order flow, &, is a function of Ve;. Thus, {e;, &} € {& U Q;;L )
for all z, so the “e” shocks become common knowledge by the start of period 3. This means that
E?th = Vk, E%VR? = 20Ve;_1 + Vu; and (E? — E%) Vrf = Ve;. Substituting these results into
(A50) and (A53) gives (A58) and (A59). The information structure also implies that E3rf,; = Ve,
and E}FF,; = —0Ve;, so (A60) and (A61) follow from (A54) and (A55). All that now remains is
to verify the form of the decision rules. (A58) - (A62) imply that the vector of expected excess
returns E?7Z$t+17z are zero. Under these circumstances, (A14) and (A15) imply that w;, and ;.
are constant. Equation (A64) follows from (A17), (A59) and (27).

A.1.4 Proofs of Propositions

Proposition 1: The results in this proposition follow directly from (A47) and (A49) above.
Proposition 2: The equilibria above show that {e; 1,é;_1} € QF, so the shocks u, e; @y and &
represent all the new information about the month t state of the economy. Under our assumptions,
{ut, e:} € Q]US,t and {d, é:} € Q%,Kvt, so {ug, e; Uy &} € QF = ﬂzﬂi,t when p > —1. When p = —1,

{ug, 1} € QF = ﬂZQ;t, so some new information about the month ¢ state becomes common

knowledge in period t:1.

Proposition 3: The only part of the proposition not covered in section A.1.2 concerns the values
of . and 7,. We argue by contradiction to show that 7, # 0 and 7, # 0. If 7. = (1 —¢¢,) =0
and m, = (1 —¢,) =0, then £, = ¢, so (A32) implies that

1 1
(1+P) <)\e+§) —)\u+§
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The assumption that 7. = m, = 0, also implies that

e = (024 1-p00) 7
-1
M = (1=p)(02+(1—=pPos) ",
from (A18). Combining these expressions with the equation above gives (02 + (1 — p?)o2) = —4;

a contradiction.

Proposition 4: This proposition is proved in the subsection verifying the form of the information

structure.

Proposition 5: To derive the equation in this proposition we simply combine the results in (A44)
and (A47).

Proposition 6: The first variance expression follows directly from the capital returns processes
(8a) and (8b), and the exchange rate equations (A58) and (A59). To derive the second expression
we combine (Al) and (A2) to give

Asfﬂ = Y& +20Ver + <ﬁ> (meVer + m,Vuy) .

Substituting for &,,4 with (A5), we obtain

Asfﬂ = Y€ Verr1r + Y€, Vur1 + 20Ve, + (ﬁ) (meVer + m, Vuy)
= €, Verr1 + V6, Vs + Vi — Verrs — Vuger + (ﬁ) (meVer + m, V)

= Vrfﬂ — (meVerr1 + my Vugs) + < ) (meVer + my V) .

L—p

Using the last line in this expression we compute

2 2
V[As},] -V [Vrfﬂ} (ﬁ + 7re> 202 + (%ﬁ + 7Tu> 2(1 — p)o?

+4me (i—f‘j) o — Amy(1 — p)of,

2 2
= (22 (32) +am (1) ) o2+ (202 (B22) - am ) (- e,

The first tern% in unambiguously positive because . > 0. The second term is positive if m, >
Ty = 2 <;—:/ﬁ> . Note that 7, < 1 because 1 > u > 0, so 7, is the lower bound on , sufficient to

generate excess volatility.
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Proposition 7: We established in (A47) and (A49) that the equilibrium log exchange rate can
be written as s = E [Vk|Q], for i = {1,3}, where € denotes the public information set at #:i
identified in (A7) without announcements. Thus, a public announcement concerning the values of
r¥ and 7} in t:i will have no impact on the exchange rate if E [VE Q] =E [th\Qt, T, rt] Since
Vk; € QF, 1, announcements made after ¢:4 have no exchange rate effects because all the information
they contain has been aggregated by consumers via trading. Suppose the announcement is made
in #:3. Equation (A51) implies that Vk; = ESVk; + m.Ve; + m, Vg, and (A44) with (A7) imply
that E [Vk|Q3, rf, 7] = Vi, so

[th\Qt,rt,rt} — E[Vk|9}] = 7 Ve; + 7y V.

Under these circumstances, the effect of the announcement on the exchange rate is identified by
the second term in
- St 7/1515 (ﬂ'eVEt + WUV’LLt) .

Period-1 announcements will also affect the exchange rate because

E [Vk|QL, ¥, fﬂ ~E[VKIQ}] = Vhk—E|Vrf+ Vk1— £ (534 — V1) |Qﬂ
= Ve + Vuy.

Proposition 8: When p = —1, we established above that the consumption-wealth ratios d; . are
constant. We therefore need to show that corr(Aw;ys, Awruk) = 1 to establish complete risk

sharing. For this purpose, we use the definitions of ¢; ys and étUK to write

k 4
Kivi = Riv1(vus — Crus)Weuss

. Spe R -
St3+1Kt+1 = <Tt+l> (%,UK - Ct,UK)Wt‘:’UK-
t

Combining these equations, we find that:

(Veuk — 61& uK)
wius = Wiy + (th+l — Spe1 + Asy — V7“f+1) +ln | —————=. (A65)

(Yt,us — Crus)
When p = —1, 53 = Vk;, and As?,; —VrF, |, so the first term in parentheses on the right equals zero.
To evaluate the second term, recall that when p = —1 the month ¢ state of the economy is common

knowledge by that the start of period 3. Hence, gUK = (;us = 0. Furthermore, v, yk and v, yg are
constant. Thus, the (A65) simplifies to wf:us = wf',UK—i- constant, so that corr <w§us, wf:UK =1.

To establish the absence of complete risk sharing in the p > —1 case, we argue by contradiction.
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Suppose there is complete risk sharing so that the marginal utilities of US and UK consumers are
always equal. Given log utility, this implies that c¢; ys = ¢;,uk in all states of the world, including
the state where w; ys = wy uk. In this state, complete risk sharing implies that d;us = d;uk. It also
implies that the demand for exports is perfectly predictable because home and foreign consumption
are perfectly correlated. This means that d;yx = Vk; — s? and 0;us = s? — Vk; from (A42) and
(A43). Combining these equations with the other implication, d;ys = d; uk, implies that sf’ = Vk;,

a restriction that is violated by the equilibrium spot rate when p > —1.

A.2 Optimization Problems (Equations 9 — 19)

To derive the budget constraint in (10), we use the definitions of the intra-month desired portfolio
share in pounds, ) ., and the period-2 order flow, &;, together with the intraday dynamics of US
and UK deposits to obtain:

L -
(B4 Kiz) = Su. - &2,
Bg - [1 - ()‘LZ - &t,z)] Wt2 - Kt,z-

(Note that agents only hold domestic capital, so that K;, = 0 for z > 1/2 and Kt,z = 0 for
z < 1/2.) Substituting these expressions into the definition of Wt‘fz, gives (10):

S3,
Wi, = (1 T ( ;11 - 1) (M2 — gt,z)> W2..
t

Now we turn to deriving equations (13)—(19), the first-order conditions describing consumption
and portfolio choices. Let <. = SH(TE,. — EL.TEL) /WL, (. = (Cres —EZ.Cizi) /WY, and
é‘w = (CAW* — EﬁzCAt,Z*> / Wt‘}z respectively denote unexpected order flow, unexpected US export
demand, and unexpected UK export demand (all measured relative to period-4 wealth). Then
using the definitions of oy ., and 7 ,, together with the overnight dynamics of deposits and capital
for US agents, we obtain:

1 Stl+1Rt 4
= St3 (Oét,z - Ct) Wy,
Bia = Re[l—(auz =) Wi — Ry (Ct,z + Sfé't,z>
4
7Rt(7t,z - Ct,z)VVt,za
k 4
Kt"‘LZ = Rt+l(’7t,z - Ct,z)Wt,z‘
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Substituting these expressions into the definition of Wt2+1,z gives the US version of (12):

St Ry RE
Wtz-l-l,z = R (1 + < ;EJRt - 1) (at,z - gt,z) + ( Jt%_:l -1 (’yt,z - Ct,Z) Wt‘}z

—Ry (Ct,z + Staémz) .

In the case of UK agents, we have

. SL.R X
St"‘lBtl+1 = < t_;é t) {(O&t,z - §t,z) - (’Yt,z - Ct,z)} Wt4a
t

Btl+1 = Ri[l— (o4 —6t2)] WtA"Z - Ry (Ct,z + Staéaz) )
SEKt"'LZ = Rf+l(7t,z - &t,z)WtL}z

Substituting these expressions into the definition of Wt2+172 gives:

SL.R SL.RF, SL.R A
2 _ t+17% _ t+14 M+ P+ o 4
Wt+1,z = R (1 + ( SaRt 1) (amz §t7z) =+ < StBRt StBRt <'7t,z Ct,z) Wt,z

-y (Ct,z + Sfét,z) ;

which is the UK version of (12).

The first-order and envelope conditions from the period-2 optimization problem are

3
0 = E7, [DJ;‘ W) <% )] (A66)
t
DIAWR) = EE. [DIEWE)EE, (A6T)

where DJ,(.) denotes the derivative of J,(.). The first-order conditions for C; ., CA't,Z, and A, in the
period-4 problem take the same form for US and UK agents:

4 2 2 Stl+1Rt
Atz @ 0= Et z DJZ (Wt+l z) 3 -1 ’ (A68)
’ ’ ’ St Rt
Crz : Ue(Cr, Cr) = RiBE} . [DIZ(WELL)] (A69)
Crz : Us(Cr,Cr) = RiBSTEL, [DIZ(Why )] - (A70)
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The first-order conditions for v, , differ:

Rk
Veacrz ¢ 0=, [DJ?(Wtil,» ( o 1)] : (AT1)
StaRE,  SLR
. _ g4 2 2 t+1%+1 t+14u
Yt,z>1/2 - 0= Et,z DJZ (Wt+1,z)Rt < S?Rt - S?Rt . (A72)
The envelope condition for US and UK agents is
DIH(W,) = BRE, [DIZ(Wii1 ) Hpsa 2] - (AT73)

Equations (13) - (19) are obtained by combining (A66) - (A73) with V; ., = DJ}(W?,).

A.3 Market Clearing Conditions

For any variable X, let X; ys denote X; , for z < 1/2, and X; yk = X, for z > 1/2. Market clearing
in US deposits in period 1 of day ¢ + 1 implies that (see equations 2, 4, and 21):

(Bius + SPT},. — SiTus + Cruk — Iuus) + (Biuk + SeTY.., — SeTiuk — Cruk) = 0.
With deposit-market clearing in period 3, this condition further simplifies to:
ST, = SiT us + SPTE .. — 53T uk — Trus = 0.

Since market clearing in currency markets implies that [ th Lz = [ th ,~dz*, this condition im-
plies that I; ys = 0. Imposing this restriction on the overnight dynamics of US capital gives (22).

Similarly, market clearing in the UK deposit markets implies that:

0 = (Btl,us + TtA:US - sz* — Crus) + (Btl,UK + TtA:UK - Ifz* + Crus — Ius)
= Tfus - Tt‘}z* + Tt‘:'UK - Ifz* — I us

= —Iius.

Imposing IA,@UK = 0 on the overnight dynamics of UK capital gives (23).

A.4  Log Approximations

To approximate log portfolio returns we make use of a second-order approximation similar to the
one employed by Campbell and Viceira (2002). Both hiz = lnH&Z and hgz = lan”Z can be
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expressed as:
b=+ (" ~1)(a—u) + (¢ —1) (b—w)]

where z,y,u, and w are random variables that are zero in the steady state. Taking a second-order

Taylor series approximation to h{z around this point gives:

, 1 1
hi,z >~ ar + by + 5 (a—az) x4+ 5(()— b?)y? — abry — zu — yw.

The final step is to replace z2,4?, xy, zu, and yw by their respective moments:

h{z =~ qr + by + % (a—a®) V[z] + %(b — b*)V [y] — abCV [z, y] — CV [z, u] — CV [y, w]

Campbell and Viceira (2002) show that the approximation error associated with this expression dis-
appears in the limit when z, y, u and w represent realizations of continuous-time diffusion processes.

Applying this approximation to the definitions of In Htlﬂ,z and In ng yields equations (24),
(25) and (26). In deriving the solution of the model, it is useful to write the latter two equations
as:

1 ! 1,7 1,7
ht+l,z = Wi Tt+1,2 + fwt,zAZ - ?wt,zzzwt,z - d)t,zv (A74)

where ¥, = Vf,z (x4+1,2) and A, = diag(X,), with

/ I
Wi = [ Atz Vi ] 5
Ti+lz = [ 3%+1 - 5? + 7 =T T'f+1 - Tt ] )
— 4 1 4 k
¢t,z = CVt,US [5t+17§t,2] + CVt,US [Tt+17Ct} )

for z < 1/2 (i.e. US consumers), and

/ _
Wi, = [ Qtz = V2 Ttz ] ’
Tt+lz = [ Ste1 = St F Tt —Tr Py T Stey — 8 T ] )
_ 4 .1 4 |~k
¢t,z = Cvt,z [5t+1=§t72] + Cvt,z [ﬁ+17§t} )

for z > 1/2.
Our solution also makes use of approximations to the capital dynamics in (35) and (36). To

derive these approximations we start by writing the dynamics of US capital as:

Kiv1 Rk 1 CKUS”;}US CtUK”t‘}UK
s 2N A . e :
Ky t,us t, UKt
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Log linearizing this equation gives:

~ [ [
kt+1 - k?t = ’I”{;.l + In (1 — /,L) — <m> (wﬁus — k?t + (5t,US) — <m> (w;‘:UK - kt + 5t,UK) .

Now, deposit-market clearing implies that K; + S?K; = Wt‘}US + WtL}UK> so:

3K, Wt .
w?,US*k‘t:lIl <1+ t[(tt — ;%L:K %J.S?‘Fkt*kt*(wf,UK*kt).

Combining these equations gives (35). We approximate dynamics of UK capital in a similar manner.

Deposit-market clearing implies that:

K+ Bk 1 Ct7USWt47US CIZUKWt‘}UK
~ == t+1 - 4 ~ - 4 ~
K Wius K Wiuk K

4 4
CrusWiys  CrukWipg

- Rfﬂ(l 4 _3f 4 3“3)’
Wt,USSt Ky WuUKSt K

where the second line follows from the fact that the first-order conditions for consumption imply

that Cy ., = Sfé’t,z for all z. Log linearizing this equation gives (36).

A.5 Marginal Utility of Wealth

The section addresses the marginal utility of wealth and why it can depart in this model from the
marginal utility of consumption. To derive the relationship between the marginal utility of wealth

and the marginal utility of consumption for US agents, we first combine (A67)-(A69) and (A73):

StaR
4 3 t+1+4
0 = Et,z V%+1,2Ht+17z< SERt _1>]7
Rk
0 = E?,z V%+1,ZHE+17Z< Jt;-l_l)]a
t

Uc(ét,Za Ct,z) = BRtEiz [Vt+1,zH1§+1,z] )
Vie = BREL, Vi Hi Hhy L
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Log linearizing these equations, with UC(CA’LZ, Ciz) = %C’tle, we find:

E?,z [3%+1 - 3? + 7 — Tt] = —CV?,Z [Ut+1 + h?+1,z7 5%+1] - %V?,z [5%+1] ) (AT75)
E?,z [Tfﬂ - Tt} = —CV?,Z [Ut+1 + h§+1,za7“f+1] - %V?,z [Tf+1} ) (A76)
ct+Inp+r = *E?,Z [Ut+1,z + h?+1,z] - %V?,z [Ut+l,z + h’?+1,z] ) (AT7)
Vt,z — lnﬂ — Ty = E?,z [Ut+l,z + h§+1,z + hzz‘,L+1] + %V?,z [Ut*'l,z + h?+1,z + hg‘+l] . (A78)

Stacking (A75) and (A76), combining (A77) and (A78), and substituting for hl,; gives

4 1 _ 4 3

Et,z [xt+1,z] + zAz = Cvt,z [xt+1,za V41,2 + ht+1,z] ) (A79)

Utz tC d)t,z = w;,inz [:‘Ct"‘LZ] + %w:f,zAZ + w;,zcvﬁ,z [frt+1,z, Vp+1,z + h:tg+1,z] : (A8O)

Combining these expressions we obtain equation (28). In the case of UK agents, we work with log
linearized versions of (A67), (A68), (A70) and (AT73):

4 1 3 A 4 3 1 1\ /4 1
Et,z [St+1 — 8 + T — Tt] = *Cvt,z [Ut+1 + ht+1,za St+1] - Evt,z [St+l] )
4 ~k 1 3 _ 4 3 k 1\ /4 ~k 1
Et,z [Tt+1 + Spe1 — Sp — Tt] = *Cvt,z [Ut+l + ht+1,za Tt+1} - Evt,z [Tt+1 + St+l} )

ce+Inf+r = —E?,z [ve+1,2 + h§+l,z] - %V?,z [ve+nz + hfﬂvz] ’

Utz — Ing—r= E?,z [vt+17z + h?+l,z + hg‘+l] + %V?,z [vt+172 + h§+l,z + hzz‘,L+1] :

Proceeding as before with our approximation for h¢+1 , for z > 1/2 gives (A79) and (A80). Hence,
equation (28) holds for UK agents.
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